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Abstract. This paper reports on the potential of combining climatology purposes (e.g., Giorgi and Mearns, 1999; Prab-
elliptical-orbit Flower constellations with millimeter-wave hakara et al., 2000; Pulvirenti et al., 2002; Marzano et al.,
radiometry and radio-occultation, a mission concept briefly2004; Bormann et al., 2006; Faccani et al., 2007; Leroy et
named FloRad2. The advantages of flower constellatioral., 2008).

with respect to conventional orbits are discussed, includ- The lower atmosphere may be observed from ground and
ing the flexibility ensuring increasing coverage with separatespace with remote sensors (Kidder and Vonder Haar, 1995).
|aUnCheS. Mi”imeter'WaVe radiometry and radio-occultation |n_situ techniques are useful for re'atively sma” area moni_
receivers provide the advantage to design fairly compact paytoring; their role is, however, essential for ground validation
loads that comply well with current technology of mini- pyrposes. Ground-based remote sensing instrumentation has
satellites. Millimeter-wave radiometry and radio-occultation tpe advantage of higher spatial and temporal resolutions, but
techniques are somewhat complementary and an optimaj requced coverage. Satellite sensors, such as microwave and
combination of these observations results in atmospherignfrared radiometers, radars and optical imagers, can provide
pI‘OdUCtS W|th enhanced Vertical and hOI‘iZOﬂta| resolutions.a |arge Coverage especia”y in areas, such as oceans and re-

Thus, the combination of small, light payloads employ- mote areas, where any other observation is practically impos-
ing millimeter-wave radiometry and radio-occultation with sjple (Rodgers, 1976; Sdidsel et al., 2007).

Flower elliptical-orbit constellations may result in an opti-
mal compromise between retrieval performances and systerﬁO
complexity that is ideal for continued long-term missions
with meteorological and climatological applications.

Microwave (MW) and millimeter-wave (MMW) observa-
n of the atmosphere is becoming an appealing goal within
satellite radiometry applications (e.g., Bauer and Di Michele,
2007). The major technological advantage of MMW ra-
diometers, i.e. a system with operating frequency between
30 and 300 GHz, is the reduced size of the overall system
1 Introduction with respect to lower-frequency sensors. On the other hand,
MMW sounding can exploit window frequencies and vari-
The role of the atmosphere and its hydrological cycle within ©US gaseous absorption bands around 55 GHz, 118 GHz and
the Earth system is recognized to be of utmost importancel83 GHz. These bands can be used to estimate tempera-
In this respect, the troposphere plays the major role as it i§ure profiles, water vapour and cloud liquid contents and,
the atmospheric layer where water vapour, clouds and pret® some extent, rainfall and snowfall for numerical weather
cipitation evolve within the hydrological cycle. The latter Prediction, data assimilation, climate benchmarking, hydro-
is determinant for meteorology, nowcasting, hydrology andMeteorology, nowcasting, and civil protection applications
(Stoffelen et al., 2006; Rizzi et al., 2006).

Spaceborne MMW radiometers can exhibit relatively
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Haar, 1995). The temporal resolution of LEO platform ob- (ii) Global numerical weather Prediction (GP); (iii) Atmo-
servations remains a major drawback with respect to that o6pheric nowcasting (NC); (iv) Hydrology (HL); (v) Clima-
geosynchronous-Earth-orbit (GEO) satellites. An overpasgology (CL).
about every 12 h for a single LEO platform (conditioned to  Data assimilation for numerical weather prediction nowa-
a sufficiently large swath of the scanning MMW radiome- days requests the provision of accurate radiance measure-
ter) may be not compatible with the typical temporal-scalements to be ingested into numerical models instead of re-
variation of atmospheric fields (e.g., Marzano et al., 2004).trieved atmospheric products (e.g., Bormann et al., 2006;
Another technique for profiling the thermodynamic state of Faccani et al., 2007). Microwave and millimeter-wave
the Earth atmosphere from LEO satellites was demonstratetirightness temperatures are of utmost importance due to their
more recently (Ware et al., 1996) exploiting active limb relation with atmospheric microphysics and cloud formation
sounding based on the radio occultation (RO) of sighals emit{e.g., Bauer and Di Michele, 2007). Time sampling is not
ted by Global Navigation Satellite Systems (GNSS). crucial for data assimilation, but the temporal bias of mea-
A way to tackle this impasse about the temporal resolu-surements (such as that derived from sun-synchronous satel-
tion is to draw our attention to the deployment of a constel-lites) may affect the assimilation procedure. Regional mod-
lation of satellites sensors (Kidder and Vonder Haar, 1995)els tend to uses regional boundary conditions and satellite
The price to pay in order to push forward this solution is to data at regional scale, whilst global models are able to assim-
keep the overall mission budget, from both an economic andlate satellite data on a global scale whenever and wherever
engineering point of view, relatively low, satisfying at the available (Dudhia, 1993). The Mediterranean basin repre-
same time the mission scientific objectives. This essentiallysents a special target area for hydro-meteorological applica-
means to design: (i) a low-weight micro-satellite platform; tions being at the confluence of African air masses and At-
(i) a light compact MMW radiometer; (iii) a launch strat- lantic air masses coupled with a large internal water surface.
egy in order to deploy all platforms with only one launcher; Hydrology applications are oriented to exploit atmo-
(iv) an adaptive retrieval scheme able to exploit available senspheric products, derived from ground-based precipitation
sor data. Another degree of freedom that a satellite constelretrievals (e.g., Pulvirenti et al., 2002). The knowledge of
lation may open, with respect to a single-platform mission, iswater effects at ground at relatively high resolution is es-
the design of an optimal space-time coverage for atmospherisential to initialize numerical distributed models in order to
monitoring and a reconfigurable and expandable spaceborngredict river-basin run off (Wentz et al., 2007). Depending
topology (Mortari et al., 2005). on the hydrologic features and topography, the timeliness of
In this work we will discuss the basic concepts of the precipitation inputs plays a major role to predict river run-off.
FloRad2 small-mission, aimed at designing a constellation Nowcasting applications impose stringent requirements on
of mini-satellite deploying a MMW radiometer and GNSS the revisit time at the target regional scale. The latter is the
RO receiver for sounding the atmospheric thermodynamicamajor drawback of LEO satellites as, for a single platform
state and hydrometeors content. The name FloRad2 arisegith a wide-swath sensor, the revisit time cannot be less than
from “FLOwer constellation of millimeter-wave RADiome- about 12h. Blending techniques aimed at combining LEO
ters and RADio occultation receivers” and builds on the MW data and GEO IR data need frequent updates of MW and
FloRad project proposing the concept of synergy betweerMMW measurements to calibrate IR-based geostationary ob-
Flower constellation theory and millimeter-wave radiometry servations (Marzano et al., 2004). Moreover, data delivery
(Marzano et al., 2008, 2009). The mission requirements willdelay time to operational centres for environmental control
be described together with payload and satellite design prinand civil protection must be relatively short in order to allow
ciples. The potential combined use of millimeter-wave ra- the full exploitation of satellite products.

diometry and radio-occultation will also be discussed. Meteo-climatological purposes push forward a spatial cov-
erage as large as possible over the globe and a long-term

observations and data storage (Goody et al., 2002). This
2 FloRad2 mission requirements means that payload data acquisition must be performed not

only over the target region, but a quasi-global scale even
The FloRad2 mission is devoted to atmospheric remote senghough with different characteristics. However, the increas-
ing (Marzano et al., 2009). In particular, the goal is to senseing importance of regional climate models is testified by
the troposphere in terms of its thermal and hydrological prop-recent literature which identifies regional features of cli-
erties. Specifically, the FloRad2 mission is aimed at the meamate which can be resolved by ad hoc observations from
surement of: millimeter-wave brightness temperature, tem-ground and satellites (Giorgi and Mearns, 1999). Sev-
perature profile, water-vapour integrated content and profilegral regional climate models are focused on the European
cloud water integrated content and profile, rain water inte-scale, including the continental land, the Mediterranean basin
grated content and profile and snow integrated content andnd the Baltic sea which tend to modify global circulation
profile. The major scientific applications of FloRad2 are ori- and ocean-atmosphere coupling even at longer time scales
ented to: (i) Regional numerical weather Prediction (RP);(Giorgi and Mearns, 1999). Finally, for meteo-climatological
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PRODUCTS REQUIREMENTS Threshold Goal
value value
Millimeter-wave brightness -Accuracy 1K 05K
temperature [K] -Stability 0.1 K/year 0.01 K/year
-Horizontal resolution (nadir-equivalent) <25 km <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h
Temperature vertical profile -Accuracy (over sea) <2K <1K
K] -Horizontal resolution (nadir-equivalent) <25 Kkm <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h
Water vapor integrated -Accuracy for integrated content (over sea) <3 kg/m? <2 kg/m?
content [kg/m?] and vertical -Accuracy for content profile (over sea) <1.5g/m? <1g/m?
profile [g/m3] -Horizontal resolution (nadir-equivalent) <25Kkm <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h
Cloud water integrated -Accuracy for integrated content (over sea) < 0.5 kg/m? <0.1 kg/m?
content [kg/m?] and profile -Accuracy for content profile (over sea) <0.5 g/m? <0.05 g/m’
[g/m?] -Horizontal resolution (nadir-equivalent) <25km <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h
Rain integrated content -Accuracy for integrated content (over sea) <0.5 kg/m? <0.1 kg/m?
[kg/m?], rates [mm/h] and -Accuracy for content profile (over sea) <0.5 g/m? <0.1 g/m?
profile [g/m’] -Horizontal resolution (nadir-equivalent) <25km <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h
Snow integrated content -Accuracy for integrated content (over sea) < 0.5 kg/m? <0.1 kg/m?
[kg/m?], rates [mm/h] and -Accuracy for content profile (over sea) <0.5 g/m? <0.1 g/m?
profile [g/m’] -Horizontal resolution (nadir-equivalent) <25 Kkm <15 km
-Temporal resolution (revisit time at 75% time percentile) <3h <2h
-Delivery delay time (nowcasting application) <2h <1h

applications radiometric accuracy and stability need to beEUMETSAT Post-EPS (Post-European Polar System) pro-
carefully considered as well as its traceability to the Interna-gram. EUMETSAT, within the Post-EPS plans after 2020,
tional System (SI) standards for ground and on-board sensdnas recently accomplished a mission requirement document
calibration (Leroy et al., 2008). (MRD) to rank the most urgent future missions among 21

From an international space agency point of view, thereoptions (Schissel et al., 2007). The result of this compara-
are several plans to exploit satellite synergies in terms oftive analysis indicates that, after the high-resolution infrared
Earth observations and deploy atmospheric remote sensingounding, MW sounding is at the second place before scat-
constellations. In particular, the Global Precipitation Mea- terometry, visible-infrared imaging and MW imaging. More-
surement (GPM) mission represents a major internationapver, a related output of this Post-EPS exercise was the list
effort within satellite meteorology (Hou et al., 2008). The of observation or user requirements (independently from cost
GPM primary (or mother-ship) satellite will provide detailed and technology issues) for 4 important applications such as
and accurate measurements of the three-dimensional distrgflobal numerical weather prediction (NWP), regional NWP,
bution of precipitation and its associated latent heat releasgowcasting and climate monitoring (Stoffelen et al., 2006;
for most rainfall regimes around the globe, by carrying aRizzi et al., 2006). In particular, requirements in terms of
Dual-frequency Precipitation Radar (DPR) in addition to a accuracy, spatial resolution, temporal resolution and data-
microwave radiometer, the GPM Microwave Imager (GMI). release time, were sub-divided in threshold, breakthrough
The constellation of drone satellites, on the other hand, willand objective requirements.
provide the temporal sampling that is required for most pre- From previous considerations, the general scientific re-
cipitation studies and applications. Another major examplequirements of the FloRad2 mission are listed in Table 1,
of cooperation is the so called A-Train which is a constella-adopting the previously introduced requirement identifica-
tion of 6 satellites (i.e., Aqua, Aura, CloudSat, CALIPSO, tion.
PARASOL e OCO) flying in a close relative orbital positions |t is worth noting that in Table 1:
(Stephens et al., 2002).

A major source to identify FloRad2 scientific require- — for each user requirement, 2 values are specified, to be
ments for hydro-meteo-climatological applications is the intended the first as a “Threshold” value (the upper limit
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value of the requirement above which the mission objec-3 Elliptical-orbit constellation design
tives are critically descoped) and the second as a “Goal”
value (the ideal value of the requirement around Wh|chThe FloRad2 small-mission is based on the Flower Constel-

the mission objectives are fully realized). lation concept within a “pseudo-geostationary” scale frame-
work (Mortari et al.,, 2005; Marzano et al.,, 2009). In a
— the product “vertical profiles” are not characterized by previous study we analyzed the feasibility of designing a
a quantitative requirement on the vertical resolution asflower Constellation (FC) with 3 mini-satellites at relative
a passive sounder is not able to provide a definite resohijgh apogee around 1200 km (Marzano et al., 2009). This
lution such as an active system. The vertical resolutionsplution envisaged 3 mini-satellites but turned out to be prob-
of a passive sounder is heavily dependent on the numtematic in terms of launch strategy. A better option would
ber of frequencies as it exploits the frequency diversity pe a single launch deploying all 3 platforms by exploiting
to gain a resolved range, but at the same time this resa Hohmann manoeuvres (Larson and Wertz, 1999). This
olution may be affected by the observed scenario as ijaunch with a transfer of the payload to about 2000 km would
modifies the so called weighting functions. In this re- require about 125 days for a relative drift of 224nd about
spect, the vertical domain of the atmospheric products20 days for a relative drift of 240 If the first satellite
has to be referred to altitudes less than 15 km. can be deployed into its elliptical orbit during the launcher’s
descent, the deployment of a 3-satellite constellation should
take about 7 months.
Indeed, the capability of current launchers is a critical item
especially when dealing with 3 mini-satellites. A critical fac-
— the “delivery delay time”, that is the time needed to pro- tor is the deployment time and the propellant needed to per-
cess FloRad2 raw data from the satellite acquisition toform all manoeuvres. A more conservative strategy would
the distribution to end-users, is specified only for the be to deploy 2 mini-satellites with one launch in a single
nowcasting app”cation as it is the more Stringen[ re- orbital plane without needing orbital manoeuvres. The full
quirement. For the other applications, this requirementFC might be completed following an incremental concept by
may be relaxed as appropriate. performing successive launches of another 2 mini-satellites
into FC pre-defined orbital planes.
From the analysis of previous user requirements and previ- The optimal design of a FC is a complex task. Further con-
ous considerations, the FloRad2 mission driving concepts aretraints on FC design come from the sensor specifications,
primarily based on the: in particular the orbit height range and sensor swath (which
condition the spatial resolution and observation repeat time).

B |dent|f|cat.|on of compact and light-weight m||||met.er- The orbit height has been set within the range 650-1270 km
wave radiometers as the best payload compromise tq

provide the required products in terms of radiances anaa.nd sensor swath tg about 2500 km (depending on the scan-
atmospheric parameters: ning system here fixed ta- 50° around the antenna bore-

sight), in agreement with the previous study (Marzano et al.,
— design of a micro (or mini) spacecraft, compatible with 2009). Another major concern is the choice of the inclina-
the payload and the launcher, characterized by a reltion anglei which might be chosen either to be a generic

atively low weight, reduced power consumption and freedom parameter or to satisfy sun-synchronicity or to keep
compact sizes; a constant perigee argument by imposing the orbit inclination
anglei=63.4. Indeed, a safety constraint might be also con-

— exploitation of a satellite constellation to easily increasesjdered: when launching from specific sites the inclination

the revisit time, trying to use a proper number of small must be chosen to avoid risks to overpass highly populated
satellite platforms; area.

_ aquasi-alobal coverage with a reqional scale target are In order to extend previous analyses, the design of the FC
q globa 9 9 . 9 fias been focused on the incremental feature concept by ana-
over the Mediterrannean sea and a continental-scale tar- " : ; o
lyzing the following configurations:

— the term “nadir-equivalent” is used to indicate the lin-
ear field-of-view (FOV) resolution for conical scan ra-
diometers when the antenna is looking at nadir.

get area over Europe;
(1) Anincremental FCs at=63.4, havingModeratelyEl-
liptical orbits with perigee/apogee ratio equal to about
650/1270 km, with either 2 satellites (IFC-ME2) or 4
satellites equally distributed in 2 different orbit planes
— complementarity with respect to international space (IFC—ME4) or 6 satellites equally distributed in 3 differ-
agency plans in the field of hydro-meteo-climatic ap- ent orbit planes (IFC-ME6);

plications. (2) Walker constellation of Circular Orbits (WK-CO6) with
6 mini-satellites in different orbital planes with63.4,

— compatibility with small-class launchers such as VEGA
and legacy with respect to previous meteorological
satellite missions;
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Fig. 1. Gap-time cumulative density function (CDF) for IFC with 6 Fig. 2. Comparison of the gap-time CDFs for IFC with 2 satellites
satellites (IFC-ME6), WK-CO with 6 satellites (WK-CO6) and SS- (IFC-ME?2), IFC with 4 satellites (IFC-ME4) and IFC with 6 satel-
CO with 6 satellites (SS-CO6) constellations for the Regional Scalélites (IFC-ME6) constellations the MSB area.

European (RSE) area.

. _ . performance reaches a very high level, being lower than 1 h
following the design concept of Walker (having the for 100% of the total time for the MSB window.
same “average distance” from the Earth of the FC,

1060 km); - .
4 Millimeter-wave radiometer payload
(3) Sun-Synchronous Circular Orbit (SS-CO6) constella-

tion with 6 mini-satellites equally distributed along the Atmospheric monitoring is a major goal of current and future
same orbit plane at an altitude of about 1000 km. missions. In this context MW and MMW radiometry plays a
relevant role due to its capability to sound through clouds and
to detect precipitation (e.g., Bauer and Di Michele, 2007).
Examples of well-known MW radiometers are the Advanced
Microwave Sounding Unit (AMSU) and Microwave Humid-
ity Sounder (MHS) aboard NOAA and MetOp satellites and
the Special Sensor Microwave Imager Sounder (SSM/IS)
aboard DMSP satellites (SdHdsel et al., 2007).

The impact of MW and MMW radiometer data assimi-
lation into numerical weather prediction (NWP) has been
shown to reduce the prediction error to more than 50%

area revisit time interval or gap-timé Trey as the time in- and 15% in the Southern and Northern Hemisphere, respec

terval between two satellite overpasses over the target are . : . .
counted when the sensor swath of any constellation satellitzllvely (using the geopotential height till to 3 day-range) (Bor-

intersects the target area. In order to compare the various o etal.,, 2006). This is quite impressive when compared
9 : b ith infrared (IR) sensors, such as High Resolution Infrared

satellite corjstellgno'ns,'we havg compared them in terms 0gounder (HIRS) whose error reduction is less than 5%: this
the cumulative distribution function (CDF).

; X o o -
Figure 1 shows the gap-time CDF for IFC-ME6 and WK- is explained considering that more than 85% of HIRS field

CO6 and SS-CO-6 constellations for the RSE area. The degf-wews canr_10t be used in NWP d“? to cloud co_nta_mmatlon.
The selection of MMW radiometric frequencies is based

ployment of & ’T“T‘".Sate"'tes with a large swath sensor en_on FloRad feasibility study and on EUMETSAT reports on
ables to get revisit time gaps less than 1 h, almost compara;

ble to a geostationary platform. It can be noticed how FC he same topics (Bauer and Di Michele, 2007, Marzano et

provides better revisit time performance for every time per-al" .2.009)' A radlometgr, with imaging and sounding ca-
centage with respect to WK one. pability, has to exploit window and absorption frequencies,

The incremental features of FCs can be appreciated irespectlvely. From the analysis of the user requirements of

Fig. 2 which shows the comparison among the gap—tim;rable 1, we have concluded that:

CDFs for IFC-ME2, IFC-ME4 and IFC-MES6 constellations  — the use of the 89-GHz window frequency is essential
for the RSE area. As shown in the figures, IFC becomes  for cloud and precipitation imaging; moreover, it is the
very efficient since the second batch of satellites are oper-  frequency implemented in most current and future ra-
ative (IFC-ME4); as a matter of fact revisit time interval diometers such as AMSU, SSMI/S and MHS;

Two target regions of interest have been identified: (i) the
Mediterranean Scale Basi(MSB) windows, defined be-
tween 25/45° latitude and—10°/35° longitude (this area is
larger than the corresponding one used by Marzano et al.
2009); (ii) theRegional Scale EuropedaRSE) window, de-
limited by the following latitude/longitude corners, respec-
tively: 23°/—10°, 64°/—40°, 64°/66° and 23/36° (this area

is identical to that used by Marzano et al., 2009). As a metric,
of space-time coverage we have again adoptedarget-
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Table 2. FLOMIS radiometer configurations (H: Horizontal Pol.;

V: Vertical Pol.)

F. S. Marzano and D. Cimini: Flower elliptical-orbit constellation exploiting millimetre-wave radiometry

The retrieval of the tropospheric parameters has been per-
formed by means of a statistical inversion algorithm: for our
purposes, we have employed a polynomial regression model
of third order in Tz both for profile and integrated content

Name FLOMIS frequency channels
retrieval.

MHS-like 89V GHz, 166.0V GHz, 183.31 % 1.0 GHz, The inverse method has been trained and tested dividing
183.31V£3.0GHz, 190.3V GHz the whole dataset into two groups (with a sample ratio 10:1)

MHTS1 ~ 89HGHz, 89V GHz, 118.75¥ 0.7 GHz, according to the different background type (sea and land).
118.75V+ 2.1 GHz, 118.75\:3.0 GHz, The choice of the training set was driven by representing bet-
183.31 V£ 1.0GHz, ter than a climatological mean the a priori information we
183.31V+ 3.0 GHz, 183.31 \& 7.0 GHz, . . i . : .

MHTS2  89H GHz, 89V GHz, 118,75 0.7 GHz, mtgnd to use in the operatlona}I retrieval (c')ne.-d|men3|onal
118.75V+ 3.0 GHz, 183.31 \& 1.0 GHz, var|at|opal retrieval method). Itis Worth_ reminding that ran-
183.31 V4 3.0 GHz, 190.3V GHz, 229.0H GHz dom noise was added to simulatggbolarized Tz, account-

MHTS+  89HGHz, 89V GHz, 118.75\0.7 GHz, ing for instrumental noise and a simple emissivity model

118.75V+ 2.1 GHz, 118.75\4 3.0 GHz,
166.0V GHz, 183.31 1.0 GHz,
183.31V+3.0GHz, 190.3V GHz, 229.0H GHz

was used in computing the upwelling brightness tempera-
tures (see Marzano et al., 2009 for details).
Figure 3 shows the profiles of root mean square error

(RMSE) for atmospheric variables retrieved from MR over
sea and land background from simulated MHTS+ observa-
tions (see Marzano et al., 2009 for details). The corre-
— the use of the 118-GHz oxygen absorption band can b&ponding variability, expressed as standard deviation over the
theoretically used for temperature profiling and cloud whole set, is also shown in order to indicate the informa-
imaging, even though with a reduced accuracy with re-tion gain due to the use of radiometric observations. The
spect to the use of the 50/60 GHz oxygen absorptionerror uncertainty for temperature retrieval is less than 1K
band; over sea and less than 2K over land (neglecting uncertain-
. ties related to surface emissivity). Humidity profiles can
B th? use of the }SS-GHZ.V.vater-vapour band is very We”be retrieved with an error standard deviation increasing for
suited for humidity profiling, even _though the b_ound- lower altitudes and less 1 ghover sea and 1.5 gffrover
ary layer of the lower troposphere is sounded with IeSSIand. Non-precipitating liquid and ice profiles are again dif-
accuracy as shown by MHS (Arriaga, 2000), ficult to be retrieved both over land and sea, but better results

— the use of the window frequency at 229 GHz is very well &ré obtained for rain and snow re_trieval with errors less than
suited for cirrus cloud detection and much more effec-0-03g/m? and 0.02 vg/r, respectively, both over land and
tive than the 157 GHz in this respect present in MHS Séa.

(Sreerekha et al., 2008). The results of this numerical analysis may give an idea of

the expected performances of the FloRad2 mission products.

Due to its foreseen scanning capability, the FloRad2 MMW A comparison with other comparable and current measure-

payload has been named FLOMIS, i.e. FLORad Millimeter- ments are shown in a previous paper (Marzano et al., 2009).

wave Imaging. Table 2 lists the frequency set, deduced=or NWP data assimilation purposes, FloRad2 brightness

from a previous Entropy-Reduction based analysis (Marzan@emperature measurements can be considered to be a mis-

et al., 2010). Four configurations have been consid-sion product. In this respect, the spaceborne exploitation of

ered: (i) MHS-like resembles the 5-channel set availablethe 118-GHz band might represent a unique opportunity as it

on MHS; (ii) MHTS1 (Microwave Humidity and Tempera- has never been tested in space, even though it is foreseen for

ture Sounder-1) includes in addition another polarization atPost-EPS (Schiksel et al., 2007). The same consideration

89 GHz and two channels around the 118 GHz oxygen line;applies to the 229-GHz band whose role has been already

(i) MHTS2 is as MHTS1 but deploys the 229 GHz channel discussed.

instead of the 166 GHz; (iv) MTHS+ merges both MHTS1

and MHTS2 configurations and also adds one more channel

at 166 GHz. Note that in all configurations we have included5 Synergy with radio-occultation observations

the 166 GHz channel, instead of the 157 GHz, since there

are indications that higher frequency channel may give betThe radio occultation method for obtaining atmospheric

ter performances than the 157 GHz presently on MHS (Bauesoundings is summarized by Kursinski et al. (1997). The

and Di Michele, 2007). For this case study analysis, a con-GNSS radio-occultation technique measures the profile of

ical scan at 53incidence angle has been supposed with athe refractive properties of the atmosphere by observing the

uniform channel field-of-view equal to about 25 km. timing delay of GNSS signals induced by the atmosphere as
the ray-path descends toward the Earth’s surface in a limb
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sounding geometry. The index of refraction is directly related
to pressure, temperature, and water vapor concentration such
that the refractive index can be processed to obtain profiles
of these atmospheric variables.

The accuracy of RO retrievals is estimated better than 1K
for temperature and better than 10% (or 0.2 g/kg) for humid-
ity profiles (Vespe et al., 2009). Comparisons between pro-
files retrieved from different RO have verified the expected
high sounding precision (Antes et al., 2008). The vertical
resolution of the derived profiles ranges from about 0.3 km
in the lower troposphere to 1-3 km in the higher atmosphere,
but with the use of advanced inversion methods it can be as
high as 60 m (Gorbunov et al., 2004).

The GNSS RO-retrieved profiles start at some 40km,
while the penetration down to the Earth’s surface depends on
a number of factors, such as inversion algorithms, receiver
signal tracking algorithms, vertical structure of the refractiv-
ity profile, and receiver antenna gain. Conventional track-
ing of the GNSS RO signal in many cases does not allow
penetration below the top of the atmospheric boundary layer
(ABL). A more sophisticated processing, called open-loop
(OL) tracking, allows a deeper penetration in the lower at-
mosphere (Sokolovskiy et al., 2006). The implementation of
OL tracking applied to the Constellation Observing System
for Meteorology, lonosphere, and Climate (COSMIC) mis-
sion, increased significantly the probability of penetration in
the lower 2 km with a atmospheric refractivity bias less than
1% with respect to model. It was estimated that about 70%
of the COSMIC soundings penetrate below 1 km over the sea
surface in the tropics, with about 90% reaching this depth at
high latitudes (Antes et al., 2008).

RO payloads are basically composed by a receiver, a RO
antenna, and a navigation antenna; current technology, as for
example the Italian Radio Occultation Sounder of the Atmo-
sphere (ROSA) onboard the Indian OCEANSAT-2 satellite,
allows relative small dimensions-0.1 n?) and low weight
(17 kg) (Vespe et al., 2009).

High level of complementarity is seen for MMW radiom-
etry and active GNSS radio occultation observations. RO
soundings offers high vertical resolution but, despite the
fact that they are referred to a point (the tangent point),
they are representative of the path in which the ray bend-
ing takes place, roughly 300 km. On the other hand passive
microwave observations may offer higher horizontal resolu-
tion (10-20 km) with rather poor vertical resolution, as previ-
ously discussed. In addition, MMW radiometry profiles are
more sensitive to the higher troposphere, due to their weight-
ing functions, while GNSS RO with OL tracking is able to
profile down to the ABL. Therefore, an optimal combina-

Fig. 3. Profiles of root mean square error (RMSE) for atmospheric tion of the two techniques may provide the same horizontal
variables retrieved over sea (red) and land (black) background (witHesolution of the MMW radiometry but with enhanced verti-
T: temperatureH: humidity; R: rain; S: snow). The correspond- cal resolution. In addition, unlike microwave radiance, GPS
ing variability (standard deviation over the whole set) is also shownRO is negligibly affected by the presence of clouds and pre-
(dashed). cipitation, and thus RO observation can be used as ancillary
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information in the variational retrieval of precipitation from
MMW radiometry.

Note that the GNSS RO offers an ideal method for bench-
marking the climate system (Leroy et al., 2006). In fact, the
technique uses a measurement of frequency shift against a
time standard and is therefore simply traceable to interna-
tional standards. Moreover, GNSS occultation offers an ac-
curate measurement of geopotential heights on constant pres-
sure surfaces throughout most of the troposphere and strato-
sphere and thus offers the opportunity to directly observe
thermal expansion of the troposphere in response to forcing.
Finally, the infrastructure exists and will keep existing in the
Global Positioning System (GPS) and the future Galileo con-
stellations. As a consequence, the accuracy of each occulta-
tion is independently testable into the indefinite future andFig. 4. Sketch of the PRIMA spaceborne platform with the front-
can be easily replicated by any observing community. end FLOMIS radiometer (adapted from Marzano et al., 2008)

Because of their traceability, GNSS RO observations not
only concur to establishing a climate record, but they can
also be very useful for assessing the quality of the MMW ob-
servations, as demonstrated by Ho et al. (2007) and Antes et
al. (2008). In fact, MMW observations are subject to in-orbit
drift errors and intersatellite biases, even with continuous in-
orbit calibration. Thus, an independent dataset, free of in- _ the mechanical architecture is drawn by a fully qualified
orbit drift errors and satellite-to-satellite biases, is desirable model with minor modifications induced by the instru-
to intercalibrate measurements from different satellite mis- ment accommodation;
sions (Goody et al., 2002). Therefore, a subset of MMW and ] )
GNSS RO observations match-ups can be used for indepen- ~ the lateral surfaces are adequate in number and sizes to

— the module architecture allows for the accommoda-
tion of all the Platform and Instrument units, also giv-
ing a certain margin of growth in terms of units num-
ber/volume;

dent and external calibration of the MMW with respectto a  install the S/Awings and to radiate the internally gener-
technique traceable to international standards. ated heat;

In summary, there few reasons for exploiting the synergy _ the satellite size and external layout is suitable for
between MMW radiometry and GNSS RO; due to the ac-  |aunch either as single satellite and for a two satellites

ceptable dimension and weight of GNSS RO receiver and i, stacked configuration. This allows for the maximum
antennas, it seems feasible to add such a system to the Flo-  fexibility in the launch strategy.

Rad2 mission and concept. The FloRad2 RO Sounder pay- ) ) ) )
load has been named FLOROS. The choice of this non-sun-synchronous orbit has induced to

discharge low cost standard platform because the solar inci-
dence angle on the platform is not constant and requires a
devoted platform meeting the thermal and power sub-system
requirements. The solution is PRIMA S, a three-axes sta-
The FloRad2 mission architecture is composed of the follow-Pilised platform with autonomous capability to acquire the
ing segments (Marzano et al., 2008): fm_al orb_|t and a pointing accuracy better than 0.08 each
axis (using a star sensor) and derived from the PRIMA plat-
— the space segment devoted to provide scientific data foform (Marzano et al., 2008). A satellite sketch is shown in
the mission lifetime of 3 years; Fig. 4. As a consequence, the preliminary mass budget for
the satellite has changed the class from micro to mini satel-
— the ground segment responsible for data acquisition/ite. For a 3-satellite constellation, the total dry mass of each
mission operation and control of the entire constellationsatellite is 365 kg where the payload mass has been estimated
and the first processing level (until Level 1B); 80kg. The total spacecraft launch mass has been estimated
as 550kg considering a margin of 15% and propellant of
— the user segment devoted to the generation and dissend-30 kg.
ination of the geo—physical products to the users. The core scientific payload of FlIoRad2 consists of a coni-
cal scanning MMW radiometer, which uses the same concept
The satellite configuration, based on the PRIMA Platform of the SSM/I design. The current instrument configuration
Service Module, presents the following features and advanforesees a 0.35-m reflector, sized according to required geo-
tages (Marzano et al., 2008): metrical resolution.

6 Space and ground segments
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The FloRad2 system needs to accommodate the FLOROShows a revisit time increase, with respect to previous solu-
GNSS receiver as well. The FloRad2 radio-occultation re-tions, of the order of 50% in many cases. The information
ceiver is similar to the ROSA (Radio Occultation for the content of MMW radiometer multi-band channels has also
Sounding of Atmosphere) instrument (De Cosmo et al.,been discussed, pointing out the trade-off between perfor-
2008). ROSA is a geodetic-class GPS receiver and has 4tance and complexity within the constraints of a low-cost
single-frequency channels, configured in order to have 1@nini-satellite platform. The overall error budget for various
L1CA/L1P/L2P dual-frequency channels for GPS frequen-seasons and climatological regions shows that the FLOMIS
cies L1 (1575.42 MHz) and L2 (1227.60 MHz). The ROSA selected channels can provide a valuable accuracy when aim-
antennais made by 2 panels (velocity & anti-velocity antennaing at the retrieval of humidity and hydrometeor profiles. De-
assembly) with 6 radiating elements with an overall size ofsign elements of the mini-satellite system engineering, in-
about 1050 cnf. The accommodation of both FLOMIS cluding the FLOMIS payload, and of the ground processing
and FLOROS is still an open issue. segment have been also illustrated.

The main Ground Station (using S-band for down- The major areas of application of FloRad2 are: (i) nu-
link/uplink) is planned to be located in Fucino (Italy). The merical weather prediction (NWP); (ii) meteorological now-
Mission Operation Center (MOC), devoted to general man-casting; (iii) climate monitoring. In the context of numer-
agement activities, is centralized and co-located with theical weather nowcasting FloRad2 measurements and prod-
Ground Station. The Mission Data Centre (MDC) is devoteducts can be used both to better parameterize microphysi-
to perform the ingestion and archiving of the data and Datacal processes at the mesoscale, involving water vapor and
Calibration & Pre-processing and Distribution of Level L1b. hydrometeors and to validate thermo-dynamic and hydro-
The User Segment is devoted to all scientific data processmeteorological fields. Precipitation nowcasting is a high-
ing and product generation chain ensuring data storage anpriority objective of civil protection applications. Time
format to make them available to the users. scales of nowcasting are usually shorter than 2 h. The major

impairment when trying to exploit LEO satellites is the low

— VEGA launcher foreseeing one single launch directly revisit time period which may be of the order of 12 h for scan-

in the selected orbit (624 ka1224 km) and one double ning radiometers aboard a single sun-synchronous platform.
lunch at an altitude of 2000 km in order to reduce the The Flower constellation can minimize this revisit time, and

coasting phase. in this respect can offer an unprecedented feature for LEO
satellites.
— SOYUZ launcher foreseeing triple launch at an altitude Last but not least, the combined use of MMW radiome-
of 2000 km in order to reduce the coasting phase. try and GNSS RO in FloRad2 mission can significantly con-

tribute to establish and lengthen the climatic data record, es-

The velocity increment for injecting the satellite in the final pecially that related to temperature and water vapor. In this
orbit is about 500 m/s. The duration of the deployment phasgespect, it is crucial to exploit the GNSS RO profiles as a
for 3 satellites is about 8 months for the second option. Inmeans for external calibration of MMW radiometric obser-
case of the first option the duration of the whole phase isvations. Finally, it should be envisaged to deploy a series of
the interval time between the two launches plus 4 months ofloRad2 constellations to ensure measurement continuity at
coasting phase. The interval time will be at least 2 monthsfairly low cost and high performance.

(minimum time between two launches). )
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