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Assimilation of MERIS TCWYV over land cECMWF

Abstract

Experiments with the active assimilation of total columrtevavapour retrievals from Envisat MERIS ob-
servations have been performed at ECMWF focusing for thexsem2006 AMMA field campaign period.

A mechanism for data quality control, observation errorrdéfin and variational bias correction have been
developed so that the data can be safely treated within 4D other observations that are currently
assimilated in the operational system. While data densitiniited due to its restriction to daylight and
cloud-free conditions, a systematic impact on mean masinalysis was found with distinct regional and
seasonal features. The impact can last 1-2 days into thedstrbut has little impact on forecast accuracy
both in terms of moisture and dynamics. This is mainly expdiby the weak dynamic activity in the areas
of largest data impact. Evaluation with radiosonde obsemarevealed a strong dependence on radiosonde
type. Compared to Vaisala RS92 observations, the addifitfEdRIS total column water vapour observa-
tions produced neutral to positive impact while contraafigtresults were obtained when all radiosonde
types were used in generating the statistics. This higtditite issue of radiosonde moisture biases and the
importance of sonde bias correction in NWP.

1 Introduction

Satellite observation of moisture over land surfaces reguhe distinction between signal contributions from
the surface and those from the atmosphere. Since most ofrttespheric moisture is available in the lower
levels, the surface contribution to radiances measuretieatdp of the atmosphere is large. The accurate
modeling of surface emission requires knowledge of suréamissivity and surface skin temperature. Surface
emission largely depends on soil type, condition (e.g. wetrg), coverage and, depending on wavelength,
can undergo large diurnal and regional variations. In raéimic terms, skin temperature relates to the physical
temperature of the surface layer most of the radiation igtechirom, which may be the thinnest top-layer of
the surface for infrared wavelengths or deeper layers forowniaves.

Due to the difficulties associated with the radiative transhodeling of surface emission for radiance data
only radiometer channels with little surface contributime assimilated at ECMWF and most other Numeri-
cal Weather Prediction (NWP) centres. Tight first-guessadepe checks are applied to the active radiometer
channels to avoid aliasing erroneous surface emissioma&s into atmospheric increments. For moisture
over land surfaces, only Advanced Microwave Sounding UaIEU-B) and Microwave Humidity Sounder
(MHS) channels 3-4 are actively assimilated and with carsible data gaps where surface emission is con-
sidered uncertain. Improvement is expected from methodsidically deriving surface emissivity directly
from window channel observations and model skin tempesadnd using the derived emission for sounding
channels (Karbou et al. 2006, Krzeminski et al. 2008, Karbioal. 2009a, b).

Alternatively, active satellite data from water vapouslig or visible/near-infrared radiometer data may be used
if the instrument channel selection allows for differehtibsorption techniques to be applied. This technique
uses the difference of radiance measurements betweenboeilgdy wavelengths of which one is located in

a water vapour absorption band and the other in a window. rAsguthat the surface constribution varies
much weaker over the covered wavelength range, surfacetarudgheric constributions can be distinguished.
While water vapour differential absorption lidars haveyordached demonstration stage, a few radiometers are
actually in space which allow the application of differahtabsorption methods, namely the Medium Resolu-
tion Imaging Spectrometer (MERIS) onboard ESA's Envisat tire Global Ozone Monitoring Experiment-2
(GOME-2) onboard EUMETSAT'’s Metop satellites.

This paper summarizes the results from the implementafitEdR|S total column water (TCWV) retrievals in
the ECMWEF 4D-Var data assimilation system. The technicalémentation, the choices made for observation
sampling, quality control, error definition and bias coti@t are described in Sectidh Results from the
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analysis and forecast evluation are presented in Se8t&rd set into context with independent observational
data due to the limited availability of operationally agdile verification in those geographical areas where the
MERIS data produces the largest impact. The paper’s caonasigre produced in Sectighn

2 MERIS observations

MERIS is a medium-resolution radiometer with 15 channet$ grogrammable bandwidths in the visible and
near-infrared spectral range between 390 nm and 1,040 natiabgesolution of the radiance observations is
1,040 m x 1,200 m over oceans and 260 m x 300 m over land with thsmidth of 1,150 km which provides
global coverage over a period of 3 days. The level-2 prochat is received at ECMWEF in near-real time
has a coverage of 1,150 km x 17,500 km and is resampled by E®Aadipseudo satellite” projection along
the satellite track with a spatial resolution of 4.8 km x 4r8.kApart from the retrieved TCWYV, the product
contains cloud optical depth and cloud top height, meanead-pressure, wind speed, and information on
solar and observation geometry. The expected accuracyeoh#in level-2 products is 10% for cloud optical
depth and 20% for TCWV. The data has been received at ECMWr seiteral algorithm updates of which
only the latest version is considered in this study that leehlavailable since 2005.

The retrieval of TCWV is based on the differential absonmptas reflected solar radiation in two narrow-band
(10 nm wide) channels at 890 and 900 nm in the vicinity of a wad@our absorption line neauin (Bennartz

and Fischer 2001). Variations of surface bidirectionakbafince can be assumed negligible across this spectral
range and, over land surfaces, the magnitude of surfacetaaflee is sufficiently large to ensure a good signal-
to-noise ratio. This data is therefore only available dyfotal daytime and will only be used over land surfaces
in this study.

As part of an ESA-contract, MERIS TCWV is also monitored atMBEF outside the operational system. For
this purpose, Abdalla (2005) has introduced a spatial gusgeoperator and additional quality control indica-
tors related to the spatial statistical significance of MERdtrievals. Abdalla investigated global comparison
statistics noting general issues with the observatior@ywrt over oceans and the fact that various geographical
regions were found to be affected by systematic moisturferdifices. In the present paper, the observations
have been channeled through the operational data handitens though and they were treated like all other
satellite observations that are actively assimilated.

Experiments over various periods and with different mogeles have been run to test the set-up and to assess
the impact of MERIS TCWV observations. Here, only resultsrfithe latest version will be presented because
this version respresents the future operational configuratf model cycle 35R3 that includes the variational
bias correction for TCWV observations. A three month experit over the period July-September 2006 has
been run to cover the African Monsoon Multidisciplinary Ayses (AMMA) during which a field campaign
was performed in North-West Africa. In the course of the AMMAId campaigns additional ground-based
observations of TCWV have been made available which willded to the evaluation presented in this paper
at a later stage (see discussion in Sectipn

The model experiments have been run at 40 km spatial resol(fi511) and with 91 model levels in a 12-
hour 4D-Var configuration including the operational obgeg\system that was available in summer 2006. The
MERIS TCWYV observation sample size is about 800-1,000 elasiens per analysis. The data has been sub-
sampled to 0.5x 0.5° to avoid spatial correlation and to reduce data amount. erdienefit from this is that
observation sampling becomes more compatible with the hredelution of~40 km used in the non-linear
trajectory calculations and of 250, 150, and 100 km usederthiree inner loops of the 4D-Var minimization,
respectively.
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2.1 Screening and bias correction

In the subsequent analysis, only TCWV retrievals over laedewemployed in the absence of clouds. A first
cloud screening was applied based on the MERIS-derivedi@ptical depth product that is part of the TCWV
product. However, TCWV biases remained between ECMWF mpslictions and MERIS retrievals in the
vicinity of clouds so that another screening based on mddelds was applied. While model clouds are not
expected to be perfectly located, this two-step screensirgglboth observed and modelled clouds ensures the
assimilation of a safer product since model clouds with stitalid water contents tend to appear over larger
areas than actually observed.

When TCWYV departures between model first-guess and obaersa-G-departures) are analyzed with re-
spect to possible error sources, it was found that FG-dearare large for instrument scan angles above 35
degrees, possibly related to the instrument’s viewing itimms onboard the satellite. These were therefore
excluded from the subsequent analysis. No systematicgobbuld be found in FG-departures as a function
of reflection angle that is the angle between sun and sataibtrument measured in the reflection plane.

Figurel shows the dependence of FG-departures on the above, naraahasgle pscan, and reflection angle,
Prefl, as wellas TCWV. The latter indicates a small but systenzatimass dependent bias that can be corrected
as part of a bias-correction procedure. Initially, this wiasived through a static regression-type correction
based on TCWYV as the only predictor. With model cycle 35R8 Will be treated as part of the variational bias
correction scheme that is currently only applied to radisrat ECMWF (Dee 2005, Auligné et al. 2007). The
data shown in Figlc is already bias-corrected. The dashed line shows the fietsrhall mean remaining bias
indicating a successful bias correction.

Figure 2 shows the evolution of the first-guess and analysis demartas well as the bias correction over
the experiment’s period in the Northern hemisphere. Olshouhe data samples are rather low due to the
fact that these observations are only available duringimi@yaind in cloud-free conditions. This produces
weakly noisy statistics. However, in the Northern hemisphghere most observations are available the bias
correction performs well and produces nearly bias-freedapes with bias corrections slightly larger than 0.5
kgnT 2. Note that the bias correction needs about 1 month to spiif @ results for the Tropics and Southern
hemisphere are similar and are not shown here.

Lastly, as part of the data screening a FG-departure thikesheck of 8kg/m? was applied to avoid outliers.
After quality control, FG-departure standard deviatioresenvfound to be around 2Kg)/n.

Figure3 shows the distribution of the observations that were algtimesimilated in August 2006. Mean first-
guess departures are rather small given the above desdatitietdquality control. There are, however, a few
local extremes, for example near the equator in both Afrivéh South America (Fig3b). These originate,
however, from very small samples (FRg).

2.2 Observation errors

The remaining ingredient for assimilating the TCWYV reteksvis the observation error. Bennartz and Fischer
(2001) found an error standard deviation of Rd/m? when comparing the satellite retrievals to co-located
radiosondes. This corresponds well to our FG-departuragenGhe nature of TCWV error distribution a
relative error seems more appropriate than an absoluterseasure and therefore an independent error analysis
was performed. As already used for TCWV obtained from 1D+etnievals of SSM/I radiances in clouds and
precipitation (Bauer et al. 2006), the observation erros Warived from the spatial covariance statistics of
first-guess departures following the Hollingsworth and udeerg (1986) method.
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Figure 1: Histograms of first-guess departures as a funatibscan-angle (a), reflection angle (b) and TCWV (c). Dashed
line indicates linear fit to remaining bias. Data from Aug@606 with sample size of 53,000. Colours denote data density
with small values in blue and large values in red.

This method is based on the assumption that the observatienspatially uncorrelated so that, if spatial co-
variances are plotted as a function of observation separaistanced, the values ford > 0 only contain
background contributions while dt= 0 the values are composed of the sum of background and obisarva
contributions. This allows the separation of the two cdmiiions and leads to an error estimate of about 15% in
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Figure 2: Top panel: Time series of TCWV first-guess (red)amalysis (blue) departure standard deviations (solid) and
mean departures (dotted) as well as bias correction (blatki)e Northern hemisphere. Bottom panel: daily observatio
counts (green) and 4-day averages (black).

our data sample (see Figufe These errors combine retrieval and interpolation errdie latter stems from
the interpolation of model grid-point TCWYV to observati@tétion and is part of the representativeness error.

3 Impact

As mentioned before, several impact experiments have heefor 2006, 2007 and 2008 but only the one that
includes the variational bias correction will be preserterk in detail. The experiment was run as a T511L91
12-hour 4D-Var experiment and initialized with the opeyatil model/data. The variational bias correction
was initialized with zero coefficients and only the modelistfiguess TCWV serves as a bias predictor. As
described in Sectiof.], the bias correction requires about 1 month of spin-up stttiesevaluation will focus
on the last two months of the experiments that is Augustedeapéer 2006. A control experiment has been run
with the identical set-up as the MERIS experiment exceptiferactive assimilation of the data.
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Figure 3: Mean observed TCWV (a, units/kgf), mean first-guess departures (b, units K) and sample siz2.pelegree
grid-box (c). Data from August 2006 with sample size of 53,00

3.1 Mean fields

Figure 5a shows the mean TCWV analysis field from the control experti®meanalysis and the difference
between MERIS and control analyses (Figb, the 1-day and 3-day forecasts (Figbmeand d). The plots
focus on those areas of the globe where the largest impat¢teomoisture analysis has been observed. Note
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Figure 4: TCWV first-guess departure covariance as a funatioseparation distance.

that the difference plots refer to relative TCWV mean analggfference in percent.

The most obvious feature is that the areas of data impaasmond to regions with TCWV amounts below 30
kgnT? due to significant cloud occurrence in moister regimes. Salgpareas of rather systematic negative
TCWV signatures appear over South Africa, the Eastern fatbah Africa and, most of all, the Middle East.
MERIS data tends to add humidity in the Western part of NorfiicA and Western Australia. Some of these
signatures are still visible 3 days into the forecast andespond to regions with rather low moisture contents
and weak atmospheric dynamics.

In September 2006, the above impact has been weaker by a tddiwo or so (Figureg). From the other
experiments it was found that the areas of systematic digugmoistening are quite stable between years and
undergo significant seasonal variations. For illustratieigure 7 shows the same plot for January-February
2008 (this experiment has been run with model cycle 33R2 astdta bias correction). Here, MERIS data
reduces moisture in the analysis over the entire NortherhgfaAfrica and Central Asia while significant
moistening is observed just North of the ITCZ. Moisture eraents in both Australia and the Middle East are
negligible.

In summary, the MERIS TCWV observations produce significagtonal impact that is limited to areas with
little-to-moderate background moisture. It was also fotimat the MERIS moisture effect has little impact
on cloud generation or precipitation. Note that the areasysfematic impact also match the areas with high
data density shown in Figurgc). Only little impact was noticed over the North Americamtioent in all
experiments. This could be explained with the rather welist@ined moisture analysis by ground-based
observations. In South America only 2007 showed some infpatt MERIS data.

Figure8 displays the analysis difference of TCWV again (as showniguie 5) with mean wind increments
overlayed for August 2006. The humidity dipole over Northriéd could suggest an enhanced East-West
transport of moisture in support of the Easterly jet as welha enhanced transport of lower level moisture
from the Gulf of Guniea northwards into the ITCZ. However,amavind differences are fairly small between
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a) Analysis 00 UTC (20060801-20060831) b) AnaIyS|s 00 UTC (20060801-20060831)

Figure 5: Mean analysis TCWV (a) and mean difference betW@auTC analyses from experiment and control in % (b)
and between forecasts for day-1 (c), and day-3 (d) for petid®l August 2006. Hatched areas indicate where differences
are statistically significant at the 95%.

the two experiments. Given the mean intensity of the jet ofri0! at 600-700 hPa located at 15 degrees
Northern latitude, the additional MERIS TCWV observatia not seem to affect the mid-level dynamics.
At 850 hPa, some indication of additional moisture transfrom the ocean can be noted but, again, the wind
differences are rather small to draw a conclusion.

3.2 Performance evaluation

General observation statistics were generated from theehawdlyses from both MERIS and control experi-
ments and for the special areas of interest that are list&dbie1l. These areas refer to the regions where the
largest systematic impact on the moisture analysis have iheted when MERRIS observations were added to
the observing system. The observation statistics wergddrio radiosonde measurements of specific humidity
because most other data did not show much effect. Again,reslyts from after the completed bias correction
spin-up are shown that is August-September 2006.

Figures9 and10 show the fits for August 2006 and Figurgsand12 show the fits for September 2006. Sub-
panels (a) represent the statistics for the entire set @@ radiosondes while sub-panels (b) only show the
statistics for Vaisala RS92 radiosondes. The reason fodikiinction has been raised recently by investigations
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a) Analysis 00 UTC (20060901-20060930) b) Analysis 00 UTC (20060901- 20060930)
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Figure 6: As Figures for period 1-30 September 2006.

Table 1: Areas for which observation statistics were pragtliunits are degrees).

Area min. latitude max. latitude min. longitude max. longie
Australia -10.0 -45.0 110.0 160.0
Arabia 0.0 50.0 40.0 70.0
S.Africa -40.0 0.0 10.0 40.0
N.Africa 10.0 35.0 -10.0 30.0
S.America -40.0 0.0 -80.0 -30.0

related to possible (mainly dry) biases in humidity obstoves from radiosondes other than Vaisala RS92 in

West Africa during the AMMA field campaign (Agusti-Panaregtaal. 2009). These biases can be mostly

related to the way humidity is measured and sonde age, tliemental temperature and moisture as well as

radiative heating. Agusti-Panareda et al. found that mib&resonde types exhibited dry biases between 5-30%
and they developed a bias correction that is calibrated migtht-time Vaisala RS92 observations and that has
been verified with ground-based GPS TCWYV observations.

Indeed, Figurel3 indicates that a substantial mix of radiosonde types has hbeed in the areas that were
selected for the observation statistics over the seleatealsa Even near the coast-lines of Australia and in
Arabia older Vaisala sondes of the RS80-type have beenytplohile over Africa and South America mostly
other-than-RS92 sondes were used.
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a) AnaIyS|s 00 UTC (20080101- 20080228) b) Analysis 00 UTC (20080101-20080228)

70 EEE ] = e (10
(3 P =3y §> 5
56 < <¢,,‘_¢ . 3
42 ‘%ﬁ SRR E
28 EEdEicE qﬁ% .11
H : o RN =2 =
i A
7 4 % T ’
T 5
0 — a1 ._10

g PSR, %\é@“ﬁﬂ e

~ 5 IE - @V 5 ot %{/ =l B

i I3 W R, S coe | s 3

] 2 . ‘ T 2

. | e R N

4 -1 © TN e 1
o] 2 Sligfi’% on] 2
B -3 00.,0.9 -—/\iz’ -3
4 ._5 (74 = @ ©, % . 5
e -10 \. pR S [Ny o -10

Figure 7: As Figures for period 1 January - 28 February 2008.

Comparing the statistics in Figur@a and b as well as0a and b reveals that:

e OverAustraliaabout 80% of the data is contributed by Vaisala RS92 sond#yetrobservation-minus-

first guess/analysis biases are entirely different betvieeriwo samples while the standard deviations
are nearly identical. Since the model fields are the sametmdamples, only the observations from the
remaining sonde types can explain the difference. The &mlige exhibits a large negative observation
bias leading to negative observation-minus-model diffees while the Vaisala RS92 sample exhibits a
positive bias near the surface and almost no bias at levelgeabThe other notable feature is that the
MERIS experiment performs slightly better than the congsgderiment with respect to RS92 sondes and
much worse when all sondes are taken into account.

Over Arabia the above behaviour is also shown; however, biases remgitine but are about 50%

smaller for the Vaisala RS92 sample. Biases are slighthsator the MERIS experiment while standard
deviations are better.

The statistics ovebouth Africaresemble those over Arabia. Again, biases are reduced thisinase by
70%.

OverNorth Africa, the change of both biases and MERIS experiment perfornenedguite large. Notice-
able is that the observation-analysis biases are largettiizse for the first guess from both experiments

10
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teh

Figure 8: Mean TCWV analysis difference (Meris-controloeos in %) and wind analysis difference (arrows, reference
arrow length is 0.3 mis! for August 2006 at 700 hPa (top) and 850 hPa (bottom).

in the Vaisala RS92 sample. This indicates that the anadyais has been mostly driven by observations
other than Vaisala RS92 and that there has been actuallyt eomftict between sonde observations of
different kinds.

e OverSouth Americdhe Vaisala RS92 is only 20% of the total sample but stasigtie quite similar and
neutral between the two experiments.
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Figure 9: First-guess (solid) and analysis (dotted) fit tb(@l) and Vaisala RS92 (b) radiosonde specific humidity obser
vations over period 1-31 August 2006 for MERIS (black) androbexperiments (red) in Australia (top), Arabia (midylle
and South Africa (bottom).

Most of the above described features were found for both Augnd September (see Figurgand12) and
appear to represent rather fundamental features. In suynthase are the much smaller observation-model bi-
ases and much better performance of the MERIS experiment thieestatistics are limited to the best available
radiosonde types.

The above bias issue has been accounted for in the opetdB@MWF system as of model cycle CY32R3
(Vasiljevic et al. 2007). However, only statistics from RS@diosonde observations have been created from
2007 onwards so that the period investigated here is stiibuacted. This explains the above significant dif-
ferences in the observation statistics and further unteslthe need for moisture bias correction in radiosonde
data.

When forecast scores are calculated, no significant impatiteoadditional data can be noted in terms of
moisture, wind or temperature. This is independent of tliereace analysis that is used for the assessment.
The most obvious explanation is that MERIS TCWYV observatiare only available in hours of local daylight
and in cloud-free areas and that the main impact on the meistoalysis was seen in regions with little to
moderate TCWV contents in the atmosphere. Only in the dpiags, this impact lasted up to a few days into
the forecast mainly due to little atmospheric dynamic dgtiv
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Figure 10: As Figure9 for North Africa (top) and South America (bottom).

4 Conclusions

This paper describes the first implementation of the asafimil of total column water vapor retrievals from
MERIS over land surfaces in a global and operational NWPesystThe data is of rather good quality but,
due to the measurement principle, only available at locgtinie and in cloud-free conditions. Nonetheless,
MERIS total column water vapor retrievals over land contigban important observable that is only sparsely
available from other sensors. After the lifetime of MERI88ar products from, e.g., GOME-2 onboard Metop
will continue the data series so that this information sewan be considered an important contribution to the
moisture observing system for both operational NWP analgeel reanalysis efforts.

The impact of the data was found to be localized in arid to saidiregions and to produce systematic features
of mean drying and moistening in North and South Africa, 8oAinerica, Arabia and Australia. The mean
impact on regional moisture changes with season but isrrajfsematic on an inter-annual basis. While the
impact on mean analysis state was found to be significamc#st scores were not significantly affected due to
the lack of dynamic activity in areas with highest data dgnsi

The evaluation of analysis impact with radiosondes showdidtanct dependence on radiosonde type. Using
only Vaisala RS92 radiosondes, the impact of MERIS obsemnstwas found to be neutral to positive. If all
other sonde types were included, the entire observatiateirtas structures changed and revealed a negative
moisture bias that has been associated with other sonds ityplee past. The impact of MERIS observations
was found to be negative when all sonde types were used favtidaation, which could be interpreted such
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Figure 11: First-guess (solid) and analysis (dotted) fit #b (@) and Vaisala RS92 (b) radiosonde specific humidity
observations over period 1-30 September 2006 for MERISKpEnd control experiments (red) in Australia (top), Arabi
(middle) and South Africa (bottom).

that the MERIS observations are working against the negatimde moisture bias.

Currently, the experiment verification is being extendedviy further aspects: (1) the verification of model
moisture analyses with ground-based GPS observations $h Afieca over the 2006 AMMA field campaign
(see also Bock et al. 2007); (2) the parallel experimematiith enhanced data usage of AMSU-B/MHS
radiances over land surfaces (Karbou et al. 2009b) thatsteeproduce a very similar mean moisture analysis
impact as was seen from the experiments in this paper. Tispseta will be described in a forthcoming paper

in collaboration with Météo-France.

Future developments will attempt to produce a more balameatth between observation and model fields
through super-obbing to overcome the rather large disapa horizontal representativeness between the
two. Further, improvements to the quality control will béeatpted to reduce spurious cloud contamination
and it will be investigated if the bias correction scheme barenhanced through additional bias predictores

that will introduce a more adaptable air mass dependence.

Lastly, since this type of satellite observations is faulyique over land surfaces it is important to stress (1)
the requirement of near real-time availability of the latgilable product version and (2) the need for data
reprocessing with the latest algorithm version for NWP adgses to make the best use of the data over the
instrument’s lifetime.
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Figure 12: As Figurel 1 for North Africa (top) and South America (bottom).
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