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Data impact studies of AMMA soundings SECMWF

Abstract

The field experiment of the African Monsoon MultidiscipliyaAnalysis (AMMA) project during the
2006 wet monsoon season provided an unprecedented numtaeli@onde/dropsonde data over the West
African region. This paper explores the usage and impadtisftvaluable dataset in the European Centre
for Medium-range Weather Forecasts analyses and forecHstse soundings are the only source of data
that can provide 3-D information of the thermodynamic andaiyic structure of the lower troposphere
over continental West Africa. They are particularly imgart for the Sahel region located betweei?N 2
and 2@N which is characterized by large gradients in temperatoceraoisture in the lower troposphere.
Assimilation experiment comparison between pre-AMMA andMA radiosonde network shows that the
extra AMMA soundings have a significant impact on the loweleemperature over the Sahel and on the
structure of the African easterly jet. However, the impd¢he extra AMMA data on the forecast disappears
after 24 hours. The soundings reveal large model biasesundaoy layer temperature over northern and
eastern Sahel, which are consistent with the well-knownehbidises in cloud, rainfall and radiation. Large
analysis increments in temperature lead to incrementsvergience and subsidence which act to suppress
convection. Thus, the analysis increments appear to hauadesirable feedback on the cloud and temper-
ature model bias. The impact of the AMMA soundings on thedsin easterly jet is to enhance and extend
the jet streak to 1%, i.e. towards the eastern part of the Sahel. No obsenggi@assimilated east of 5

at the level of the African easterly jet to support the jetamtement further east. Comparison with indepen-
dent atmospheric cloud motion vectors indicate that thécAfr easterly jet in the analysis is too weak over
this data-scarse region. This could have implicationstHerdevelopment of African easterly waves in the
model forecast. Further experimentation by assimilatingospheric motion vectors — currently not used —
could address this problem.

1 Introduction

The West African monsoon provides most of the annual priatiph over drought-prone Sahel. However,
Numerical Weather Prediction (NWP) precipitation forédasgenerally poor during the wet West African
monsoon season from June to September, partly becauselatkhef data available. Before the African Mon-
soon Multidisciplinary Analysis (AMMA) field experiment iB006, the radiosonde network was quite sparse
and only few data were received via the Global Telecommtinics&system (GTS). Therefore, few radiosonde
observations were assimilated in NWP analyses. The AMMAeptqut a large effort on restoring and en-
hancing the radiosonde networRdrkeret al,, 2008, which is the only data source that gives comprehensive
3-D thermodynamic and dynamic information of the atmospluer continental West Africa.

The aim of this paper is to assess the impact of the enhanceldAkadiosonde network on the European
Centre for Medium range Weather Forecasts (ECMWF) anadysisforecast during August 2006, i.e. within
the peak of the monsoon season. In order to do this, Obsem@gistem Experiments (OSE) were performed by
comparing two scenarios: the AMMA scenario with the enhdnegliosonde network versus the pre-AMMA
scenario with a degraded radiosonde network comprising thiolse stations that reliably distributed the data
through GTS in 2005.

During the AMMA field experiment the radiosonde humidity alatere found to have large biases creating
dry pockets in the analysis and degrading the precipitdt@d in the forecastAgusti-Panaredat al. (20090
developed a new bias correction scheme for the AMMA radidssrwhich leads to an improved precipitation
forecast in the ECMWEF Integrated Forecasting System (IF&Jeh A validation of the corrected AMMA
radiosondes shows good agreement with independent graasetl iGlobal Positioning System (GPS) total
column water vapour (TCWV) at several AMMA sitdsaccaniet al. (2009 tested the impact of this bias cor-
rection scheme on the AMMA soundings in the French assiioilatystem ARPEGEGauthier and Thépaut
2001, Janiskovéet al., 1999 during the period between 15 July and 15 September 2006y dlke found a
positive impact on the precipitation forecast, as well &dbnventional forecast scores in the medium range.
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The use of the radiosonde humidity bias correction is tloeeatrucial when assessing the benefit of the AMMA
observations on the NWP analysis and forecast.

The structure of the paper is the following. Sectbdescribes the pre-AMMA and AMMA radiosonde net-
work. A summary of the data assimilation system used for ¥pements is also provided. SecticBsnd

4 show the data impact results and comparisons with indepe¢miservations. A discussion on the results is
presented in sectidh The main conclusions and suggestions for future work asengin sectiorb.

2 TheAMMA and pre-AMMA observation system experiments

In order to assess the impact of the enhanced radiosondenkedwring the AMMA Special Observing Period
(SOP) two analysis experiments were performed. The firgm@xgnt uses all sounding data from the AMMA
databasehttp://amma-international.org/data/as well as all the GTS data received during August 2006 (see
tablel) and it is referred to as AMMA. Many stations have high retioludatasets with approximately 3000
levels in the vertical. Before assimilating the high resiolu observations it was necessary to apply some
thinning. This was done by taking a maximum of 4 vertical nneasients per model level. The second
experiment is the control experiment which uses only dataeived via GTS from stations that were reliably
reporting to the GTS in 2005, i.e. before the AMMA SOP (sedet@h Thus, it is referred to as pre-AMMA.
The total number of soundings available for the two expenisiés shown in table$ and2. The stations names
and the daily frequencies are shown in Figlire

Both experiments are based on the ECMWF IFS model cycle C$83ZRhis cycle was operational from 6
November 2007 to 3 June 2008. It includes improved physitls anew formulation of convective entrain-
ment and adjustment, vertical diffusion reduction in treefatmosphere, new soil hydrology and new oper-
ational radiosonde temperature and humidity bias comecBechtoldet al. (2008 showed that the changes
in the model physical parameterisations lead to an imprquedipitation forecast in the short-range over
the tropics and in particular over West Africa, where the ZT€hifts northward by approximately 1 degree
(Agusti-Panareda and Beljaa2908.

The AMMA radiosonde humidity bias correction Afjusti-Panaredat al. (20091 is also used in both exper-
iments. Almost half of the AMMA radiosondes in 2006 were \#@#@sRS80-A which are known to have large
dry biases in relative humidity (RHWanget al., 2002. The other main types of radiosondes were MODEM
and Vaisala RS92. The RH biases were estimated as a funcisondg type, solar elevation, pressure level
and observed RH using the Cumulative Distribution Func{@BF) matching technique and Vaisala RS92 at
nighttime as reference. The bias correction ranges from tt028 % at low-levels within the boundary layer
and 8% to 20 % from 800 to 300 hPa. The validation of the biasection was done by comparing the cor-
rected radiosonde data with independent ground-based @R'%V/Tat 6 sites in the Sahel. The comparison
shows that the mean difference between the two datasetssdetween -1 and 1.5 KgTh which is close to
the uncertainty of the GPS TCWV data (+/- 1 Kg ). Clearly, the use of corrected humidity profiles in the
analysis also reduces the TCWV bias with respect to GPS sitedl. The impact on the analyzed TCWV and
short-range precipitation forecast is significant. TCW¥r@ases between 2 to 6 kg faround the corrected
radisonde stations and there is an increase of approxinatein day ! in the 1-day precipitation forecast
within the latitude band from%®\ to 15°N.

The IFS data assimilation system is 4D-V&apieret al, 2000 with a full representation of the linearized
physical processeddniskovéet al., 2002 Tompkins and Janiskoy2004 Lopez and Morea2005. The 4D-
Var assimilation system provides the estimate of the atimerép state by combining meteorological obser-
vations and a prior model information or background. Theitsmh is a weighted mean of the two datasets
(observations and model) and the weights are given by tlmaked background error covariance matrix (B-
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matrix) and by an estimate of observation error variancesé®ix). The observations are assimilated within a
12 hour window at the correct time. The background error Gamae matrix plays a key role in spreading the

information on different pressure levels and away from thseovating stations. Furthermore, balance among
the model parameters is imposed mainly in the extratrofidest{er and Bouttier1999.

Figure?2 displays the distribution of the conventional observatiassimilated in August 2006 only below 500
hPa, i.e. the layer which comprises the monsoon flow and thieakf easterly jet. In this layer, aircraft provide
information of wind and temperature in the ascending andeateting phase close to the airports. Surface
pressure and daytime 2m humidity observations are assaifeom SYNOP over land, ships and buoys. Over
the ocean, 10m wind and 2m nighttime humidity are also assiea from buoys. Observed temperature, wind
and humidity profiles from radiosondes and dropsondes arembvided to 4DVar, and wind profiles from
sonde pilot balloons are available as well. However, a St number of the pilot balloon winds are not
used because of their inconsistent quality.

Meteosat atmospheric motion vectors (AMVs) from cloud aratew vapour feature tracking processed by
EUMETSAT (European Organisation for the Exploitation of tel@rological Satellites) are assimilated over
the AMMA region with strong restrictions in the lower and ntidposphere. This is due to some known is-
sues with AMV height assignments (see for examyiédenet al, 2005 Velden and Bedka2009 and the
resulting large discrepancy (departure) with the modeliwadt the observation location which can result
in a negative impact on the forecasb Bremen 2005. Because of that, only high-level AMVs (above
400 hPa) are assimilated in the AMMA domain over land. AMVanirvisible channels are used below
400 hPa only over the ocean. Despite these restrictionsthiyostatistics for the tropics from EUMET-
SAT show that AMV and radiosonde profiles are in good agre¢rwerthe U and V wind components (see
http://cimss.ssec.wisc.edu/iwwg/iwagonitoring.amv.html). Thus, itis believed that over the AMMA region,
the large discrepancy between model and AMVs are mainly alueodel biases.

Scatterometer data and brightness temperatures frortiteataelere also assimilated over the ocean, providing
information of surface wind, temperature and specific hitmitdnfortunately due to the difficulty in the spec-
ification of emissivity over land, satellite radiances ao¢ assimilated in the lower troposphere. In summary,
the main source of information of the 3-dimensional atmesighstate over the African continent is provided
by radiosonde observations.

3 Impact of the AMMA radiosonde networ k on the analysis

In this section the impact on the analysis of the radiosorevations from the AMMA campaign is shown.
The impact of these data is assessed for temperature, wirtswamidity, as well as for cloud coverage.
The analysis increments are examined first, followed by apasison of the mean analysis fields. Finally,
independent observations are used to evaluate the results.

3.1 Analysisincrements

Temperature, wind and humidity analysis increments (aifiees between the analysis and 12-hour forecast
or background) for the AMMA and pre-AMMA experiments are sigtent. Namely, the analysis increments

in AMMA reinforce the mean increment pattern already présepre-AMMA. Moreover, the analysis incre-
ments at 00 UTC are mostly in agreement with those at 12 UT@lfgrarameters. For this reason, the mean
increments are computed together for OOUTC and 12 UTC. Tgedaanalysis increments are in the boundary
layer and in the mid-troposphere. Thus, pressure level®8mhPa and 700 hPa are chosen as the representative
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standard levels.

Figure 3a shows the mean analysis increments for temperature amavi®25 hPa for AMMA. The largest
temperature increments are negative and located in thd @#38l-22°N) around the observing radiosonde
stations. This indicates a temperature reduction in thi/sisaover Sahel. The temperature reduction is largest
at 12 UTC, and less pronounced at 00 UTC (not shown). Overdhst¢SN—7°N), Soudanian region EN—
12°N) and in the Sahara (2R—35°N) regions there are mainly positive temperature analysiseiments. This
brings an increase in temperature in the analysis, notdlnlighttime. Overall, the wind increments are against
the prevalent south-westerly monsoon flow (Figp) , particularly in the Sahel. This is consistent with a
reduction in the north-south temperature gradient seendrat the associated reduction in north-south pressure
gradient (not shown).

It is also worth noting that around several stations in theebge.g. Tombouctou, N'Djamena and Agadez) the
horizontal wind vector increments are divergent and th&écagdiwind is subsiding (solid black contours in Fig.
3a), providing an unrealistic circulation.

The analysis increments for temperature (F3g) are similar throughout the pressure layer between surfac
and 850 hPa over the Sahel and from the surface to 925 hPariedioas near the coast, Soudanian region and
over Sahara. At 700 hPa the mean temperature analysis ieotemre very small in magnitude (not shown).

Figure4 shows the mean analysis increments for the zonal wind at P@0 A dipole of negative and positive
increments north and south of M implies that the African easterly jet (AEJ) is displacedthwards in the
analysis. The jet is also strengthened by around 1.5 tnas the entrance region around®Nsand 15E,
surrounding the radiosonde station of N'Djamena. Thiseéase of the wind speed around®lilbis enhanced
during the daytime. Another region where there is an ineé@ashe speed of the AEJ is around Tombouctou
(16.42N, 3.00°W). Note that data from both N'Djamena and Tomboctou are waitable in pre-AMMA.

The analysis increments for the meridional winds (not shawduce the northerly wind in the eastern Sahel
(east of 18E) and increase the northerly wind west 8E5mainly during the daytime. This results in a more
zonal jet. At nighttime, the analysis increments at theude of the jet are small in magnitude and in area
coverage.

Figure 5a shows the vertical profile of mean observation departwesgecific humidity in the whole West
African region (3N to 3C°N and 20W to 2(P°E). Below 850 hPa, the model background is drier than the
observations. The dry bias is of the same order of magnitsdbeastandard deviation of the departures (not
shown). The analysis increments — depicted by the differdretween the dash and solid lines in Fig- are
very small or negligible at 925 hPa (see also Fdg). As a result, the specific humidity analysis at low-levels
over the whole region is also drier than the bias-correctsliosonde measurements. Although the overall
specific humidity analysis increments are very small nearsiirface, the relative humidity increments (not
shown) are large, reflecting the large temperature incrésragscribed above. It is also worth noting that the
bias-corrected radiosonde humidity was found to have atrbias in TCWV with respect to ground-based
GPS observationsAgusti-Panaredat al., 20098.

Over the Sahel, the model background has a moist bias clabe tooundary layer top — around 850 hPa —
depicted by a small kink in the observation departures in Biigy The analysis increments are able to reduce
effectively this moist bias by removing moisture from thelysis (Fig.6b). In the mid-troposphere (between
700 to 400 hPa), the dry bias in the model background is rebircthe analysis for the whole West African
region (Fig.5b).
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3.2 Mean analysis

The mean low-level temperature for the AMMA analysis is shd¥g. 7a. The strong positive thermal gradient

is responsible for the presence of the AEJ which dominate$\iist African region during the summer months
(Thorncroftet al,, 2003. The mean 925 hPa temperature in AMMA is around 2K coolan thapre-AMMA in

the vicinity of Agadez (7.98, 16.9?”N) and extending over the regiof\W—15°E and 1GN-25°N (Fig. 7b).

The fact that the main reduction in temperature occurs Et@&N and 22N means that the gradient between
southern (12N to 15°N) and northern (1%N and 22N) Sahel becomes weaker. Conversely, the temperature
gradient between northern Sahel and Sahara becomes stremggesting a northward shift of the gradient.

The mean sea level pressure (MSLP) is characterized by aecentbelt of minimum pressure associated
with the heat low around the latitude band centred arourfiNZ2ot shown). The mean MSLP difference
between AMMA and pre-AMMA shows an increase mainly in theisagaround Agadez (not shown), which
is consistent with the decrease in the mean temperaturelsEsabove.

The monsoon flow at low-levels plays a key role in the moisadeection over Sahel. It expands throughout
the layer from the surface to 850 hPa over centraP\tOL(PE) and eastern Sahel, but only up to 925 hPa
in western Sahel (west of P8V). The 925 hPa wind field is used here to depict the low-levehsoon flow.
The overall impact of the AMMA data on the low-level monsoawflis shown in Figuré&c by comparing the
AMMA mean analysis with pre-AMMA. The south-westerly flow @25 hPa is stronger near the coast in the
region ®W-1CPE and 0—-1(°N. Between Tamanrasset and Agadez (in the region fro?iN4Z1°N, 0°-1CPE)

the south-westerly monsoon flow is also much stronger. Hewéve largest impact is on southern flank of the
heat low. This is the region where the MSLP gradient (not stjdgstrongest and the 925 hPa wind within the
south-westerly monsoon flow is fastest (4 to 8 Th,see Fig.3b). The monsoon flow is between 1 and 3m s
slower in AMMA, particularly west of N'Djamena and Tomboaat(Fig. 7c). The reason why the difference
is mainly upstream of these two stations can be explainedvdylivergent analysis increments located over
Tombouctou, Agadez and N’'Djamena in the AMMA experimene(Bey. 3a). The difference in mean vertical
velocity also reveals an increase in subsidence over these $tations (not shown), with up to 0.1 Pa/s increase
in the downward mean vertical velocity over N'Djamena.

In the mid-troposphere, the AEJ dominates the flow from 7580@ hPa. It is one of the most characteristic
components of the West african monsoon. It is particuladi-known for its key role in the North Atlantic
tropical cyclogenesis through the development of Africasterly waves (e.gBerry and Thorncroft2005.
The mean zonal wind analysis difference at 700 hPa betwextwit experiments shows that there is a large
impact from the extra AMMA observations on the structurehaf AEJ (Fig.8). The jet streak associated with
the AEJ extends east of 4B in the AMMA experiment whereas in pre-AMMA the easterly dénin the jet
entrance region @E—1%E) are much weaker by approximately 2 mts

There is a small impact of the enhanced AMMA radiosonde nétvoa the African tropical easterly jet at
150 hPa and 200 hPa over the Gulf of Guinea (not shown). In AMNtropical easterly jet is stronger by
approximately 1 mst. However, observation departures (not shown) indicatettigastrength of the tropical
easterly jet over Western Africa is overestimated at the byt~ 1m s™. This is probably a consequence of
the enhanced convection over the Soudanian and southeehrgglons, associated with an overestimation of
the low-level humidity from the corrected AMMA radiosondeservations Agusti-Panaredat al., 20093.

Humidity is one of the key parameters for forecasting pritgiien. The impact of the AMMA observations
on the analyzed TCWV will help to interpret the radiosond@aitt on the precipitation forecast presented in
sectiord. Comparison of mean TCWV analysis for both experiments.(®ighows an increase between 1 and
3 kg m2in the region 5-12N and PW-7°E (i.e. in the vicinity of Parakou) as well as in the regionsa@en
Agadez, Tamanrasset (i.€?B-1FE, 168N-25°N) and Tambacounda (13.%Y, 13.68W). On the other hand,
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the areas around Tombouctou and N’Djamena show a signifitamease in TCWV of around 2 kgth The
regions with decreased TCWV correspond to regions with ecdd negative humidity analysis increments in
the vicinity of the boundary layer top and downward vertigelocity increments within the boundary layer
in the AMMA versus pre-AMMA experiments (described in theeyious section). Similarly, regions with
increased TCWV are associated with larger positive humaliialysis increments in the AMMA experiment.

3.3 Evaluation using independent observations

The impact of the observations are evaluated by comparagh experiments with independent observations.
Since Meteosat-8 AMVs are not assimilated in the analydimahd00 hPa over land (see secti@) they are
used as independent evaluation of the analyzed structtine &fEJ. The presence of cold cloud tops is assessed
using Meteosat-8 infrared images which are also not assieail

The AMV data was gridded at 2 degrees resolution from 750 B8® hPa to cover the vertical layer of the
AEJ. The mean zonal wind from the AMVs and the two analysisérpents during August 2006 for the same
layer is plotted in Figurd.Q. In general, there are large differences in the structutbeof\EJ between AMVs
and the experiments. In the jet exit (around®\d§ the easterly wind speeds are stronger in both AMMA and
pre-AMMA compared to AMVs. It is worth noting that most of thediosonde observations used in the analysis
experiments are on the gradient of the zonal wind, not on dhe itself. Between 1 and 1PE AMMA has

a much stronger jet than pre-AMMA, which does not containasahde observations. This indicates that the
model tends to produce a weaker jet than observed. The AMiéndxhe jet core further with wind speeds
faster than 8 m's! up to the Red sea (aroundH). It is also clear that the location and spread of the jehfro
the AMVs in Fig.10a is influenced by the orography (Fit0a) as well as the surface temperature gradient (Fig.
7a). In fact, the jet slows down and is displaced southwardséyarfur mountain range which peaks at 3088
m (equivalent to approximately 720 hPa). This curvaturéhajet is not present in the analysis experiments
(Fig. 10b,c) because the height of the model orography is only 100@en Darfur. Another clear difference
can be found in the representation of the southern hemigpA&dJ (AEJ-S). Although the AEJ-S is weaker
than its nothern counterpaitjari et al. (2008 found that it played an important role in the inter-hemist
tranport of biomass burning plumes during the 2006 wet sea8MVs display a much stronger AEJ-S with
maximum wind speed of 9 nT$ around the equator, whereas the analyses show a weakegebxanately 5

m s 1) located further south, at aroun8%

Despite the differences between AMVs and AMMA, a bulk congmar of AMVs with individual radiosonde
stations indicates that in the vicinity of the jet core theamelifference is less than 1.5 m's(see table3).
The AMV’s median and standard deviation are within 2™ ef the radiosonde data. Note that the individual
collocation approach was not used because it would redgoéisantly the data volume for the comparison.
Moreover, the bulk comparison shows results very similah#statistics derived during EUMETSAT opera-
tional Meteosat-9 AMV quality monitoring (see sectign

The TCWYV from the AMMA experiment in August 2006 was assessél independent GPS ground-based
data byAgusti-Panaredat al. (20095. TCWYV time series from GPS and the AMMA analysis show carrel
tions between 0.7 and 0.9. Results comparing TCWYV at six G&®iss indicate that the AMMA analysis is
too dry in Tombouctou and too moist in Dakar and Tamale (sge B8 fromAgusti-Panaredat al. (20090),
suggesting that the analysis dry bias at low-levels founBign 5 is not widespread over the whole AMMA
region.

Figure11 shows the simulated infra-red brightness temperature3 ijfRrom AMMA, pre-AMMA and those
from Meteosat-8. Cold cloud tops less than 285 K are usedtaxtideep convection. Within the latitude band
10°N-15°N, it is clear that both analysis experiments produce le&$ doud tops than observed. However,
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west of 10E, AMMA shows a large improvement compared to pre-AMMA, wablder mean brightness
temperatures. Whilst east of 0 and particularly around N'Djamena (@5), the brightness temperatures in
AMMA are warmer than in the pre-AMMA experiment. This indiea an undesirable reduction of convective
clouds in areas where there was already a deficit comparelsenations. Similarly, in the region north of
15°N the mean analyses for both experiments lack deep coneesttiuds whereas the observations show some
at 00 UTC. In summary, AMMA analysis of deep convective clasidbetter than pre-AMMA in the denser
radiosonde region (20V - 10°E and 3N - 15°N)

4 Impact of the AMMA radiosonde network on the forecast

Forecast skill from the AMMA and pre-AMMA experiments is cpared in this section. Figur&2 shows

the root mean square err@RiISE= ,/ (FC — OB)?) of temperature, RH and wind for different forecast (FC)
ranges (up to 48 hours) and different pressure levels (9@5@0 hPa) verified against radiosonde observations
(OB) for AMMA and pre-AMMA.. The evolution of the RMSE is reniably similar for all parameters. There
is a positive impact of the extra AMMA observations in thetfit& to 24 hours, becoming neutral afterwards.
The impact is significant with 80% confidence interval up tohb2rs. For some fields, e.g. RH at 925 hPa
and zonal wind at 925 hPa, the impact is lost before 12 hours.r@ason for this short-lived impact lies in the
systematic error associated with the model physics, theggses of which can act on time scales of the order
of half a day. This is discussed further in sectton

One of the most important parameters to forecast during thet YWfrican monsoon season is the precipitation.
Overall there is an improvement in the mean 1-day precipitdbrecast over central Sahel, with a precipitation
increase of around 2 mm daywith respect to pre-AMMA. The overestimation of precipitatin the region

of Parakou (9.3™N, 2.62E) is induced by an overestimation of the observed RH whichbmtraced back

to ground-check problems in the soundings at that statiamdf) personal communication). In contrast, east
of 10PE, the reduced precipitation amount (Fitg) collocated with increased subsidence makes the forecast
worse in that region. The contrast in the impact on predipitebetween central and eastern Sahel is consistent
with the impact on the cold brightness temperatures adsacvwith deep convective clouds in the analysis (see
section3.2).

5 Discussion

The results from the two experiments with and without theagiced AMMA radiosonde network demonstrate
that the impact of the observations on the analysis is sagmifj in particular in the region of the low-level
monsoon flow and the AEJ. However, the effect of the obsematbn the forecast disappears after only 24
hours. This is believed to be related to the presence of biasthe model. Therefore, the observation impact
is limited mainly to the analysis fields. For precipitatidhe forecast initialized with analysis containing the
AMMA observations is worsened in some regions. AMMA showsmaprovement in the precipitation pattern
over the central Sahel, but a degradation over the eastéml.Sa this section, the discussion will focus on
three important issues: (i) the presence of biases in theem@il the analysis increments and their role in the
degradation of the forecast; and (iii) the lack of obseoraiin the eastern part of Sahel.
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5.1 TheMode bias

The mean analysis increments presented in the previousrséutlicate that there is a very large temperature
bias at low-levels over the Sahel. The variability of the penature analysis increments reflects the diurnal
cycle of the model temperature bias. Boundary layer tentperés modulated by the net radiation, the Bowen
ratio and the advection by the monsoon flo&uichard(2008) presented evidence of a large bias in the net
radiation at a site in the Sahel (Agougou a?\Mand 13N) which could easily explain the bias in temperature
(seeGuichardet al. (2009 for more details on the site measurements). Possiblemsdsothis net radiation
bias were pointed out b§uichardet al. (2009 including model deficiencies in cloud cover, precipitatand
aerosol, as well as the need to improve the surface schenpaytioular the representation of vegetation. It
is well known that the ECMWF model has problems in the cloud jrecipitation over West Africa with the
ITCZ being shifted to the south and an overall lack of praaijmn over SahelAgusti-Panareda and Beljaars
2008 Agusti-Panaredat al., 20091. This negatively feeds back on the soil moisture which hiasge deficit
over the SahelAgusti-Panaredat al., 20093 de Rosnaet al., 2005 and also on the incoming solar radiation
as shown byGuichard(2008. It is likely that this radiation bias is having a first ordsfect on boundary layer
temperature. The feedback between excess of net radi&immperature warm bias and dry bias at low- and
mid-levels is enhancing the cloud bias by hindering the fiom of cloud. This would loop back into the radi-
ation bias, preventing any possibility of precipitatioreothe Sahel. The Saharan dust aerosols have also been
proven to play an important role on the west African monsommpkinset al. (2005 andRodwell and Jung
(2008 presented large impacts on the AEJ and the precipitatien \ékest Africa from changes in the aerosol
climatology. In the future, the coupling of aeorosol forgtoaith radiation is expected to improve the bias in the
net radiation and precipitation through the physical andadyical feedbacks in the Saharan heat low system
during the wet monsoon season.

5.2 Analysisincrements and their impact on the forecast

The temperature bias in the model (see sediidhresults in large low-level temperature analysis incretsien
which in turn produce divergent wind increments and sinkimgtion below 700 hPa. As a first step to assess
the cause of these divergent wind increments, the AMMA aiglgxperiment was performed with univariate
divergence in the background error covariance matrix ordrix(see sectio). This means that temperature
increments cannot result in divergent wind incrementsupinahe balance specified in the B-matrix. The results
from this experiment showed no significant change in therdemt wind increments. This is in accordance with
the changes made l3erber and Bouttief1999 which effectively reduced the balance in the B-matrix foe t
tropics. Thus, the divergent and subsiding analysis ineregnaround several stations in the data-sparce areas of
the Sahel (e.g. N'Djamena, Agadez and Tomboctou) are cédaystite model and not the assimilation system.
It appears that the reduction in temperature is producirgd mperature anomalies around the radiosonde
stations which result in thermally driven circulations. €Bl subsiding and diverging circulations constitute a
deterrent for the triggering of convection, also explagnivhy the precipitation forecasts did not improve over
the data-sparse regions.

5.3 TheAfrican easterly jet over the data-scar se eastern Sahel

It is clear that the wind observations at 700 hPa are coninigputo the change of the AEJ structure in the
ECMWEF analysis, particularly at the jet entrance and nortfflank of the AEJ. AMVs show that the jet streak
indeed appears to extend all the way to the Red Sea. Thus,itikis i the eastern part of the tropical north
Africa are likely to be too weak in the model analyses. Thislddave important consequences for prediction
of African easterly wave (AEW) activity in the region on datb-medium range timescales. First, since some
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AEWs clearly develop in this eastern region, it is possibiat the current observing system fails to pick up
AEWs in their early stages of development. Analysing thewnso will likely have significant benefits for
downstream prediction. Also, recent analyses of AEWSs sstgghat they are triggered by finite amplitude di-
abatic forcing Berry and Thorncroft2005 that is most commonly linked to topography (d¢ekonnenet al,,
2006. Thorncroftet al. (2008 showed using an idealized dry adiabatic model, that impasasient diabatic
heating can trigger an AEW downstream as well as increasevttiall AEW-activity for several days after.
This is due to a projection of the perturbation on the mostalole mode for the zonally varying basic state
(Hall et al,, 2006. The amplitude of the downstream AEW response dependsedadation of the heating with
respect to the AEJThorncroftet al,, 2008 and the nature of the AEJ itselféroux and Hall 2009. Hence,
these observational and modeling studies motivate the toeeghresent the AEJ in NWP models as accurately
as possible. If the AEJ was strengthened in the east, thigMigaly mean that AEWSs could develop sooner,
in association with convection in the Ethiopian highlandisexample.

6 Conclusions and future work

Radiosondes are the only observing system that providé@efsitription of atmospheric profile in the lower and
mid-troposphere in the ECMWF analysis. Itis therefore mopgsing that the AMMA radiosonde observations
have a significant impact on the ECMWF analysis. On the otAadhthe influence on the forecast is very short-
lived due to large model biases. The AMMA radiosonde obsrma are crucial to detect these model biases.
Mean analysis increments indicate that there is a very largdel bias in low-level temperature over Sahel
consistent with a bias in net radiation, lack of cloud coved @recipitation. These model biases make the
4DVar data assimilation non-optimal, as the 4DVar schenee here assumes a perfect model in the 12-hours
assimilation window.

The mean analysis differences between AMMA and pre-AMMAeskpents show a large impact of the ra-
diosonde observations on the low-level temperature oveelSand the AEJ. The impact is particularly pro-
nounced in northern and eastern Sahel. Comparison with Algs to the conclusion that over eastern Sahel
the AEJ is too weak in the ECMWF model. There are importanticapons of having a weaker AEJ in the
model forecast for the development of African easterly wsaves future work, experiments could be performed
to test the impact of assimilating AMVs in the region of the Alh particular over eastern Sahel where there
are no other observations available.

There is an overall improvement in the cloud and precigitain the AMMA experiment with an increase
of deep cloud in the analysis and a precipitation increashenl-day forecast between°l® and 10° E.
However, there is a decrease of both cloud and precipitatishof 18E over Sahel where there is deficit in the
model. Thus, although the mean analysis/forecast is ingof@ver central Sahel, it is actually degraded over
eastern Sahel. The degradation is caused by unrealistigsenismcrements of winds that are the result of large
temperature increments. These wind increments are diveagel result in enhanced subsidence in the analysis
which has an unfavourable feedback on the cloud and temperhias. They can also explain the negative
impact of the extra observations in the data-sparce regioth of 15N and east of 1%E. In order to make
good use of the observations further work needs to be doregltee the bias in cloud and surface temperature
over the region of Sahel (e.g. by including aerosol coupliitty radiation).
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Table 1: Enhanced AMMA radiosonde network during Augus620Be number of daily soundings planned in parenthe-
sis refers to the intensive observing period between 1stlatidof August 2006.

Station WMO Lat Lon Altitude Number of Total High
name station ID 9N] [°E] [m] soundings  number of resolution
planned soundings data
per day
Sal 08594 16.73 -22.95 53 1 31 No
Tamanrasset 60680 22.80 5.43 1364 4 123 No
Agadez 61024 16.97 7.98 502 4 (8) 183 Yes
Niamey 61052 13.48 2.17 227 4 (8) 179 Yes
Tombouctou 61223 16.72 -3.00 264 2 44 Yes
Bamako/Senou 61291 1253 -7.95 381 2 62 Yes
Nouadhibou 61415 2093 -17.03 3 1 1 Yes
Nouakchott 61442 18.10 -15.95 3 1 24 Yes
Dakar/Yoff 61641 1473 -1750 24 2 58 Yes
Tambacounda 61687 13.77 -13.68 50 1 44 Yes
Conakry 61831 9.56 -13.61 48 1 1 Yes
Addis Ababa-Bole 63450 9.03 38.75 2354 1 23 No
Bangui 64650 440 1852 366 2 8 Yes
N’Djamena 64700 12.13 15.03 295 2 46 Yes
Ngaoundere 64870 7.35 13,57 1104 1 33 Yes
Douala R.S 64910 402 9.70 15 2 27 Yes
Abuja 65125 9.25 7.00 344 4 (8) 158 Yes
Parakou 65330 9.35 2.62 393 4 (8) 171 Yes
Cotonou 65344 6.35 2.38 9 4 (8) 178 Yes
Tamale 65418 950 -0.85 173 4 (8) 174 Yes
Ouagadougou 65503 12.35 -1.52 306 2 63 Yes
Abidjan 65578 525 -393 8 2 79 Yes
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Table 2: Pre-AMMA radiosonde network

Station WMO Lat Lon Altitude Number of Total High
name station ID IN] [°E] [m] soundings  number of resolution
planned soundings data
per day
Sal 08594 16.73 -22.95 53 1 26 No
Tamanrasset 60680 22.80 5.43 1364 2 61 No
Agadez 61024 16.97 7.98 502 1 19 No
Niamey 61052 13.48 2.17 227 2 46 No
Bamako/Senou 61291 1253 -7.95 381 2 50 No
Dakar/Yoff 61641 14.73 -17.50 24 2 49 No
Douala R.S 64910 4.02 9.70 15 2 4 No
Ouagadougou 65503 12.35 -1.52 306 1 23 No
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Table 3: Atmospheric motion vector U-component bulk dtesisagainst radiosondes in the vicinity (+/°)Lof two
radiosonde stations in the region of the African easterycg@e. Vertical levels used span between 750 and 500 hPa.

Station Lat Lon | Mean Mean Std. Std. Median Median N N
[°N] [°E] | AMV RS dev. dev. RS AMV RS

name AMV RS

N’Djamena 12.13 15.03/ -10.3 -11.0 3.4 50 -115 -9.6 140 550

Niamey 13.48 2.17 | -11.0 -11.8 4.6 48 -10.2 -12.1 285 4413

Tombouctou | 16.72 -3.00| -13.0 -11.8 4.8 50 -13.3 -12.0 97 1063

Ouagadougoy 12.35 -1.52| -10.2 -10.8 5.0 57 -10.6 -11.0 107 1602
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Figure 1: Key stations of the AMMA radiosonde network. “Tahts Tambacounda and “Ouaga” is Ouagadougou.
Shapes denote the status: circles are reactivated statimnghose reconnected to the GTS), and triangles are station
that operated temporarily in 2006 (Praia is not shown, as itéry close to Sal). Color indicates the planned operationa
frequencies in 2006: white indicates operational (1 per)daith no GTS communicaitons, black indicates 1 per day,
magenta 2 per day, green 4 per day (Tamanrasset) or variedb#én@) and red achieved 4 per day during SOPs 1-3,
with 8 per day during IOPs. Refer to Table 2 for more detailee Dbserved mean annual precipitation amount for the
period 1961-90 is contoured (up to 2,000 mmYrrbased on the VASClimo dataset (Beck et al. 2005). The “nuoriso
transets are denoted by solid lines, the “zonal” and northeansects are dash-dotted, and the “southern quadrikiter

is dashed. FronfParkeret al.(2008.
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Figure 2: Map showing spatial coverage of conventional ebaton types (SYNOP from land and ship meteorological
stations, aircrafts, buoys, TEMP from radiosondes and daopales, and PILOT balloons) used in the ECMWF analysis
experiments below 500 hPa during August 2006. Radiosonadsighlighted with a large cross and circle; small red
dots are dropsondes. Only the number TEMP messages awailakbies between the two experiments presented in this
paper, particularly the radiosondes.
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Figure 3: (a) Mean temperature analysis increments at 928 fd? August 2006 based on both the 00 UTC 12 UTC
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2006 (AMMA experiment). The black dots depict the locatidch@ AMMA radiosonde stations.
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Figure 5: Mean vertical profile of radiosonde observatioackground departures (OB-BG, solid line) and radiosonde
observation-analysis departures (OB-AN, dashed line)petsic humidity [g Kg?] for the AMMA analysis over (a)
the whole West African region {§8—3®N, 2PW-2CE) and (b) the Sahel region (3R—-22N, 2PW-2CE). Numbers
indicate the number of observations available.
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Figure 6: Mean specific humidity analysis increments [g Kt () model level 84 (near 925 hPa) and (b) model level
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Figure 7: (a) Mean temperature [K] at 925 hPa for August 200&ed on 00 and 12 UTC analyses from the AMMA
experiment. The difference between the AMMA and pre-AMNpAraxents for (b) mean temperature at 925 hPa [K]
and (c¢) mean wind from 00 and 12 UTC analyses. The colour sigadi(c) indicates the difference in mean wind speed
and the arrows depict the mean difference in wind vectore Alack dots show the location of the AMMA radiosonde
stations.

Technical Memorandum No. 601 21



SECMWF Data impact studies of AMMA soundings

25°W 20°W 15°W 10°W 5°W  0° 5°E 10°E 15°E 20°E 25°E 30°E 35°E

(b)
e d [mis]
e o . o | o 5 0.5
25°N v °
7 - N
20°N - = 1
15°N -2
[ ]
T e | e o
o N
10°N ." ‘&‘ - ® e ) . = B ° 33
5N “—w = - V q
o R ’ ° q 2
o o
( » (,.[ b 1
s N A i
0 \ | o5

n I
25°W 20°W 15°W 10°W 5°W  0° 5°E 10°E 15°E 20°E 25°E 30°E 35°E

Figure 8: (a) Mean analysis for the AMMA experiment and (lijetience between the two experiments (AMMA minus
pre-AMMA) for the zonal wind at 700 hPa from 00 UTC and 12 UT@lgses for August 2006. The black dots indicate
the location of the AMMA radiosonde stations.
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Figure 9: (a) Mean analysis for the AMMA experiment and (Bjedénce between the two experiments (AMMA minus
pre-AMMA) for total column water vapour [kg T] from 00 and 12 UTC analyses for August 2006. The black dots

indicate the location of the AMMA radiosonde stations.
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Figure 10: Mean zonal wind (1 nT$ contour inverval) within the layer between 750 and 500 hRaMagust 2006 from:

(a) atmospheric motion vectors from Meteosat-8 griddedh &ftx 2° resolution, (b) the AMMA and (c) the pre-AMMA
analyses. The analysis data has also been plotted in a gtid 2% 2 degrees resolution for comparison purposes. The
black dots indicate the location of the AMMA radiosondeistet and the numbers depict the number of soundings used.
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Figure 11: Mean brightness temperatures [K] (channel 1218) for August 2006 at 00 UTC and 12 UTC from: (a,e)
observations (Meteosat); (b,f) pre-AMMA analysis; (c,§JMA analysis; and (d,h) the difference between the analysis
experiments (AMMA - pre-AMMA). The contour lines on (aghf@) represent orography with contours at 700 m, 1000
m, 2000 m and every 500 m thereafter. The black dots depit¢héon of the AMMA radiosonde stations.
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Figure 12: Root mean square error of forecast from the AMMstgesks) and pre-AMMA (triangles) experiments with
respect to radiosonde observations for different paramsetdthin a region between 26l and 20N and 20W to 2CE:

(a) zonal wind [m s'] at 925 hPa; (b) meridional wind [ms'] at 925hPa; (c) temperature [K] at 925 hPa; (d) relative
humidity [%] at 925 hPa; (e) zonal wind [n74] at 700 hPa; (f) meridional wind [ms!] at 700 hPa.

26

Technical Memorandum No. 601



Data impact studies of AMMA soundings ECMWF

Figure 13: Mean precipitation 1-day precipitation [mm day forecast (T+36 - T+12) for the period 3rd August to
2nd September 2006 from (a) the Global Precipitation Clenatoject dataset (GPCP) from NCEP/NOAA derived from
satellite observations; (b) pre-AMMA,; (c) AMMA; and (d) tdéference between the two experiments (AMMA - pre-
AMMA). The black dots indicate the location of the AMMA ratiode stations.
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