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The ECMWEF re-analysis for the AMMA experiment SECMWF

Abstract

During the 2006 African Monsoon Multisdisciplinary Anaig$AMMA) field experiment an unprecedented
number of soundings were performed in West Africa. Howedag to technical problems many of these
soundings did not reach the Global Telecommunication 8ysted therefore they could not be included
in the operational Numerical Weather Prediction (NWP) wsed. This issue, together with the realisation
that there was a significant bias in the radiosonde humidé lto the conclusion that a re-analysis effort
was necessary. This re-analysis was performed at ECMWHgmathe wet monsoon season of 2006 from
May to September. The key features of the ECMWF AMMA re-asialyre presented, including the use of
a newer model version with improved physics, all the AMMAimbnde data available from the AMMA
database and a new radiosonde humidity bias correctiomeeh®ata impact experiments show that there is
a benefit from these observations, but also highlight largdehphysics biases over the Sahel which cause
a short lived impact of the observations on the model fotteCHse AMMA re-analysis is compared with
independent observations to investigate the biases iniffieeetht parts of the physics. In the framework of
the AMMA project, a hybrid dataset was developed to provithest estimate of the different terms of the
water cycle. This hybrid dataset is used to evaluate thedwgment achieved from the use of extra AMMA
observations and of a radiosonde humidity bias correctibiersie in the water cycle of the West African
monsoon. Finally, future model developments that offempsing improvements in the water cycle are
discussed.

1 Introduction

Defining the state of the atmosphere as initial conditioridogcasts is an important aspect of numerical weather
prediction (NWP). NWP systems use a forecast model to paipabe state of the atmosphere in time and con-
tinuously feed in observations to obtain so-called analysewell designed analysis system obtains an optimal
estimate of the atmospheric state as a blend between a ahge forecast (information propagated from previ-
ous observations) and current observations. The obsemgadire of different types ranging from conventional
observations such as radiosondes, pilot balloons, sudiaservations (SYNOP’s) to aircraft observations and
satellite data. Although satellite data is becoming insiregly important, it is still predominantly limited to
cloud free points and that over land no channels are usedhévattheir peak sensitivity in the lower tropo-
sphere due to uncertainty in the radiance contribution ftbensurface. Therefore radiosondes are still the
dominant information source to define the thermodynamicdymémic state of the atmosphere.

These atmospheric analyses, as a side product of NWP, gimesistent description of the atmosphere in time
and space on a defined grid. NWP analyses aim to be consigtarailthe available observations and therefore
are very popular for research, climate monitoring and diatia studies.

As part of the African Monsoon Multidisciplinary Analysi®\lMMA) project, a lot of effort was put into
improvements and enhancements of the radiosonde netwarkdret al., 2008 with several Special and In-
tensive Observing Periods (SOP and IOP) in 20Rédelspergeet al, 2006. Special attention was paid to the
telecommunication network (the Global Telecommunicafiystem, GTS) to ensure that all the observations
would reach the operational NWP centres in real time. ECMVEE tasked with the monitoring of the AMMA
radiosondes to ensure quality and to provide timely feedibacobservation problems. This was successful in
the sense that a lot more data was assimilated in the NWPhsydtean e.g. in 2005 (see Fid). However,
there were also intermittent failures of the data commuitinasystem, e.g. due to equipment failure, resulting
in data loss.

It was therefore decided to create a special archive of AMMd@iagsondes and to re-run the ECMWF data
assimilation and forecasting system. Because re-andlys&ther heavy on human and computer resources
(at ECMWEF a research data assimilation stream runs typicale day per day) it was decided to limit to the
period of 1 May 2006 to 30 September 2006. The advantage® &NMMA re-analysis are the following:
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e The maximum possible data coverage can be obtained, bedatzsavailability is not limited any more
to real time observations transmitted through the GTS.

e The observations are done at high vertical resolution, biyttoansmitted through the GTS at low resolu-
tion (so-called standard and characteristic levels). iRyais is an opportunity to insert the full observed
vertical resolution into the system.

e Since 2006, ECMWF has made substantial improvements toyters in particular to the model for-
mulation (e.g. to the convection scheme, S&sxhtoldet al, 2008 the land surface hydrology, see
Balsamoet al.; and to the radiation code, s&torcretteet al., 2008. These model changes are particu-
larly relevant for the tropics.

e Moisture budget studies are an important application faheis data, but it turned out that a number of
sonde stations show substantial biases in the moisturevalbems. Therefore it was decided to develop
a bias correction schemédusti-Panaredat al, 20099. This bias correction scheme is used in the
re-analysis.

e A substantial model change was implemented on 12-09-20@6 tvé introduction of a new cycle
(CY31R1, see sectiod for more details) which makes the operational analysis dessistent across
this date.

The purpose of this paper is to give a description of the ECM¥/Bnalysis for AMMA, including the main
improvements achieved by using an increased number ofsalite data and a radiosonde bias correction
scheme, as well as documenting the errors in the energy atedt tnadgets. A brief description of the data
assimilation system is given in secti@ Section3 presents the sounding data from West Africa used in the
AMMA re-analysis. An evaluation of the re-analysis is pied in sectiord for different aspects of the model
physics using the available observations and other elsabmoducts from AMMA. Finally, the biases found
in the evaluation are discussed in sectiaand future model developments with expected impact on thieses

are also presented. A summary of the main findings is giverdtian 6. The analysed parameters, available
to the users, are described in the Appendix.

2 The data assimilation system

The ECMWEF data assimilation and forecasting system is @dle Integrated Forecasting System (IFS). It
relies heavily on a forecast model to propagate the stateechtmosphere in time. For the re-analysis, T511
resolution is used (40 km resolution in grid point spacehvéii vertical levels. The lowest model level is
at about 10 m above the surface and the top of the model is ath®A. The distribution of model levels is
given in: http://www.ecmwf.int/products/data/techriicaodel levels/modeldef 91.html. The model is a state
of the art spectral model with a comprehensive physics ggeka describe subgrid processes. Full model
documentation is given in: http://www.ecmwf.int/resddifsdocs/CY 31rl/index.html

The AMMA re-analysis uses the CY32R3 version of the systenthvivas operational between 6-11-2007
and 3-06-2008. ECMWEF improves the operational system omgalae basis, so the most recent version of
the system was selected at the start of the re-analysis. Hire model changes with respect to the model
operational during the summer of 2006 are: (i) introductidice super saturatiolrfompkinset al.,, 2007), (ii)
new short wave radiation scheme and introduction of Mcl@G#oicretteet al., 2008, (iii) new land surface
hydrology Balsamoet al,, 20093, (iv) convection entrainment closure based on relativaillity rather than
moisture convergencaBéchtoldet al., 2008. Furthermore, major changes were made to the configurafion
the data assimilation system (3 outer loops instead of 2 &hblutions of T95, T159 and T255) and inclusion
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of a more comprehensive physics package for the linearorerdithe model. Also changes were made to the
assimilation of satellite radiances. The full list of chaaghat were made since the AMMA campaign in 2006
can be found in: http://www.ecmwf.int/products/dataliieical/modelid/index.html.

The data assimilation system is a 4D-VAR system working #h@@r time windows Rabieret al. (2000, see
Andersson and Thépau2008for a description). The basic principle is to do a model irg¢ign over a 12-
hour interval, to evaluate the distance of the model trajgcio the observationsl{), and to adjust the initial
condition iteratively in such a way that a cost function isimmised (Fig.2). As well as the observation term
Jo, the cost function also has a background tedg) (epresenting the distance of the initial condition to the
previous forecast or background and it includes a balanostiint. The solution is a weighted mean of the
observations and model background and the weights are lpjvéire background error covariance matrix and by
an estimate of observation error variances. It is worthngptinat the distance to observations is predominantly
evaluated in observation space, so for satellite obsenst forward operator is used to convert model profiles
into radiances which allows direct comparison with the olesa radiances. For many satellite channels, bias
models (e.g. biases dependent on scan angle or air masagkded in the forward model. A limited number
of bias coefficients is included in the variational optintiaa to correct for biases. Radiosondes anchor the
system, so they are a crucial component of the analysisrayste

3 Sounding data from West Africa used in the AMMA re-analysis

The AMMA field experiment has provided the largest numberafrgling data ever recorded in West Africa
during the period of the wet monsoon in 2006, even more thainglthe GARP Atlantic Tropical Experiment
(GATE) in 1974. All these data have been collected in the AMiBtabase. The AMMA re-analysis covers
the period from 1-05-2006 to 30-09-2006. This choice wasrapromise between the wish to do as much
as possible of the pre-monsoon and monsoon seasons, atatibms on computer time. Before starting the
re-analysis, it was necessary to complement the data ttsahetavailable from the ECMWEF archive (as filled
real time through the GTS) by data directly from the statiofer this purpose, the AMMA archiving group
acquired all the available AMMA sondes at the highest pdsgibsolution. After this, ECMWF retrieved the
data from the AMMA archive, and coded it into BUFRThe BUFR coded data was also made available to
Météo-France and NCEP where it was used in their analyiiste The AMMA data base for this period
includes:

e 6,063 high resolution radiosondes/dropsondes collectad 21 stations, 3 research vessels and 2 re-
search aircrafts. These have been thinned from about 205&proximately 300 vertical levels.

e Radiosondes launched from operational stations, resstaitibns, vessels and research aircrafts via the
GTS. The radiosonde data from West Africa typically corgaif to 100 levels. These data are only used
when there is no corresponding high-resolution data asaila

e 101 dropsondes from research aircrafts obtained via GTS.

e 110 dropsondes from gondolas, also known as driftsondeg dékelopment and deployment of the
driftsonde system was a collaborative effort between théhEabserving Laboratory (EOL/NCAR) and
the French Space Agency (CNES) as part of the SOP3 perioddstigate the development of tropical
cyclogenesis downstream of Africa. It is the first time thelf e assimilated in an analysis experiment.
Preliminary comparison with operational analysis show @dgagreement.

1BUFR is a WMO standard format for coding observations thatlmaused in most data assimilation systems.
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e 7,317 pilot balloons that only measure wind profiles obtdivia the GTS.

Station information is given in Tablé and the location of the AMMA stations as well as their totaimier

of soundings used by the analysis is illustrated in Bg.Niamey (13.48 N, 2.17E) is the station that has
the highest number of soundings. The mobile ARM site was désboyed in Niamey (Niger) in 2006. Figure
4 displays a time series of the number of daily soundings froemnAMMA database (solid line) and GTS
(dashed line) spanning the AMMA re-analysis period. Thegokecovers the special observing periods (SOP)
dedicated to the monsoon pre-onset (SOP1) and the monseeh amd peak (SOP2), as well as part of the
SOP3 which focused on the downstream development of tlopjcéones over the Atlantic. During the SOPs
there were intensive observing periods (IOPs) of 1 to 4 dagssing on specific events of the monsoon. IOPs
are classified into patterns depending on the area or typecot eovered. During some of the IOPs, intensive
regional observations including the launching of 8 radimies per day at six stations as shown in t&hl€his
happened during the two 10-day periods in SOP1 and SOP2 &e®@eto 29 June and 1 to 15 August. Figure
4 depicts these observing periods at Niamey.

It was clear from the beginning of the data monitoring at ECH\tthat some of the sondes have biases in the
humidity. This was also confirmed with the help of independglobal Positioning System (GPS) total column
water vapour (TCWV) estimates from six AMMA GPS sité&o€k et al,, 2008. Therefore a bias correction
scheme was developed and applied to the re-analysis. Thedwigection turns out to be substantial, which is
evident from the vertically integrated water vapour as shbwFig. 12 fromAgusti-Panaredat al.(20099. At
many places the amount of water vapour is increased, leadingpre CAPE (Convective Available Potential
Energy) which is important for convection. A full descrinti of the bias correction method, its testing and
impact is described bpgusti-Panaredat al. (20099. It is shown that after bias correction a better match is
obtained with GPS data. All the AMMA radiosonde soundingsehiaeen bias corrected using this radiosonde
humidity bias correction.
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4 Evaluation of physical processes in the AMMA re-analysis

Studies of the impact of the AMMA radiosonde data and biasection scheme on the AMMA re-analysis
were performed byAgusti-Panaredat al. (20099 and Agusti-Panaredat al. (2009). These demonstrated
the benefit of having both an enhanced radiosonde networla @odrection for the radiosonde humidity bias
on the wind, temperature and humidity analyses as well ashtbe-range precipitation forecast for the West
African monsoon in August 2006. However, they also showagklaystematic errors in precipitation, boundary
layer temperature, humidity and the monsoon flow over theelSalRrevious work byGuichard(2009 and
Tompkinset al. (2009 suggest that these model biases can be largely attribotetliation biases caused by
aerosol and cloud biases, as well as deficiencies in thentuared-surface parameterization.

In this section, an assessment of the model physical biageerfiormed for the AMMA re-analysis. It makes
use of several independent datasets characterizing é&resdace radiation and heat fluxes at local scales,
as well as cloud, precipitation and evapotranspiratiomm@er scales. The independent observations are from
radiometers at the ARM-mobile facility, CALIPSO, CLOUDSATRMM and AERONET, as well as from

a hybrid dataset for the water cycle elaboratedvynadieret al. (20090. This hybrid water budget allows
inferences to be drawn on the vertically integrated mogstiurx convergence. The evaluation of the water cycle
in the AMMA re-analysis is based on the comparison of thresyais experiments that test the impact of the
AMMA radiosonde data in the IFS (see tafland sectiorB).

4.1 Cloud

The active lidar and radar instruments on board the CALIPS®DGloudSat satellites which fly as part of the
A-Train constellation $tephengt al., 2002 provide an opportunity to evaluate the vertical profile fucl
and precipitation occurrence across West Africa. Due tandreow footprint of the instruments (1-2km) and
the configuration of the orbit of the satellites with only amretwo tracks across West Africa every day, the
sampling is sparse in the east-west direction, but very hégblution in the north-south direction. Averaging
all tracks between POV and 10E for the whole of August provides a more robust statisticseasment of
the meridional variation in the model cloud/precipitatiaaross the region. Figur®shows the zonal cross
sections between the Equator andM@or the CALIPSO observations of cloud occurrence derivedflidar
backscatter, the CloudSat observations of cloud and ptaign occurrence derived from radar reflectivity and
the model equivalents calculated from lidar and radar foiwaodels.

Model data is extracted along the satellite’s track fromydfirecasts from the AMMA re-analysis at T511
resolution. Three-hourly output from the 12 to 36 hour fastaange are stitched together to provide a series
of vertical profiles of model data along the satellite tradkich are always within 1.5 hours from the time of
observations.

The CloudSat 94GHz radar observes cloud and precipitatioticfes above a certain size threshold. Large
cloud ice, snow and precipitation particles result in adanfpserved reflectivity, while ice clouds with small

particles or warm clouds with small droplet size may be nuss8ince the particle sizes range smoothly
between cloud ice and precipitation, it is impossible toasafe radar returns from cloud only from those of
frozen precipitation. To facilitate a fair comparison, aaaforward model is applied to the IFS cloud and
precipitation fields to simulate the reflectivity that theo@iSat radar would observe. Each model column
is divided into 20 subcolumns and a maximum-random cloudlapds applied. Then the attenuated radar
reflectivity is calculated from the in-cloud values for atbliquid, cloud ice and rain and snow precipitation in

each sub-column. The sensitivity threshold of the Cloud&adsr is approximately -30 dBZ and so only model

reflectivities exceeding this threshold are included inr@del cloud/precipitation occurrence cross section
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comparison (Figsc and d).

The CALIPSO lidar is sensitive to small particles in the asplzere and can detect optically thin features, such
as aerosol layers and sub-visible cirrus clouds. Howelier]itlar's signal is fully attenuated in clouds with
optical depth exceeding approximately 3. In case of deepeutive clouds, for example, only the top of the
cloud will be observed, while all clouds underneath thelleddull signal attenuation are missed by the lidar.
In contrast to CloudSat, CALIPSO does not observe pretipita Typically, the clouds producing precipi-
tation are so optically thick that the signal is fully atteted within the cloud before reaching levels where
precipitation is falling. Again, a lidar forward model is played to provide a model cloud cover comparable
to the observations. The forward model calculates a simdlbackscatter profile for each subcolumn. In cases
where the model clouds become fully attenuated, all levellevbare excluded from the comparison. The cloud
occurrence observed by CALIPSO and calculated from the havdeshown in Fig&a andsh.

When comparing the hydrometeor occurrence from the tworgagenal sources (FigSa and5sc ), it is ap-
parent that the frequency of occurrence observed from aud larger, particularly in the areas with deep
convection. Here, the lidar will miss considerable amouwoifitdoud due to signal attenuation. At the same time,
CloudSat not only observes cloud cover, but also precipitatvhich increases the frequency of occurrence.
On the other hand, CALIPSO's sensitivity to small partiglesults in detection of more cirrus clouds above 15
km which are missed by CloudSat.

The size of the domain (2B to 1°E, Equator to 48N) means that some tracks south 8Nsand north of
30°N lie over ocean. In particular at the northern end of thexgestion, the westernmost tracks observe the
Atlantic off the Moroccan coast, while tracks in the eastavles the Sahara. The very low clouds found in these
areas of the cross section correspond to marine boundaey diyuds.

Both sets of observations place the area with deepest dimveoughly between® and 18N. In contrast,
the model’s Inter-Tropical Convergence Zone (ITCZ) is tispd further to the south and confined between
approximately 2N and 12N. The Sahel region, between®M and 20N is an area with intermittent deep
convection, which occurs much less often in the IFS model.

Differences also exist to the north of the areas with deepeaxiion (20N to 35°N). CALIPSO detects clouds
about twice as often above the Sahara than found in the middelever, this difference does not appear in the
CloudSat observations and corresponding model hydrometsurrence. It is possible that CALIPSO mis-
labels some aerosol observations as clouds and thus oreatsst cloud occurrence. But it is also possible that
the similarities between CloudSat and the model are duentiesifrequency of occurrence of precipitation,
rather than from similar cloud amounts.

4.2 Aerosol

Aerosols play a significant role in the radiative budget d¥esst Africa (e.gMilton et al,, 2008. Mineral dust
aerosols are particularly abundant over the Sahel regitordo¢he monsoon onset and over the intertropical
convergence zone in the heat low region during the wet manseason (e.g8ou Karamet al., 2008 2009.

The dust aerosols reduce the incoming solar radiation asuhface by scattering radiation back to space as
well as by absorption of radiation (elgaywoodet al,, 2003. This has a first order direct effect on the surface
energy balance and leads to a reduction of surface temper@ig.Mallet et al., 2009. This direct effect on
the solar radiation is crucial in the region of the heat losvsarface temperature determines the location and
intensity of the monsoon troughdvaysseet al., 2009

The aerosol optical depth is a measure of the integratedieibé scattering and absorption by aerosols. The IFS
uses a fixed seasonally varying climatology of aerosol apbased oegenet al. (1997). In this section the
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aerosol optical depth from the climatology used in the maslel/aluated with independent observations from
the AErosol RObotic NETwork (AERONET) photometetdaywoodet al., 2008 at several sites over West
Africa (see table8). The AERONET observations are given at 440 nm, whereadithatological values are for
the spectral interval 440-690 nm of the short-wave radiasicheme of the ECMWF model. Such a difference
in spectral properties would make the climatological vallesver by about 50% of the value they would have
at 440 nm. However, the difference between the climatoldganid observed values shown8ns generally
much larger than this expected difference (i.e. larger 8@ of the observed value). This is certainly the case
for stations affected by the Saharan Air Layer (SAL) from MaySeptember, e.g. Banizoumbou, Djougou,
Ouagadougou, Agoufou, Capo Verde, Cinzana, Dakar and M&inea. In those stations the monthly mean
observed aerosol optical depth reaches high values anddh hatger than the climatology, sometimes by a
factor of four. Tamanrasset is an exception because ofdgitm in the Hoggar massive at 1362 m above sea
level. On the other hand, coastal stations to the north ared @fe¢he Sahara (e.g. Blida and Tenerife) have
low values of aerosol optical depth with no significant uedémation in the climatology because they are not
within the SAL during the period of the re-analysis.

4.3 Radiation and surface heat fluxes in the Sahel

Measurements of radiative and surface heat fluxes wereedaoiit in 2006 at different sited.ébelet al.,
2010. In particular, the ARM mobile facility was deployed in Zb@t Niamey airport (Niger), where it con-
tributed to the AMMA field campaignMiller and Slingq 2007). In this section, surface heat flux and radiation
measurements from the ARM site are used to evaluate the AM&analysis and the ECMWF operational
analysis. Except when otherwise mentioned, results preddrelow are overall consistent across the three
Sahelian sites, from Southern Niger (Niamey°MBto Central (Gourma area around Agoufou N and
Nothern Sahel (Bamba, M) where surface radiative and heat fluxes were also mea@Resdieret al., 2009
Guichardet al,, 2009 Timouk et al., 2009

Agusti-Panaredat al. (20098 showed that the impact of the enhanced radiosonde netwothkeoECMWF
forecast is short lived. Within one diurnal cycle, the fastinitialised from the AMMA analysis develops
similar biases to the pre-AMMA experiment and operationatel. In particular, the model’s boundary layer
is too warm and it quickly becomes too deep and well-mixed: {testion to be addressed is how the fluxes at
the surface relate to the boundary layer biases.

The energy balance at the surface consists of

G = SWin — SWip + LW — LWyp — SH— LH

where G refers to the energy storage in the surface (usudlyall term), SW is the shortwave radiative
flux, LW is the longwave radiative flux, SH the surface sermsheat flux and LH the surface latent heat flux.
Subscripts “dn” and 'up” refer to downwards (i.e. incomiray)d upwards (i.e. outgoing) radiative fluxes
respectively.

Observations of incoming and outgoing SW radiation showflperiods of decreased values during the dry
phase (January through April), which are lacking in the ni@Bay. 6). While some of these events may
correspond to occasions with cloudy conditions, period$ Weavy aerosol loading also contribute to the
observed drop in SW radiation. The green bars in FBgshow the 1um aerosol optical depth multiplied
by a factor of 100, averaged for each dawiner, 2008. In the model, most of these episodes are missing
or underestimated, resulting in an overestimation of netr@tlation absorbed by the ground (Fig. upper
panel). Similarly, several precipitation events are migsn the model during the pre-onset and monsoon
phases (May through mid-September). SW radiation readhi@gurface is also overestimated during these
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events. This is true for the operational model, as well agdtecast initialised from the AMMA analysis.

Both outgoing and incoming LW radiation are underestimatetthe model during the dry periods of the year
(not shown), but are in reasonable agreement with the oltseng during the pre-onset and monsoon phases.
However, compensation of the two LW fluxes leads to a realestimation of the net LW flux at the surface,
while the net SW flux is overestimated (Fig,. upper panel). As a consequence, the surface absorbs up to 50
W m~2 more solar radiation than observed. This value is congisth results fromGuichard(2009 (see her
Figs 20c and 20d) based on comparing the operational ECMWdehwvath observed incoming and outgoing
radiation at the surface for a semi-arid Sahelian site (Agoat 15.2N and 1.3W). During the wet season
the net SW radiation from the AMMA re-analysis is up to 25 W#loser to observations than that from
the operational analysis due to a decrease in incoming Safti@d associated with an increase in cloud (see
sectiond.]). The extra energy from the net radiation is released irg@tmosphere through surface heat fluxes.
The partitioning into latent and sensible heat flux is cdlgdoby the available surface moisture.

In the ECMWF surface analysis, the soil moisture is adjustedddress biases in the 2 m temperature and
humidity (Mahfoufet al, 2000. Figure8 shows the bias of 2m specific humidity from the 1-day forecast
with respect to synop data at Niamey and Hombori (15\338.68W ), the synop station closest to Agoufou.
The mean bias from May to September is -1.06 gkgn Hombori and -0.69 g kgt in Niamey. At both
locations, the bias is mainly negative throughout the perxcept for some instances when the intraseasonal
variability of the observed value is not well representethm forecast. In Hombori the bias can reach values
of up to -3 g kg and in Niamey up to -2 g kgt. These dry biases in the forecast are consistent at all the
synop stations within the region of the Sahel fronNM20 15°N and 10W to 1°E (not shown). The surface
analysis increments performed in order to correct this 2mitlity bias lead to an increase in soil moisture
(Balsamcet al., 20098. Consequently, the magnitude of latent heat flux in the rhisdeery large — at times
close to the magnitude of the sensible heat flux — before d@adthg rainy period from July to September. On
the other hand, observations from all sites over the Salwel $hat the latent heat flux is very small prior to
the monsoon onset (Fig®). This finding is also consistent with the study®fusch and Viterb@2006). In
summary, it indicates that the model latent heat flux befoeentonsoon onset is too large over the Sahel.

During the wet monsoon phase, the surface heat fluxes arenack site dependent, as shown by large dif-
ferences in fluxes between neighbouring sites. This is the fra the mesoscale region around Niamey. For
instance, surface heat fluxes from Niamey airport at P3NI&.17E (see Fig.9) are more than twice higher
than those measured at Wankama, located to its northeca64tM 2.64E (see Fig. 6 oRamieret al., 2009).
Therefore, it is not possible to use those to infer regionasés in the model. Further north, the Gourma
area around Agoufou is also characterised by significaerbgéneities of surface heat fluxes at the mesoscale
(Timouk et al,, 2009. However, the relative simplicity of surface and soil tgpeakes it possible to provide an
estimate of a mesoscale sensible heat flux which can be neéyreompared to the forecasts (grey shading
in Fig. 10). Beyond a possible influence of interannual variabilitys tomparison suggests an overestimation
of the sensible heat flux during the monsoon pre-onset fromtieldune and particularly during the core of the
monsoon over Northern Sahel from July to August, close tthéa low region. Upscaled and forecast sensible
heat fluxes are much closer after the monsoon, at the end tér8ker, when there is less cloud and aerosol
optical depth has decreased.

4.4 The water cycle

The atmospheric water budget for an atmospheric columnsieriteed by the following equation:

oW .
= = Oh-Q—(P—E) 1)
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HereW is the total column water vapout,is time, P and E are precipitation and evapotranspiration rates
respectively, and is the vertically integrated horizontal moisture flux thgbuthe atmospheric column given

by:
= 1 1
Q= (g [audn [avdp @

whereg is gravity, q specific humidity,p pressure and andv are the zonal and meridional wind components.
The integration is over the entire atmospheric column.

Meynadieret al. (20090 presented a hybrid dataset for the atmospheric water budyeest Africa based on

a combination of data which provide a best estimate for tifferédint terms in equatiod. This dataset pro-
vides a powerful tool to assess the atmospheric water cy®W\P models. Here, the same dataset is used to
provide monthly mean values for the different terms of eiguat. FollowingMeynadieret al. (20091, precip-
itation is obtained from the TRMM satellite (product 3B42esiuffmanet al, 2007 and evapotranspiration
is given by the offline ECMWEF land-surface model (HTESSEIlg Balsamcet al., 20093 forced by TRMM
precipitation. Both precipitation and evaporation werecgissed within the AMMA Land-surface Model Inter-
comparison Project (ALMIP, sdgooneet al., 2009. The total column water vapour tendency is obtained from
the AMMA re-analysis. Finally, the residual of the threenterabove provide the vertically-integrated moisture
flux convergence. Note that the hybrid dataset covers the samain used in ALMIP, and therefore there is
no data available north of 28I.

In the model forecast from the three analysis experiment&file7) the different terms of the water budget in
equation 1 are obtained as follows. The first term is the ohamgotal column water vapou%) during the

forecast period. This is balanced by the convergence oféhiically integrated moisture flux<p - Q) and
the difference between evaporation and precipitatio(P(— E)). All the terms from equatiod are integrated
over the same 12 hour forecast period. The forecasts aiaiget! from 00 UTC and 12 UTC analyses. The
monthly mean of each term is then computed.

A comparison of the three atmospheric water budget compsrmtween the three experiments (AMMA,
PREAMMA and NORSBIASCOR, see tabi¢and the reference hybrid dataset is presented inlHigOverall,

the pattern of the fields is similar between the differentegipents and rather different from the reference.
However, there are still interesting differences betwédenexperiments which emphasise the impact of the
data in the analysis. The fact that the data impact is smalpewed to the large differences between model and
reference highlights the large biases present in the model.

P-E represents the net moisture sink/source that conrectdrnospheric and terrestrial water reservoirs. Most
of West Africa is a net moisture sink in August, except for @marea near the Guinea coast betweetWi@nd

the Greenwich meridian. The first striking difference betwehe hybrid dataset and the AMMA re-analysis
is around 18N where the sign is mainly positive in the hybrid dataset (Fida), indicating a net sink of
moisture, and negative in the AMMA re-analysis (Fifjld) implying a moisture source. This problem is
also present in the other experiments (Fi§.9,j). Moreover, the PREAMMA experiment also shows large
differences with negative instead of positive values of BvEr the transect around the Greenwich meridian.
This region is where AMMA revived and introduced new radiud® stations. The radiosonde humidity bias
correction scheme also has an important impact over therrdggitween 9N and 15N where there were many
Vaisala RS80 sondes with large relative humidity biageguéti-Panaredat al., 20099. In the RSRHBIAS-
COR experiment, this region has a net moisture source, wbahe AMMA experiment has a net moisture
sink like the hybrid dataset. The fact that de E from the forecast is negative (i.e. a moisture source) when i
should be positive (i.e. a sink) is due to an underestimaifgurecipitation and overestimation of evaporation.
The underestimation of precipitation over Sahel in the IBS Ibeen shown bégusti-Panaredat al. (20099,
Agusti-Panaredat al. (2009 and Meynadieret al. (20099. The overestimation of evaporation is also dis-
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cussed inAgusti-Panaredat al. (20099 and it is due to the large soil moisture increments — eqeiato up
to 6 mm/day in the top 1 m of soil — performed by the surfaceais(see Figl2)

The TCWV tendency is also much smaller in the hybrid datasetthe AMMA re-analysis) than in the short-
range forecast of the experiments (see Figs,e,h,k). Monthly mean values of TCWV tendency in the hybrid
dataset remain below 0.5 mm/day over West Africa. The thxgeriments all show large mean tendencies in
the TCWV within the first 12 hours of the forecast. This impligaat there is a problem in the relationship
between the other two terms in the water budget. NankelyE and the vertically-integrated moisture flux
convergence do not balance as they should.

Because the monthly mean TCWV tendency is very small in thgithylataset, the moisture flux convergence
which is obtained as a residual (Fid.1c) is very close to thé — E term. That is to say, the moisture flux
convergence is balanced by the precipitation and evaparaffhus, in August most of West Africa has net
moisture convergence, except for the region near the Guinast between 20V and the Greenwich meridian.
There are two regions where the difference between thedeteand the hybrid dataset is substantial. Near
the coast the forecast from the AMMA re-analysis and therotixperiments has too much convergence and
over the Sahel (around 4N) the moisture flux from the forecast is too divergent (Fid<f,i,l). Without

the extra AMMA radiosondes and their humidity bias corrdctihe divergence between®Nand 15N is
further enhanced. East of A5 and north of 19N the data from the few extra radiosonde stations increase th
divergence instead of decreasing it. This has been atdiiotthe detrimental effect of very localised and large
analysis increments that attempt to reduce the large maastd over those data-sparse regions of the Sahel
(seeAgusti-Panaredat al., 2009k for further details).

From Fig. 11it is clear that the different components have a large lditital variability. Since most of the
radiosonde observations are located betwe&k1land 10E, this region is chosen to compute the atmospheric
water budget for three distinct latitude bands of 3.5 degreielth across the steep north-south precipitation
gradient. These are the Guinea®NE9.5°N], Soudanian [9.2N-13°N] and Sahelian [19N-16.5’N] bands.
The monthly mean values over these three latitudinal barelsamputed for each month of the AMMA re-
analysis from May to September 2006. The resulting budgetvshin Fig. 13 indicates that the seasonal
variability of the different terms is well represented ie florecast for all latitude bands. However, it is evident
that considerable biases are present in the forecast thoatithe wet monsoon season.

Near the Guinea coast (Fid3a) the moisture flux convergence is overestimated by apmabely 1 mm/day
from June to AugustP — E is mainly overestimated in June and underestimated in 8dgateby just under 1
mm/day. These are the two months with peak rainfall over thim&an coast. The moisture flux convergence
is not balanced by thB — E term, as in the hybrid dataset. Therefore, the mean montBMWV tendency is
approximately 0.5 mm/day from May to August instead of baiagp throughout the season like in the hybrid
dataset.

Over the Soudanian band, like the coastal region, the mieifiiux convergence is balanced by fhe- E term

in the hybrid dataset (FidL3b). Nevertheless, there is a small underestimation in thstare flux convergence
of approximately 0.5 mm/day and a large underestimatiomefniet moisture sinP — E of 1 to 1.5 mm/day
due to a combination of an underestimation in precipitatiod an overestimation in evaporation (not shown).
Note that in June the forecast has a net moisture sourcedhstethe very small net moisture sink present
in the hybrid dataset. This is due to large soil moistureanm@nts in the surface analysis. As a result of the
unbalanced relationship between e E term and the moisture flux convergence, there is an overattim

of the TCWV tendency in the forecast throughout the season.

The discrepancy between the forecast and the hybrid dddaeseines larger over the Sahel region compared to
the Soudanian and coastal regions. Over the Sahel bandl@e there is a substantial underestimation of the
moisture flux convergence, particularly in July and August t 2 mm/day and an even larger underestimation
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of the netP — E moisture sink & 2 mm/day) throughout the season. This is again a combinafitre lack of
precipitation and the enhanced evaporation due to largesisture analysis increments (e.g. Fig).

5 Discussion

The ECMWF AMMA re-analysis constitutes a valuable datasetsfudying the West African monsoon as it
combines the most comprehensive observational datadet ofgion so far and a state-of-the-art NWP model
and data assimilation. It supersedes the operational ECMNM#Fysis as it includes a new model cycle with
significant improvements in the physical parameterisatamd data assimilation, a larger number of soundings
at higher vertical resolution and the use of a bias corraectidhveme specially tailored for the AMMA radiosonde
humidity data. The re-analysis covers two crucial periodde year 2006, i.e. the pre-monsoon and monsoon
seasons. Therefore, it is suitable for studies focusingqivaseasonal variability and monsoon onset issues. It
can also provide direct benefit for a number of studies maksegof analysis data. For example, the advantage
of using the AMMA re-analysis has already been proven forasesle modelling as a result of the improvement
in the initial and boundary conditions (Nicole Asencio,gmral communication).

The use of the AMMA and other independent satellite data fssadlowed to identify biases in the forecast
model associated with physical processes and their compmneamely: cloud, aerosol, radiation and surface
heat fluxes, as well as the water cycle. These play a key rotkeinVest African monsoon and therefore
influence greatly the short-range forecast, as showAdusti-Panaredat al. (20091).

The biases found in the different physical processes (s@gqus section) are all interrelated. The lack of
aerosol and cloud over the Sahel is consistent with an auegson of incoming SW radiation and sensible

heat flux at the surface. Concurrently, the lack of convectiud is associated with an underestimation of
moisture flux convergence. Indeed, the results from theuatiah of different analysis experiments show an
overestimation of moisture flux divergence over the Sahéthvis consistent with the well-known southward

shift of the ITCZ in the ECMWF model. This is improved by theeuess AMMA observations and the radiosonde

humidity bias correction. However, the problem still rensabn the whole, because it involves the heat low
where not many observations are available in the model.

The heat low is a major driver of the meridional monsoon dation and moisture flux during the wet monsoon
seasonRarkeret al., 2005. The overestimation of the moisture flux divergence overShahel is linked to the
acceleration of the flow on the southern flank of the heat lotihénforecast shown bixgusti-Panaredat al.
(2009h. All this evidence points towards the heat low circulatiorthe IFS being too strong. This conclusion
is supported by an inter-model comparison of the monsoawleition showing that the IFS has larger wind
speeds within the low-level inflow, mid-tropospheric outfland vertical motion associated with heat low than
other operational NWP models (e.g. GFS from NCEP and Arpega Météo-France; Olivier Bock and
Remi Meynadier, personal communication). The intensificadf the heat low is also consistent with a large
underestimation of aerosol optical depth and a large neéatiad bias over the region of the heat low (e.g.
Agoufou in May, see tabl8 and sectiord) in the model which will contribute to the intensificationtbe heat
low during the forecast.

Future model developments are expected to improve the tiragef the heat low and West African monsoon
water cycle, including:

e Assimilation of satellite data (AMSU-B and MERIS) to corasitr TCWV over land (se&arbouet al.,
2009ha; Bauet 2009

e Assimilation of soil moisture from ASCAT and SMOS to obtaietter surface fluxes (sé&ruschet al,
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20098.
e Interaction of forecast aerosol from the GEMS/MACC projeith radiation to reduce radiation biases.

e Improvement of soil texture dataset over deserts from FA@¢Fand Agriculture Organization) 2003 to
the HWSD (new harmonised world soil database) 2009, as wethdsion of bare ground evaporation
to allow drier soil.

e Use of seasonally varying vegetation from climatology amenéually real-time observed Leaf Area
Index (LAI).

6 Summary

An AMMA re-analysis has been performed from May to Septen20€6 for the AMMA field experiment. The
AMMA re-analysis makes use of all the sounding data from Wésta collected from the AMMA database,
as well as a new humidity bias correction scheme developtdnithe AMMA project and an improved model
cycle with respect to the operational model in 2006. The doatlon of these new elements in the analyses has
a beneficial impact on the analyses and forecasts, partictda the water cycle. In this paper the atmospheric
water budget has been assessed using a hybrid dataset whielns the best estimates of the different terms
of the water budget. This is a powerful tool introducedMbgynadieret al. (2009 which provides a reference

to investigate NWP model biases.

In summary, the evaluation shows that there is too much gitation over the Guinea coast and too little
over Sahel. The ECMWF AMMA re-analysis with enhanced raalole network and a radiosonde humidity
bias correction scheme presents improvements over thea8iamdregion £ 12°N). However, the ECMWF
model has too much divergence and subsidence over Sahel.isTédnsistent with the southern shift of the
rain belt found by previous studies (eAgusti-Panaredat al, 2009¢b). Biases in the monsoon circulation,
aerosol and sensible heat flux suggest that the heat lownply responsible for those biases, as it is largely
unconstrained by observations in the analysis.

The plan to assimilate AMSU and MERIS data over land, whiah sansitive to low-level moisture, in the
operational IFS promises improvement for the water cycth mothe model analysis and forecast. Future model
developments regarding the interaction of aerosol fromfohecast with radiation and improved vegetation
dynamics are also expected to have a significant impact, #saw¢he assimilation of soil moisture from
satellites.
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Appendix: The AMMA re-analysis archive

The ECMWF/AMMA re-analysis covers the period from 01-0%380o 30-09-2006 with analyses every 6
hours (0, 6, 12, and 18 UTC), short 12-hour forecasts twidly dat 0 and 12 UTC) and one daily 10-day
forecast (from 0 UTC). The results are stored in the ECMWIigecwith research experiment identification
EXPVER=fOrm. Separate forecasts are used to output spatyaics fields archived as EXPVER=flga (see
Table5. Users with access to the ECMWF computer systems can retleta from the Meteorological Archiv-
ing and Retrieval System (MARS). The data is global at TS$bltetion for the spectral fields and on a reduced
Gaussian grid (N256, about 40 km resolution) for the grichptields. MARS retrievals will allow the user to
transform from spectral to grid point space and to interjgala a full/reduced Gaussian grid or to a regular grid
and to select limited areas for grid point fields.

The AMMA project has its own archive for AMMA partners anditefre a comprehensive selection of param-
eters has been copied to the AMMA archive a5’ resolution for the area of 10@/ to 5°E and 4?N to
25°S. The parameters are listed in the tallés 5.

For more information on GRIB fields see:
http://www.ecmwf.int/services/archive/d/parameterdér=grib parameter;gribcode table/table=128/

Surface related fields are documented in Chapter 7 and 1@&dPtmysical processes” documentation of the
ECMWEF system:

http://www.ecmwf.int/research/ifsdocs/CY 31rl/indexal.

The vertical location of the 91 model levels is specified in:
http://www.ecmwf.int/products/data/technical/madelels/modeldef 91.html
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Table 1: Fields orpressure levelsas analysis (AN) for TIME= 0,6,12,18 UTC and forecast (FQ) TtME=0,12 UTC
and STEP=3,6,9,12. The pressure levels are: 1,2,3,520180, 50,70,100,150,200,250,300,400,500,700,85(1,026
hPa

Field name MARS Netcdf units GRIB Type
name name table 128
Geopotential z geopt n¥/s® 129 AN/FC
Temperature T ta K 130 AN/FC
U-velocity U u m/s 131 AN/FC
V-velocity \Y v m/s 132 AN/FC
Vertical velocity — w w Pa/s 135 AN/FC
Vorticity (relative) VO VO Vs 138 AN/FC
Divergence D d Is 155 AN/FC
Relative humidity R r % 157 AN/FC

Table 2: Fields oomodel levelsas analysis (AN) for TIME= 0,6,12,18 UTC and forecast (FG)TtME=0,12 UTC and
STEP=3,6,9,12. The model levels are indexed from top t@hbotivith 91 as the lowest model level index.

Field name MARS Netcdf units GRIB Type
name  name table 128
Log surface pressure (lev1l) LNSP Insp — 152 AN/FC
Cloud liquid water CLWC clwc kg/kg 246 AN/FC
Cloud ice water content CIWC ciwc kg/kg 247 AN/FC
Cloud cover content CcC cc m/s 248 AN/FC
Temperature T ta K 130 AN/FC
Specific humidity q q kg/kg 133 AN/FC
U-velocity u u m/s 131 AN/FC
V-velocity \Y v m/s 132 AN/FC

Table 3: Surface climatological fields These fields do not change in time and are therefore storiydonmce.

Field name MARS  Netcdf units GRIB Type
name name table 128
Albedo (background) AL al 61 174 AN
Land/sea mask LSM Ism 01 172 AN
Low vegetation cover CVL cvl 61 027 AN
High vegetation cover CVH cvh 91 028 AN
Type of low vegetation TVL tvl — 029 AN
Type of high vegetation TVH tvh — 030 AN
Standard dev. of orography SDOR  sdor m 160 AN
Anisotropy of sub-grid orogr. ISOR isor — 161 AN
Angle of sub-grid orogr. ANOR anor rad 162 AN
Slope of sub-grid orogr. SLOR  slor 01 163 AN
St.dev.filtered subgrid orogr. SDFOR sdfor m 074 AN
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Table 4: Surface fieldsas analysis (AN) for TIME= 0,6,12,18 UTC and forecast (FC) TdME=0,12 UTC and
STEP=3,6,9,12. Not all fields exist for analysis and foré¢ase Type column). The fields with an asterix with the
GRIB code are accumulated, i.e. integrated in time sincestag of the forecast. The sign convention for fluxes is that
downward is positive.

Field name MARS Netcdf units GRIB Type
name name table 128
Mean sea level pressure MSL msl  Pa 151 AN/FC
Temperature at 2m 2T t2 K 167 AN/FC
Dew point at 2m 2D td K 168 AN/FC
Soil temperature at level 1 STL1 stil K 139 AN/FC
Soil temperature at level 2 STL2 stz K 170 AN/FC
Soil temperature at level 3 STL3 sti3 K 183 AN/FC
Soil temperature at level 4 STL4 stlid K 236 AN/FC
Volumetric soil water level 1~ SWVL1 swvll m®/m3 039 AN/FC
Volumetric soil water level 2~ SWVL2  swvl2 m®/m3 040 AN/FC
Volumetric soil water level 3~ SWVL3  swvl3 m®/m3 041 AN/FC
\Volumetric soil water level 4 ~ SWVL4  swvl4 m®/m3 042 AN/FC
Geopotential z geopt me/s? 129 AN/FC
10m U wind 10U ulo m/s 165 AN/FC
10m V wind 10v v10 m/s 166 AN/FC
Forecast albedo FAL fal 01 243 FC
Sea surface temperature SSTK sstk K 034 AN
Skin temperature SKT skt K 235 AN/FC
Total column water vapour TCWV  towv  kg/n? 137 AN/FC
Total column liquid water TCLW  tclw  kg/m? 078 FC
Total column ice water TCIW tciw  kg/m? 079 FC
Snow depth (water equivalent) SD sd m 141 AN/FC
Skin reservoir content SRC src m 198 FC
Evaporation E e m 182* FC
Runoff RO ro m 205* FC
Large scale precipitation LSP Isp m 142* FC
Convective precipitation CP cp m 143* FC
Surface solar radiation SSR ssr (W/mf)s  176* FC
Surface thermal radiation STR str - (W/mP)s  177* FC
Top solar radiation TSR tsr  (W/mP)s 178* FC
Top thermal radiation TTR ttr (W/md)s  179* FC
Top net solar rad. clear sky TSRC tsrc  (W/mP)s  208* FC
Top net therm. rad. clear sky TTRC trc  (W/mP)s 209* FC
Surf. net solar rad. clear sky SSRC ssrc (W/mf)s  210% FC
Surf. net therm. rad. clear sky STRC strc  (W/nf)s  211* FC
Downward surf. solar rad. SSRD  ssrd  (W/nP)s  169* FC
Downward surf. thermal rad. STRD strd  (W/mf)s  175* FC
Surface sensible heat flux SSHF sshf (W/mf)s 146* FC
Surface latent heat flux SLHF slhf  (W/mP)s 147+ FC
East/West surface stress EWSS ewss (N/m?)s  180* FC
North/South surface stress NSSS nsss (N/mf)s  181* FC
Boundary layer height BLH blh m 159 FC
Conv. avail. pot. energy CAPE cape J/kg 059 FC
Forecast surface roughness FSR fsr m 244 FC
Fcst. log roughness for heat FLSR flsr  — 245 FC
Total cloud cover TCC tcc o1 164 FC
Low cloud cover LCC Icc 6-1 186 FC
Medium cloud cover MCC mcc 01 187 FC
High cloud cover HCC hcc 61 188 FC
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Table 5: Physics fields on model levelg¢as in the ERA-40 archive, but 91 levels) from the ECMWF misysackage
from twice daily 12-hour forecasts. These fields are avééldbr TIME=0,12 and forecast STEP 3,6,9,12. The MARS
experiment EXPVER=f1qa. All fields are integrated in timec(amulated) from the start of the forecast. Some fields are
on full model levels; others are on half levels. The half levith a particular index is always the level below the fuliéd
with the same index. More information on these fields is givg€Kallberg et al, 2009.

Field name Short Very Units level GRIB
name short type table 162
Tendency of short wave radiation T-tend SWrad  TTSW(K/s)s Full 100
Tendency of long wave radiation T-tend LWrad  TTLW (K/s)s Full 101
Tendency of clear sky short wave radiation T-tend SW clear SWC (K/s)s Full 102
Tendency of clear sky long wave radiation T-tend LW clear WKL (K/s)s Full 103
Updraught mass flux Mflux-up MFUP kg/(mPs)s Half 104
Downdraught mass flux Mflux-down MFDO kg/(m?s)s Half 105
Updraught detrainment rate Udraught-detr UDDETL/m)s Full 106
Downdraught detrainment rate Ddraught-detr DDDE{l/m)s Full 107
Total precipitation flux Precip flux PRFLX kg/(mPs)s Half 108
Turbulent diffusion coefficient for heat Turb diff coeff  TUD  (n?/s)s Half 109
Tendency of temperature due to physics T-tend phys TTPHX/s)s Full 110
Tendency of specific humidity due to physics g-tend phys QYPHg/(kggs Full 111
Tendency of U-component due to physics U-tend phys UTPHW/($)s Full 112
Tendency of V-component due to physics V-tend phys VTPHM/(s%)s Full 113
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Table 6: Radiosonde network during August 2006 monitoresMiMA

Station WMO Lat Lon Altitude Frequency High pre-AMMA
name station ID 9N]  [°E] [m] of AMMA resolution soundings
soundings data per day
planned per day
Sal 08594 16.73 -22.95 53 1 No 1
Tamanrasset 60680 22.80 5.43 1364 4 No 2
Agadez 61024 16.97 7.98 502 4 (8) Yes 1
Niamey 61052 13.48 2.17 227 4 (8) Yes 2
Tombouctou 61223 16.72 -3.00 264 2 Yes 0
Bamako/Senou 61291 1253 -7.95 381 2 Yes 2
Nouadhibou 61415 20.93 -17.03 3 1 Yes 0
Nouakchott 61442 18.10 -15.95 3 1 Yes 0
Dakar/Yoff 61641 14.73 -17.50 24 2 Yes 2
Tambacounda 61687 13.77 -13.68 50 1 Yes 0
Conakry 61831 956 -13.61 48 1 Yes 0
Addis Ababa-Bole 63450 9.03 38.75 2354 1 No 1
Bangui 64650 440 1852 366 2 Yes 0
N’Djamena 64700 12.13 15.03 295 2 Yes 0
Ngaoundere 64870 7.35 1357 1104 1 Yes 0
Douala R.S 64910 402 9.70 15 2 Yes 2
Abuja 65125 9.25 7.00 344 4(8) Yes 0
Parakou 65330 9.35 2.62 393 4 (8) Yes 0
Cotonou 65344 6.35 2.38 9 4 (8) Yes 0
Tamale 65418 950 -0.85 173 4 (8) Yes 0
Ouagadougou 65503 12.35 -1.52 306 2 Yes 1
Abidjan 65578 525 -393 8 2 Yes 0

Table 7: Description of experiment configuration. Radias®network used is either the enhanced AMMA network with
data collected from AMMA database at high vertical resa@ntior most stations, or the pre-AMMA network by only using
data from the GTS from stations reporting reliably in 200&g$able6 for further details).

Experiment name Radiosonde network Radiosonde Humidity bias correction applied
AMMA AMMA Yes
PREAMMA pre-AMMA Yes
NOBIASCOR AMMA No
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Table 8: Monthly mean aerosol optical depth from the clinedg used in the IFS and AERONET observations. The
AERONET observations are used if available at least 20 degsagiven month. Values between parentheses correspond
to 5 to 19 days of observations; N/A correspond to less thaays.dSee main text for further details.

AERONET lat lon May Jun Jul Aug Sep
site (°N) (°E) | Clim. Ob. | Clim. Ob. | Clim. Ob. | Clim. Ob. Clim. Ob.

Banizoumbou| 13.3 02.4 | 0.29 0.75/ 0.27 0.95/ 0.22 0.67/0.19 0.73 | 0.17 0.61

Blida 36.3 025024 0.29/0.28 0.32/0.30 0.22/0.14 0.27 |0.28 N/A
Djougou 095 014019 0.76/0.20 0.73/0.16 0.72/0.15 0.86 | 0.14 1.07
Niamey 13.3 021|027 N/A|026 N/A|020 N/A|O017 033 |0.16 0.52

Ouagadougoy 12.1 -01.2| 0.24 1.00| 0.22 0.81 0.19 0.56|0.15 0.71 | 0.14 0.46
Tamanrasset | 22.5 05.3]0.30 0.32/0.31 0.60/ 0.31 0.23] 0.27 (0.31)| 0.23 (0.38)
Agoufou 15.2 -01.3] 0.29 0.78| 0.27 0.86| 0.24 0.710.19 0.61 | 0.17 0.49
Capo Verde | 16.4 -22.6/ 0.20 0.26/ 0.22 0.66| 0.25 0.62| 0.21 (0.53)| 0.16 N/A
IER Cinzana | 13.2 -05.6| 0.25 0.63| 0.23 1.08/ 0.21 0.62| 0.15 0.48 | 0.14 (0.68)
Dakar 142 -16.6| 0.21 0.48| 0.25 0.77/0.23 0.85/0.19 0,57 | 0.15 0.52
llorin 08.2 04.2|0.18 0.65/0.21 0.52|0.16 041 0.16 040 |0.14 0.53
DMN Maine | 13.1 12.0|0.25 0.93|0.27 1.03] 0.20 0.63]0.20 055 | 020 0.54
Soroa

Santa Cruz 28.3 -16.1| 0.17 0.06| 0.16 0.04| 0.19 0.14| 0.18 0.10 | 0.14 0.16
Tenerife
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Figure 1: Shaded area: Number of soundings (monthly meadesoper day) acquired operationally by ECMWF from
the AMMA network from January 2005 to November 2007. Blamk IPercentage success rate of data reception for the
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Figure 2: lllustration of the 4D-VAR data assimilation in-h®ur windows (updated fromndersson and #paut 2008.
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Niamey SW radiation, aerosol optical depth and precipitation
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Figure 6: Surface radiation at the ARM mobile facility, Niayn Lower panel: upward and downward shortwave radiation
at the surface with observations in black, operational 3-ft@ecast in blue and forecast initialised from AMMA anédys
in red; the green bars indicate daily average aerosol ogtidepth, multiplied by a factor 100. Two upper panels:
precipitation derived from satellite (FEWS RFEv2 datasetirtesy of Climate Data Centre, NOAA) and the AMMA
1-day forecast [mm/day]. The black vertical lines delirhi¢ period of the AMMA re-analysis.
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Figure 7: Surface radiation at the ARM mobile facility, Niayn 9-day running mean of net shortwave and net longwave
radiation at the surface. Line colors as in Fi@.
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(a) Niamey (WMO id 61052) —— daily average
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Figure 8: Timeseries of 2m specific humidity bias of the 1-agcast relative to synop observations for a) Niamey
(13.48N, 2.1PE) and b) Hombori (15.3%N, 1.68W). The daily averages are calculated using the 6 hourly oladi®ns
(when available) and forecasts. A 5-day running mean has bpelied to the timeseries.
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AMMA FC, Niamey surface fluxes
150 T T T T T

100

W/m~2

50

0

1fan 1Feb 1Mar 1Apr 1May 1Jun 1Jul 1Aug 1Sep 10ct 1Nov 1Dec 31Dec
Date of 2006

Figure 9: Time series of surface latent and sensible heagfa the ARM mobile facility, Niamey. The sensible heat flux
is shown in thick lines, the latent heat flux in thin lines. A&¢running mean has been applied. Colors are as in 6ig.
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Figure 10: Simulated surface sensible heat flux (blue linegsrational analysis and red line is AMMA re-analysis)
smoothed with a 9-day running mean. The grey shading is theposite 10-day mean mesoscale upscaled surface
sensible heat flux, estimated from individiual station datthe Gourma area around Agoufou (18\and 1.3W). The
estimate was obtained from data over 2005-2007 and thertbgof the shading indicates the uncertainty due to surface
heterogeneities.
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Figure 11: Atmospheric water budget terms for differentlgsis experiments.

(€)  Mean TCWV (T+12 - T+0) form_AMMA

oE

oW

o

e

(h)  Mean TcwV (T+12 - T+0) f054_PREAMMA

=

il

I

(k) Mean TCWV (T+12 - T+0) ezwf_NORSRHBC

3

(C) Mean moisture conv. hybrid (ALMIP, OBS & AN) ezwi_NORSRHBC

oW

Top 1m soil moisture analysis increment [AMMA rean., AN-FC, mm/day] 200608

[mm/day]
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(@) Coastal [6N-9.5N,10W-10E] Atmospheric Water Budget

(b) Soudanian [9.5N-13N,10W-10E] Atmospheric Water Budget

(c) Sahel [13N-16.5N,10W-10E] Atmospheric Water Budget

Figure 13: Time series of monthly averaged values in mm/datraospheric water budget terms {FE is in black,
TCWV tendency in red and moisture flux convergence is in hilitiein three different latitude bands (see a,b,c) from May

to September 2006 for the AMMA re-analysis (dash lines) hadhybrid dataset (solid lines).
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