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Météorologique/GAME, Météo France and CNRS, Toulouse, Francé| aboratoire de Météorologie Dynamique, Palaiseau,
France,® Institut Pierre Simon Laplace, Palaiseau, Francé Géoscience Environnement Toulouse, Toulouse, France

The Megha-Tropiques mission is operating a suite of payloads dedicated to the
documentation of the water and energy cycles in the intertropical region in a low
inclination orbit. The satellite was launched in October, 2011 and we here review
the scienti c activity after the rst 3 years of the mission. The microwave sounder
(SAPHIR) and the broad band radiometer (SCARAB) are functioning nominally and
exhibit instrumental performances well within the original speci cations. The microwave
imager, MADRAS, stopped acquisition of scienti ¢ data on January 26th, 2013 due to
a mechanical failure. During its 16 months of operation, this radiometer experienced
electrical issues making its usage dif cult and delayed its validation. A suite of geophysical
products has been retrieved from the Megha-Tropiques payloads, ranging from TOA
radiative ux to water vapor proles and instantaneous rain rates. Some of these
geophysical products have been merged with geostationary data to provide, for instance,
daily accumulation of rainfall all over the intertropical region. These products compare
favorably with references from ground based or space-borne observation systems.
The contribution of the mission unique orbit to its scienti ¢ objectives is investigated.
Preliminary studies indicate a positive impact on both, humidity Numerical Weather
Prediction forecasts thanks to the assimilation of SAPHIR Level 1 data, and on the
rainfall estimation derived from the Global Precipitation Mission constellation. After a long
commissioning phase, most of the data and the geophysical products suite are validated
and readily available for further scienti ¢ investigation by the international community.

Keywords: tropical water and energy budget, mesoscale convective systems, Megha-Tropiques, CERES, GPM

Introduction

Two hundred years after the foundation of moist thermodynamics and of the Clausius-Clapeyron
law, our understanding of the radiative and hydrological consequences of a moister atmosphere
associated with a warmer climate is still fraught with uncertaifty€rwood et al., 2010). Radiative
cooling to space is straightforwardly linked to the global rainfall amount within the radiative-
convective equilibrium framework that operates at the global s¢akephens and Ellis, 2008). In

the tropics, where the radiative-convective-dynamical equilibrium prevails, the coupling of the
water and energy cycles is less direct. The regions dominated by moist convective processes are
connected to the radiatively active dry troposphere of the subtropics via the large scale circulation
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(Pierrehumbert, 1995 The detailed understanding of this payloads and the orbit as well as the geophysical products derived
tropical equilibrium and of its moist and dry regions is reqedl  from Megha-Tropiques, alone, and in combination with other
to better assess the expected evolution of the water and ynersptellite measurements. The proof of concept of the mission is
cycles under the anthropogenic pressure. then discussed in Section Toward the Proof of Concept of the
The satellite perspective provides a unique way to monitoMT Mission in the context of the observing system status in the
and quantify the water and energy exchanges over the Tropiesarly 2010s. A short conclusion ends the paper.
(Kandel and Viollier, 2010; Roca et al., 20)L0Signi cant
progress has been reached insofar in our ability to close dtemw
and energy budgets from spadér¢wn and Kummerow, 2014;
Robertson et al., 20)4At a process level, the satellite perspectiv
also contributes signi cantly to our understanding of threpical
climate. In the past, for instance, satellites have uncavée
mechanisms at play within the monsoortsrinivasan and Joshi,
2007). The numerous achievements of the Tropical Rainfal
Measuring Mission (TRMM) Kummerow et al., 199%ver the %he Low Inclination Orbit

last 17 years also strongly add to the usefulness of satelli . . . . .
for tropical meteorology and atmospheric physics studies. Fo he orbit of Megha-Tropiques is circular, and is charactating

instance, the documentation of extreme storms in the tropic@ 20 inclination at the Equator and an altitude of 866 km. This

has witnessed signi cant improvements thanks to these spr:lcct-%)n guration yields a 7 day phasing of the orbit and a 51.3 days

based observationsZipser et al., 2006 The importance of precession cycle. The satellite orbits the Earth within 100 mi

the Mesoscale Convective Systems (MCS) to the water ap{é\eﬁmg arr:ul.nnd %g:blltzs r?;rSai/r.]TtI:/(leTorbltlam;lts rco(r;_seqlesn(é ¢
energy budgets of the tropics is also being recognizZeuh ( on the sampling ot the =a ythe payloads are discussed a

and Moncrie , 2009; Tobin et al., 20)2s well as its detailed '9”9:1 'ln(?a%‘?'erlou (20?.9) s further indicae th

quanti cation using satellite based productedca et al., 20)4 (3)-2;8?3;“;:2 S:r”;g'ngrztatr'ggi%seéjgt ti]r;r;;;;e:?cfc:ttigﬁ?n th
The rapid variability and high intermittency in both space and best (worst) case%vertr{e Trop igggure 1). The inclination and
time, of the water and energy cycle elements (rainfall, d$ou P )

and water vapor) nevertheless necessitate a reinforcedvitge rc?l:v?/frzt g; tthheeor:?;x)i/rﬁ:fngh?hzepﬁjrnsbz?tg‘rZzaeﬁsg?jr:c]r-eases
system to document their full distributions. ' P

The Megha -Tropiques satellite is an Indo-French mission with latitude. Note that the most poleward measurement for

built by the Indian Space Reasearch Organization (ISRO) and th'\éADRAS is at 27. The same kind of statistics holds for the

Centre National d'Etudes Spatiales (CNES). Its low indiarat across track scanning instruments SCARAB although duedo th

orbit and high altitude of ight greatly enhance the sampling o enlarged swath (2200 km) more observations are harvested on

the tropical regions by the on-board instruments compared toeaCh day with up to 6 overpasses per day and a minimum of 4 per

typical low earth observing platforms. Megha-Tropiques (MT)day over the 225-22N band. The most poleward measurement

ies a unique suite of payloads related to the elements of botF]or SCARAB is 30 The SAPHIR statistics are similar although

the water and energy cycles in support of four main scienti cWIth anarrower swath (1700 km).

objectives. The rst one concerns the evaluation and manitgp
of the water and energy budgets over the intertropical region
The second objective is processes-oriented and focuseseon th
understanding of the life cycle of the tropical storms. The
third one aims at supporting continental hydrological sciesc
and the ooding risk estimation. The MT mission also serves
operational objectives through real time delivery of the SARH
radiometer data via EUMETSAT to the numerical weathe
prediction centers. The MT mission complements and reinforces
the existing eet of research and meteorological satellitéh w
a close connection to various agencies operating other tiadia
budget instrumentsl(oeb et al., 200%s well as the participants
to the Global Precipitation Measurement constellatigrio(l
et al., 201)lof which MT is an o cial member.

This paper aims at reviewing the Megha-Tropiques mission
and its status after 3 years in orbit with emphasis on the Hnenc
scienti c activities. Itis organized as follows. SectidreMission
and Its Performance introduces the satellite and details th

The Mission and Its Performance

Prior to launch, a series of papers described the misdi@sois
et al., 2003, 2007; Roca et al., 20and reference therein) and
here only the salient features are recalled and the emplwasét i
Pn the in- ight performance of the instruments.

[©]

FIGURE 1 | Zonal statistics of observations by the Megha-Tro piques

- ) . o mission payloads. From Capderou (2009) For the ScaRaB instrument in red,
IMegha means cloud in Sanskrit and Tropiques means tropics in French#de | e SAPHIR instrument in green and the MADRAS instrument inue.
Tropiques was coined by R. Sadourny in the late 90's.
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A further original aspect of the MT orbit is the distribution previous generation of such instruments (SSMI, TMI), MADRAS
of the overpasses in time as revealed Rigure 2 for the has a number of speci cities that arise from the MT objectives.
MADRAS case (the same results apply to the other scannirfgrst, the 18.7, 23.8 and 36.5 GHz channels share a common
instruments). The precession cycle is clearly seen from the¢same feed-horn) spatial resolution in order to o er the best
gures where the local time of observations shifts backwaad radiometric sensitivity possibleTéble ). Second, the 89 GHz
the satellite progresses throughout the month. The precessiachannel pixels are overlapping by 10% in the along-track
cycle is responsible for the complex aliasing between the Mdirection in order to o er a continuous coverage. With a 65cm
orbit and the diurnal cycleFigure 2 shows that during the rst re ector and an altitude of 866 km, the projected along-track
10 days of the month, at 1B, no observations will be performed pixel size at 89 GHz is close to 17 km, leading to an antenna
during nighttime. At O N, the orbits come in small packets 12 h rotation speed of 24.14 rpm. Across-track the distance between
apart yielding a more even sampling of the diurnal cycle. Atwo adjacent 89 GHz pixels is 10knfrigure 3). This means
13 N, the various orbits come in one single packet followingthere is a gap between two 157 GHz samples in both directions
each other 100 min apart. On the edges of the region of interesand a substantial overlap at the lower frequencies. Third, th
(25 N), the sampling goes down to 2—3 consecutive overpasses@ucture supporting the re ector is made of solid walls due to

day separated by roughly 20-24 h. mechanical constraints at launch. All frequencies are nregs

in both Horizontal (H) and Vertical (V) polarization exceptifo
The Payloads the 23.8 GHz which is only measured in the V polarization. This
The MADRAS Radiometer channel is mainly designed for total column water vapor et

The MADRAS (Microwave Analysis and Detection of Rain andand is close to the 22.23 GHz water vapor line. In the tropics, as
Atmospheric Structures) is a conical-scanning passive miave the total water vapor column is rather high a slight shift from
imager primarily designed for cloud properties characteigat the center of the line was deemed necessary to avoid satnrati
and precipitation retrieval. Its channels are distributediogtlly = MADRAS has been constructed jointly by ISRO and CNES with
(18.7, 23.8, 36.5, 89.0, 157.0 GHz) to perform such retdevahe support of ASTRIUM for the radio frequency part. The
over both land and ocean surfaces. Similar in concept to thenboard pointing angle is 43which leads to a nearly constant

FIGURE 2 | 51 days of local time sampling for the MADRAS instrument on-board MT for the Equator (left), a13 N position (center) and 25 N position
(right). Diamonds correspond to overpasses.
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TABLE 1 | Characteristics of MADRAS.

18.6 H 18.6V 23.8V 36.5H 36.5V 89.0H 89.0V 157. H 157.V
IFOV Across-track (km) 40 40 40 40 40 10 10 6 6
IFOV Along-track (km) 67.25 67.25 67.25 67.25 67.25 16.81 181 10.1 10.1
Dwell Time (ms) 16.8 16.8 16.8 16.8 16.8 4.2 4.2 25 25
Samples per scan 54 54 54 54 54 214 214 356 356
Bandwidth ( , MHz) 100 100 200 500 500 1350 1350 1350 1350
NEL T (K) 0.57 0.7 0.67 0.58 0.67 0.93 0.89 2.07 2.16

NEL T is the radiometric sensitivity of each channel. H (V) stands for the hipontal (vertical) polarization.

FIGURE 3 | Scaled representation of the payloads footprints. The MADRAS pixels projected onto the conical scan 89 GHz MADRAS rigl.
L1A2 products correspond to brightness temperature of pixés for Data are interpolated from L1A for SCARAB and L1A2 for SAPHIRSide
MADRAS and SAPHIR radiometers based on original L1 samplesofn a xed grid related to the current orbit and de ned by the locaton of
the instruments. Note that the L1A2 product for Scarab is idatical to MADRAS 89 GHz pixels centers. Note that the level 1A2 and 1A3
L1A. L1A3 format correspond to SAPHIR, SCARAB pixels and all products are identical for MADRAS.

incident angle of 53.5at Earth surface. The data acquisition isin six narrow channels located in the water vapor absorption
performed within 65 on each side of the satellite translation band at 183.31 GHZymard et al., 2002The average sensitivity
vector and can be either forward or backward depending on théunctions, from the relative humidity JacobiangT/@rRH,
platform orientation resulting in a 1700 km wide swath. in K/%) of these channels are represented Eigure 4, and
MADRAS su ered from interference in its electronic backendindicate that the radiometer provides observations throogth
that delayed the distribution of the data to the scientic the free troposphere, from above the boundary layer (channel
community. It was declared unoperational by ISRO and CNE$ at 183.31 11 GHz) up to the tropopause (channel 1 at
after 26 January 2013. In total more than a year of datd83.31 0.2 GHz). Although overlapping, the combination of
are available for which the radiometric performances of théhe measurements from these six channels can be used to &stima
instrument are well within the speci cations summarized in water vapor content on six layers as discussed in the nexbsect
Table 1 (Karouche et al., 2012; Goldstein and Karouche, 201§Brogniez et al., 2013; Gohil et al., 2D1SAPHIR is a cross-

Defer et al., 2004 track scanning radiometer observing the Earth's atmosphere
with a scan angle of 42.96 around nadir (corresponding to
The SAPHIR Radiometer a viewing zenith angle of 50.7) and each scan line of about

The Sounder for Atmospheric Pro ling of Humidity in the 1700 km is composed of 130 non-overlapping footprints. The
Intertropics by Radiometry (SAPHIR) radiometer is operatingsize of the footprint at nadir is 10 km and the deformation
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along the scan yield a pixel size of 14.522.7kn? on the etal. showed a warm bias (SAPHIR being colder and thus moister
edges of the swath-{gure 3. The addition of three channels than the radiosoundings) that increases with channel, f@d0
located closer to the absorption line and on its edge compared 2.48 K for channel 1 up to 2.31 1.38 K at channel 6.
to operational 183 GHz radiometers like AMSU-B and MHS,Such biases may be induced by a bias in the radiosoundings
improves the estimation of the relative humidity of the upperthemselves (a 15-20% relative moistening), by undetetteds
part of the troposphere and in its lowest layeBy¢gniez et al., a ecting SAPHIR measurements or by spectroscopic issues (see
2013. The combination of SAPHIR and MADRAS observations,Clain et al for the discussion). Intercomparisons of SAPHIR
mainly through the 23.8 GHz and the 157 GHz channels bringsvith other similar microwave sounders such as MHS or ATMS
additional information on the total water vapor content ofeh (Wilheit et al., 2013; Moradi, 20)4con rm the behavior of
column and on the water vapor continuum that also improvesSAPHIR. Channel 6 is marginally warmer than expected when
the documentation of the humidity pro le Aires et al., 2013; compared to the radiosoundings and further work is needed to
Bernardo et al., 2013; Brogniez et al., 2013; Sivira e0dl5.2 fully understand this small departure.
SAPHIR is operating nominally since the launch. The
radiometric performances are well within the speci cationsThe ScaRaB Radiometer
(Karouche et al., 20)Zas summarized iffable 2 In addition, ScaRaB (Scanner for Radiation Budget) is a four channel
Clain et al. (2014investigated the on-board calibration usiig ~ cross-track scanning radiometer. It is designed to deteemi
situ measurements from radiosoundings associated to radiatiée longwave (LW) and shortwave (SW) TOA instantaneous
transfer computations. Thanks to a detailed error budgetdich ~ outgoing uxes with an accuracy of 1% in the LW and 2% in the
to the di erent steps of the comparisons (radiometric accuracySW. Channels 2 and 3 are the broadband (BB) channels. Channel
of SAPHIR, uncertainties in the radiative transfer compiams, 2 (SW) directly provides the solar energy re ected by thefeart
uncertainties in thein-situ data and collocation errors), Clain atmosphere. Channel 3 (T) measures the total energy (sothr an
thermal between 0.2 and 1@®n). The LW radiation is obtained
from the subtraction between the T channel and the SW channel

Liw (daytimg D L1 A% Lsw (1)

where A depends on the spectral response of the T and
the SW channels. ScaRaB has also two auxiliary channels, a
visible (VIS) channel and an infrared window channel for
scene identi cations. The general concept of the instrument
remains unchanged and is based on the two previous ScaRaB
models (seeKandel et al., 1994, 1998; Duvel et al., 2001;
Chomette et al., 20)2own on Meteor and Resurs satellites

in 1994 and 1998, but most of the components (detectors,
optics, mechanisms and electronics) have been updated. The on
board calibration procedures have been modi ed for this thir
ScaRaB instrument\(ollier and Raberanto, 20)0The solar

Iter can be switched from the SW to the T channel, which allows
checking the calibration and balance of the shortwave resgsn

of both channels and also calibration of channel 2 by viewing
a blackbody. ScaRaB has been built by CNES with support
from the Laboratoire de Météorologie Dynamique technical

team.
ScaRaB is operating nominally since the launch and
FIGURE 4 | Relative humidity jacobians @B/ @RH, in K/% of the 6 is performing as specied KHarouche et al., 20)2 The
channels of SAPHIR for a tropical relative humidity pro le obs erved at instantaneous upwelling radiances (Wﬁy 1) have been

nadir by the RTTOV model. The whiskers indicate the lower and upper limits
of the distribution.

compared to the Clouds and the Earth's Radiant Energy System
(CERES) instrument on board the Terra satellite thanks to a

TABLE 2 | Characteristics of SAPHIR.

Nel T (K) fo 0.2 GHz fo 1.1GHz fo 2.8GHz fo 4.2GHz fg 6.6 GHz fo 11.0 GHz
Theoretical speci cations 2.4 1.8 1.8 15 15 1.2
In ight values 1.44 1.05 0.91 0.77 0.63 0.54

The central frequency is§ D 183:31 GHz, and NEL T is the radiometric sensitivity of each channel.
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dedicated sampling campaign where the CERES Flight Mod#¥m 2sr 1, or 0.98 1.36%, well within the uncertainty of
1 is operated in the Programmable Azimuth Plane Scan modeoth instruments.

(Smith et al., 2012 The two instruments are compared at the

instantaneous scale using precise collocatiahsp(lerou et al.,

Geophysical Products

2013. Both in the shortwave and the longwave domains, ScaRabBhe suite of geophysical products is summarizedTable 3

compares favorably with the CERES instrumeriig(re 5
con rming that the two independent technologies are produgin
a consistent estimate of the upwelling TOA radiancesdmette

We present below short summaries and emphasize their
performances when compared to various references. The
products mentioned below are or will be in a near future readil

et al.,, 201k In the LW domain, for instance, out of 36,888 available from the Megha-Tropiques French ground segment
collocated pixels, the comparison between ScaRaB and CER@BSp://www.icare.univ-lillel.fr/mt).

yield a bias of 0.83 Wm 2sr 1 and a standard deviation of 2.22

FIGURE 5 | Scatterdiagram of LW radiances in Wm  2sr 1 from
ScaRaB vs. CERES FM1 data during the coincidence campaign in
2012. From Chomette et al. (2015)

Level-2 Products

Instantaneous rainfall

The Bayesian Retrieval Algorithm Including Neural Networks
(BRAIN) retrieval {iltard et al., 2006; Kirstetter et al., 2013
is a Bayesian approach that extracts from the multi spectral
microwave observations a representative rain pro le obtdine
from a database. The microwave brightness temperature o le
database is constructed primarily from observations of the
Precipitation Radar on board the Tropical Rainfall Measuring
Mission and radiative transfer simulations. The microphgsic
assumptions of the radiative transfer computations have been
recently revisited using dedicated airborne and radar cagmsi
(Fontaine et al., 2014; Martini et al., in priskh the framework

of the MT mission, the BRAIN retrieval is applied on all
the platforms participating in the Global Precipitation Mission
(Hou et al., 201} constellation. The BRAIN instantaneous
surface rain rate retrievals are evaluated by comparisomsigai
various references within the tropical band as part of the
Megha-Tropiques Ground Validation (MTGV) program. MTGV
bene ted from 2 types of radars: 8 operational radars from
Météo-France located in the Tropics and one dedicated X-
band radar Ko et al., 2014) which was installed in the West
African super-site in Burkina Faso and provided high resalnti
rain maps in 2012 and 2018igure 6 shows the evaluation of

TABLE 3 | Summary of the main products derived from the Megha-Trop iques mission.

Product name Variable

Units Resolution References

LEVEL 2 “MT data”
Precipitating conditions
BRAIN Instantaneous rain rates
Non-precipitating conditions
UTH from channel 1, 2 and 3 Upper tropospheric Humidity
Gridded Upper tropospheric Humidity
ARPIA from all channels Relative humidity pro le (6 layers)
All sky conditions
Radiation LW and SW ux at TOA
Albedo at TOA
Gridded TOA ux
LEVEL 4 “MT CGPMCGEO data”
Accumulated rainfall
TAPEER Daily rainfall and uncertainty
TOOCAN-Composite Rain, radiation and humidity

mm/h 6 km-radius Viltard et al., 2006
% SAPHR footprint Brogniez et al., 2015
% 1 1 Brogniez et al., 2015
% APHIR footprint Sivira et al., 2015
Wm 2 SCARARB footprint Viollier et al., 2009
% SCARAB footprint
wm 2 101
mm 11 1lday Chambon et al., 2012a
NR Not relewt Fiolleau and Roca, 2013b

NR stands for Non-Relevant.
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measurements with a small absolute big2%) and a RMS of
0.75%, 4.4, and 4.4% for the three (1-3) channels, respgctivel
Furthermore, an algorithm has been designed to retrieve the
relative humidity (RH) pro le over 6 unevenly spaced layers
in the atmosphere. Relative humidity proles are estimated
from SAPHIR measurements using a purely statistical approach
based on the optimization of a Generalized Additive Model
(GAM) (Wood, 2008. The design and optimization of GAM is
performed for each layer of the pro le, and relies on penalized
regression cubic splines for the modeling of the non-lingari
of the inverse problemivira et al., 2005 The comparison of
the RH pro les to radiosounding measurements presented in
Figure 7reveals a very good agreement between the observed and
the estimated RH pro les, with a RMS of nearly 10% in the mid-
troposphere, similar to existing approaches based on 183.31 GHz
data (e.g.Kuo et al., 1994; Liu and Weng, 2005

Top of the atmosphere radiation ux
While precipitation and humidity can be compared to-situ
or to ground-based data for evaluation purposes, it is not the
FIGURE 6 | Histogram and cumulative distribution function oft  he rain case for the TOA radiative uxes. Similarly to the radiance
rate distribution over the Meteo-France radar site of 'La Ma rtinique’ validation procedure (Section The Mission and Its Performenc
Island for the OND 201‘1 period as detected by the BRAIN retriev  al the instantaneous uxes in both the shortwave and the Ionmva
(blue) and the radar (pink). . .
domains have been compared using the collocated CERES and
ScaRaB data sets. The overall performances of the SCARAB
derived ux is scene dependent with slightly better comparison
BRAIN vs. the Météo-France radar frofihe Martinique Island scores over land and desert than over oceanteranto et al.,
in the Caribbean, based on statistical (rather than pixepiteel) ~ 2019. An example is provided iifable 4that indicates that the
comparisons. The frequency distributions of the rain rates a instantaneous uxes are characterized by an average Root Mean
in good agreement for this site; a slight underestimatioriraf ~ Square error (RMS) of 10.5 WrA for SW and 3Wm 2 for LW
amount of rainfall from the BRAIN retrievals, compared to the Within the initial speci cations (RMS 10 Wm 2).
radar is also noticeable and spread over all rain rate classes

Level-4 Products

Relative humidity in the troposphere The level-4 products derived from the GPM and Megha-
There is a straightforward relationship between the upwslli Tropiques payloads rely on the use of geostationary data from
radiances in the water vapor absorbing bands and the meahe eet of operational meteorological satellites. A sigmint
relative humidity of a large layer of the atmosphere weighte@ ort has been dedicated to control the quality of the GEO
by the Jacobian of the brightness temperature to the relativebservations $zantai et al., 20) %o insure the best usage of
humidity (Brogniez et al., 2009 This relationship has been the meteorological satellites. Similarly, an in-depth evidna
adjusted to account for the spectral characteristics of the 8f a cloud classi cation technique that provides contextual
rst channels of the SAPHIR radiometer at0.2, 1.1, and information of the interpretation of MT data, using the A-TRAIN

2.8 GHz around the 183.31 GHz water vapor absorption lineobservations has been nalize8¢ze et al., 20).5
As a result, Upper Tropospheric relative Humidity (UTH) is
retrieved for non-precipitating scenes as discusseBringniez  Daily accumulated rainfallat1 1
et al. (2015)for 3 layers. The three UTHs depict the relative The Tropical Amount of Precipitation with an Estimation of
humidity averaged within the atmospheric layer covered by thERror (TAPEER) product is based on the merging of the
RH Jacobians. Followingigure 4, the UTH1 (from channel 1) infrared geostationary imagery with the multiplatform swéa
is mainly representative of the 100-500 hPa, the UTH2 (froninstantaneous rain rates obtained from the Level 2 products
channel 2) is slightly lower and covers 200—600 hPa, whilH® T (Chambon et al., 201)aThe algorithm is based on an adjusted
(from channel 3) covers the 300-750 hPa layer. Note thatethe&SOES-Precipitation Index techniqueXy et al., 1999 The
are average positions of the RH jacobians, and their actual peakcertainty emerging from the discrete sampling of the ralhf
and width depend on the vertical distribution of RH: from a elds by the satellite observations is estimated using the rhode
dry to a moist atmosphere, the function will shift from the of Roca et al. (2010b)For summer 2012, the algorithm
mid-troposphere toward the upper troposphere. A dedicatednakes use of the BRAIN retrievals applied onto the suite
error model has been put forth that permits an estimationof radiometers TMI/TRMM, AMSR2/GCOM-W, SSMI/F15,
of the uncertainty on the layer mean relative humidity. TheSSMIS/F16, SSMIS/F17, SSMIS/F18, and MADRAS/MT. These
retrieval outputs compare very well with the radiosondes Baseinstantaneous estimates are merged with the geostationary
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FIGURE 7 | Vertical pro le of correlation (left) and differenc es (right) indicates for each layer, the median (central vertical linand the lower and
in %RH for the SAPHIR-only (red) and the SAPHIR-MADRAS (blue) upper quartiles (left and right edges of the box). The whiske indicate the
retrievals, computed over a subset of 50 radiosoundings from t he lower and upper limits of the distribution within 1.5 timeshe interquartile
CINDY/DYNAMO/AMIE campaign. For the pro les of the differences range from the lower and upper quartiles, respectively. Fro Sivira et al.
between the observed and estimated RH, the box and whiskers idgram (2015)

TABLE 4 | Statistics of comparison between SCARAB and CERESTO  AsSW  days and the geographical patterns match well; less so over the

ux. tropical ocean. An evaluation of the TAPEER products against

SCARAB vs. LW Flux (%) SW Flux (%) gauge networks of various densities in di erent tropical locas

CERES FM1 has been performed: in Africa over the dense AMMA-CATCH
Bias  Standard Deviation ~ Bias  Standard Deviation networks Gosset et al., 20)and in South America and India.

These comparisons con rmed the skill of TAPEER in terms of
detection of the daily rainfall with good correlations betswn the
Adpated from Raberanto et al. (2015) ground based and the TAPEER time series despite the product
not making any use of rain gauge data.

observations from GOES-15, GOES-13, GOES-14, MSG-2, MET-
7, and MTSAT-2. The current implementation works with a Composite life cycle of mesoscale convective systems
5 5 day training dataset which has been identi ed as a goodhe nal suite of products derived from the MT mission
compromise for stability and accuracy for such a constelfatio payloads in combination with the geostationary IR imagery
(Chambon et al., 2012bA 30 min resolution for the IR imagery addresses the life cycle of the Mesoscale Convective Systems
is used to construct the daily rainfall accumulation. (MCS). It corresponds to the realization of a composite of
The evaluation of TAPEER daily estimates is based othe MT instruments overpasses at each steps of the individual
comparisons with various rainfall products that include gnou  storms life cycleKiolleau and Roca, 201B6The detection and
rain gauges, and/or satellite information as well as a systie  characterization of the MCS life cycle is performed using a
use of the operational and research rain gauges networks. Thewly developed tracking algorithniiplleau and Roca, 2013a
uncertainty information is also used in the satellite productDespites the limited swath size of the instruments, signmitca
validation step Chambon et al., 201)aFigure 8 presents a composites can be readily obtained thanks to the MT sampling
map of the number of rainy days (de ned as above 1mmas discussed in details ifolleau and Roca (2013b)
per day) detected by TAPEER and by the GPCP v2.2 estimate Note that while the present review emphasizes the French
(Hu man et al., 200) during the boreal summer 2012 period. contribution to the Megha-Tropiques mission, results from
The two products agree very well with each other especialiyesearchers from India have been summarizedGmhil et al.
over the African continental region where both the number of(2013) The SAPHIR (e.g.Mathur et al., 2013 MADRAS

All scenes types  0.31 2.75 3.86 9.80
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FIGURE 8 | Fraction of the time with rainy days above 1 mm/day in th e JJAS 2012 period, as seen by TAPEER (top) and GPCP (bottom).

(Raju et al., 200)3and SCARAB (e.g.Sathiyamoorthy et al., Such an enhanced time sampling forms the basis of the
2013 based investigations complement the present status @omposite products presented in Section The Mission and Its
the scientic perspective on the MT mission in its early Performance and can be generalized not only to hurricanes bu

period. to all the MCS that populate the intertropical beki¢lleau and
Roca, 2013p

Toward the Proof of Concept of the MT Impact of the Assimilation of the Saphir Clear

mission Sky Radiances on the Météo-France Forecasting
System

The MT mission was selected in France in 198&8¢bois et al., inqcast experiments of assimilation of the SAPHIR radiance
2007 when satellite measurements dedicated to water and energly ho Météo-France global model ARPEGE reveal systematic
observations were in their infancy. More than 20 years latB&n i rovements in the humidity distribution Ghambon et al.,
afullblown eet of satellites is now operating and atthe mame ;1) The positive impact of SAPHIR observations is seen early
we are entering the GPM era, we revisit the proof of concept g, the forecasts with up to 10% of improvement of the root mean
the MT mission. square error on the relative humidity eld between 200 an®30
o ) . . hPa; it can also be seen in the lower level humidity distritip
Monitoring the Time Evolution of Convective to 72 h forecasts (1-3% of RMSE improvements between 850 and
Events: Example of Hurricane Sandy 500 hPa). In the observation space, the assimilation of SRPHI
Figure 9 shows all the snapshots at 89 GHz (Horizontal) ofied to an increase by a factor of 3.8 in the number of microwave
Hurricane Sandy on 23th and 24th of October 2012 whileypservations sensitive to humidity used in the ARPEGE 4D-Var
the system is transitioning from Tropical Storm to Categ@y- data assimilation system, with respect to other sensors ssich a
Hurricane. The white scan lines are lost data due to the bhatke AMSU-B and MHSF|gure 11 indicates that the Comparisons
electronic interference a ecting the instrument as mengghin =~ of the model, in terms of analysis and 6 h forecasts, to other
Section The Mission and Its Performance. Overall, the guresounders like MHS onboard MetOp-A are improved: this is a
depict qualitatively how good is the sampling from such a lowyood indicator of the positive interaction between SAPHIRIan
inclination orbit for long lasting systems like hurricaness a  the present observing system.
mean of comparison, while MADRAS caught the system 9 times
in 2 days, TRMM/TMI observed the region 3 times and each ofmpact of the Madras Data on Daily
the DMSP satellites about twice per day. Sandy was last odservdccumulation Rainfall Estimation
by MADRAS on October 25th when about to cross over the Westhe estimation of the improvements, due to MADRAS to the
Indies (Figure 10. GPM constellation for daily accumulation rainfall estinati
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FIGURE 9 | Time series of MADRAS 89 GHz observations of Hurrica  ne Sandy from October 23 to 24, 2012.

is not an obvious task. Synthetic computations indicate that et al., 2012h To be useful to the multiplatform algorithm,
signi cant positive impact is expected from a low inclination the MADRAS radiometer should bring in a signi cant amount
satellite but adding sun synchronous observations does naff rainy pixels to the merging process. The quantity of useful
change much the rainfall estimates after a given amount gfixels depends on: (i) the quality and availability of the leve
satellite have been integrated in the constellaticthgmbon 1 observations, (ii) the phasing between the MT sampling
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FIGURE 10 | Same as Figure 8 but for the latest available snapsho  t of
Sandy by MADRAS obtained on October 25th, 2012 at 2:55 localt  ime.

FIGURE 11 | Improvements of innovation statistics of MHS/MetO p-A
and SAPHIR/MT when SAPHIR is assimilated into the ARPEGE glob  al
and the diurnal cycle of rainfall, and (iii) on the sampling | model operational at Météo France.  Innovation statistics are de ned as the
brought by other members of the constellation. The currently standard deviation of difference: observation minus modedimulated
available version of the MADRAS level 1 data, version 1_,5’observations. In full lines, the simulated observations ateased on short-range
. . . . . L . . model forecasts and in dashed lines they are based on model alyses. Black
is an intermediate version and avallablllty and quahty wid b lines are for the control experiment, and blue lines corregmd to the
imprOVEd in the next release. The 51 days precession cycle Qfxperiment with SAPHIR data assimilated. Fronthambon et al. (2014)

the MT orbit yields a time varying sampling of the diurnal

cycle well suited to study continental convection and raihf

in the tropics Oesbois et al., 1938 This eect and the pFyrthermore, the real time stream of the SAPHIR data has been
third point mentioned above are illustrated iffigure 12 It gperational since May 2014 by EUMETSAT though EUMetCast.
shows 2 days in July 2012 over West Africa for which theqapRAS stopped data acquisiton on January 26th, 2013;

or excludes MADRAS. On July 18th, where MADRAS is noktj|| under a restricted data policy. E orts are directed towa

well phased with the rainfall event, the comparison betweegaking a nal version widely available in a short term future
the two TAPEER computations shows small di erences (lesg gyite of geophysical products derived from MT and the
than 10%). On the opposite, on July 15th, where the phasingpy constellation platforms has been nalized and evaluated.
is better and more MADRAS observations are processed bjhe products show good levels of performance. Most of these
the algorithm, the impact is much more clear with di erences products are already or are going to be widely available inaa ne
up to 100% Figure 12). Further work is needed to establish f,tyre.

statistics on the impact of the MADRAS imager to rainfall  The |ast three decades have witnessed a strong enhancement

estimation. of the water and energy cycle observing space eet. Prelitpina
results suggest that the MT low inclined orbit brings in useful
Conclusions additional information for assimilation, rainfall constation-

based estimation and convective event monitoring, eveneand
The Megha-Tropiques mission is operating since October, 2014. modern and very dense observing system. This proof of
A long commissioning phase resulted in signi cant delaysconcept should be consolidated using the full length of the MT
in the performance assessment of both the instruments ancdecord in order to quantify and demonstrate the importance of
the geophysical products. After 3 years, it is seen that tha tropical orbit mission. The operational use of SAPHIR is in
instrumentation is performing within the speci cations antlé  its infancy and more is to be learned in the near future from
SAPHIR and SCARAB instruments are continuously acquiringperational forecasters on the importance of such a tropical
measurements nominally. The level 1 data are readily availaborbit.
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FIGURE 12 | TAPEER daily rainfall for July 18 (top) and July 15,2 012 (bottom). The daily rainfall (left) and the relative difference witlioMADRAS-with MADRAS
computation (right).

A natural extension of this preliminary analysis consists ofAcknowledgments
combining together the various MT payloads. For instance,
the investigation of cloud radiative forcing in the deeppics ~ The authors are grateful to Dr Michel Desbois who triggered an
with SCARAB would bene t from the concurrent observations!ed the Megha-Tropiques mission from its inception up to 2007.
of water vapor loading (from MADRAS and SAPHIR) in the We also acknowledge our late colleague Dr Michel Viollieihier
clear and cloudy environments as identi ed as a key issue teigni cant contribution to the SCARAB scienti ¢ developmen
understand the cloud radiative forcingliampi and Roca, 20)4 Drs F. Aires, M. Capderou, L. Eymard, T. Fiolleau, I. Jobard, S.
As far as the precipitation scienti ¢ objectives are concegrige  Kacimi, P.E. Kirstetter, A. Lifermann, A. Martini, D. Rena(.
loss of MADRAS is being mitigated with SAPHIR being usedS€ze, and A. Szantai are all thanked for their useful corticbu
as a surrogate in the multi-platform data fusion algorithm. | to the success of the scienti ¢ exploitation at various staaféts
particular, the use of the rain detection capability of SAPHIRdevelopment. A large suite of short-term contract programsner
permits to benet from the MT sampling while using the 6 considerably helped us to nalize the retrievals algorithamsl
or 7 others GPM constellation radiometers for rain estimat  their contributions to the mission are thankfully acknowtged.
(Roca, 201% While the direct validation exercise has beenThe authors further acknowledge Ms N. Karouche, T. Baroso,
recently nalized for all of the geophysical products, futwwerk ~ and M. M. Dejus, project managers at CNES for making the
will be directed toward integrated validation e orts throlig mission a reality and delivering the data to the scientists. The
hydrological modeling along the lines @fassé et al. (2015  IPSL Climserv team e ciently hosted the development phase
assess the improvements of the MT mission for tropical oodof the retrievals. The ICARE group is also acknowledged for
monitoring. realizing the scienti ¢ ground segment of the mission. Megha

The Megha-Tropiques mission has now reached thdropiques data are available at http://www.icare.univ-litémt.
exploitation phase. Most of the data and the French geophysic@®NES and CNRS are gratefully acknowledged for the nancial
products suite are validated and readily available for ferth support to the scienti ¢ activity of the mission. The careful
scienti ¢ investigation by the international community drcan  reading by the reviewers signi cantly helped to improve this
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