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Abstract

During the ENVISAT lifetime, ECMWF has been contracted tatioely monitor the ENVISAT near real
time products. After the satellite loss, this activity hagb readdressed to validate the reprocessed datasets
against the ERA-Interim reanalyses. These datasets mdmdne, temperature, and water vapour (WV)
profiles retrieved from the MIPAS measurements, and ozoofdgs from the limb measurements of SCIA-
MACHY.

The reprocessed MIPAS ozone profiles exhibit higher valnea ERA-Interim at most levels, latitudes,
and seasons. Above 10 hPa, the MIPAS minus ERA-Interimréiffees are within-10%. In the lower
stratosphere the residuals can be as large as +30% in thestrdplPAS minus ERA-Interim temperature
differences are about -1K at all latitudes and seasons ibTeS and in the lower stratosphere at mid and
high latitudes, less than 2K (about 1%) in the tropical loseatosphere, and withitt5K in the upper
stratosphere and mesosphere. Because of a number of shioispthe region where the ERA-Interim and
MIPAS WYV datasets are reliable is a shallow layer aroundrbyeapause, where the differences are within
+10%. Larger differences are found elsewhere.

The SCIAMACHY limb minus ERA-Interim ozone differences avihin +20% between 20 and 40 km in
the extra-tropics. Larger departures are found in the ¢sgparticularly at 10 hPa>(100%), in contrast
with the comparisons of ERA-Interim against MIPAS and poesi studies.

In preparation for the forthcoming reanalysis producteone-year assimilation study of the near real time
MIPAS ozone profiles has also been performed. ComparisachdWiliS and ozone sonde profiles show that
the assimilation of MIPAS improves the vertical distrilmutiof the ozone analyses in the upper troposphere
and stratosphere in the extra-tropics, and in the regioheobzone maximum in the tropics.

1 Introduction

Contracted by the European Space Agency (ESA), ECMWF wasdvied in the monitoring and assimilation
of a variety of different near real time (NRT) products froaveral instruments on board ENVISAT during the
satellite lifetime. The outcome of these activities wasuinented in a number of monthly and annual reports
available atww. ecrmwf . i nt/ publ i cations/library/do/references/|ist/18. These activi-
ties were performed routinely using the ECMWF Observatiamhbring Facility which provides statistics of
how different observations available in the ECMWF systemmgare with their model equivalent. The set of
monitored products, limited to the three atmospheric imsents on board ENVISAT, included temperature,
ozone and water vapour profiles retrieved from MIPAS and G@YI& well as total column ozone retrievals
from SCIAMACHY nadir measurements. These were normallgnredd to as the Meteo products.

With the sudden lost of ENVISAT on 8 April 2012 and the unaaility of NRT time products, the ECMWF
work was readdressed to focus on the newly available repsededatasets from the ENVISAT atmospheric
sensors. These reprocessed products from the ENVISAT pimads instruments are compared with their
collocated model equivalent from the ECMWF ERA-Interibeg et al. 2011 archive. ERA-Interim is the
latest ECMWF global atmospheric reanalysis and covers énmg from January 1979 to present. As the
name suggests it represents an interim production madeepamtion of a new atmospheric reanalysis to
replace ERA-40 that will extend back to the early part of tveritieth century. A reasons for using the
reanalysis dataset instead of the weather analyses fromptrational forecasting system is that, unlike the
latter, reanalyses are obtained with a single, fixed versfdhe data assimilation system and forecast model.
This means that a reanalysis is not affected by changes imdkel.

The ERA-Interim reanalyses are produced with a recent mersf the ECMWF high resolution model that
was used operationally from December 2006 to June 2007 e#t asorizontal resolution truncation of T255,
which corresponds to about 79 km grid spacing, and 60 vétggals with the model top at 0.1 hPa. The
model relies on a four-dimensional variational (4D-Vaeme Rabier et al.2000 to assimilate observations
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available within a 12-hour time window. An important asp@cERA-Interim is the inclusion of a completely
automated scheme for correcting biases in satellite radiabservationsOee 2005 Auligné et al, 2007).
Bias corrections for individual sensor channels are egaeén terms of a small set of predictors, which can
depend on the atmospheric state at the observed location titeostate of the instrument itself. A set of
bias parameters determine the linear combination of pi@dicsed for correcting each radiance observation.
These parameters are continuously adjusted by the var@htEmalysis to minimise inconsistencies among the
available sources of information, including all observasi and their background equivalent. It is noted that an
ozone bias correction scheme was only introduced in the EENgh resolution system in September 2009
(Draganj 2009, and therefore not yet available at the time the ERA-Integanalysis production started.

The ENVISAT reprocessed datasets available for the presady include ten years of ozone, temperature
and water vapour profiles retrieved from MIPAS (version @) azone profiles from the SCIAMACHY limb
measurements (version 5.02). The GOMOS reprocessed ta@s@ot considered here as it was only made
publicly available on 19 December 2012. Total column ozdr@Q@) retrieved from the nadir measurements of
SCIAMACHY was not considered either as the NRT TOSOMI TCQieged at KNMI from the same level 1b
measurements were actively assimilated in ERA-Interind, taerefore the two datasets cannot be regarded as
independent.

This report is structured as follows: Secti@rpresents a brief summary of the quality of the ERA-Interim
analyses restricted to the model fields that were used foratidation of the ENVISAT reprocessed data. The
diagnostic tools and the matching criterion used in thegirestudy are described in secti8n The results
from the comparisons between the ERA-Interim analyses aff\Bland SCIAMACHY reprocessed data are
presented in sectiosand5, respectively. Sectiofi presents an assessment of one-year assimilation of MIPAS
ozone profiles in a lower resolution version of the ECMWEF atienal system. This is based on NRT retrieved
data and represents an extension of the work presentedageni(2012. Conclusions and remarks follow in
section?.

2 The ERA-Interim reanalyses

A thorough discussion and assessment of the ERA-Interimatgsis project can be found Dee et al(2011),
which also include a detailed discussion on the changesingdbd observing system. Here, a brief review of
the quality of the model fields used in the validation of the\EBIAT reprocessed datasets is provided.

2.1 Ozone

Dragani(201Q 2011) presented an assessment of the quality of the ERA-Intezon® based on twenty year
comparison with in-situ and remotely sensed independestiedata.

The ERA-Interim TCO was typically found withitt5DU (about+3%) from a TCO reference generated from
the NASA merged satellite TCO as a monthly mean for five camsacyears. Comparisons with OMI TCO
showed up to 2% lower total ozone values in the ERA-Interitaskat between 5&-50N. The vertical dis-
tribution of the ozone concentrations compares well with $bnde and satellite ozone measurements in the
tropics with the ozone maximum normally localised at theepbsd levels. However, the ozone maximum
values are often underestimated. Modelling of stratospleone transport and depletion at high latitudes,
particularly during winter times, still show problems iretERA-Interim production. The reanalyses tend to
place the ozone maximum too high, with deeper depletionémifddle stratosphere just below the peak. This
is mainly due to the limited amount of ozone observationslavie at this time of the year and latitudes. Im-
provements are expected in the next reanalysis productioz@ne sensitive radiances from Infrared sounders
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are expected to be assimilatdaragani and McNally2012 2013 showed the value of these observations par-
ticularly in improving the quality of the ozone analyseshie tUTLS region and at high latitudes in the winter
hemisphere. In general, the vertical distribution of therez analyses benefits from the assimilation of any
height resolved ozone retrievals, as demonstrated by itheiroved quality during the years ERS-2 GOME
ozone profiles were assimilated (1996-20@@aganj 2011).

Overall, comparisons with SAGE, HALOE and (UARS and Aura) Mdata show consistent results both in
the tropics and extra-tropics, with mean residuals typicaithin 5% around 5hPa and withi#t10% in the
region of the ozone mixing ratio maximum at 10hPa. Mean tedgdof about +10% (but up to +20% at times)
and within+20% are found both in the tropics and extra-tropics for atrimments near 30hPa and in the lower
stratosphere around 65hPa, respectively.

Although, a lot of effort was devoted in improving the homogity of the ERA-Interim production compared
with that of ERA-40, the ERA-Interim ozone analyses stilbstimited consistency in time as a consequence
of the biases between the ozone observations from diffénsttuments. Although an adaptive ozone bias
correction is currently used in the ECMWF weather foreogstiystem, this was not yet available at the time
the ERA-Interim production started. This aspect will be ioyed in the forthcoming reanalysis production.

2.2 Temperature

Temperature (and water vapour) analyses are mostly coredréhrough the assimilation of radiances obser-
vations and a number of in-situ observations. The obsenvatperator used for simulating satellite radiance
observations in ERA-Interim is based on RTTOV version 7 cllincorporates the fast transmittance model de-
scribed byMatricardi et al(2004). This represents a largely improved version of the RTTQ)ative transfer
model. Matricardi et al.(2004) showed, for example, that the differences between fasteirand line-by-line
calculations of transmittances are greatly reduced atrefisure levels when using RTTOV-7. Improvements
in the treatment of surface emissivity allowed a better @xaion of many surface and near-surface peak-
ing channels over land. The adaptive bias correction agpptieall radiance observations greatly improved
the consistency in time and homogeneity of the ERA-Inteemperature and water vapour analyses. This is
particularly the case in the troposphere and lower stragrgp Systematic discrepancies between analyses pro-
duced with observations from different satellite instrumsestill remain in the middle and upper stratosphere,
and mesosphere. This is a consequence of the limited aNigjladd observations that can be used as a refer-
ence to correct for the upper stratospheric biakebéyashi et a).2009. A further improvement, particularly

in the ERA-Interim stratospheric temperature analysesured in 2006 when the assimilation of GPS radio
occultation data started.

Overall, the tropospheric and lower stratospheric tentpegaanalyses are expected to be affected by small bi-
ases, typically less than 1K. Larger biases should insteakpected in the upper stratosphere and mesosphere.

2.3 Water Vapour

As in the case of temperature, also the water vapour anagyrgesiainly constrained by the assimilation of
humidity sensitive radiances. Compared with the previ@amalysis production, ERA-40, the ERA-Interim
humidity analyses are based on a completely revised huymadialysis scheme that was developedHiim
(2003. The new scheme involves a nonlinear transformation ohthmaidity control variable to have nearly
Gaussian humidity background errors. Humidity observatiare not accurate enough to produce sensible anal-
ysis increments in the stratosphere. As a consequencediyimicrements are not allowed in the stratosphere
realised by prescribing very small humidity backgrounaesiabove the diagnosed tropopause. An account of
the modifications to the formulation of the humidity anadyaind its impact on the assimilation of humidity-
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sensitive observations, from conventional as well as Igatéhstruments, is presented yndersson et al.
(2005H. That study showed through comparison with in-situ datd the model’s performance with respect
to boundary layer humidity, which provides the largest dbation to the total column water vapour, is often
within the absolute accuracy of most current humidity obisgr systems (around 5% in relative humidity).

3 Matching criterion and diagnostic tools

The comparisons with all the ENVISAT observations made dgbhesame matching criteria. The 3D ERA-

Interim analysis closest in time to the independent measemés was interpolated to the observation location.
Based on this criterion and given the availability of fouralses per day (at 00, 06, 12, and 18 UTC), a
temporal mismatch of up to 3 hours between observation tinteamalysis valid time should be expected.
Then, the ERA-Interim analysis profiles and the observatimere interpolated on a common vertical grid

(with pressure levels at [0.18, 0.25, 0.5, 0.72, 1, 1.3,4,.8,5, 3, 5, 7, 10, 13, 15, 20, 30, 41, 52, 70, 100, 150,
200, 300, 385]hPa).

The results are presented in terms of mean absolute aniyealasiduals (RRs) computed between the inde-
pendent observatigr)(@bs) and its reanalysis equivalerX§') over the whole period of data availability. The
mean (indicated by)) RRs were calculated as follows:

XObs_xEI
RR = 100x —— 55— 1)
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4 Validation of MIPAS profiles

MIPAS was a Fourier transform spectrometer for the deteaifdimb emission spectra in the middle and upper
atmosphere. Because it observed a wide spectral intem@alghout the mid infrared (from 4.1m to 14.6
um) at high spectral resolution, MIPAS could detect and spégtresolve a large number of emission features
of atmospheric minor constituents, thus playing a maja imolatmospheric chemistry. MIPAS was one of the
first ENVISAT instruments to be fully operational after ttmihch, providing very high quality observations,
and NRT MIPAS ozone profiles (MUINLE_2P) were actively assimilated at ECMWF from October 2003
until the end of March 20040ethof 2004 when due to instrumental problems the instrument had to be
switched off. Operations could only be resumed in Januafb2@hen the original high spectral resolution
was reduced from 0.025 cmito 0.0625 cmt. The reduction in the spectral resolution led to a propogio
reduction in the measurement time from 4.5 seconds to 1dhdscthat was exploited to increase the number
of measured spectra in each scan in order to have a fineralditibd grid in the upper troposphere and lower
stratosphere (UTLS), and an altitude range coverage from tkm. The reduction in the measurement
time coming from the use of a lower spectral resolution aésuited in a reduced horizontal spacing between
two contiguous limb scan measurements. Originally, opmratwere also restricted to operate MIPAS with a
reduced duty cycle<50%, then relaxed to 60%). Based upon the instrument rétialit SA decided to restart
the MIPAS operations at 100% duty cycle in December 2007. ¢éVew because of completely independent
issues, the production of the Level 2 data was further ddlaged fully resumed only at the beginning of 2011.
After a number of assimilation experiments confirmed theialf these observations, ECMWF restarted the
operational assimilation of MIPAS ozone profiles on 8 Decen?011. Preliminary results from that study
were already discussed Dragani(2012), while results from an extension of it are presented inise@ of

this report. Here, the focus is on the validation of the repssed o0zone, temperature and water vapour profiles
retrieved from the MIPAS instrument (version 6) againstrtbellocated ERA-Interim reanalyses.

4.1 The reprocessed ozone profiles

Figure 1 shows the seasonal mean differences between MIPAS anccatetbERA-Interim ozone analyses
during the ENVISAT lifetime (2002-2012). Absolute differees are plotted to the left; relative differences
computed according to equati@mre presented on the right panels. Each row refers to apartgeason across
the ten year lifetime of ENVISAT: (from the top to bottom) @eaber-January-February (DJF), March-April-
May (MAM), June-July-August (JJA), and September-Octadevember (SON). The vertical stripes in figure

1 are due to the combined plotting of several years togetheav@rage, MIPAS ozone profiles exhibit higher
ozone values than their ERA-Interim ozone equivalent atheosls, latitudes, and four seasons. These results
confirm the outcome of the VALID studyén Gijse] 2011) that showed MIPAS ozone profiles could exhibit up
to 8% higher ozone concentrations than collocated lidarsomements. In the comparisons with ERA-Interim,
the largest differences are found in the tropics in the regibthe ozone mixing ratio maximum between 10
and 20 hPa, where MIPAS ozone values are on average 1 ppmut (E@fb) higher than their ERA-Interim
equivalent. Dragani(201Q 2011) showed that, although the vertical distribution of thepical ERA-Interim
ozone analyses well compared with independent data, thewval the peak are often underestimated. The plots
also show that on average at pressure levels smaller thaRda thk MIPAS minus ERA-Interim differences are
within £10%. In the lower stratosphere these differences are positid normally larger, particularly in the
tropics where they can reach +30%.

Figure 2 shows the standard deviation of the seasonal mean diffeseplotted in figurel (left panels). In
general, these standard deviations are largest at higides in the winter stratosphere where the ERA-Interim
ozone analyses are least constrained due to lack of ozorevaliens. During spring/autumn time, the largest
standard deviation values are limited to a shallow layerhm riegion of the ozone mixing ratio maximum
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between 10 and 20 hPa where they can be as large as 1.5 ppm (10%
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Figure 1: Seasonal mean difference between MIPAS and co-located ERAm 0zone analyses during the ENVISAT lifetime (2002-
2012). Absolute differences are plotted to the left; rekaiilifferences computed with respect to the MIPAS obsenstire presented
on the right panels. Each row refers to a particular seasdror( the top to bottom) DJF, MAM, JJA, SON. Data are in massngix
ratio (left) and % (right), respectively.
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Figure 2: Standard deviation of the seasonal mean difference beth#BAS and co-located ERA-Interim ozone analyses during
the ENVISAT lifetime (2002-2012). Each panel refers to dipalar season: DJF and MAM on the top row (left and right psne
respectively), JJA and SON on the bottom row (left and rigimigts, respectively). Data are in mass mixing ratio.

Figure3 shows the pressure-time mean differences between MIPASqrofiles and their ERA-Iterim equiv-
alent averaged over three latitudinal bands (the tropidseaira-tropics). In the northern hemisphere, the M-
PAS minus ERA-Interim mean residuals appear small (less thapmm) at all vertical levels and during the
whole lifetime of ENVISAT. In the tropics, the mean residuialre positive, i.e. MIPAS shows higher ozone
values than ERA-Interim. This is particularly the case ia titopical region between 10 and 30 hPa where the
o0zone mixing ratio peaks during the years 2005-2007, wineredsiduals are as large as 3 ppmm. This reduced
level of agreement between observations and reanalysiélig dlue to the changes in the ozone observing
system assimilated in ERA-Interim. The ozone reanalysegfiited from the assimilation of GOME ozone
profiles until December 2002, then from the assimilation dPAS ozone profiles between 2003 and March
2004 (the comparisons for this period cannot be regardettlapéndent), and since 2008 from the assimilation
of MLS ozone profiles. The assimilation of all these verticatsolved ozone products led to improvements
in the vertical distribution of ozone. In the southern hgrhire extra-tropics, MIPAS shows slightly smaller
ozone concentrations than ERA-Interim in the region abbgezone maximum during the winter months, and
higher concentrations at the maximum region or just belaitng the summer/fall months.

Figure 4 presents the latitude-time mean differences between MI@A&e profiles and their ERA-Iterim
equivalent at four pressure levels in the stratospheresd faur stratospheric pressure levels were selected as
follows: one level at 10 hPa, near the typical ozone volumengiratio maximum; one level above and one
level below the ozone maximum, at 5 and 30 hPa, respectigely; finally, one level in the lower stratosphere
at 65 hPa. These levels correspond to the four pressures levetplotted in figure. Figure4 confirms the
large differences in the tropics, particularly between®2@6d 2007, as well as negative ozone differences at
mid and high latitudes in the SH during the winter months ahP@. This is a consequence of the lack of
any ozone observation at high latitudes in the winter hengsp The level of agreement between MIPAS and
ERA-Interim improves after the assimilation of MLS ozoneffles started in reanalysis.
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levels. Data are in mass mixing ratio.
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Figure 4: Latitude-time cross-sections of the zonal medfe@ince between MIPAS ozone profiles and co-located ERA-
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mass mixing ratio.
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4.2 The reprocessed temperature profiles

The seasonal mean differences between MIPAS and co-loE&R@&dinterim temperature analyses (left panels)
and their standard deviations (right panels) during the BT lifetime (2002-2012) are plotted in figure
5. On average, MIPAS temperature profiles are colder tham ERA-Interim temperature equivalent at all
latitudes and seasons in the UTLS region and normally in diesil stratosphere at mid and high latitudes,
where the differences are up to about 1K. In the tropical fastratosphere MIPAS exhibits higher temperature
than ERA-Interim, with differences of less than 2K (about)1%t all latitudes and seasons in the upper
stratosphere, the temperature differences are normatdiifiyio (the MIPAS temperatures are higher than the
ERA-Interim temperatures) with differences of 4-5K. Abdhe stratopause, this behaviour is reverted with
MIPAS being up to 5K colder than ERA-Interim. The standardiakon of the seasonal mean differences (left
panels of figureb) are generally about 2K at most levels and latitudes, asagedeasons.
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Figure 5: Seasonal mean difference between MIPAS and @ddERA-Interim temperature analyses (left panels) and
the standard deviations of the differences during the EMVI8fetime (2002-2012). Each row refers to a particular
season: (from the top to bottom) DJF, MAM, JJA, SON. Data @u€.i
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Figures6 and7 show the pressure-time and latitude-time cross-sectibtteeawonal mean difference between
MIPAS temperature profiles and co-located ERA-Interim ysed. The time series plots confirm the results
of figure 5. The MIPAS temperatures are normally warmer than their BRArim equivalent in the tropics,
with differences up to 2 K. In the extra-tropics, the MIPASgeratures are typically colder than ERA-Interim
in the lower stratosphere and warmer in the middle and upgpeiosphere, where the largest residuals can be
as large as 5K in wintertime just below the stratopause. &btyuthe quality of the ERA-Interim temperature
analyses is lower at these level than in the tropospherecavet lstratosphere, because the amount of available
observations to constrain the analyses decrease subbjamas the number of observations to be used to anchor
the bias correction. In the upper troposphere, the MIPASUBMEBRA-Interim temperature residuals are also
large and up to -5K in places. This is most likely due to larggshin the MIPAS data. Although MIPAS
observations can extend down to 6 km altitude, they are agdifor the study of the stratosphefeafli et al,
2012.

In the lower stratosphere from 30 down to 65 hPa, the MIPASyature appears to be about 1K colder
than the ERA-Interim stratospheric temperature duringeviat high latitudes (bottom two panels in figube
Figure7 also shows a clear jump in the time homaogeneity of the MIPASpErature dataset between the first
two years and the following years from 2005 to 2012. This iigalarly evident in the middle stratosphere at
5and 10 hPa.

Overall, the mean residuals between the MIPAS temperatuettee ERA-Interim temperature analyses are
within +1% in the stratosphere.
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4.3 The reprocessed water vapour profiles

The comparison between the MIPAS water vapour and their BERéim equivalent can only provide an indi-
cation of the quality of the dataset. That is because whilBA#B observations are optimized for the study of
the stratosphere, and they normally show large biases iapper troposphere, the ERA-Interim water vapour
analyses may be better constrained in the troposphererttiaa stratosphere. As anticipated above, the humid-
ity scheme used in ERA-Interim does not allow the obseraatiogenerate any increment in the stratosphere
by having very small humidity background errors. Therefdine vertical range over which both MIPAS and
the ERA-Interim water vapour datasets can be compared ietino a layer across the tropopause.

Around the tropopause, the residuals between MIPAS and EfRe&im water vapour are normally within
+10% (figure8). In the upper troposphere between 300 and 150 hPa, the veadeur residuals are negative
and tipically between 30 to 50%. In this region, the standfedation of the departures are also very large,
larger than 100% in places (right panels of fig8)e
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Figure 8: Like in figure5, but for the water vapour normalised to the ERA-Interim gsak. Data are in %.
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Figure9 show large differences in the upper stratosphere, paatiguin winter time. The latitude-time cross-
sections of the water vapour residuals at four levels in the®Jregion (65, 85, 100, 115 hPa) are presented in
figure10. Though, the quality of the ERA-Interim water vapour anay/is questionable at some of these levels,
a discontinuity after the instrumental problem of 2004 carséen in the water vapour dataset, particularly in
the lower stratosphere (top two panels in figliG.

Overall, the region of the atmosphere where the comparistwden the MIPAS water vapour profiles and
their ERA-Interim equivalent can provide a fair indicatiohthe data quality is limited to a layer around the
tropopause. In that region, the level of agreement betwbsargations and analyses is within 10%. Elsewhere,
the differences are much larger than 10%.
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Figure 9: Pressure-time cross-sections of the zonal meff@rdince between MIPAS water vapour profiles and co-located
ERA-Interim analyses averaged over three latitudinal lzaridhta are in mg/kg.
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5 The SCIAMACHY reprocessed dataset

SCIAMACHY (SCanning Imaging Absorption SpectroMeter famfospheric CHartographYBurrows et al,
1988 was one of the atmospheric instruments on the ENVISAT IgateT he main scientific objective of SCIA-
MACHY was to measure sunlight transmitted, reflected anttexeal by the Earth’s atmosphere or surface in
the ultraviolet, visible and near infrared wavelength oegi240-2380 nm) at moderate spectral resolution (0.2
nm - 1.5 nm) in order to derive global distributions of a humbé&atmospheric chemical species. SCIA-
MACHY measurements were performed in three viewing modasiirnlimb and occultation. Depending on
the measurement mode, global coverage could be achievhih\8ito 6 days, e.g. nadir measurements pro-
vided global coverage in about 6 days. Nadir UV/visible nuieasients provide global column distributions of
O3, NO,, BrO, SQ, OCIO and HO, as well as cloud and aerosol parameters. Nadir infrarexsanements
are used to generate column distributions of CO. Limb oladems provide vertical stratospheric profiles of
O3, NO, and BrO for UV/visible wavelength range.

Total column ozone from the nadir measurements were agtagdimilated in the ERA-Interim production,
and therefore their comparison with ERA-Interim cannotdmarded as an indipendent validation.

In this report, the focus is instead on the ozone profileseratd from the limb observations. These data
were not available in NRT and therefore their quality coutdler be characterised against the ECMWF ozone
analyses. The dataset was reprocessed for the whole ENVif@fine with version 5.02 of the IPF algorithm.
The off-line limb processor uses SCIAMACHY limb spectrahiit the 15 to 40 km tangent height range and
a 3.3 km vertical resolution. Above about 40 km the sensjtitd Oz becomes too small due to the small
optical depths of these species. Below about 15 km, thetsétysis strongly reduced because the atmosphere
becomes optically thick in limb viewing mode. The lowestgant height used for the retrieval is determined
by the highest cloud free measurement from the Limb cloudycb This means that the retrieval starts at the
first cloud free measurement. If no clouds are detectedeg the the standard minimum height. Because of the
limited sensitivity to ozone in limb mode below 15 km and abd® km, the retrieval errors are considerably
higher in these regions.

The height-resolved ozone product is provided in both ngixitio and number density formats. The present
study made use of the former as the ERA-Interim reanalysealso available as mixing ratio.

Figureslland12 show the pressure-time cross-sections of the zonal mei@netite between SCIAMACHY
limb ozone profiles and co-located ERA-Interim ozone ared\ys/eraged over the tropics and the extra-tropics
in absolute and relative values, respectively. Accordimghte data disclaimer, the usable vertical range of
SCIAMACHY limb ozone profiles is that within the two horizattsolid lines. In this region of the atmosphere
the level of agreement between SCIAMACHY limb retrievald #mee ERA-Interim ozone analyses are normally
within +20% in the extra-tropics. Here, the residuals are normadlyative (positive) in the upper (lower)
stratosphere indicating higher (lower) ozone values imghealyses than in SCIAMACHY. Outside this vertical
range, the extra-tropical residuals show larger positieg/étive) values below (above) the usable vertical range.
In the tropics, large residuals are found in the region ofdhene maximum mixing ratio at 10hPa. Such
differences are often larger than 100%. Such large negegsi€uals (up to -9 ppmm) are in clear contrast
with the comparisons with MIPAS ozone profiles that showestieiad positive residuals at 10 hPa up to about
+3ppmm.

The reason for such a discrepancy is not at all clear. Arainitalidation of the version 5.01 ozone profiles

found ozone biases in the tropics as large as 23% when cochwétein-situ data. However, these differences

were localised around 18 km, roughly 75hPa rather than ad0Hhlere, two hypotheses are made that could
have produced this result. Neither of them, however, cata@gxthe reason why these large differences can
be mostly found around 10 hPa in the tropics. One hypothedisat these differences could partly be due
to the SCIAMACHY data being used as volume mixing ratio iast®@f number density profile information.
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The problem is that the calculation of the volume mixingaaiofile information needs additional information
about the real pressure and temperature distributionstheasé are not fully provided in the product, but are
taken from the McLinden climatology, as for tlepriori. It is possible that the use of climatological, rather
than flow-dependent information in the converversion frammber density profiles into their corresponding
mixing ratio profiles could have led to large biases, andcédie in particular the region of the ozone volume
mixing ratio maximum at 10hPa. Additionally, it seems that profile retrievals are computed without prior
correction for tangent height errors in the Level 1b-2 pssamy step. This could also have introduced errors in
the vertical coordinate that is used when deriving the aladien equivalent from ERA-Interim. It is unclear if
such errors could have a dependence on the vertical regithre @tmosphere, and therefore be larger at some
levels than at others. On the model side, the tropical ER&¥rim ozone analyses although show a good ozone
vertical distribution with well vertically localised ozermaximum, the actual values are often not very well
captured. Comparisons with a number of different indepehdeone observations showed that the tropical
ERA-Interim ozone analyses at 10 hPa are normally withiifd% from the measurement®raganj 2011),

and therefore much smaller than what is indicated by the emisgns with SCIAMACHY.

Figurel3refers to the latitude-time cross-sections of the zonalmagéerence between MIPAS ozone profiles
and co-located ERA-Interim analyses at four pressureddanahe stratosphere. With the exception of 65 hPa,
all the other levels should be within the SCIAMACHY usabletieal range. These plots confirm the large
negative differences around 10 hPa discussed above. At&QthirRd panel from the top) the SCIAMACHY
minus ERA-Interim differences are normally positive in thepics and slightly negative in the extra-tropics.
At this level, it is clear that the level of agreement betwdem observations and reanalyses varied during
the ten year lifetime of ENVISAT, with a better agreementidgr2003 to spring 2004, and then again from
2008 onwards. This is a consequence of changes in the ozeeevoly system used in ERA-Interim. The
ozone reanalyses benefitted from the assimilation of MIPA&he profiles in 2003 till March 2004 when the
instrument had to be switched off, and since 2008 from thiendlssion of MLS ozone profiles. The assimilation
of these two limb instruments helped improve the distrioutf the ozone analyses, particularly in the tropics
between 10 and 30 hPa. Because the relative differencegaréavge at 10 hPa, the level of agreement hardly
shows any difference during the ten years under assessmentansequence of the changes in the ozone
observing system assimilated in ERA-Interim.

In the upper stratosphere (5hPa), the level of agreementbetreanalyses and observations is good with very
small biases. In the lower stratosphere (65hPa), the agmtdmalso reasonably good at midlatitudes, while in

the tropics these biases are larger than 50%. It should leel tioat this level is just outside the usable range in

the tropics that starts from about 56hPa. At 65hPa, largeebiare also seen at high latitudes in the SH during
winter. Although not to the extent showed in this comparjgtie problem at these latitudes and time of the

year is partly due to inaccuracy in the ozone analyses thvatlbeas constraints than in other periods of the year,
and partly due to the observations that according to thedistéaimer should not be used at large solar zenith
angles.
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6 One year assimilation of NRT MIPAS ozone profiles

Dragani(2012 reported on preliminary results from an assimilation gtofiNRT MIPAS ozone profiles in
the ECMWF weather forecasting system. The results fromghaty clearly showed that till the end of the
ENVISAT mission MIPAS provided high quality observatiommst could substantially improve the distribution
of the stratospheric ozone analyses. For that study, tveoasegxperiments were performed. In the first set,
MIPAS ozone profiles were assimilated in the ECMWF data akilon system run at two different resolutions
(T255 and T799) to assess the impact of the model resolutidrirairectly the representivity error that comes
from not accounting for the observation horizontal smoughi The results showed that although the model
resolution is an important factor - the higher the modelltggm the worse the agreement of the ozone analyses
with independent observations - the improvements to thieceédistribution of the ozone analyses produced
by the MIPAS assimilation were by far more important and tatigal. The second set of experiments was
performed 1) to assess the potential synergy of MIPAS ozooiilgs with ozone-sensitive radiances in the IR
spectral range (that started operationally with cycle GY30n 15 Novemebr 2011), and 2) to identify the
set-up for the ozone bias correction. The results showedyaga®d synergy between the IR ozone channels,
MIPAS and the UV ozone products. The analysis of both setgmé@ments neither showed negative impact
on the fit to other observations and their bias corrections ardegradation on the ECMWF forecasts scores.
Based on these results, the assimilation of the NRT MIPAS@zwofiles was restarted on 8 December 2011.

We now report on the final test that was performed using a @agtpng record of NRT MIPAS ozone profiles
to assess the long term and seasonal impact of these olizesvathis is an important step towards a potential
assimilation of the MIPAS reprocessed ozone profiles indhd€oming reanalysis production that will replace
the current ERA-Interim reanalyses. The results preseigdalv were run at a T511 horizontal truncation
and on the standard 91 vertical levels during the period fidanch 2011 to February 2012. The results are
presented in terms of seasonal averages for the periodshMamil-May (MAM), June-July-August (JJA),
September-October-November (SON) 2011, and DecemberXfiary-February 2012 (DJF).

To assess the impact of assimilating MIPAS ozone profilehinECMWF system we have compared the
ozone analyses obtained from two experiments - a controlhidwh the same set-up and assimilated the same
observations as the operational weather forecastingraydiat used a lower horizontal resolution, and an
experiment that also assimilated MIPAS ozone profiles -regdLS and sonde ozone profiles. These ozone
profiles are not assimilated in the two experiments and sadhgarisons provide an independent validation
of the quality of the analyses.

Figure 14 shows the mean differences between MLS and the analysestli®igontrol (left) and MIPAS ex-
periment (right), respectively. Each panel refers to sediifit season as discussed above. At all latitudes and
seasons, the assimilation of MIPAS ozone profiles improlesagreement between the corresponding analy-
ses and the MLS ozone profiles. Furthermore, small redigiiothe standard deviations of the MLS minus
collocated analyses can also be seen when MIPAS obsersaieractively used (figurkb).

Table 1 provides a summary table of the minimum, maximum and globaamvalues of the MLS minus
analysis differences and their standard deviations mlattéiguresl4 and15, respectively.

Comparisons with ozone sondes retrieved from the World ®@zod UV Data Centre (WOUDC) archive are
presented in figure$6 to 20. The root mean square (RMS) fit to the ozone sondes are ademge five
latitudinal bands, the tropics, the NH and SH midlatitudes] the NH and SH high latitudes and for the four
seasons as above. When the MIPAS ozone profiles are asethithie ozone analyses show an improved
agreement with ozone sondes in the troposphere and at matstsgiheric levels although in some cases the
number of available profiles is likely to be too low to make tksults statistically significant. Particularly
noticeable is the improved fit at mid and high latitudes intibth hemispheres (figurd$to 19) at most levels

in the stratosphere and upper troposphere. In the tropgs€f20), the assimilation of MIPAS ozone profiles
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helps improving the characterisation of the ozone analiystte region of the ozone maximum.
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Figure 14: Seasonal mean difference between the (v2.2) MbBeoprofiles and the co-located ozone analyses computed
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Figure 15: Like in figurel4, but for the standard deviation of the MLS minus ozone arstliferences.
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CCECMWF

Residuals Standard deviation

Experiment | Min Mean Max | Min Mean Max
CTRL -2.268 -0.016 1.770 0.054 0.584 1.519
Exp/MIPAS | -2.077 0.007 1.855% 0.053 0.555 1.4272
CTRL -1.534  -0.077 1.289 0.048 0.616 2.397%
Exp/MIPAS | -1.268  -0.019 1.292 0.047 0.584 1.897
CTRL -2.433  -0.030 1.264 0.058 0.658 1.987%
Exp/MIPAS || -2.394 -1.510% 1.529| 0.061 0.629 1.427
CTRL -1.105 0.003 2.017 0.056 0.606 1.779
Exp/MIPAS | -0.918 0.032 2.024 0.056 0.575 1.719

Table 1: Summary of the minimum, maximum, and global mearesaif the MLS minus analysis residuals and their
standard deviations computed for the two experiments (CAIRLExp/MIPAS) and the four periods displayed in figures
14and15.
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Figure 17: Like in figurel6, but for the high latitudes in the southern hemisphere.
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Figure 18: Like in figure16, but for the midlatitudes in the northern hemisphere.
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Figure 19: Like in figure16, but for the midlatitudes in the southern hemisphere.
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Figure 20: Like in figure16, but for the tropics.
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7 Conclusions

Under the ESA contract 21519/08/I-OL (Technical supportdimbal validation of Envisat data products),
ECMWEF routinely monitored NRT products retrieved from theee atmospheric instruments on board EN-
VISAT within its operational assimilation system. Theseducts consisted of ozone, temperature, and water
vapour profiles from MIPAS and GOMOS, as well as total coluraore retrieved from the SCIAMACHY
nadir measurements. With the sudden lost of the ENVISATIIgaten 8 April 2012, the ECMWF activity
was readdressed to validate the newly available reprodetsasets from these instruments against the latest
ECMWEF reanalysis production, ERA-Interim. The validataxtivity focussed on the ozone, temperature, and
water vapour profiles reprocessed from the almost ten-yeasarements of the MIPAS instrument, and ozone
profiles retrieved from the limb measurements of SCIAMACHNe reprocessed total column ozone retrievals
from the SCIAMACHY nadir observations were not assessethagthe ERA-Interim reanalyses as the NRT
version of those retrievals were assimilated in the ERA+int production, and so a comparison could not
provide an independent validation. The quality of the GOM®&ocessed dataset could not be assessed as it
was publicly released in its final form only in the second loalbecember 2012.

The reprocessed MIPAS ozone profiles exhibit higher ozohgesgahan their ERA-Interim ozone equivalent
at most levels, latitudes, and seasons. These results direiwith the outcome of the VALID study that
showed MIPAS ozone profiles have up to 8% higher ozone coratamts than collocated lidar measurements.
In the comparisons with ERA-Interim, the largest differesmi@re found in the tropics in the region of the ozone
mixing ratio maximum between 10 and 20 hPa, where MIPAS oz@hges are on average 1 ppmm higher
than their ERA-Interim equivalent. At pressure levels darahan 15 hPa, the MIPAS minus ERA-Interim
differences are typically withint10%. In the lower stratosphere these differences are y@sitid normally
larger, particularly in the tropics where they can reacliealas large as +30%.

MIPAS temperature profiles are colder than their ERA-Imbetémperature equivalent at all latitudes and sea-
sons in the UTLS region and often in the lower stratospheraidtand high latitudes, where the differences
are up to about 1K. In the tropical lower stratosphere MIPARilEts higher temperature values than ERA-
Interim, with differences of up to about 2K (about 1%). Atlaliitudes and seasons in the upper stratosphere,
the temperature differences are normally positive (theABemperatures are higher than the ERA-Interim
temperatures) with differences of 4-5K. Above the stratigeathis behaviour is inverted with MIPAS being up
to 5K colder than ERA-Interim. Arguably the quality of the Efnterim temperature analyses is lower at these
levels than in the troposphere and lower stratospherepubedhe amount of available observations to constrain
the analyses decrease substantially, as does the numbesasf/ations used to anchor the bias correction. In
the upper troposphere, the MIPAS minus ERA-Interim temjpeearesiduals are also large and up to -5K in
places. This is most likely due to large bias in the MIPAS dafthough MIPAS observations extend down to

6 km altitude, they are optimized for the study of the stialese. The standard deviation of the seasonal mean
differences are generally about 2K at most levels and tguas well as seasons.

The comparison between the MIPAS water vapour and their BERérim equivalent can only provide an indi-
cation of the quality of this dataset. That is because whilBA% observations are optimized for the study of
the stratosphere, and they normally show large biases inpper troposphere, the ERA-Interim water vapour
analyses may be better constrained in the troposphere rihtée istratosphere. The humidity scheme used in
ERA-Interim does not allow the observations to generateements in the stratosphere. This is achieved by
imposing very small humidity background errors in the sisphere. Therefore, the vertical range over which
both MIPAS and the ERA-Interim water vapour datasets aialiel and thus comparable is limited to a layer
across the tropopause. In this layer, the residuals betiéeAS and ERA-Interim water vapour are normally
within +10%. In the upper troposphere between 300 and 150 hPa, tke vegour residuals are negative and
tipically about 30 to 50%. In this region, the standard déwviaof the departures are also very large, larger than
100% in places. Althogh the quality of the ERA-Interim watapour analyses is questionable in the mid and
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upper stratosphere, the comparisons at these levels shisaoamtinuity after the MIPAS instrumental problem
of 2004, which would suggest an impact of the spectral araymation time changes to the MIPAS settings on
this variable.

Comparisons between the SCIAMACHY limb ozone profiles aribcated ERA-Interim ozone analyses in the
range where the observations should be used (typicallydet\®0 and 40 km according to the data disclaimer)
show residuals within-20% in the extra-tropics. Here, the residuals are normadlyative (positive) in the
upper (lower) stratosphere indicating higher (lower) azealues in the reanalyses than in SCIAMACHY.
In the tropics, large residuals are found in the region ofdhene maximum mixing ratio at 10hPa. Such
differences are often larger than 100%. These large negdifferences (up to -9 ppmm) are in clear contrast
with the comparisons between MIPAS ozone profiles and thiecaied ERA-Interim ozone analyses that
showed instead positive residuals at 10 hPa up to about +#3ppwell as with comparisons with a number of
other datasets (MLS, SAGE, HALOE, sondes) presenteDragani(2010 2011). An initial validation of the
version 5.01 ozone profiles found ozone biases in the tr@sidarge as 23% when compared with in-situ data.
However, these differences where localised around 18 kaghly 75hPa rather than at 10hPa. Therefore, the
reason for such a discrepancy is not clear. Two hypotheses mwade that could have led to this result. One
hypothesis is that these differences could partly be dues&CIAMACHY data being used as volume mixing
ratio instead of number density profile information. Thewaation of the number density profile into volume
mixing ratio profile requires additional information abdiié pressure and temperature distributions, and these
are not fully provided in the product, but are taken from theLivMden climatology. Furthermore, it seems
that the SCIAMACHY limb retrievals are computed withoutgsrcorrection for tangent height errors in the
Level 1b-2 processing step. This could also have introdecemsts in the vertical coordinate that is used when
deriving the observation equivalent from the ERA-Interinooe analyses.

In addition to the ten-year validation of the reprocessddg#ds, a one-year assimilation study of the near real
time ozone profiles retrieved from MIPAS was also performiue study is important to quantify the long term
impact of assimilating these observations in the ECMWFesyisthat could be used as an initial assessment
in preparation for the forthcoming reanalysis productioat twill replace the current ERA-Interim reanalysis.
The period under consideration was March 2011 to Februat.2Two experiments were run using a lower
horizontal resolution version of the ECMWF weather for¢icgssystem. A control experiment was run as a
baseline and made use of all data used in the ECMWF high tesolsystem; a perturbed experiment also
assimilated the MIPAS ozone profiles. The impact of MIPAS wassessed by comparing the ozone analyses
from these two experiments against independent, unassedilbbzone data from ozone sondes and the MLS
instrument. The assimilation of MIPAS ozone profiles wasnigeémprove the level of agreement of the ozone
analyses with the independent datasets. At mid and higiudats in both hemispheres, improvements were
found at most levels in the upper troposphere and stratosple the tropics, they were limited to the region
of the ozone maximum. It is known that, although the tropiatical distribution of the ozone analyses show
well localised features (e.g. the ozone maximum peaks atighe vertical levels), the actual values can be
slightly underestimated. Based on these results, it isladed that the MIPAS ozone profiles provide valuable
information to constrain the vertical distribution of theome analyses both in the stratosphere and in the upper
troposphere and therefore the assimilation of the corratipg reprocessed dataset should be considered in the
forthcoming ECMWF reanalysis production.
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