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ABSTRACT

The Concordiasi field experiment, which is taking place in Antarctica, involves the launching of radio-
soundings and stratospheric balloons. One of the main goals of this campaign is the validation of the Infrared
Atmospheric Sounding Interferometer (IASI) radiance assimilation. Prior to the campaign, it was necessary
to improve satellite data assimilation at high latitudes. Two types of sensors, microwave and infrared, have
been considered to help with this issue. A major problem associated with microwave satellite data is the
calculation of the surface emissivity. An innovative approach, based on satellite observations, improves the
surface emissivity modeling over land and sea ice within the constraints of the four-dimensional variational
data assimilation (4D-VAR) system. With this new calculation of emissivity, it has been possible to include
many more microwave observations during the assimilation. In this study, this method has been applied to
high latitudes, after some adjustments have been made to assimilate additional Advanced Microwave
Sounding Unit-A/B (AMSU-A/B) data over sea ice and snow. The use of additional data from IASI and the
Atmospheric Infrared Sounder (AIRS) sensors over land and sea ice has also been tested. The use of the
microwave and infrared data over this polar area has modified the dynamical and thermodynamical model
fields such as the snow precipitation quantity. Additional data have been found to have a positive impact on
the skill of a model specially tuned for Antarctica.

1. Introduction (WMO), took place from March 2007 to March 2009. A
wide range of research topics were examined during this
period, such as changes about snow and ice (e.g., the
evolution of the amount of snow cover, the changes in
sea ice cover), and the global linkage between high and
low latitudes (Nordeng et al. 2007). The Concordiasi
project was launched in the framework of IPY (Rabier
et al. 2007, 2010). One of the main aims of this project
is to enhance the assimilation of satellite data, and in
particular, of the Infrared Atmospheric Sounding In-
terferometer (IASI) data over Antarctica, so as to im-
prove numerical weather prediction (NWP) and to help
understand climate records through reanalysis. The pro-
ject features three campaigns of observations, one during
the austral spring 2008, the second in 2009 focusing on
mesoscale studies, and the last one in 2010. Each cam-
paign provides in situ validation data [radiosounding
launches (2008), instrumented tower of 45 m (2009),
stratospheric balloons (2010)]. This current study deals
with the preparation of the campaign through state-of-
the-art data assimilation over Antarctica.
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From a climate change and chemical point of view,
polar regions play a key role in the environment. From
the conclusions of the most recent Intergovernmental
Panel on Climate Change (IPCC; Solomon et al. 2007),
relevant to this study, one can mention an increase of
the mean sea level (from 0.1 to 0.2 cm), an increase of the
global temperature (about 0.6 K), and a decrease of the
snow cover and glacier extent (Jourdan 2007; Turner
et al. 2005). Known since the 1980s (Semane 2008),
ozone depletion is a key feature of today’s Antarctica. It
is governed by the atmospheric temperature and dy-
namical processes such as transport (Brewer-Dobson
stratospheric circulation) and mixing. For both issues of
climate change and of ozone destruction, an accurate
knowledge of the atmosphere over Antarctica is re-
quired. The fourth International Polar Year (IPY), or-
ganized through the International Council for Science
(ICSU) and the World Meteorological Organization
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FIG. 1. Radiosoundings (black dots), regularly reported on the global telecommunication
system (once to twice a day), assimilated below 50°S in the ARPEGE model. Isolines indicate
the horizontal resolution of the ARPEGE model stretched over Dome C (km). Step between

two isolines: 2 km.

of forecasts produced by NWP models over high lati-
tudes is very variable. His and other studies (Adams
1997; Bromwich et al. 1999) make the assumption that
the error in the forecast may come from the quality of the
analysis used for the initialization of the forecast. The
skill of the assimilation over these high latitudes is con-
siderably less than over other areas (Kalnay et al. 1998).

Previous studies have put forward the low spatial and
temporal density of observations at high latitudes (Barker
2005; Nordeng et al. 2007; McNally 2007; Powers 2007).
The few available conventional data come mainly from
radiosounding stations (black dots in Fig. 1) located in
the coast of Antarctica. Inland, only the South Pole sta-
tion and Dome C station (75°12'S, 123°37'E) are regularly
reporting data. Because of difficulties in communication
(Cullather et al. 1997), it is very hard to get information
from these stations. The scarcity of conventional ob-
servations implies that each observation (e.g., radio-
soundings) will have an important impact on the forecast
(Leonard et al. 1997).

Since there is a lack of in situ data, the assimilation of
satellite data may have a significant influence for high
latitudes. Studies on GPS radio-occultation data have
already shown that an increase in the number of assim-
ilated data have a positive impact (Wee and Kuo 2004,
2008). Polar-orbiting satellites have a good coverage in

space and in time over polar regions, so do the sensors
onboard these platforms. However, the use of satellite
radiances in data assimilation is subject to limitations.
At least two main problems are standing in the way of
progress: an accurate estimation of the surface temper-
ature and surface emissivity (English 2008) and a real-
istic cloud detection scheme (McNally and Watts 2003).
Table 1 gives a broad overview of data that are assim-
ilated over polar regions for this study (for latitudes
below 65°S). Meteorological centers assimilate various
satellite observations over polar areas and sea ice. The
list of channels and sensors used in the assimilation by
each meteorological center depends on the character-
istics of its own model, such as the altitude of the top
of the model, the emissivity scheme used, etc. Details
on the differences between various centers will be
given later in the manuscript. This article focuses on
the following sensors: the Advanced Microwave Sensor
Unit (AMSU-A and AMSU-B/MHS) and the advanced
infrared sounders, the Atmospheric Infrared Sounder
(AIRS), and IASI.

The present study suggests different improvements to
advance the state of the art in data assimilation over
polar regions. The enhancements made for polar areas
are listed in section 2, through the description of the
model used and the modifications brought in for the
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TABLE 1. Listing of the data assimilated over southern areas
(latitudes below 65°S) at Météo-France over the period of our
study (July 2007).

Observation type List

Conventional (ground Surface data: Synop, buoy/dribu
and airborne) Airborne: AIREP
Profiles: Pilot (for wind), radiosounding
Microwave: AMSU-A/B, MHS radiances
Infrared: AIRS, IASI, HIRS radiances
Imager: MODIS (wind product)
GPS constellation: Radio-occultation
bending angles

Satellite

assimilation of microwave and infrared data in the model.
The consequences of these choices for satellite data as-
similation over Antarctica are developed in section 3.
Conclusions are presented in section 4.

2. Enhancements for polar areas
a. Model and assimilation setup

The model used in this study is the French operational
global model, Action de Recherche de Petite Echelle et
Grand Echelle (ARPEGE), developed in collaboration
between Météo-France and the European Centre for
Medium-Range Weather Forecasts (ECMWF; Courtier
et al. 1994). To avoid the problem of the lateral bound-
ary conditions in the forecast and in the assimilation
(Courtier et al. 1991), ARPEGE was set up as a global
model based on a stretched grid with a horizontal res-
olution 5 times finer over the center of interest than at
the antipodes and with 60 vertical levels (0.05 hPa being
the top of the model). The advantages of the stretching is
to have a variable mesh with a sufficient concentration
of grid points at the same time in the area of interest
(associated with a lower resolution outside it) and to
avoid the problem of the lateral boundary conditions
associated with limited-area models (Courtier and Geleyn
1988). The ARPEGE model uses an advanced four-
dimensional variational data assimilation (4D-Var) as-
similation system (Rabier et al. 2000) and a wide range
of conventional and satellite observations. In the assimi-
lation, an adaptative variational bias correction method
is applied for the treatment of the radiance biases to
reduce biases between satellite observations and their
model equivalent (Auligne et al. 2007). One can also
mention that during the assimilation, the minimization,
and thus the calculation of the analysis increment (the
difference between the analysis and the background of
the model), is done using a regular nonstretched grid.
Moreover, it is important to mention how the statistics
of the forecast errors are estimated in this system (the
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background error covariance matrix). An ensemble as-
similation is used to calculate the background error co-
variance matrix (Belo Pereira and Berre 2006). This
ensemble is composed of six perturbed global members
coming from a nonstretched model. It is then not deemed
necessary to change this background error matrix com-
putation when changing the stretching of the model.

The horizontal resolution of the model has an impact
on the forecast accuracy. For example, a poor horizontal
resolution can induce a bad representation of the orog-
raphy for the Antarctic Peninsula and consequently a
bad representation of mesoscale systems. In operations,
at Météo-France, the ARPEGE grid is centered over
Europe; thus, it follows that the orography may not be
well represented over Antarctica. In this study, a new ge-
ometry was used to get a good resolution over Antarctica.
The center has been moved southward, from Europe to
the Dome C Station. With this stretched grid, the hori-
zontal scale is less than 20 km over Antarctica (circles in
Fig. 1), with a resolution less than 30 km for latitudes
below 60°S.

The impact of the new geometry on the representation
of the orography in the model is illustrated in Fig. 2. The
orography before the modification is shown on the left-
hand side and on the right-hand side, after the modifi-
cation. The representation of the orography in the model
is more precise over Antarctica with the new center,
with the disappearance of some unphysical features on
the old version due to the spectral representation. As
illustrated in both maps, the orography of Antarctica has
some asymmetric features: in the western part of the
continent (mainly comprising the peninsula) the maxi-
mum orography is about 1 km in contrast with the high
orography of the eastern part where mountains reach
4 km high.

More detailed tests have been performed to quantify
the impact of this modification. Figure 3 shows some
statistics calculated over 10 days in September 2007,
using outputs of the model with the initial geometry
(center in France—solid line) and with the new geom-
etry (center in Antarctica—dashed line). The number of
observations (radiosoundings located at latitudes below
60°S) for each layer of 50 hPa is presented on the right-
hand side. This same figure shows, with the new geom-
etry and for all altitudes, the increase of data assimilated
in the model for Antarctica. On the left-hand side, is
plotted the root-mean-square (rms) of the difference
between the observations (radiosoundings) and the back-
ground for the temperature. A decrease of the root-mean-
square can be noted for all altitudes. This means that, for
this area and with the new geometry, the model is closer to
the observations than it was with the old geometry. There
is a noticeable increase in the number of observations
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FIG. 2. Representation of model orography over Antarctica with the center of the model (left) in France and (right) at Dome C.
Isolines are each 500 m.

above 100 hPa for both experiments. This change in the
slope of the profile comes from the use of 50-hPa layers
in the calculation and the presence of an important num-
ber of observations with pressure between 0 and 50 hPa
because it represents a deep atmospheric layer. In terms
of forecast accuracy, statistics, for tuned and operational
models, have been calculated over the same period for
thermodynamical and dynamical variables, using radio-
soundings as a reference. A positive impact is present
mainly for altitudes below 50 hPa for all forecast ranges
(from 0 to 96 h) for the Southern Hemisphere area and
more precisely over Antarctica. An rms improvement of
2 m (up to 6 m) in geopotential, of 0.1 K in temperature,
and 0.3 m s~ ! in wind speed are found below 100 hPa at
all forecast steps.

This modification of the model geometry improves
the representation of the orography in the model over
Antarctica and will help ameliorate data assimilation.
More in-depth studies on the use of satellite data in the
assimilation were also carried out.

In particular, improvements in the representation of
surface emissivity and temperature are necessary to de-
crease the number of observations rejected during the
assimilation system. In the following, studies toward a
better estimation of surface emissivity at microwave fre-
quencies will be presented as well as feasibility studies
undertaken to assimilate as many relevant infrared and
microwave observations as possible over Antarctica.

b. Microwave observations

Satellite instruments measure the top-of-the-atmosphere
radiances at given frequencies. These radiances are

related to geophysical parameters (e.g., temperature and
humidity profiles) by the radiative transfer equations,
parameterized by a Radiative Transfer Model (RTM).
Other parameters are needed as inputs to the RTM
model such as surface parameters to characterize the ra-
diation emitted by the surface. For satellite data assimila-
tion, the RTM provides the link between the atmospheric
state and the observations, through the observation op-
erator. For ARPEGE, the RTM is the Radiative Transfer
for the Television and Infrared Observation Satellite
(TIROS) Operational Vertical Sounder (RTTOV) fast
radiative transfer model (Eyre 1991; Saunders et al.
1999; Matricardi et al. 2004). RTTOV simulations need
to be accurate enough to assimilate satellite observa-
tions. This condition is usually not satisfied if the surface
temperature and/or emissivity are not well described.
In the assimilation, the surface temperature is usually
provided by a short-range forecast from an analyzed
surface temperature using synoptic observations. Be-
cause of the scarcity of observations over Antarctica,
surface temperature may be far from accurate. Trigo
and Viterbo (2003) have shown that errors about this
parameter can restrict the assimilation of observations
from polar-orbiting sounders. Similarly with the surface
temperature, the estimation of the surface emissivity is
very complex. Accurate models exist to estimate the
surface emissivity over sea (Hewison and English 2000;
Deblonde and English 2000). Over land, sea ice and
mainly cold surfaces, the variability of the surface emis-
sivity involves complex mechanisms (Weng and Yan
2003; King and Turner 1997; Comiso 2000). For a proper
modeling of cold surface emissivity, one should take into
account the vertical structure of the surface (presence of
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FIG. 3. Impact on the change of geometry by comparison of an experiment with the model
center in France (solid line) and the second one with the model center in Antarctica (dashed
line). (left) The rms of the difference between observations (radiosounding located below
latitude 60°S) and background for the temperature (K) has been plotted. (right) The number of
observations assimilated. Statistics in 50-hPa layer have been calculated over a 10-day period.

snow, first-year ice, multiyear ice) and should have a good
knowledge of the physical properties of the different
layers. Interactions between microwave radiation and
the cold surface also have to be accounted for, since they
vary as a function of the frequency (variation of pene-
tration depth; English 1999; Mathew 2007; Picard et al.
2007). However, for data assimilation, a compromise
that will meet NWP requirements has to be found be-
tween the cost and the ability of a model to accurately
describe the surface emissivity. In the present work, de-
velopments have been directed toward a better modeling
of the surface emissivity over Antarctica but more efforts
should be made toward a more accurate estimation of the
surface temperature. This point will be further examined
in an upcoming work.

1) EMISSIVITY CALCULATION

The present work relies on a method, fully described
in (Karbou et al. 2006), hereafter the ‘“dynamical ap-
proach.” This approach is based on the direct estimation
of the land surface emissivity using satellite observa-
tions from selected window channels. The dynamical ap-
proach is interfaced with the RTTOV model. First, the
emissivity is calculated using brightness temperatures
from well-selected window channels. Second, the re-
trieved emissivity from the closest window channel to
sounding channels (in frequency) is used to simulate

brightness temperatures (hereafter “Bts”) of other AMSU
sounding channels. Emissivities from AMSU-A channel
3 (50.3 GHz) and AMSU-B channel 1 (89 GHz) are
assigned to AMSU-A temperature and AMSU-B hu-
midity sounding channels, respectively. The dynamical
approach has been found very helpful to increase the
correlations between observations and simulations of
AMSU-A and AMSU-B sounding channels and to as-
similate more observations over land. This approach has
been implemented in the ARPEGE operational system
since July 2008.

Over sea ice, the ARPEGE operational system uses
a simplified version of Grody (1988) emissivity model
for AMSU-A and a constant value of 0.99 for AMSU-B.
To improve the assimilation of AMSU data over sea ice,
the emissivity dynamical approach” initially developed
for land surfaces has been extended to estimate emissivi-
ties over sea ice. Using this method, sea ice and Antarctica
emissivities have been retrieved for two 1-month pe-
riods (July 2007 and January 2008) using observations
from AMSU window channels (23.8, 31.4, 50.3, 89, and
150 GHz). Figure 4 shows the emissivity variation with
frequency and with season over sea ice using the dy-
namical approach. Regardless of frequency, the July
emissivities are systematically higher than the January
ones. This is consistent with the fact that during the
austral winter, sea ice covers a large area and the amount
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FIG. 4. Mean emissivity over sea ice, as a function of the frequency (unit: GHz, on x axis) for
two months: July 2007 (solid line) and January 2008 (dashed line). Vertical bars indicate the
standard deviation associated with the mean emissivity for each frequency.

of first year ice is more important than during summer.
In January, the sea ice melts and mixes with open water
and consequently the mean emissivity is smaller. The
emissivity slightly decreases with increasing frequencies.
This is consistent with Mathew’s findings over sea ice
(Mathew 2007). Figure 5 shows mean emissivity maps
derived from January and July observations of AMSU-
B channel 1 (89 GHz) over sea ice and over Antarctica
(at the top) and the same maps from AMSU-A channel
3 (50 GHz) (at the bottom) using the dynamical ap-
proach. As expected, the emissivity maps exhibit some
variability in space and in time. Over land, emissivities
vary from 0.65 (the eastern part of the continent) to 0.85
(the peninsula and the coast). Over sea ice, the emis-
sivity fluctuates from January (summer) to July (austral
winter). During July, sea ice emissivity can reach 0.95.
Ideally, sea ice surface emissivities should be compared
to some independent emissivity measurements. As we
are not able to perform such a comparison, retrieved
emissivities and emissivities coming from the operational
system are further evaluated by comparing observed and
simulated Bts at some AMSU sounding channels.
Emissivity from AMSU-A channel 3 and from AMSU-B
channel 1 (89 GHz) are used to simulate Bts, for example,
at AMSU-A channel 4 (52.8) and channel 5 (53.596 +
0.115 GHz) and at AMSU-B channel 2 (150 GHz) and
channel 3 (183 GHz), respectively. RTTOV model pro-
vides Bts simulations and uses as input information from
short-range forecasts (6-h forecasts). The differences be-
tween observations and simulations (hereafter noted

departures) are computed for AMSU-A and AMSU-B
channels using the first 20 days of July 2007. The de-
partures obtained when emissivities from the operational
system are used, are noted DEP-CONTROL whereas
those obtained when the emissivity from the dynamical
approach are used are noted DEP-EXP. One should
bear in mind that AMSU-A channel 4 and AMSU-B
channel 2 are very important for the assimilation of
AMSU measurements since they are used in quality
control tests to discriminate between observations that
the assimilation system is able to model and thus to as-
similate, and between other observations rejected by the
system. Smaller departures for these channels imply the
possibility to assimilate more satellite data. Histograms
for AMSU-A channel 5 and AMSU-B channel 3 bring
information on the impact for assimilated channels. The
details of assimilated channels for AMSU-A/B are de-
scribed in section 2b(2).

DEP-CONTROL (dashed curves) and DEP-EXP (solid
curves) departures, over sea ice, are compared in Fig. 6.
For AMSU-A test channel (Fig. 6, top-left-hand panel),
the DEP-EXP histogram is thinner and more centered
around zero than the DEP-CONTROL histogram. This
means that the performances of the RTTOV model are
improved when the emissivity is described using the
dynamical approach. For AMSU-B test channel (Fig. 6,
top-right-hand panel), the DEP-CONTROL histogram
shows a mean bias of about —25 K (due to the use of
a constant emissivity value in operations) whereas this bias
is largely reduced in the DEP-EXP histogram. However,
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FIG. 5. (top) Mean emissivity for channel 1 (89 GHz) of AMSU-B in (left) July 2007 and (right) January 2008 over
sea ice and land. (bottom) Mean emissivity for channel 3 (50 GHz) of AMSU-A in (left) July 2007 and (right)
January 2008 over sea ice and land. All emissivities have been derived using the dynamical approach.

although significantly better than the control one, the
DEP-EXP histogram still indicates a bias. As mentioned
before, the retrieved emissivity from channel 1 (89 GHz)
is assigned to AMSU-B sounding channels without any
frequency parameterization. The variation of sea ice
emissivity with frequency is not negligible as illustrated
in Fig. 4. It may appear more convenient to estimate
emissivity at AMSU-A channel 4 and at AMSU-B chan-
nel 2 instead of using window channels for that estimation.
However, this alternative cannot be adopted because

1) AMSU-A channel 4 and AMSU-B channel 2 are used
in the assimilation as quality control (QC) test channels
and 2) the emissivity, if computed at sounding channels,
would be very noisy due to weaker atmospheric trans-
mission. The bias in DEP-EXP for AMSU-B channel 2
can be corrected if an adequate frequency parameter-
ization is applied to account for the emissivity variation
when the frequency rises from 89 to 150 GHz. A lin-
ear frequency parameterization has been adopted: it
consists in determining the mean bias between the
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emissivity at 89 GHz and the emissivity at 150 GHz
during July 2007. Emissivity biases have been com-
puted over sea ice and over Antarctica and have been
used to correct the estimated emissivity at 89 GHz. The
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FIG. 6. Histograms of the innovation for (top left) AMSU-A channel 4 and (top right) AMSU-B channel 2 over sea
ice in July 2007. Same histogram for (bottom left) AMSU-A channel 5 and (bottom right) AMSU-B channel 3.
CONTROL is using Grody’s scheme for the calculation of AMSU-A emissivity and a constant value for AMSU-B.
EXP uses the dynamical approach for both sensors. EXP DYN is the dynamical approach classic, without bias

addition for AMSU-B.

nel 2 have been

emissivity changes are Ae = —0.016 for sea ice and Ae =
0.00484 for Antarctica. Departures at AMSU-B chan-

calculated using corrected 89-GHz

emissivities (hereafter DEP-EXP2). Figure 6 shows
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TABLE 2. List of the criteria for AMSU-A channel assimilation at Météo-France. The letter ““C”* stands for CONTROL and the
comments in italic are for the operational model. The letter ““E’’ stands for EXP and the comment in roman font are for the framework

of the IPY.

Criteria 1 2 3 4 5

6 7 8 9 10 11 12 13 14 15

3 < scan position < 28
Land

Alt < 1.5 km E
Alt <500 m C

Alt <2 km
Alt < 1.5 km

Sea ice E
E/C
E/C

Open sea
Clear

|obs — background| s > 0.7 K

[and CLWP(ch1,2) < 0.1 kg m?> over sea]
Cloudy

|obs — background|.ps > 0.7 K

[and CLWP(ch1,2) > 0.1 kg m* over sea]
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DEP-EXP?2 histograms over sea ice (dotted curve with
points). The bias in DEP-EXP2 has been reduced by
about 3 K compared with DEP-EXP. The latter con-
figuration has been adopted to improve the assimila-
tion of AMSU measurements over Antarctica and the
surrounding sea ice.

In the lower part of Fig. 6, are represented additional
plots for assimilated channels: channel 5 of AMSU-A
(left-hand panel) and channel 3 of AMSU-B (right-hand
panel). In these figures, one can note that the improvement
of the emissivity calculation also has a positive impact on
simulated brightness temperature. Both histograms (DEP-
CONTROL and DEP-EXP) for these assimilated chan-
nels are also thinner and centered near the zero line. To
conclude, departures for the QC test channels were
improved, which meant an increase in the number of
data that can be assimilated. In parallel, a direct impact
of the emissivity change was noticed for the remaining
sounding channels. The selection criteria for AMSU-A/-B
data have also been modified (see next section). Assim-
ilation experiments will be presented in section 3.

2) ON THE CRITERIA OF SELECTION OF AMSU
OBSERVATIONS

In addition to the modification of the surface emis-
sivity, the criteria for the assimilation of AMSU-A/B
have been changed for high latitudes. In operation, the
selection of assimilated channels is based on surface types,
scan position, cloudiness, orography, and departures in
the QC test channels. This selection is quite conservative
and needs to be slightly relaxed. In other meteorological
centers, channels are also assimilated according to var-
ious criteria. Channel 14 of AMSU-A is assimilated in

many centers, but is not in the Météo-France opera-
tional system because this assimilation should be com-
patible with the top of the model. For the remaining
AMSU-A channels, the assimilation is very similar, ex-
cept for the thresholds on the orography. Moreover, only
few centers assimilate AMSU-B data over sea ice and
Antarctica but with many restrictions. In the assimilation
experiments, some of the criteria of the data selection
were indeed modified in order to use more observations.
Tables 2 and 3 summarize the list of the assimilated
channels in the experiment versus the operational model
at Météo-France, for high latitudes for AMSU-A and
AMSU-B, respectively. Before going into details in the
change of criteria between our experiment and the op-
erational model, it is important to recall that no channels
are very sensitive to the surface (i.e., channels 1-4, for
AMSU-A and channels 1 and 2, for AMSU-B) are as-
similated because of still remaining uncertainties about
the surface emissivity and the surface temperature. For

TABLE 3. As in Table 2, but for AMSU-B channels.

Criteria of use 1 2 3 4 5
9 < scan position < 82 E/C E/IC EIC
Land
Alt < 1.5 km E E
Alt <1 km C
Alt <3 km E
Alt <15 km C
Land, sea ice, open sea (E) E/C E/C EIC
lobs — background| ., <5 K
Land, open sea (C) E/C E/IC E/IC

lobs — background|.,; <5 K
Ts > 278 K
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AMSU-A, the main difference, with the operational
configuration, consists in the assimilation of channels 5
and 6 over sea ice. For AMSU-B, in operations, no data
are yet assimilated over polar area, mainly because of
a test on the surface temperature (at 278 K). Removing
the threshold, in addition to the modification of the
emissivity calculation, makes it possible to assimilate
channels 3, 4, and 5 over sea ice and Antarctica. The
relevance of the thresholds on orography has been
investigated for both AMSU-A/B. These thresholds are
used to prevent a too large contribution of the surface
for the various channels. A better modeling of emissivity
allows a moderate increase of the orography thresholds
and consequently an increase in the number of assimi-
lated observations. For example, the orography thresh-
old for AMSU-A channel 5 has been increased from 0.5
to 1.5 km. The orography threshold changes are ex-
pected to have a nonnegligible impact over quite a broad
coastline around Antarctica (see the orography map of
Antarctica in Fig. 3).

To examine the impact of these modifications on mi-
crowave emissivity calculation (emissivity scheme and
modification of thresholds), the number of assimilated
observations, the mean and the rms of associated de-
partures were calculated for AMSU-A/B over the first
20 days of July 2007 for assimilated observations. Re-
sults, given after bias correction, are presented in Fig. 7
by surface types: land (Antarctica), on the right-hand
side and sea ice on the left-hand side. The six top plots
show results for AMSU-A and the six bottom ones
are for AMSU-B. For all plots, the channel number is on
the x axis. Some differences appear between DEP-
CONTROL and DEP-EXP for all AMSU-A assimi-
lated channels and for both surfaces. Over sea ice, the
rms of the new assimilated channels (5 and 6) has the
same magnitude as the others (from 7 to 11) between 0.2
and 0.3 K. Moreover, the plots show an increase in the
number of data assimilated for each channel over sea ice
with DEP-EXP experiment. Over land, the variation of
the number of data is weaker and depends on channels.
In terms of means, the magnitude decreases when mov-
ing from DEP-CONTROL to DEP-EXP experiments.
For AMSU-B, in DEP-CONTROL, no data are assimi-
lated over sea ice and almost none over land because of
a threshold on the surface temperature. The departure
rms of the data assimilated is between 2 and 3 K over sea
ice. Over land, the departure rms is around 3 K. For
AMSU-A, mean biases are between —0.2 and 0.6 K over
sea ice and around 1 K over land. It can be noticed, that
in these experiments, the observation error statistics are
those presented in Table 1 of Karbou et al. (2010). The
effect of all these changes from an assimilation point of
view will be further examined in section 3.
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c. Infrared observations

This study also focuses on AIRS and IASI infrared
sensors. These high spectral resolution sensors are able
to provide unprecedented information on the atmo-
spheric temperature and composition at a higher vertical
resolution than filter infrared radiometers can achieve
(McNally 2007). IASI data have been available since the
beginning of 2007, and have gradually started to be as-
similated in models. Since IASI provides rather innova-
tive observations, the first assimilation implementations
have been intentionally quite conservative. Currently, in
most NWP centers, IASI observations are not assimi-
lated over sea ice nor over land. In the Météo-France
operational system, only channels with a wavenumber
between 651.05 and 721.54 cm ™! are used for AIRS and
between 672.0 and 751.25 cm ™! for IASI, respectively.
At the time of this study, only data over sea were op-
erationally assimilated (which is no longer the case).

Clouds have an important radiative impact on infrared
radiances. As assimilated radiances are mostly associated
with clear-sky conditions, further simulations in cloudy-
sky conditions are not only necessary but badly needed
in NWP. An effective cloud detection scheme is, how-
ever, necessary to eliminate data contaminated by clouds
(McNally 2007). The Antarctic coast is known to be
among the cloudiest places on the earth, with a mean
total cloud cover of about 80% (Turner and Pendlebury
2004). King and Turner (1997) have studied this cloud
distribution. Stratiform clouds are the most frequent
ones (stratus, nimbostratus, altostratus, and cirrus), but
some cumulonimbus can also develop. Inland, because
of the high orography, low to midlevel clouds are scarce,
whereas thinner high clouds prevail. Visual observation
of clouds over Antarctica is difficult because of meteo-
rological conditions (e.g., blowing snow) and the lack of
luminosity in winter (King and Turner 1997). King and
Turner (1997, p. 104) have noticed a disagreement be-
tween the International Satellite Cloud Climatology Pro-
ject (ISCCP) cloud cover and conventional observations,
mainly for thin ice clouds at high altitudes [i.e., polar
stratospheric clouds (PSCs)].

The identification of clouds over Antarctica is a rather
difficult issue in data assimilation. Some cloud detection
schemes are based on the comparison with the surface
temperature (Goldberg et al. 2003). But in polar areas,
the cloud temperature is either similar to or warmer
than the surface temperature, which can make these
schemes inefficient. Other cloud detection schemes rely
on model simulated radiances. However, these simulated
radiances can be of poor quality in these areas because
of the general performance of models. Therefore, an
evaluation of the cloud detection scheme, used in the
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FI1G. 7. Difference between CONTROL (dashed line with circles) and EXP (solid line with
stars) for the assimilated observations (right) over land and (left) over sea ice. (top) The rms
plot, (middle) mean plot, and (bottom) the number of observations are plotted. The compu-
tations were performed over the first 20 days in July 2007 for latitudes below 55°S. Results have
been calculated after bias correction. Channel numbers for both AMSU-A/B are indicated on

the x axis in all figures.

assimilation system, is necessary and is a prerequisite
before extending the usage of data. This study uses the
ECMWEF scheme for its cloud detection (McNally and
Watts 2003). Its aim is to detect clear channels within
a measured spectrum rather than to locate totally clear
pixels. Some studies have already evaluated this cloud

detection method, among them (Dahoui et al. 2005) and
(Pangaud et al. 2009).

An example of the skill of the cloud detection method
is presented in the following. Two parameters are
compared in Figs. 8 and 9. The first one is the cloud-
top pressure from the Moderate Resolution Imaging
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FIG. 8. Cloud-top pressure product from MODIS on Aqua be-
tween 1020 and 1050 UTC 1 Aug 2007. Pressure from 10 to
1000 hPa every 10 hPa. Black areas are associated with no clouds.
Lines indicate the latitude and longitude every 10°.

Spectroradiometer (MODIS) sensor on the Aqua satel-
lite (product MYDO06_1.2), which is considered as a ref-
erence (Fig. 8). The second one is the indicator of cloud
effect on the radiance, estimated from the cloud detection
method (Fig. 9) for the AIRS swath (at the top) and the
IASI swath (at the bottom), for two channels peaking at
different heights. The figures correspond to a part of the
MODIS swath between 1020 and 1050 UTC 1 August
2007.

Because of differences in orbit between Aqua and
MetOp, outputs can only be compared in the south-
western part for the IASI sensor. In Fig. 10, typical
weighting functions are shown for the two sensors IASI
and AIRS at channels used in Fig. 9. The maximum of
the weighting function for TASI channel at 686.50 cm ™!
(721.25 cm ™) is 85 hPa (287 hPa). Consequently, the
channel at 686.50 cm™ ! is sensitive to high clouds and
the channel at 721.25 cm ™! is sensitive to the presence of
high and medium clouds. The channel at 721.25 cm ™' is
the lowest channel assimilated over sea ice and land. In
Fig. 9, for the channel at 686.50 cm ", few pixels are
found cloudy in our area of interest, an area encom-
passed within 60° and 85°S and within 230° and 160°E. In
Fig. 8, for this same area, MODIS detects clouds with
cloud-top pressure reaching 100 hPa. In Fig. 9, the
channel at 721.25 cm ™' shows a more widespread area
of clouds that is in agreement with the presence of lower
clouds in the collocated area. The same comments can
be made for the indicator of cloud effect along the AIRS
swath. Selected channels have a similar maximum of
weighting function as IASI channels, as described be-
fore. For the channel at 673.64 cm™' peaking near
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85 hPa, very few pixels have been detected cloudy. But
when compared to the magnitude of the cloud-top
pressure of MODIS, few clouds have a high pressure
(purple and dark blue color). The method misses a few
clouds but is in agreement with results obtained with the
IASI swath. The same conclusions can be found with the
channel at 702.74 cm™'. In conclusion, the cloud de-
tection method seems to give quite good results over this
area for this swath and for other examined cases. More
in-depth studies are however necessary to improve the
cloud detection scheme. In this study, the cloud detec-
tion scheme has been used unchanged.

To assimilate more IASI and AIRS channels over
land and over sea ice, it had been necessary to make
many changes in the data selection, as it had been done
with microwave observations. For AIRS, in addition to
the 54 channels over open sea already assimilated, a
further 22 channels over sea ice and 51 over land have
been added. For IASI, 32 channels over sea ice, 50 chan-
nels over land, and 14 additional channels (e.g., 64 chan-
nels) over open sea have been selected for assimilation. It
should be recalled that, at the time of this study, data over
sea only were assimilated for AIRS and IASI sensors.
Moreover, some differences can be noted between the
number of channels over land and over sea ice for both
sensors. Channel selections are based on statistics on the
difference of observation (brightness temperature) and
background before monitoring, on the one hand and on
the other hand on the shape of the weighting function.
The sea ice channel selection is a subgroup of the land
channel selection. Statistics over sea ice are more diffi-
cult because of the fluctuating seasonal cover of ice,
which leads to a smaller number of channels that can be
selected over sea ice.

In Fig. 11, a summary of IASI (on the left-hand side)
and AIRS (on the right-hand side) channels assimilated
as a function of their wavenumber have been plotted
for different surface types. A black dot indicates that a
channel is assimilated in EXP only and a gray one that it
is assimilated in CONTROL and EXP experiments. To
choose which IASI channels can be assimilated over sea
ice and over land, radiative transfer simulations have
been run and the corresponding departure characteris-
tics have been examined for clear channels. Figure 12
shows the average and the rms of departures (after bias
correction) for three surface types (land, sea ice, and
open sea) as a function of the wavenumber, for latitudes
below 50°S, and only for channels not affected by clouds.
Subplots on the lower figure indicate the number of
observations as a function of the wavenumber. Higher
channel numbers are more sensitive to the lower atmo-
sphere, and thus more affected by clouds, therefore the
number of clear pixels decreases as the channel number
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FIG. 9. Cloud output from the cloud detect method along the AIRS swath on the top and along the IASI swath on
the bottom between 1020 and 1050 UTC 1 Aug 2007. AIRS channels are (left) 673.64 and (right) 702.74 cm~'. IASI
channels are (left) 686.5 and (right) 721.25 cm L. Black (white) pixel means that the channel is cloudy (clear) for
this pixel. Lines indicate the latitude and longitude every 10°.

increases. For channels ranging from 672 and 721.55 cm ™!,

the rms is close to 0.2 K. Beyond the channel at
721.55 cm ™ !, the rms increases for both land and sea ice
surfaces. Such a change feature is also noticeable for the
average plot (in the middle, Fig. 12). A peak in the
number of observations for channel at 719.50 cm ™! can
be noticed. It can be explained by the shape of the
weighting function profile for this channel (the peak is
higher in the atmosphere than for neighboring channels,
similar to channels below the wavenumber 700 cm ™).
Consequently, the channel with the wavenumber of
721.55 cm ™! was chosen to be the lowest candidate for
the assimilation of IASI over sea ice and over land. The
same procedure has been applied to AIRS channels

(Fig. 13). In this figure, it is easy to see that beyond the
wavenumber of 722 cm ™!, the rms and the bias increase
for all surface types. For both sensors, the number of
observations over land is smaller than for over sea ice
because statistics have been calculated only with ob-
servations accepted by the system (after rejection by the
cloud detection and other quality control tests).

3. Assimilation experiments
a. Diagnostics on additional data

In a first step, assimilation experiments have been run
to study the relative impact of additional data from
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FIG. 10. Weighting functions for (top) AIRS channels are 673.64 and 702.74 cm ™' and (bottom)
IASI channels 686.5 and 721.25 cm ™!, The y axis is the altitude (hPa).

either microwave or infrared sensors using configura-
tions presented in the previous sections. These experi-
ments reveal that assimilating many more infrared or
microwave observations over Antarctica and sea ice is
beneficial for our assimilation system. In a second step
and to benefit from the information content of both in-
frared and microwave observations, another experiment,
called EXP, has then been run. In EXP both additional
infrared and microwave data are assimilated. This ex-
periment is compared with a control experiment, called
CONTROL, which is representative of the operational
system, at the date of this study, and which does not
assimilate any other additional data. All experiments
used the Antarctica tuned model (Fig. 1). The assimi-
lation period lasted from 15 July to 5 August 2007. The
first 6 days of the run have been discarded to allow an
optimal setup of the experiments, excluding a warming-
up phase in our diagnostics. Unless otherwise specified,
all comparisons and diagnostics are made using these
run outputs. The July—August period corresponds to the
first austral winter season during which IASI data have
been available. During this season, the sea ice extent is
sufficiently large to make the impact of the additional
data assimilation over the three surfaces more relevant.
Examples of the increase in the number of the assimi-
lated data have been presented in a previous section in

Fig. 7 for AMSU-A/-B sensors and in Fig. 11 for AIRS
and IASI sensors.

To conclude on the datasets used in both experiments,
the evolution of the number of observations has been
estimated for both experiments (EXP and CONTROL),
for south polar areas (latitudes below 65°S). Ten bars are
drawn in Fig. 14 associated, respectively, with the fol-
lowing data, surface observations (Synop), atmospheric
motion vectors (SATOB), drifting buoys (Dribu), radio-
soundings (RS), GPS radio-occultations (GPS), and radi-
ances from the following instruments: the High Resolution
Infrared Radiation Sounder (HIRS), AMSU-A, AMSU-B/
MHS, AIRS, and IASI. The increase in assimilated data,
in experiment EXP, is confirmed in this figure. For ex-
periment EXP, the vast majority of observations assim-
ilated over this area comes from satellite data, both
infrared (AIRS, IASI) and microwave (AMSU-A and
AMSU-B); whereas, for experiment CONTROL, the
majority of data comes from other satellite data, the
AMSU-A sensor, followed by the SATOB and the GPS
radio-occultation data, respectively. Ground and airborne
data are a minority in both cases.

The next section will document further the changes
brought by EXP, comparing the model background with
respect to other observations and showing the impact on
the forecast.
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FIG. 11. Indicators of the channels assimilated for (left) IASI and (right) AIRS as a function of the three surface
types: sea ice, land, and open sea. A typical brightness temperature spectrum, on 24 Jul 2007, has been plotted as
a dashed line as a function of the wavenumber. For each surface type and sensor, a black dot indicates that the
channel is assimilated in EXP, a gray one indicates that the channel is assimilated in CONTROL and EXP.

b. Estimation of the impact

The impact of the assimilation of the data listed in
section 2 will be presented with various diagnostics.

1) THE MODEL FIT TO OBSERVATIONS

The first diagnostic consists in a comparison of the
model background coming from both experiments with
radiosounding data (Fig. 15) for an area located between
65°S and the South Pole. The difference between obser-
vations and their counterparts derived from the model
background (in our case, a 6-h range forecast), are the so-
called innovations. The innovations are computed for
each analysis time and statistics are accumulated over
a 20-day period.

Results for temperature, zonal, and meridional winds
are plotted in Fig. 15. These subplots show a better fit
of the EXP background to radiosounding data than
does the CONTROL. Best results are obtained in the
lower troposphere. The rms of the difference between

the observations and the background has decreased with
the additional data for all parameters. A better fit, esti-
mated through the rms, is also seen for other data, such
as HIRS and Special Sensor Microwave Imager (SSM/I)
observations (not shown). Improvements in EXP have
been evaluated using a Student’s ¢ test (confidence level of
0.99), which indicates that the results are significant in the
lower troposphere (pressure above 800 hPa) for the wind
speed and the temperature. In the lower troposphere, the
rms of wind speed has been improved by about 15% (e.g.,
in the layer 800-900 hPa, the rms has decreased from 5.17
to 4.7 m s~ ). For temperature, the most significant re-
duction of rms is for the layer 800-900 hPa, the mean rms
has decreased from 0.7 to 0.04 K. Better statistics are seen
together with an increase of data assimilated in the system.

The assimilation of additional data also has a positive
impact at other latitudes, where the usage of data is less
challenged. This is because of the propagation of the
information by the assimilation cycling. Innovations cal-
culated for a latitude band located between 20° and 60°S
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FIG. 12. The (top) rms and (middle) mean of innovations (after bias correction) as a function of the channel number
for IASI for clear pixels for latitudes below 50°S for each surface type: land (dashed line), sea ice (dotted line with
circle), and open sea (line). (bottom) The number of observations has been plotted as a function of the IASI channel
number. The vertical dashed line indicates the thresholds on the channel number (x = 721.25 cm ™).

show a better fit to aircraft report (AIREP) observations
in EXP (measurements of the zonal and meridional wind
components, and temperature at the flight level). For
this latitude band, the AIREP observations are mainly
available over Australia and New Zealand (see plot of
AIREP tracks in Fig. 16). The corresponding aircraft
innovation rms plots for these latitudes are presented at
the bottom of Fig. 15. The rms of EXP innovations
(black curve) is smaller than the rms of the CONTROL
innovations (dashed curve) in the troposphere for zonal
winds, meridional winds, and temperature components.

To continue the investigation, the quantification of the
impact of the additional data, as a function of the latitude,
through forecast error difference plots is illustrated in the
next section.

2) AVERAGED FORECAST IMPACT

Forecasts have been run for EXP and CONTROL
starting from the analysis at 0000 UTC each day, with a
forecast range of 4 days. For both experiments, forecast
errors have been computed with respect to ECMWF
analyses, which provide an independent reference. Before

commenting on the results, it is interesting to list the
differences between the ECMWF channel selection and
our experiment’s channel selection for polar areas. In
July 2007, the ECMWEF’s global model had a horizontal
resolution of 25 km with 91 vertical levels. For AMSU-A,
channel 14 is assimilated in ECMWF’s global model com-
pared to our experiments, this is due to the difference in the
height of the top of the model in each meteorological
center. Otherwise, ECMWF assimilates channels 5 and 6
over seaice, as in the EXP experiment. For AMSU-B, as
in the CONTROL experiment, a threshold on surface
temperature is used, so no data are assimilated for tem-
peratures below 278 K; therefore, almost no data are
assimilated over Antarctica. For AIRS, over land, no data
are assimilated for water vapor channels and short-wave
channels. But more channels are used in long-wave
channels. So this sampling is close to the EXP sampling
but with less assimilated channels. Over open sea and
sea ice, channels are assimilated for a wider frequency
band: from long-wave channels, with water vapor channels
to short-wave channels. For IASI, no channels are as-
similated over land. Over sea ice and open sea, long-wave
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FI1G. 13. As in Fig. 12, but for AIRS.

channels (not water vapor, nor shortwave) are assimi-
lated. So, the channel selection at ECMWF is closer to the
EXP channel selection than to the CONTROL over land.
The main differences appear for the AMSU-B sensor and
for IASI for which no data are assimilated over land.

Over sea ice and open sea, more channels in a greater
frequency band are assimilated for both infrared sensors
AIRS and TASIL

Figure 17 shows statistics on the differences of the rms
forecast error between CONTROL and EXP for the
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FIG. 14. Number of observations taken into account in the analysis for 10 observation types.
(left to right) The list of observations: synop, SATOB, dribu, radiosounding (RS), GPS, HIRS,
AMSU-A, AMSU-B/MHS, AIRS, and IASI. The shaded bars are for the CONTROL and the

dashed bars for the EXP.
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pressure (on the y axis).

geopotential at four forecast steps (24, 48, 72, and 96 h).
ECMWEF analysis is set as the verifying analysis. Dif-
ferences in forecast errors are computed and averaged
over a 20-day period over July 2007. Blue (yellow) colors
indicate that the EXP forecast has lower (larger) errors
than the CONTROL forecast. This figure illustrates the

positive impact, from a forecast point of view, of additional
AIRS, TASI, and AMSU observations over Antarctica.
Improvement is seen at each forecast step for high
latitudes with the largest of all between 200 and 500 hPa.
The improvement seems to spread northward during the
forecast (from 60° to 40°S). More experiments, which
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FIG. 16. AIREP tracks (white line) in the area between 20° and
60°S. Lines indicate the latitude and longitude every 10°.

assimilate either additional microwave or infrared data,
have shown that although all data contribute to this
improvement, microwave data seem to bring the largest
positive impact. Finally, yellow contours associated with
a forecast degradation are seen in the lower atmosphere
(below 700 hPa), for latitudes below 80°S. This result
must to be run with the orography of this area in mind.
For this part of Antarctica (see Fig. 2), the orography is
very high and, as a consequence, few AMSU data are
assimilated. Moreover, it is important to recall that in-
frared sensors are assimilated only from the strato-
sphere to the midtroposphere.

3) IMPACT ON THE MEAN SNOW PRECIPITATION

A good knowledge of the amount of the snow precip-
itation for polar areas is of prime importance for mete-
orology and climate. Averages of a 24-h accumulated
snow precipitation have been estimated for EXP and
CONTROL for the entire assimilation period. Differ-
ences can reach 0.2 mm on the coast where the average
precipitation is about 0.5-1 mm. These differences can
reach 20%, which is far from being negligible. Maps of
the temperature difference also show major differences
over the coast located near the same place as the extrema
of accumulated snow difference. In Fig. 18, the average of
mean accumulated snow precipitation has been plotted
against longitude ranges for both CONTROL and EXP
experiments. Overall, EXP forecast produces more snow
precipitation for all latitudes, with a peak of snow pre-
cipitation between 60° and 70°S.
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Other mean fields (e.g., temperature and specific hu-
midity) have been plotted for both experiments to un-
derstand this increase. The magnitude of the field
differences is greater at the initial time than at the 24-h
forecast time. During the forecast, the differences tend
to decrease. At the initial time, an excess of specific
humidity is detected over Antarctica for the EXP ex-
periment. To regulate it, the model precipitates this
excess of specific humidity. The decrease of the specific
humidity in EXP is then faster than in CONTROL. This
transformation of the specific humidity is confirmed by
the increase in temperature. It should be recalled that
the condensation process is tied to an increase of tem-
perature. Moreover, the comparison of the different
precipitation types (i.e., large scale, convective, snow,
rain) indicates that the signal in the snow precipitation
presented in this section mainly comes from the large-
scale snow precipitation. A convective part of the snow
precipitation appears near the latitude 60°S. At the end
of the forecast, the two experiments tend toward the
same state. At the 96-h forecast range, the impact of the
data assimilation has almost disappeared from a precipi-
tation point of view.

c. Case study

The time evolution of the forecast error for EXP and
CONTROL has been calculated over the study period.
The two experiments are compared for the geopotential
at the 72-h forecast range in two areas: the whole Southern
Hemisphere (20°S) and the Australia-New Zealand area.
The rms of EXP is smaller than the rms of CONTROL
for many days (e.g., during the period from 23 to 27 July
2007). For this parameter, no change is seen over the
Australia—-New Zealand area. Consequently, the improve-
ment in the rms is presumably due to changes over
Antarctica, because for the area south of 20°S, radio-
soundings are mainly located over the Australia—New
Zealand area and over Antarctica. It is interesting to
note that the radiosoundings are mainly located over the
coast of Antarctica where most disturbances take place.
Based on this preliminary analysis, the date of 26 July
2007 has been chosen as a case study. The forecast of
the 23 July 2007 for both experiments will be compared
to the ECMWF analysis (3 days later).

1) GEOPOTENTIAL

Previous studies have shown that the mean sea level
pressure (MSLP) is not a good variable to be considered
over Antarctica because of the orography of this conti-
nent, especially over the eastern part where mountains
can reach a 4-km height. The geopotential height at
500 hPa has been chosen instead of MSLP as the relevant
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FI1G. 17. Statistics of the differences in rmse between a version of the ARPEGE model assimilating the same observations as in op-
erations and a version of the model using more satellite data over Antarctica. The statistics are shown for the geopotential errors of the
(top left) 24-, (top right) 48-, (bottom left) 72-, and (bottom right) 96-h forecasts over a period of 3 weeks in July 2007 averaged longi-
tudinally. The vertical scale is pressure and the horizontal scale is latitude. Solid line (dotted line) indicates that the additional AIRS, IASI,
and AMSU observations over Antarctica have improved (degraded) the forecasts.

parameter to document the atmospheric flow (Turner
and Pendlebury 2004; Pendlebury et al. 2003).

Maps of geopotential at 500 hPa are plotted for
Antarctica for CONTROL and EXP experiments at the
72-h forecast range (Fig. 19, subplots A, B, and C). The
ECMWEF analysis is used as reference. In Fig. 19, three
geopotential minima are visible in the analysis (top left,
A). They are located at 1 (60°S, 180°), 2 (65°S, 50°W),
and 3 (60°S, 10°E). The comparison between EXP
forecast (bottom, C) and the CONTROL (top right, B),
indicates a better forecast of these features in EXP.
Maps of differences between EXP forecast and the
analysis (on the right-hand side, E) and CONTROL
forecast and the analysis (on the left-hand side, D) are
shown below. Forecast errors have decreased quite re-
markably as seen, for example, near the longitude 65°E.
Two others maps of difference are also shown in the
lower part of the figure. These maps show the impact of

the additional infrared (on the left-hand side, figure F)
and microwave (on the right-hand side, figure G) when
these satellite data are assimilated independently. These
maps illustrate the relative impact of infrared and mi-
crowave data. For both cases, the errors between fore-
cast and analysis are decreasing with additional data.
The assimilation of more microwave data leads to a
bigger impact in the decrease of the forecast error.

The correlation coefficient between the 72-h forecast
from CONTROL (EXP) and the analysis has been esti-
mated for the geopotential at 500 hPa. A mean correla-
tion value of 0.97 is found for EXP compared with a mean
correlation value of 0.93 for CONTROL. A similar im-
provement has been found when deriving correlations for
other dates (e.g., for the analysis of 24 July 2007). The
EXP forecast, compared to an independent analysis, is
found to be better than CONTROL, in terms of both rms
errors and correlations.
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FIG. 18. Average over the longitudes of the mean accumulated
snow precipitation (mm) for the 24-h forecasts over 20 days in July
2007. The solid line is for the EXP and the dashed line for the
CONTROL.

2) SNOW PRECIPITATION

Besides the geopotential field, which illustrates the
general circulation, it seems purposeful to compare other
derived fields which are also relevant for Antarctica. The
total precipitation of snow accumulated over 3 days since
the 23 July 2007 is investigated. Maps of this field are
shown in Fig. 20 for the ECMWF model and the EXP and
CONTROL experiments. The difference in accumu-
lated precipitation between both experiments (EXP —
CONTROL) has also been calculated. The main differ-
ences are located over the Antarctica coast and South
America, between 70° and 50°S, in an area of low pres-
sure systems. If this figure is compared with Fig. 19 for
geopotential, the extrema of precipitation differences
coincide with the three geopotential minima highlighted
earlier. The comparison between EXP and CONTROL
forecasts for geopotential reveals that EXP forecast
give a better prediction of the position of these minima.
Figure 20 shows that, in these disturbances, EXP pre-
dicts more snow precipitation. Moreover, if we compare
the results for EXP and CONTROL with ECMWE, the
amount of snow precipitation estimated using ECMWF
is lower than in EXP and CONTROL experiments, but
the extrema present in all experiments are located in same
area, which is coherent with the geopotential field (see
previous section). The comparison between ECMWF and
experiments has shown that the main difference is located
near the three geopotential minima. One should note that
similar results have been found when infrared and mi-
crowave data are separately assimilated.

4. Discussion

Developments have been tested in order to increase the
number of assimilated satellite observations from both
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microwave and infrared sensors over Antarctica and the
sea ice surroundings. The method developed by Karbou
et al. (2006) to estimate microwave emissivity from sat-
ellite observations has been applied and adjusted for cold
areas (land and sea ice). This modification of the surface
emissivity has improved innovation statistics, which im-
plies that the simulation of brightness temperatures from
model fields was in better agreement with observations.
Therefore, the assimilation of additional AMSU-A/B
data has been performed over Antarctica and sea ice. In
parallel, the use of IASI and AIRS data has been ex-
tended over snow and sea ice, once the statistics have been
proven to be satisfactory. This extended use of data has
led to positive results in terms of assimilation and forecast.
Indeed, it was found that the increase in the number of
observations had a positive impact on the analysis and on
the forecast, for a model especially tuned for Antarctica.
The forecast impact was found to affect the snow pre-
cipitation amount around Antarctica and to propagate to
lower latitudes during the forecast. This version of the
ARPEGE model will be helpful for meteorological
forecasts during the second phase of the Concordiasi
campaign in 2010, when stratospheric balloons will bring
information both at the gondola level (around 60 hPa)
and by dropping sondes. These sondes will be dropped
according to IASI overpasses. Specific studies based on
these new soundings will then be performed in order to
improve the understanding of data assimilation for cold
surfaces.

For land emissivity modeling, physical assumptions
were reconsidered over snow (Guedj et al. 2009). The
authors have studied the effect of assumptions about the
surface on calculated emissivities over Antarctica. It was
found that the use of a Lambertian approximation for
AMSU is more suitable during winter whereas the spec-
ular assumption can be used during summer. Another way
to improve the emissivity calculation, and consequently
the microwave data assimilation, could be to evaluate
more accurately the surface temperature. Karbou et al.
(2006) has tested an approach for the surface temperature
calculation in a 4D-Var system. Following the same idea
as for the emissivity, surface temperature can be calcu-
lated from satellite observations at one surface channel
and then affected to other channels, with an emissivity
taken from an atlas. These approaches are going to be the
focus of further research.

To improve the infrared data assimilation, studies on
cloud detection could also be performed. Different cloud
detection methods could be tested over Antarctica and
compared to the current ECMWF method developped
by McNally and Watts (2003). Other methods such as
the CO,-slicing method (Chahine 1974; Lavanant 2002;
Pangaud et al. 2009) or the Multivariate Minimum
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FI1G. 19. (top) Maps of geopotential at 500 hPa (unit: X 100 m). The first one is the analysis of
ECMWEF. The second is an output at the forecast of 72 h for the CONTROL, and the last one is
the 72-h forecast for the EXPERIMENT. Date of the analysis: 26 Jul 2007. Isolines each 1500
from 51 000 to 55 000 m. (bottom) Map of 72-h forecast errors for the geopotential at 500 hPa.
(top left) Difference between the CONTROL forecast and the analysis. (top right) Difference
between the EXP forecast and the analysis. (bottom left) Difference between the CONTROL
with infrared sensors (AIRS and IASI) forecast and the analysis. (bottom right) Difference
between the CONTROL with microwave sensors (AMSU-A/B) forecast and the analysis. The
date of the analysis is 26 Jul 2007. Isolines each 500 m from —2000 to 2000 m.
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FI1G. 20. Maps of the snow precipitation amount over 3 days between the forecast at 72 h for (top left) ECMWF, (top right) EXP, and
(bottom left) CONTROL. (bottom right) Difference of the snow precipitation amount over 3 days between the forecast at 72 h of the EXP

and the CONTROL. (Date of analysis: 26 Jul 2007).

Residual Method (MMR) could be tried (Auligne 2007).
However, the validation of a given method of cloud de-
tection, with satellite data, is very difficult over the Poles.
Imagers such as MODIS can supply information on the
cloud-top pressure or the cloud fraction, but the error tied
to these products is bigger over cold surfaces. One pos-
sibility would be to investigate the use of sensors on the
A-train or visual observations over Antarctica to perform
more local comparisons.

Work on infrared and microwave data assimilation
will be carried on along the directions indicated above,
using additional in situ data obtained during the Con-
cordiasi experiment as validation. Although this research
has been performed in the context of the French NWP
system, the methods could be used in different systems
and the results are believed to be general.
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