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Abstract.

The present analysis deals with one of the mosatédbaspect of the studies on the Upper
Troposphere/Lower Stratosphere (UTLS), namely tiggbt of the water vapour £8) at the
tropical tropopause. Within the French project “Nadale water budget in the upper
troposphere and lower stratosphere in the TRO®ERO-pico), a global-scale analysis has
been set up based on space-borne observations,| modeassimilation techniques. The
MOCAGE-VALENTINA assimilation tool has been usedassimilate the Aura Microwave
Limb Sounder (MLS) version 3.3 measurements within the 316-5 hPa hPa range from
August 2011 to March 2013 with an assimilation weiwdof 1 hour. Diagnostics are
developed to assess the quality of the assimilaigd fields depending on several
parameters: model error, observation minus analged forecast. Comparison with an
independent source of,8 measurements in the UTLS based on the spacebtiohelson
Interferometer for Passive Atmospheric Sounding RM$) observations and with
meteorological ARPEGE analyses are also shown.itBétysstudies of the analyzed fields
have been performed by: 1) considering periods wieMLS measurements are available
and 2) using another MLS version 4.2(Hdata. The studies have been performed within 3
different spaces in time and space coincidencds MitS and MIPAS observations and with
the model outputs and at 3 different levels: 121a h@@pper troposphere), 100 hPa
(tropopause), and 68 hPa (lower stratosphere) imalg and February 2012. In the MLS
space, the analyses behave consistently with theS Mibservations from the upper
troposphere to the lower stratosphere. In the megate, the analyses are wetter than the
“true” atmosphere as represented by ARPEGE and MLiSe upper troposphere (121 hPa)
and around the tropopause (100 hPa), but consistigéhtMLS and MIPAS in the lower
stratosphere (68 hPa). In the MIPAS space, theitaétysand the vertical resolution of the

MIPAS data set at 121 and 100 hPa prevent to atsesehaviour of the analyses at 121 and
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41 100 hPa particularly over intense convective assathe Southern American, the African and
42 the Maritime continents but, in the lower stratamegh (68 hPa), the analyses are very
43  consistent with MIPAS. Sensitivity studies show great improvement on the,@ analyses
44 in the tropical UTLS when assimilating spaceborneasurements of better quality
45  particularly over the convective areas.
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1 Introduction

Water is constantly cycling through the atmosphdtresvaporates from the earth’s
surface and rises on warm updrafts into the atrergplirhen it condenses into clouds, is
blown by the wind, and then falls back to the Earsurface in form of rain or snow. This
cycle is one important way to transfer the heatemelgy from the surface of the Earth to the
atmosphere, and transported from one place to enoththe globe. Water vapour B) is
also one of the dominant greenhouse gas in thé’Eatmosphere. Unlike other greenhouse
gases, the additional water vapour in the atmogpivas not put there directly by humans.
The increase in water vapour occurs because thmatdiis warming, and the increase then
contributes to further warming. This process iemefd to as a positive feedback. The effect
of water vapour as a greenhouse gas on climategehara key parameter due to its positive
feedback on the earth radiative budget. The coratgont of water vapour in the atmosphere
ranges from 3% of volume in wet tropical areas feva parts per million by volume (ppmv)
in the stratosphere. Water vapour mixing ratiohie lower stratosphere is generally very low
(2.5-5.3 ppmv) (Panwar et al., 2012).

Brewer (1949) postulated that the observed stragrap air must have passed through
the cold tropopause region observed over the tsopibe evolution of KO in the Upper
Troposphere and Lower Stratosphere (UTLS) is stit well understood irrespective of
numerous space- and balloon-borne data now avail@bie of the challenging region is the
tropical tropopause layer (TTL). The layer is mainéd by a complex interplay between
large and small-scale circulation patterns, deepyection, clouds and radiation (Randel and
Jensen, 2013). 4@ is also a key constituent in atmospheric chemidtris the source of
hydroxyl (OH), which controls the lifetime of shertlived pollutants, tropospheric and
stratospheric ozone, and other longer-lived greesbd@ases such as methane (Seinfeld and

Pandis, 2006). Furthermore,,® has an important influence on stratospheric chimi
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through its ability to form ice, which offers a fame for heterogeneous chemical reactions
involved in the destruction of stratospherig\a polar stratospheric clouds. It is noteworthy
that despite the importance of water vapour, tisesms to be only little skill in representing

water vapour distributions in current chemistryydie models specially in extratropical

UTLS (Hegglin et al., 2010), as well as in climatedels such as used for the IPCC climate
assessments (Jiang et al., 2012) and reanalysasg (&t al., 2010) in these regions.

Combining models and measurements together to staahel the interannual and long-term

behaviour of stratospheric water vapour, even i lthwer stratosphere, as presented in
Heggling et al. (2014) can help characterizing ésam observations and also the physical
processes responsible for the long-term trendsaterwvapour.

The lack of progress in representing UTLS waterouagn models may partially be
explained by inconclusive observational recordsyhich the models are compared (SPARC
CCMvVal, 2010). It is not trivial to accurately meas water vapour in the TTL, and satellite
measurements, as well as in situ correlative datae been shown to exhibit large absolute
differences (SPARC WAVAS, 2000). In particular, therent lack of an accepted standard
from in situ correlative data precludes a conclesassessment of the performance of
available satellite water vapour measurements\(geiastock et al., 2009). To cope with this
issue, the Global Climate Observing System (GCOS®feence Upper-Air Network
(GRUAN) international reference observing netwods lbeen designed to fill an important
gap in the current global observing system, praxgdong-term, high-quality climate data
records (including kD) from the surface, through the troposphere, atal the stratosphere
(see e.g. http://www.dwd.de/EN/research/internatioorogramme/gruan/home.html).

Around the tropopause, large gradients isOHand interplay of transport processes
between troposphere and stratosphere, mainly dueapal change in 0 by deep

convection, are highly challenging for an accunaeresentation of 0 in global models.
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The most advanced Numerical Weather Prediction (NWiBdels use sophisticated data
assimilation systems to better represep® Hh the UTLS based on direct (e.g. radiosonde)
and indirect (e.g. satellite radiance) observatidfts instance, at the European Centre for
Medium-range Forecast (ECMWEF), state-of-the-arinaitstion systems are operationally
used to provide some of the best forecasts, armlgsel reanalyses among the NWP centres
around the world (http://apps.ecmwf.int/wmolcdnv/).

Recently, Kunz et al. (2014) carried out a compneh& assessment of the UTLSCH
in the most recent ECMWF analyses and reanalydwes.atithors compared the operational
analysis and ERA-Interim reanalysis datasets t0-gehr climatology of BO measurements
in the UTLS from the Fast In Situ Stratospheric Hygeter (FISH, Zoger et al., 1999). FISH
instruments have been used between 2001 and 2010 iimernational airborne campaigns
from polar regions to the tropics, including theofical Convection, Cirrus and Nitrogen
Oxides Experiment (TROCCINOX) campaign in 2005 aebhhivas specifically dedicated to
the study of deep tropical convection (Schillealet2009).

ERA-Interim reanalyses benefit from the 12-hourusedial 4D-Var data assimilation
scheme at T255 spectral resolution (80 km) and y@fidh levels based on the operational
Integrated Forecast System (IFS) (version Cy3l@®rationally used at ECMWF between
2006 and 2007. Note that beyond the tropopausedirect humidity observation is
assimilated and all supersaturation is suppressbith means that, in the stratosphere, the
humidity distribution is mainly controlled by tropphere-to-stratosphere exchange,
advection, and methane oxidation schemes in IF8cifigations of the forecast model, data
assimilation system, and assimilated datasetareughly described by Dee et al. (2011).

Unlike the reanalyses, which are based on a singision of the data assimilation
system and forecast model, the operational analysase benefited from significant

modifications of the IFS and the 12-hour 4D-Varadassimilation system over the period
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2001-2011. The changes mostly impactegOHfields over this period are: a revised
convection scheme, introduced in 2007 (Cy32r3) bitter account for ice supersaturation in
4D-Var in 2009 (Cy35r3), and a new cloud scheme2@i0 (Cy36r4). The horizontal
resolution of the analyses is also higher than tifathe reanalyses, with T511 spectral
resolution (39 km) and 61 vertical levels from 2Q622006, increased to T1279 (16 km) and
91 levels in 2010. Note that, at the present tiE@MWF high resolution model produces
analyses thanks to a new cubic octahedral gridcoflLZ79 horizontal resolution (9 km) and
137 vertical levels (Cy41r2). Documentation relatednodel changes is available online at
the following address: http://www.ecmwf.int/en/foests/documentation-and-
support/changes-ecmwf-model.

Compared to FISH measurements, about 30% of the-BBRAM reanalyses were
found to be in very good agreement (deviation ftbe model < 10%), both in very dry and
very wet conditions, and another 57% have beeme@fas in fairly good agreement with the
model (deviation < 50%). Only 13% of the data weh®wing large positive or negative
biases (deviation > 50%). The authors also analtizedlata in function of their geographical
repartition, i.e. in the tropics, in the subtropé®l in the extratropics, using the height of the
thermal tropopause as proxy. In the LS, at altudgs, the deviation of FISH observations
from ERA-Interim is very small, which means thagr is no lower stratospheric wet bias as
suggested in previous studies (Oikonomou and Q'R@d6; Luo et al., 2007; Flentje et al.,
2007; Schafler et al., 2010). Only the extratropitapopause region (4 km around the
thermal tropopause) and tropical UT were shownaeehdeviations up to 10 times to the
observed values.

Focusing on the ¥ amount and transport from UT to LS, Jiang ef2015) show that
the reanalyses from ECMWF and from NASA Modern-Ratrospective Analysis for

Research and Applications (MERRA) and its newdstse (MERRAZ2) overestimate annual
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global mean UT KD by up to ~150% compared to MLS observations. @Buiial differences

in H,O transport that impact on,8 budget are also found between the observatiods an
reanalyses. D transport across the tropical tropopause in gamalyses is faster by up to
~86% compared to MLS observations. In the tropica) the mean vertical transport from
ECMWEF is 168% faster than the MLS estimate, whilERIRA and MERRAZ2 have vertical
transport velocities within 10% of MLS values.

The comparison of operational analyses with FISHasneements presents similar
patterns. The overall good agreement is contrabtedvet biases in the extratropical
tropopause regions and dry bias in the tropicaldff Bimilar order that those found in the
reanalyses. Nevertheless, the authors pointedhatitthose biases were reduced by up to a
factor 2 in the operational analyses towards tltecdrihe period of study (2011) with respect
to ERA-Interim. This highlights the impact of thenprovements of both the IFS and the
assimilation system. In summary, the consistensdsiafound both in ERA-Interim and
operational analyses emphasize the difficulty topprly account for dynamical processes,
especially deep tropical convection, in the assitiith system and model to accurately
represent the water vapour distribution in the UTLS

The present study is intended to address one ohtdst debated aspects of the TTL and
the LS, the budget of water vapour,(®), and aspires to be a baseline for further studie
related to the “Multiscale water budget in the uppeposphere and lower stratosphere in the
TROpics” (TRO-pico) project (www.univ-reims.fr/TR@i€o). One of the TRO-pico aims is
to monitor HO variations in the TTL and the LS linked to deegrshooting convection
during field campaigns, which took place in thetemlssummer of 2012 and 2013 in Bauru,
Sao Paulo state, Brazil, involving a combinatiorbafloon-borne, ground-based and space-
borne observations and modelling. TRO-pico’s oljest are to evaluate to what extent the

overshooting convection and involved processesritoré to the stratospheric water vapour
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entry. Small- and medium-size balloons were laudche part of two field campaigns (2012
and 2013) held during the convective period in Bausao Paulo state, Brazil. Flights
carrying Pico-SDLA (Tunable Laser Diode SpectromeRurry et al., 2008) and Flash-B
(Yushkov et al., 1998) hygrometers were launchetly @aorning and late evening while
radiosondes were launched up to 4 times a day glilie most convective period. The
measurements, still under analysis, are matchddspice-borne and model data.

To evaluate the local results obtained in Bauruhwi¢spect to a larger scale,
comparisons with climatologies were necessary.ifh seasonal and annual variations of
H,O have been extensively studied, few studies wereotdd to the geographical and
temporal variability of its diurnal cycle in the TTIn Carminati et al. (2014), the impact of
the continental tropical convection on theCHvariability was debated by considering the 8-
year Microwave Limb Sounder (MLS).B, cloud ice-water content (IWC), and temperature
data sets from 2005 to 2014. The interplays betwhese parameters and their role in the
water vapour variability in the TTL were highlightseparately in the northern and southern
tropics. The analysis from Carminati et al. (20Bfopted the Liu and Zipser (2009)
philosophy to discuss the difference between day&md night-time data sets with the aim of
better apprehending the role of continental conweecton hydrating and dehydrating
processes in the TTL.

According to Carminati et al. (2014), in the tragdiapper troposphere (177 hPa),
continents, including the maritime continent, presthe nighttime (01:30 local time, LT)
peak in the water vapour mixing ratio characterisfi the HO diurnal cycle above tropical
land. The western Pacific region, governed by topital oceanic diurnal cycle, has a
daytime maximum (13:30 LT). In the TTL (100 hPadanopical lower stratosphere (56
hPa), South America and Africa differ from the rtiewre continent and western Pacific

displaying a daytime maximum of,8. The MLS water vapour and cloud ice-water



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-47, 2016 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 17 March 2016 Techniques

(© Author(s) 2016. CC-BY 3.0 License.

197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

221

Discussions

observations demonstrated a clear contributionh® TTL moistening by ice crystals

overshooting over tropical land regions. The precgas found to be much more effective in
the southern tropics. Deep convection is respoasdsl the diurnal temperature variability in

the same geographical areas in the lowermost splagoe, which in turn drives the variability
of H,0.

Following results obtained by Carminati et al. (20ve have used the opportunity of
constraining CTM HO outputs with MLS HO measurements by using the assimilation
techniques. The present paper intends to assegpudlliey of the assimilated J@ fields to
study troposphere to stratosphere transport intrbgics focusing on the @ budget. A
companion paper will mainly deal with the sciewtiiinplications of the assimilated fields to
trace the diurnal evolution of J&@ in the TTL (Carminati et al., 2016) with a temglor
resolution of 1 hour.

Meteorological analyses from ARPEGE developed attéblérance are more
dehydrated in the UTLS region than the space-bobrservations of the Aura Microwave
Limb Sounder (MLS) instrument in the UTLS by 1 tp@mv (Payra et al., 2014). Within the
TRO-Pico project, the primary motivation of thisidy is to understand the dynamical and
chemical processes affecting theCHbudget in the tropical UTLS for the essentiakral
climate change through a Chemical Transport Mo@8&IM). The main issue is to critically
diagnose and improve the CTM by the assimilatichnéue.

The present paper is structured as follows. SeQiatescribes the observational data
while section 3 presents the MOCAGE-VALENTINA as#ation system and section 4 the
description of the experiments. The assimilateldi§i@re analyzed in section 5 and validated
in section 6. A sensitivity study is developed @ttion 7 and finally section 8 concludes the

analysis.

10



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-47, 2016 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 17 March 2016 Techniques

(© Author(s) 2016. CC-BY 3.0 License.

222

223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244

245

Discussions

2 Observations
21 Aura/MLSWater Vapour Observations

The MLS instrument on board the NASA’s Earth ObsggvSystem (EOS) Aura
satellite (Waters et al., 2006) provides global sse@ments of temperature, ice cloud, and 16
chemical species including water vapour from thpeuggroposphere to the upper stratosphere
(Read et al., 2007; Lambert et al. 2007). The imsant measures ~3,500 vertical profiles per
day in 5 spectral regions (118, 190, 240, 640 &@D25Hz) along a sun-synchronous sub-
orbital track with equatorial crossings at 01:30 Akld PM local times (LT). $D is retrieved
from the 183-GHz kD rotational line spectrum within the 316 to 0.002a pressure range.
The present study was conducted using ML® Hevel 2 Version 3.3 (hereafter referred to
as V3; Livesey et al., 2011) from August 2011 tortha2012. A sensitivity study has been
performed in section 7 comparing the analyses Wtts H,O V3 and MLS HO Level 2
Version 4.2 (hereafter referred to as V4, Livesegle 2015).

The HO profiles in V3 (V4) are characterized by a vettiesolution varying from 2 to
3.5 km (1.3 to 3.5 km) in the 316-1 hPa pressungeaand a precision greater than 20%
(greater than 20%) for pressure greater than 147 AB10% (20-7%) between 121 and 83
hPa, and less than 8% (less than 6%) between 68 BRd. The accuracy is greater than 15%
for pressure greater than 147 hPa, 12-7% betwetai@ 83 hPa, and less than 9% between
68 and 1 hPa for both versions (Livesey et al.12@D15).

Hurst et al. (2014) reported agreement bettan 1% between the National
Oceanic and Atmospheric Administration (NOAA) fropoint hygrometer and MLS V3
from 68 to 26 hPa over three tropical sites. Aa88 100 hPa, statistically significant biases
of 0.1 to 0.3 ppmv (3 to 8%) were found. Uppeptspheric pressure levels of 121 and 147

hPa were recently investigated in Hurst et al. ©0a the tropics showing significant biases

11
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of 0.5 and 3.0 ppmv, respectively. MLS mean bideedILS V4 are slightly smaller at 83,
100 and 121 hPa than for V3 (< 0.2 ppmv), but argdr at 147 hPa (~0.5 ppmv).

With a methodology approaching that of Carminatle(2014), we will consider in the
following the 3 independent vertical layers in fREL, at 121 hPa for the upper troposphere
(UT), 100 hPa for the tropopause (TP), and 68 lPahe lower stratosphere (LS). Figure 1
shows the monthly-averaged MLS® V3 fields in the UT, TP and LS in January 2012 W
clearly observe the 3 different tropical regimepataling on the layer considered. Maxima of
H,O are detected above the intense convective anethe iUT: Western Pacific, Africa and
South America, and a minimum over the Maritime @ueit. Minima of HO are detected
when reaching the cold point tropopause in the Western Pacific, Maritime Continent,
Africa and, to a lesser extent, South America. Andonally symmetric field of ¥ is
measured in the LS with no imprint of convectivéiaty from the UT or TP whatever the
area considered.

The number of measurements per 5°x5° bin at 100i$Blaown Figure 2 for MLS V3
H,O fields in January 2012. We note that, in genethg tropical domain (30-50
measurements per bin) contains fewer measuremeausthe high latitude domain (40-60
measurements per bin) because of the sun-synctsanbit of the AURA satellite. We also
note that, in the tropics above South America, gafiand the Maritime Continent, the number
of measurements per bin is less than 30 becautte gfresence of clouds that impacts both

on the rejection of cloud-contaminated spectra@nthe quality of the retrievals.

22 MIPAS
The limb-viewing Fourier transform spectrometer ednMichelson Interferometer for
Passive Atmospheric Sounding (MIPAS) (Fischer gt2008) is onboard the ESA satellite

Envisat. It has been designed to operate in theimfidred spectral region covering five

12
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spectral bands between 685 and 2410 cm-1 with apagtized full spectral resolution of
0.025 cm'. The instrument was launched into a sun-synchmemohit by ESA on 1 March
2002. It passes the Equator in a southwards diredid.3 times each day at 10:00 local time.
The Envisat mission, and consequently the MIPASunsent, ended on 08 April 2012.

MIPAS run predominantly in its nominal measuremmade from July 2002 until the
end of March 2004. Then, due to an instrumentif@jlit was operating with reduced spectral
resolution (0.0625 ci) for the benefit of an equivalent improvement patsal sampling.
The duty cycle of this so-called optimized res@ntmode has been steadily increasing from
30% in January 2005 to 100% from December 2007 f&ett al., 2013). MIPAS measures
at 19 tangent points; tangent altitudes are lagitdelpendent from 7 to 50 km over the poles
and 13 to 56 km over the equator. A latitude depahfloating altitude-sampling grid is used
in order to follow roughly the tropopause heightreg the orbit with the requirement to
collect at least one spectrum within the troposphmust to avoid too many cloud-affected
spectra (Chauhan et al.,, 2009). The instantaneettscal field-of-view covers 3 km, i.e.
oversampling is achieved in the troposphere ancedostratosphere. Due to its emission
sounding capability, MIPAS records spectra of ttreasphere during day and night (Stiller et
al.,, 2012). Retrieval of temperature and trace gdismm the optimized-resolution nominal
observation mode at the Institute of Meteorologyl a&limate Research (IMK) at the
Karlsruhe Institute of Technology in cooperationthwithe Instituto de Astrofisica de
Andalucia (IAA) is described in von Clarmann et &009). The retrieval is based on
constrained inverse modelling of limb radiances.

We present the results of a validation study ofewagpour, version V5R_H20 221,
retrieved with the IMK/IAA (Institut flar Meteoroldg und Klimaforschung,
Karlsruhe/Instituto de Astrofisica de Andaluciag@ada) MIPAS scientific level 2 processor.

Only valid profiles have gone into the analysisdmpsidering a filter visibility equal to 1.

13
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The retrieval version is based on ESA level 1 spdebm version IPF 5. The MIPAS version
V5R_H20_221 HO water vapour has a vertical resolution of 2.3&m0 km and 6.9 km at
50 km, and the horizontal resolution is 206 km@kéh and 436 km at 40 km. Single profile
precisions are 0.2 ppmv at 10 km and 0.92 ppm@ &b (Tschanz et al., 2013).

Figure 1 shows the monthly-averaged MIPAZOHfields in the UT, TP and LS in
January 2012. In the UT, MLS V3 and MIPASOHfields are consistent over the tropics with
maxima over the Eastern Pacific Ocean, the SoutAfifa, and the South of the Indian
Ocean, and minima over the Maritime Continent,Istl great differences occur above the
Western Pacific and the South America with maximaMiLS field and minima in MIPAS
field. In the TP, the Maritime Continent and Afriaee strongly dehydrated (~2 ppmv) in the
MLS V3 field whilst MIPAS HO field does not show any longitudinal gradient gpmv).
Above, in the LS, MIPAS and MLS V3 J@ fields are very consistent with each other
showing a zonally symmetric field of ~4 ppmv.

The number of measurements per 5°x5° bin at 100iqiBAown Figure 2 for MIPAS
H,0 fields in January 2012. About 10-15 measurempeatsbin can be retrieved within the
whole month, with no great differences above thetinpents except maybe above Africa
(<10). Nevertheless, the MIPAS sampling in Janu20g2 (~8-15 per bin) is on average
much less than the MLS V3 sampling (~30-60 per ,band this, whatever the month

considered from September 2011 to March 2012 (mowg).

3 The MOCAGE-VALENTINA assimilation system

In this study, the global atmospheric composit®simulated using MOCAGE (Modéle
de Chimie Atmosphérique a Grande Echelle). It ihrae-dimensional CTM developed at
Météo-France (Peuch et al., 1999) which covers glametary boundary layer, the free

troposphere, and the stratosphere. It provides rabeu of optional configurations with
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varying domain geometries and resolutions, as wea#l chemical and physical
parameterization packages. It has the flexibility use several chemical schemes for
stratospheric (e.g. EI Amraoui et al., 2008a) amgbdspheric studies (e.g. Ricaud et al.,
2014), and has been validated using a large nundfemeasurements during the
Intercontinental Transport of Ozone and Precur@@ARTT/ITOP) campaign (Bousserez et
al., 2007).

MOCAGE uses a semi-Lagrangian transport schemeireiddes 47 sigma-hybrid
vertical levels from the surface up to 5 hPa. K havertical resolution of about 800 m in the
vicinity of the tropopause and in the lower stratosre. For our study, we have used a global
model configuration with an horizontal resolution28 both in latitude and longitude, driven
dynamically every 3 hours by wind, temperature,spuee, surface pressure and specific
humidity fields issued from ARPEGE analyses (Ceurét al., 1991). Surface anthropogenic
emission is prescribed using the Monitoring AtmasphComposition and Climate (MACC)
emission database, and fire events are accounteblyfaising the Global Fire Emissions
Database (GFED) version 3 inventory (Randersomh,e2@i 3).

To sum up, the microphysical, the dynamical andrttBative schemes are all treated
by ARPEGE. MOCAGE only considers the chemical salhne@onsequently, water vapour in
MOCAGE is treated as a chemical species when ltgeva less than 10 ppmv (roughly near
150 hPa) otherwise it is treated as a meteorolbg@ameter from ARPEGE. However, to
achieve the goal of our study, namely to constMDCAGE H,O as chemical species by
using MLS observations, we have modified this @&itreatment by enlarging the vertical
domain where bD is considered as chemical species. More precisatyhave taken the
pressure level of 135 hPa as a separating limfaripressures greater than 135 hPz0 i
calculated directly from ARPEGE specific humidiand ii) for pressures less than 135 hPa,

the HO distribution is fully controlled by MOCAGE. Figer3 gives a schematic
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representation of the @ vertical profiles used in the current study. dpitts the separating
limit between ARPEGE constraints and MOCAGE chelrspacies.

The assimilation system used here to incorporat& MO observations in MOCAGE,
is the VALENTINA system, which was initially deveded in the framework of the ASSET
(ASSimilation of Envisat daTa) project (Lahoz et aD07a), and has been used in numerous
atmospheric chemistry data assimilation studiess@de et al., 2009; EI Amraoui et al.,
2010; Barret et al., 2012). It is developed joirtly Météo-France and CERFACS (Centre
Européen de Recherche et de Formation Avancée lenl Cacientifiqgue). Herein, we used a
3D-FGAT formulation (3D-Variational in the First @sis at Appropriate Time variant; Fisher
and Andersson, 2001) with an assimilation windowlohour to assimilate MLS J@
observations. The VALENTINA system has the capspito include the effect of the
averaging kernel, which takes into account vertigaiations of the sensitivity of the retrieval
to the actual KD mixing ratios. This technique has already produgeod quality results
compared to independent data especially fora@l CO (see e.g., El Amraoui et al., 2010;
Claeyman et al., 2011).

In VALENTINA, the background error covariance mat(B) formulation is based on
the diffusion equation approach (Weaver and Caurfie01) and can be fully specified by
means of a 3D standard deviation field (diagond)oénd 3D fields of horizontal (land Ly)
and vertical (L) local correlation lengths. This technique hasady produced good quality
results compared to independent data sets, edpefcialO; and CO (see e.g., Abida et al.,

2016; ElI Amraoui et al., 2010; Claeyman et al., D01

4 Description of the experiments

It is worth pointing out that 0 as a chemical species in MOCAGE (135-5 hPa

pressure range) is suffering from a strong systienéds in the UTLS region, especially in
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the tropics. Hence, in order to reduce the mageitofdthis bias, we performed a relatively
long assimilation run of 6-month duration using MM3 (and also MLS V4) observations
from 1 August 2011 to 31 January 2012.

The most crucial ingredient in a variational askition procedure is the background
error covariance matrix, B, which spreads out imfation extracted from observations in the
vertical and horizontal directions in space andghts the importance of thepriori state.
For this study, we used a simple parameterizatiothe B matrix. The horizontal correlation
lengths (L and L) are taken to be homogeneous and equal to ab@ki20 The vertical
correlation length Lis set to one vertical model grid point. SimilattyEmili et al. (2014),
the background standard deviation 3D field (modebrg is parameterized as a vertically
varying percentage of the background profile. Rdyglit is set to 45% up to 135 hPa, 35%
in 135-50 hPa, and to 15% in 50-5 hPa.

The long-run experiment is initialized on 1 Augu®l1l at 00:00 UTC from a
climatological state. In the assimilation procemdy MLS H,O measurements which are in
the 316-5 hPa pressure range are used (Figure I8n\Waking into account MLS averaging
kernels in the assimilation procedure, we foundealistic values in some regions. Hence,
only H,O measurements and their associated errors areporated in our 3D-FGAT
assimilation process. Note that the MLS obserwatiwill constrain only the model in 135-5
hPa pressure range wherg(His freely evolving as a chemical species. In @stt in 316-
135 hPa pressure range, the information extracted the observations is completely lost
each time the MOCAGE O field is updated by the ARPEGE constraint (FigBijxe

Figure 4 shows the temporal evolution of Observetiminus-Forecast (OmF) during
the whole long-run assimilation experiment at thk&eS pressure levels 121.15, 100, and
68.13 hPa. The MLS assimilated observations migsr tmodel-equivalent values are

averaged over the tropics (30°S-30°N) for each h@he model forecast is initially high
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biased with respect to MLS observations, from ab@uppmv at 121 hPa, about -2 ppmv at
100 hPa andt0.1 ppmv at 68 hPa on 1st August 2011. The OmF ina decreases
gradually with time over the whole long-run expegimh time period. It takes about four
months of assimilation to reach a model forecagesvith minimum values of OmF reduced
to: 0.2 ppmv at 121 hP&p.1 ppmv 100 hPa arkD.05 ppmv at 68 hPa by December 2011.
This emphasizes the extreme difficulty of consirgiMOCAGE HO field, which is marked
by important biases, by assimilating only MLS meaments.

On 1 December 2011 at 00:00 UTC, a free model sitimn (without assimilating MLS
observations ) is performed by initializing frometlobtained analysis state. TheCHfield
analyses is compared with those from the free mwrdler to quantify the corrections brought

by the MLS measurements in the model.

5 The assmilated fields

The analyses are produced frofiNovember 2011 to 31March 2013; however, the
study concentrates on monthly-averagegDHields in January and February 2012. Three
levels will be studied in detail: 121 hPa (UT), 1oPa (TP) and 68 hPa (LS). Because we
used different data sets calculated or measurditfetent times and locations not necessarily
consistent within all the data sets, the analysése presented within 3 spaces in time and

space coincidences with MLS and MIPAS observatarswith the model outputs.

5.1 Vertical profilesin thetropics

In order to highlight the quality of the differedata sets used in our study around the
tropical tropopause, Figure 5 shows the verticafiles of zonally-averaged @ in January
2012 over the tropical UTLS (30°N-30°S) in the MbBservation space from background,

MLS, MIPAS, ARPEGE and the assimilated field (MLSafyses). First of all, it is noted that
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the vertical distribution of the MLS analyses isnsistent with the MLS data. The

background field is wetter than the MLS analysethmmUT (~1.5 ppmv at 150 hPa) and is
consistent with the MLS analyses in the LS abovehB@. The ARPEGE field although

wetter in the UT (~1.5 ppmv at 150 hPa) is drieanththe MLS analyses around the
tropopause from 120 to 50 hPa with a minimum ob~fhmv at 80 hPa. Finally, it is noted

that the MIPAS field is drier by 1.5 ppmv than #&S analyses below 130 hPa, wetter by 1
ppmv from 130 to 70 hPa, and drier by 0.5 ppmv fitdrto 40 hPa.

Because of the great longitudinal variability oftHin the tropics, we have separated all
the data into 4 main boxes, namely Eastern Pa3ficS-21°N, 176°W-114°W), Southern
America (30°S-12°N, 86°W-30°W), Southern Africa {S012°N, 2°E-46°E) and the
Maritime Continent (30°S-18°N, 90°E-160°E). Fig@rshows the same fields as in Figure 5
but separated into the 4 above-mentioned areas.5Ttata sets show the same general
features, namely a wet UT, a dry LS, and an hygrspaminimum of KHO) around the
tropopause whatever the box considered. Althougthaldata sets are consistent in the LS
(40-60 hPa), some differences are worthwhile dsiogs Among all the 4 domains, the
Maritime Continent shows, on average, the wettds(10.5-12.5 ppmv at 140 hPa for all the
data sets except MIPAS), and the driest hygropéass than 2 ppmv for ARPEGE) because
the tropopause is the coldest over this domain emetpto all the other domains. In the UT,
MIPAS data is on average much drier than all theeiotlata sets by 4-7 ppmv, except over
the Eastern Pacific. The fact that MIPAS behavey déferently compared to all the other
data sets above the Maritime Continent might bersequence of the systematic presence of
clouds over this area. Since cloud contaminatedtspare discarded in the MIPAS analysis,
a sampling bias towards a drier atmosphere mighgdmerated. Around the tropopause, the
hygropause is located either at 100 hPa (MLS and Mbalyses) or 80 hPa (ARPEGE,

MIPAS, background). A local maximum is systematicdletected around 60 hPa over the 4
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geographical domains in the MLS, MLS analyses akfround data sets, although absent

in the MIPAS and ARPEGE data sets.

5.2  Global distribution in the ML S space

The data sets are now studied at global scale @ddifferent pressure levels: 121 hPa
(UT), 100 hPa (TP) and 68 hPa (LS). In this stwdg,will mainly analyze the tropical band
(30°S-30°N). The monthly-averaged® fields representative of January 2012 in the MLS
space (namely in time and space coincidence wéhthS observations) from the Free Run
(MOCAGE), ARPEGE, MLS analyses and the backgroureddisplayed in Figures 7-9 at
121, 100 and 68 hPa, respectively.

At 121 hPa (Fig. 7), all the data sets show locaxima above the South American and
the African continents, the Central Pacific, an@ tklaritime Continent, namely where
convective systems are the most intense and the effasent to bring high humidity from
the lowermost to the uppermost troposphere. Batt-tiee Run and the background data sets
are highly hydrated with maxima around or gredtant8 ppmv whilst the MLS analyses and
the ARPEGE data sets show maxima of about 5-6 ppRPEGE should represent the
“true” world in the UT. Although all the other datets are wetter than ARPEGE, the
analyses are drier than the background by abopirivonsistently with the MLS data field
(Fig. 1), underlining the positive impact of thesiasilation technique to constraint the
background by the observations.

At 100 hPa (Fig. 8), the 48 fields tend to show different behaviours. ARPE&E
the analyses exhibit a dehydrated tropopause (End/pwhilst the background shows some
local maxima above the continents (5-6 ppmv) aeditee Run a highly hydrated tropopause
with values much greater than 8 ppmv above theimemtt sand the Indian Ocean. The Free

Run, namely MOCAGE, cannot reproduce the dehydratepopause since it does not
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contain any microphysical processes to transforpesaturated air into ice particles over
convective continental and ocean areas. The bagkdréield is not as hydrated as the Free
Run as a consequence of the assimilation procdsis mevertheless wetter than the “true”
atmosphere as represented by ARPEGE. The assonit&thnique efficiently constraint the
background by the MLS observations to produce @ealynuch drier by 2-3 ppmv than the
background fields, although slightly wetter than PRGE by about 1 ppmv but with
consistent local minima above the South AmericainicAn and Maritime continents, as in
MLS (Fig. 1).

At 68 hPa (Fig. 9), the Free Run and ARPEGE ddtasieongly differ to each other but
also differ to MLS analyses and background with et atmosphere in the Free Run (5-8
ppmv), a dry atmosphere in ARPEGE (1-4 ppmv) andogerately dry atmosphere in the
analyses and background around 4 ppmv. The FreadBRanset is too much affected by the
tropospheric injection of wet airmasses and caeope with supersaturation as explained at
100 hPa. ARPEGE tends to systematically show dodvgr stratosphere probably because of
the impact of a dry bias in the meteorological stngs above the tropopause. The
background and the analyses are very consisteetth other and to MLS (see Fig. 1),
underlining the fact that the assimilation techeidnas produced a,B field very close to the

MLS observations.

5.3  Global distribution in the Model space

The monthly-averaged # fields representative of January 2012 in the rhegace
(namely in time and space coincidence with the M@EAand ARPEGE outputs) from the
Free Run (MOCAGE), ARPEGE, MLS analyses and th&dpracind are displayed in Figures
10-12 at 121, 100 and 68 hPa, respectively. AtiR4 (Fig. 10), a very wet atmosphere is

calculated in the Free Run, the background andattadyses with local maxima above the
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South American, the African and the Maritime coetits (> 7 ppmv) although ARPEGE and
MLS (Fig. 1) are much drier with local maxima ofahd 6 ppmv, respectively. Since the
background and the analyses are almost identicdleérmodel space contrarily to what has
been observed in the MLS space (see previous agctitis means that the MLS observations
are too sparse both in time and space to optintalhstraint the background field. In other

words, outside of the assimilation window and alesif the horizontal domain where MLS

observations are taken, the assimilation systerdstén converge to a background state
strongly influenced by the too wet Free Run.

At 100 hPa (Fig. 11), the impact of the Free rurth® background is less important
since the tropical tropopause of the backgrounddrttie analyses (4-6 ppmv) is much less
hydrated than the Free run tropopause (> 8 ppmustil wetter than both ARPEGE and
MLS observations (< 3 ppmv). As at 121 hPa, thekpamund and the analyses are almost
identical in the model space.

At 68 hPa (Fig. 12), the background and the MLSlmes (~4 ppmv) are very
consistent with the MLS observations (Fig. 1), shARPEGE is much drier (< 2 ppmv) and
the Free run is much wetter (> 6 ppmv). The asaiioih system behaves nominally in the
lower stratosphere since the background is no loaffected by the Free Run even outside of

the assimilation window when and where the MLS ole#ons are taken into account.

6 Validation of the assimilated fields

In order to validate the analyses, we have consitiboth the MIPAS data sets and the
assimilated fields in the MIPAS space (namely imetiand space coincidence with the
MIPAS observations). The monthly-averagegOHfields representative of January 2012 in
the MIPAS space from the Free Run (MOCAGE), ARPEGH,S analyses and the

background are displayed in Figures 13-15 at 120,dnd 68 hPa, respectively. At 121 hPa
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(Fig. 13), as in the model space, the analyses sheery wet upper troposphere (> 8 ppmv)
above the continents consistently with the backgdoand the Free run, but in contrast to
ARPEGE (local maxima of 6 ppmv) and MIPAS obsewadi (Fig. 1, maxima of ~7 ppmv).
It nevertheless seems that the MIPAS observatidisvea convective areas (Southern
America, Africa and the Maritime continent) are dripsed compared to MLS observations
(as already discussed in section 2.2). This isairhbdue to the impact of the cloud presence
in the line of sight diminishing the number of dable observations (see Fig. 2). Indeed,
MLS microwave observations are in general lessctdte by clouds than the MIPAS IR
observations, consequently the MIPASCHfield is given in a cloud-free atmosphere. The
MLS and MIPAS measurements occur at two differectl times (01:40 am/pm for MLS
and 10:00 am/pm for MIPAS). Because of the diunale of the convective activity (Liu
and Zipser, 2009) that differs above ocean (maxiniaontocal morning) and continents
(maximum in local afternoon), the MIPAS observasi@are probably more affected by upper
tropospheric clouds than the MLS observations, hmthr the continent and the ocean.
Chauhan et al. (2009) and Montoux et al. (200@dtib clarify this cloud issue by different
approaches but could not clearly identify a coesisipicture except the strong effects of
clouds within the presented comparison. They alsggssted that the observed(H
variability may be contaminated by the presencelafids in the UTLS. Another issue is the
altitude resolution of the MIPAS retrievals (Milz &., 2005) in the lowermost layers at 121
and 100 hPa that may be too coarse (4.5-6.5 kmglitov a direct comparison without
application of averaging kernels.

At 100 hPa (Fig. 14), the analyses are very cossisivith the MIPAS observations
(Fig. 1, ~4 ppmv) except above the South Ameritiam African and the Maritime continents
where the analyses are wetter by 1-2 ppmv. Thedraokd and the analyses are identical

and differ from the wet Free run (> 8 ppmv) and dng ARPEGE (< 2 ppmv) tropopause.
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The dehydration observed by MLS (Fig. 1) and by ERE above the Maritime Continent is
not reproduced by the analyses, probably becawséride run is far too wet (> 8 ppmv)
above this area and the assimilation system camupa with such a difference with the sparse
MLS observations.

At 68 hPa (Fig. 15), the analyses and the backgraane very consistent with the
MIPAS observations (~4 ppmv) with no longitudinakdient although the Free run and
ARPEGE are wetter (~7 ppmv) and drier (< 2 ppme$pectively. This tends to show that
the assimilation system is working properly in tbeer stratosphere, despite the fact that the
MLS observations are sparse both in time and space.

To summarize, in the MLS space, the analyses bebawusistently with the MLS
observations from the upper troposphere to thedaivatosphere (121-68 hPa). In the model
space, the analyses are wetter than the “true” gthere as represented by ARPEGE and
MLS in the upper troposphere (121 hPa) and arobedrbpopause (100 hPa) but consistent
with MLS and MIPAS in the lower stratosphere. le IPAS space, the sensitivity and the
vertical resolution of the MIPAS data set at 128 460 hPa prevent to assess the behaviour
of the analyses particularly over intense convectwveas as the Southern American, the
African and the Maritime continents but, in the @vetratosphere (68 hPa), the analyses are

very consistent with MIPAS.

7 Sensitivity studies

We have used the opportunity of getting two versiohthe MLS data to check the
sensitivity of the assimilation technique to thagmeter that affects both the quality of the
data and the number of data available. But befeeshave investigated the impact of some
periods with no measurements onto the assimilatddsfinduced by the fact that, in this

configuration, the background returns back to treeFun.
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7.1  Periodswith no measurements

We have already noticed that theQHanalyses in the tropical UTLS in the model and
the MIPAS spaces were very sensitive to the backgiand consequently to the Free run
producing an atmosphere in the upper troposphesterathe tropopause wetter than in the
MLS space. We investigate here the impact of perificho MLS measurements on theCH
analyses during the assimilation time frame of omath. Two consecutive months are very
interesting to consider. In January 2012, MLS hesnboperating nominally and 31 days of
measurements are available for the assimilatiodystAt the opposite, in February 2012, 4
days of measurements were unavailable, thus thmi&ggn process used MLS data over
the time frame: 1-19 and 24-29 February.

The relative difference between the monthly-avedadgO fields from the observations
and the assimilation in January and in February22&1121, 100 and 68 hPa is shown in
Figure 16. The impact of the missing data in Fely@812 on the analyses compared to the
January 2012 is clearly depicted since the Observainus-Analysis is, in absolute, greater
in February than in January: -6% vs. -4% at 121, k886 vs. +2% at 100 hPa and —2% vs.
+1% at 68 hPa in February vs. January 2012, raspbctWhen the MLS data are no longer
available, the background field tends to be retlectowards the Free run, losing the

memory of the MLS-driving information injected inet assimilation system.

7.2  Improvement of the data quality

In this section, we investigated the impact of gdimo versions of the MLS data on the
assimilation fields because the version affect$ Itlo¢ quality of the data and the number of
data available. The MLS V3 and V4 are presentedeiction 2.1. Official documentation

(Livesey et al., 2015) indicates an improvementthie cloud screening and first guess
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estimation from V3 to V4, which yielded better agreents with truth in simulation studies.
As an example, Figure 17 shows for January 201 2dingber of measurements per 5°x5° bin
considering the MLS V4 data and the difference betwthe V4 and the V3 data. In the
tropics, the number of measurements per bin ins/dbiout 15 measurements per bin more
than in V3, particularly over the Southern Americtiie African and the Maritime continents,
and the Indian Ocean. This clearly shows a chaogjeih the cloud treatment and in the data
quality of V4 compared to V3.

In a similar way as performed with the MLS V3, @isimilation process has thus been
conducted with the MLS V4 data from 1st Novembet 2@ 31st March 2013, namely with
a background error set to 45% up to 135 hPa, 354350 hPa, and to 15% in 50-5 hPa
(see section 4 for the other parameters). The mpatleraged analyses in January 2012 at
121, 100 and 68 hPa are presented in Figures 18-2@ MLS, model and MIPAS spaces,
respectively together with the difference betwees ¥4 and the V3 analyses. In the MLS
space (Fig. 18), both versions show the same smegtmaxima at 121 hPa and minima at
100 hPa over the convective areas) in the uppg@osmhere and the tropopause whilst a
zonally-symmetric field is detected in the tropitand in the lower stratosphere (68 hPa).
However, V4 analyses compared to V3 analyses tendeow a much wetter atmosphere in
the tropical upper troposphere and lower stratasphg 10% and 15%, respectively and, at
the tropopause, a slightly drier atmosphere by 2-8%nsequently, the difference in the
analyses between the two versions in the tropiamig significant at 121 and 68 hPa i.e.
greater than the minimum measurable value of Orfivpestimated in Livesey et al. (2011,
2015).

In the model space (Fig. 19), the two analyses\meddferently depending on the level
and the area considered. Above the convective ameels as the Southern American, the

African and the Maritime continents, the atmosphenmauch drier in V4 compared to V3 by
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10%, 20% and 5% at 121, 100 and 68 hPa, respecti@eitside of these convective areas,
the V4 compared to the V3 atmosphere is wetter@%p At 121 hPa, and drier by about 5-
10% at 100 and 68 hPa. This clearly shows the impad/4 quality induced by cloud-
screening methodology on the analyses over comeeateas where the presence of clouds is
prominent. Finally, in the MIPAS space (Fig. 20 ttonclusions drawn for the model space
are mainly the same: V4 analyses drier than V3 elibe convective areas at the 3 levels
considered and, outside of the convective areatemw®4 analyses at 121 hPa and drier

above.

8 Conclusions

Water vapour (bD) in the tropical UTLS is known to play an impartaole in many
aspects of meteorology, including radiation, dyr@nichemistry and climate change.
Modelling of water in the UTLS is very challengibgcause it varies in space and time due to
its rapid phase change (liquid, solid and gas). rElpeesentation of ¥#D in the tropical UTLS
from observations and from models does not nedgssamverge since some caveats are
detectable that impact on the measured or caleculdi® fields, e.g. presence of clouds, in
the observation, cloud microphysics in the model.

Within the French project “Multiscale water budgethe upper troposphere and lower
stratosphere in the TROpics” (TRO-pico), a glol=dls analysis has been set up based on
space-borne measurements, model and assimilatbnitgies to study the time evolution of
H»0 in the tropical UTLS. The MOCAGE-VALENTINA assitation tool has been used to
assimilate the Aura MLS version 3.3® measurements within the 316-5 hPa range with an
assimilation window of 1 hour. The time period spdrom f' August 2011 to 31 March
2013 but the study concentrates on monthly-avera$y€dl fields in January and February

2012. Some diagnostics have been developed tosagsegjuality of the assimilated,®
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fields depending on several parameters: model ,ewbservation minus analysis and
observation minus forecast. As a validation exera®mparisons with 2 independent sources
of H,O in the UTLS have been performed based on theebpate MIPAS measurements
and on the meteorological ARPEGE analyses. Seitgistudies of the analyzed fields have
been done 1) considering periods when no MLS measemts are available and 2) using
another MLS version 4.2 4@ data. The studies have been performed withinffgérdnt
spaces in time and space coincidences with the BEMIPAS observations and with the
model outputs and at 3 different levels: 121 hRap¢u troposphere), 100 hPa (tropopause),
and 68 hPa (lower stratosphere).

In the MLS space, the analyses behave consisteittithe MLS observations from the
upper troposphere to the lower stratosphere. Imtbéel space, the analyses are wetter than
the “true” atmosphere as represented by ARPEGEMINS in the upper troposphere (121
hPa) and around the tropopause (100 hPa) but temsigith MLS and MIPAS in the lower
stratosphere. In the MIPAS space, the sensitivity the vertical resolution of the MIPAS
data set at 121 and 100 hPa prevent to asseseglthagitur of the analyses particularly over
intense convective areas as the Southern Ameribarifrican and the Maritime continents
but, in the lower stratosphere (68 hPa), the araly@re very consistent with MIPAS.
Sensitivity studies show the great improvement e 0O analyses in the tropical UTLS
when assimilating spaceborne measurements of logtédity particularly over the convective
areas.

The analyses obtained from November 2011 (Augustiiec 2011 is considered as a
spin-up period) to March 2013 are being used tesssshe impact of the continental
convective activity on the diurnal cycle of,® in the tropical UTLS above the Southern
American continent (Carminati et al., 2016) witleanporal resolution of 1 hour. The same

methodology could be employed over the Indian Ocd¢l@ Maritime continent and the
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Tibetan Plateau to quantify the impact of the cyelothe maritime convection and the

continental convection processes, respectiveljherttO budget in the UTLS.
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934 Figure1: (Upper panel) Monthly-averaged® fields at 68 hPa in January 2012 in the MLS
935 (left) and MIPAS (right) observation space (in spand time coincidence with MLS and
936 MIPAS observations, respectively). (Middle Panedjre as the upper panel but at 100 hPa.
937 (Lower Panel) Same as the upper panel but at 131 hP
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940 Figure 2. Number of measurements averaged within 5°x5° &tn00 hPa in January 2012
941 inthe MLS (left) and MIPAS (right) data sets.
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Figure 3: Schematic representation of theHvertical profiles used in the present analysis:
MLS (orange stars), MOCAGE (red line), ARPEGE (grdi@e), assimilation in the MLS
space (in time and space coincidence with MLS ofagiens, pink line), and assimilation in
the model space (in time and space coincidence thithmodel outputs, purple line). In
MOCAGE, H20 is constrained to ARPEGE meteorologiealalyses below 135 hPa
(horizontal dashed green line) and is considered elsemical species above 135 hPa. MLS
observations are assimilated from 300 to 20 hPa.dOmain of study relies from 121 to 68

hPa in the tropics.
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954  Figure 4: Observations minus forecasts zonally averaged inetropics (30°S-30°N) from
955 1 August 2011 to 31 January 2012 at 121 hPa (byitbd® hPa (middle) and 68 hPa (top).
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957 Figure 5: Monthly-averaged vertical profiles of,8 in the tropical UTLS (30°S-30°N) in
958 January 2012 in the MLS observation space from Muglyses (red dashed line),
959 Background (black dashed line), MLS (blue dashed))i MIPAS (green dashed line) and
960 ARPEGE (light blue line).
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963 Figure 6: Monthly-averaged vertical profiles of,8 in January 2012 in the MLS observation

H20 (ppmv)

964 space from MLS analyses (red dashed line), Backgtdblack dashed line), MLS (blue

965 dashed line), MIPAS (green dashed line) and ARPEI&fEt blue line) in four different

966 tropical areas (see Figure 1): Pacific Ocean (upgf®r South America (upper right), South

967 Africa (lower left) and Maritime Continent (loweight).
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Figure 7: Monthly-averaged bD fields at 121 hPa in January 2012 in the MLS pla®n
space (in time and space coincidence with MLS ofagiens) from the Free Run (MOCAGE,
upper left), ARPEGE (upper right), MLS analysessi@adation, lower left) and the

background (lower right).
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MLS Observation Space: January 2012
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Figure 8: Monthly-averaged bD fields at 100 hPa in January 2012 in the MLS plz®n
space (in time and space coincidence with MLS ofagiens) from the Free Run (MOCAGE,
upper left), ARPEGE (upper right), MLS analysessi@dation, lower left) and the

background (lower right).
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983 Figure 9: Monthly-averaged kD fields at 68 hPa in January 2012 in the MLS olzg@n

984 space (in time and space coincidence with MLS ofagiens) from the Free Run (MOCAGE,
985 upper left), ARPEGE (upper right), MLS analysessi@mdation, lower left) and the

986 background (lower right).
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Model Space: January 2012
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989 Figure 10: Monthly-averaged bD fields at 121 hPa in January 2012 in the Modatsp(in
990 the Model grid and time samplings) from the Freen RMOCAGE, upper left), ARPEGE
991 (upper right), MLS analyses (assimilation, lowdt)land the background (lower right).
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994
995 Figure 11: Monthly-averaged bD fields at 100 hPa in January 2012 in the Modatsp(in

996 the Model grid and time samplings) from the Freen RMOCAGE, upper left), ARPEGE
997  (upper right), MLS analyses (assimilation, lowdt)land the background (lower right).
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1000 Figure 12: Monthly-averaged kD fields at 68 hPa in January 2012 in the Modetsgin
1001 the Model grid and time samplings) from the Freen RMOCAGE, upper left), ARPEGE
1002 (upper right), MLS analyses (assimilation, lowdt)land the background (lower right).
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MIPAS Observation Space: January 2012
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1004 Figure 13: Monthly-averaged bD fields at 121 hPa in January 2012 in the MIPAS

1005 observation space (in time and space coincidentte MIPAS observations) from the Free
1006 Run (MOCAGE, upper left), ARPEGE (upper right), MBSalyses (assimilation, lower left)
1007 and the background (lower right).
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MIPAS Observation Space: January 2012
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1009
1010 Figure 14: Monthly-averaged D fields at 100 hPa in January 2012 in the MIPAS

1011 observation space (in time and space coincidentte MiPAS observations) from the Free
1012 Run (MOCAGE, upper left), ARPEGE (upper right), MBSalyses (assimilation, lower left)
1013 and the background (lower right).
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MIPAS Observation Space: January 2012
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1014
1015 Figure 15: Monthly-averaged kO fields at 68 hPa in January 2012 in the MIPASeolstion space (in

1016 time and space coincidence with MIPAS observatidns)n the Free Run (MOCAGE, upper left
1017 ARPEGE (upper right), MLS analyses (assimilatianyér left) and the background (lower right).
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MLS V3 Space: Analysis-minus-Observation differences
January 2012 February 2012
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1019

1020 Figure 16: Relative difference between the,® fields from the observation and the
1021 assimilation in January 2012 (left) and in Febru2®g2 (right) at 121 hPa (bottom), 100 hPa
1022 (middle) and 68 hPa (top).
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Number of data points in MLS V4 .vs. MLS V3: January 2012
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1025 Figure 17: Number of measurements averaged within 5°x5° &irl)0 hPa in January 2012
1026 in the MLS V4 data set (left). Difference betwedér humber of measurements averaged
1027 within 5°x5° bins at 100 hPa in January 2012 in kieS V4 and the MLS V3 data sets
1028 (right).
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1032 Figure 18: Monthly-averaged bD analyses in the MLS space in January 2012 usiag t
1033 MLS V4 data set (left) and relative difference beén the MLS analyses using V4 and V3
1034 data sets (right) at 121 hPa (bottom), 100 hPad®jdind 68 hPa (top).
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1037 Figure 19: Monthly-averaged bD analyses in the model space in January 2012 tbkig
1038 MLS V4 data set (left) and relative difference beén the MLS analyses using V4 and V3
1039 data sets (right) at 121 hPa (bottom), 100 hPadi®jdind 68 hPa (top).
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1042 Figure 20: Monthly-averaged kD analyses in the MIPAS space in January 2012 ubieg
1043 MLS V4 data set (left) and relative difference beén the MLS analyses using V4 and V3
1044 data sets (right) at 121 hPa (bottom), 100 hPadi®jdind 68 hPa (top).
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