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Soil moisture impact on precipitation forecast ECMWF

Abstract

West Africa is a region of strong coupling between soil maistand precipitation and where numerical
weather precipitation generally exhibits poor skills. §tegion has been the focus of the African Monsoon
Multidisciplinary Analysis - Land-surface Model Intercparison Project (AMMA-ALMIP) in which the
European Medium-Range Weather Forecasts (ECMWF) landsgcheme (HTESSEL)— among others
— has been driven offline by accurate meteorological for@ingrder to produce improved soil moisture
estimates. This paper examines the impact of an improveidlicondition for soil moisture from the
HTESSEL ALMIP run on West Africa short-range precipitatiforecasts with the ECMWF Integrated
Forecast System (IFS). A set of forecasts covering the mohtugust 2006 is initialized with the soil
moisture from ALMIP and compared with the operational seflipe mean difference in the soil moisture
at the initial time is mirrored by differences in the evagmaand convective available potential energy in
the second day of forecasts. However, it is shown that wiiieztland beneficial impact of a more realistic
soil moisture is obtained for accumulated precipitatiothi@ regions over the coast of the Gulf of Guinea
and eastern Sahel, over the rest of the Sahel the impactimdatal or neutral. An argument is made that
the presence of convective inhibition and more complex logcal feedbacks, such as moisture convergence
associated with the monsoon flow, play a more important taa the soil moisture—precipitation coupling
over those regions.

1 Introduction

During the West African wet monsoon season (July-Sep) thia pracipitation band associated with the Inter-
Tropical Convergence Zone (ITCZ) moves northwards progjdnost of the Sahel annual rainfall. The Sahel
[12°N-18°N] lies in the semi-arid region between the tropical humideaear the Guinea coast and the Sahara
desert and it is characterized by a strong north-south gmadi precipitation.

It has been shown that global Numerical Weather PredictdP) models have difficulties in forecasting
precipitation over the Sahel during the wet season of the YAfesan monsoonNuret et al, 2008). In particu-

lar, the European Centre for Medium-range Weather Fore (B&MWF) short-range forecast places the zonal
mean rain band too far south with a lack of precipitation im tlorthern Sahelgust-Panareda and Beljaars
2008. This lack of precipitation is improved by correcting a dhigs associated with humidity from radioson-
des used in the analysig\@ust-Panareda et al.2009. This correction is also implemented in the special
ECMWF reanalysisAgust-Panareda and Beljaars2008 covering the 2006 wet monsoon season and using
the radiosonde and dropsondes data from the African Monsdltidisciplinary Analysis (AMMA) field
experiment (seRedelsperger et gl2006. However, the ECMWF AMMA reanalysis still underestimapes-
cCipitation over Sahel.

The aim of this paper is to investigate the impact of soil mupés on the mean precipitation forecast during the
West African monsoon season. Soil moisture is known to ptelyrgportant role in the hydrological cycle over
semi-arid regions, in particular the Sahkbéter et al, 2004). Over Sahel, the feedback between soil moisture
and precipitation can be positive or negative depending bether the convective system is at incipient or
mature stage (e.antner and Kalthoff2009. Mature and organized large convective systems have gosi
feedback with soil moisture because they are sensitiverieemive available potential energy (CAPE) which
is higher on wet soils. On the other hand, the initiation ofshoonvection has been shown to have a negative
feedback with soil moisture (e.gaylor and Ellis 2006 Gantner and Kalthoff 2009. This is because the
triggering of convection involves the removal of conveetinhibition (CIN) by vigorous thermals. Thus,
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convective triggering is favoured by drier soils in the wity of wet patches, through the creation of a mesoscale
circulation across the soil moisture gradient resultindpim-level moisture convergence and higher sensible
heat flux (e.gTaylor et al, 2007, 2009.

In the ECMWF Integrated Forecast System (IFS) model cycl8Z3, soil moisture is initialized by using
the short-range forecast field adjusted by a simple Optimtalpolation schemeavahfouf et al, 2000 in the
surface analysis to reduce departures in 2m temperatur@ranelative humidity between the forecast and
observations. The soil moisture evolution is largely deiaed by precipitation and evaporation (including
evapotranspiration). Moreover, the soil moisture adjestts from the surface analysis are limited by the
availability of SYNOP observations and by the meteorolag@onditions at the time of the analysis. Thus, it
is not surprising that the model soil moisture can accuredkge errors.

In order to investigate the impact of soil moisture on pri¢atfpn, forecast experiments with “more realistic”
soil moisture initial conditions have been performed. Ssmihmoisture fields have been produced by running
the ECMWEF land-surface model HTESSHsalsamo et al.2009 offline for the month of August 2006 using
satellite-derived precipitation, radiation forcing andMWF atmospheric analyses as part of the AMMA Land-
surface Model Intercomparison Project (ALMIP, $&@one et al.2009. The idea is that a land surface model
will produce a more accurate soil moisture state if it is &tavith more accurate precipitation and radiation
fields. The resulting soil moisture fields over the AMMA regiare used to initialize a set of 5-day forecasts
with the IFS model. Note that longer forecast ranges will fieceed by the model precipitation northward
drift (Agust-Panareda and Beljaars2008 and boundary layer recovery time over wet patches prodbged
mesoscale convective systems is of the order of two dagsiher and Kalthoff2009).

The experiment is performed for the whole month of Augustt2@ien the AMMA field experiment deployed
up to 8 radiosoundings per day in several sites in West Afribich were used in the AMMA reanalysis
(Agust-Panareda and Beljaar2008). The experiment uses the AMMA reanalysis as atmospheitialinon-
ditions. The standard forecast from the AMMA reanalysislgaised as a control experiment. The only
difference between the two experiments (referred to as EXPGONTROL) is the initial soil moisture field
over the AMMA region.

Figurel shows the mean difference in the soil moisture initial cbads between the two experiments (EXP-
CONTROL) and illustrates the shortcomings in the soil moistirom the AMMA reanalysis by considering
CONTROL-EXP. It is clear that there is a deficit of soil morgtwvithin the latitude band between°Nsand
20°N and also in the eastern part of the Sahel, particularly @astsouth of lake Chad (around®Ng 15°E).
These are the regions where the model is known to have a lgmieoipitation. In the tropical region, within 5
degrees from the coast, the model precipitation is too highsa is the soil moisture in the AMMA reanalysis.
Finally, there are parts of the Sahel where the soil moistut@ high in the AMMA reanalysis despite the lack
of precipitation in the ECMWF IFS model. These are regionemhihere are SYNOP stations and the surface
analysis is producing increments of soil moisture to corsp@for the 2m temperature being too high and/or
2m humidity being too low in the model background.

The differences in soil moisture clearly point out the infloe of precipitation forecast deficiencies on soll
moisture deficiencies in the model. The following sectiodradses the question of whether a more realistic
soil moisture will have any significant improvement on theefrast of precipitation.
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2 Resaults

The impact of the more realistic soil moisture on the shange forecast is shown in Figa, 2b and2c.
During the second day of forecast, an increase/decreaseapotion occurs over the regions where there
is an increase/decrease in soil moisture. Evaporationedses south of P8l between 17W - 15°E and it
increases north of P8l and to the east of P& and north of 18N.

The increase in evaporation is also linked to an increaseoimv€:tive Available Potential Energy (CAPE)
north of 1¥N (up to ~ 400 J kg'!) and east of 1%E with an increase of up to 900 J kfy The Convective
Inhibition (CIN) does not change significantly with the iaase/decrease of soil moisture (not shown). These
CAPE and CIN values are obtained by using the pseudo-adigiatcel ascent from the model level near the
surface which produces maximum CAPE. Although CAPE valuesraich smaller on average near the coast,
the feedback between changes in evaporation and CAPElisesdiively strong south of 1N. That is, the
mean CAPE difference is between 100 and 300 -J kg areas where mean CAPE is less than 500} Kgee

Fig. 2d).

Mean changes in precipitation are consistent with chang€APE within the latitude band between®Ndand
15°N, where there is a mean increase of precipitation east @ b7 up to 2mm/day and a mean decrease to
its west of up to 3 mm/day around the region of Bamako (12\3Z.57W). Note that over the region with
precipitation increase there are large values of mean CAR&veen 2000 and 2500 JKg and low values

of mean CIN (less than 20 J k) as shown in Fig2d. North of 16 N, although there is an overall increase
in CAPE, there is no change in precipitation. This is due tofttt that the model is not able to trigger deep
convection in the northern Sahel region which is charazterby large amounts of mean CINZ0 J kg™t over

the whole region and-50 J kg ! west of Greenwhich meridian). South of°N) the precipitation decreases
significantly in direct response to the decrease in evajoorand CAPE.

The total precipitation for day-2 forecast shows clearlgttthe main impact of using a more realistic soil
moisture is to reduce the precipitation excess near theé.céas result, the precipitation forecast in the coastal
region (%N-7°, 7°W-3°E) is closer to the satellite-derived precipitation from@P(see Figs2e and2f). The
precipitation in the region of the ITCZ (around°N) is also reduced when using the ALMIP moisture. The
final result is an ITCZ which is too far south and has too lifitecipitation.

The drift in the ITCZ position during the forecast evolutisralso a well-known problem in the ECMWF IFS
model Agust-Panareda and Beljaar2008. Figure3a shows the variation of monthly zonal mean precipi-
tation with latitude and forecast lead time compared to GH®E drift of the ITCZ is shown by the increase
in precipitation amount betweer?ld and 14N. In EXP, the precipitation forecast is generally reducedlia
latitudes for the different forecast lead times comparetth¢oCONTROL. This reduction is more pronounced
at day three than at day one, indicating that the drift of #@4 is slower than in the CONTROL, albeit by a
small amount. This is clearly observed in F&b which shows that over the eastern part of the Sahel the drift
along the forecast is consistently reduced (Rl). However, this is not the case for the central Sahel, where
the decrease is the same for all forecast lead times 8€jg.
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3 Summary and discussion

In West Africa the feedback between soil moisture and pietipn is much stronger in the wet region near
the coast than in the drier region of the Sahel. South 8Nlibe decrease in soil moisture causes a decrease
in mean precipitation of up to 3 mm/day in the short-rangedast. This is a good result as the precipitation
is too large over the coast compared to the satellite-dgivecipitation from GPCHRoster et al.(2004) also
found that the main region with strong coupling of soil moistand precipitation over west and central Africa
is located south of TN. Another region which also shows some coupling and pesféedback can be found
towards the east of lake Chad. Although the resulting irseréa precipitation over that region is smaller in
magnitude, it still presents an improvement in the meanckse Both regions which show positive feedback
are characterized by low values of CIN.

The feedback between soil moisture and precipitation ivisdtle north of 18N, where there are large values
of CIN and the model has difficulty triggering deep conveetavents. This is consistent with the differ-
ent feedback signs between soil moisture and precipitddand in the literature.Hohenegger et al(2009
relate the negative feedback to the presence of a stable dépwe the boundary layer and therefore CIN.
In agreement with this argumerBantner and Kalthoff(2009), Taylor et al. (2007 and Taylor et al. (2009
also associate positive and negative feedbacks with matuleincipient stages of convection respectively.
Van den Hurk and van Meijgaa(R009 also found a lack of precipitation response to CAPE charmuyes
Northern Sahel. Similar results where obtainednydell and Eltahir (2003 over the monsoon region of the
arid Southwest in continental United States, where CINds hlgh due to the formation of a capping inversion.

Other reasons for the problem of deep convective triggdrirtge model over West Africa could be linked to
problems in the representation of soil moisture patterasna@soscale circulations associated with the previous
passage of MCSs (e.@antner and Kalthoff 2009 Taylor et al, 2009.

Using a more realistic soil moisture improves the problenthefITCZ southward shift over the eastern part
of the Sahel but not over the central part, where it also resltlbe precipitation amount in the ITCZ band,
degrading the short-range precipitation forecast. TlisrkEsults suggest that more complex non-local feedback
mechanisms are involved in the precipitation predictgbdiver Sahel, e.g. the low-level moisture convergence
associated with the monsoon flow.

Acknowledgments

Based on a French initiative, AMMA was built by an internatb scientific group and is currently funded by
a large number of agencies, especially from France, UK, UBAdrica. It has been beneficiary of a major
financial contribution from the European Community’s Siitamework Programme. Detailed information
on scientific coordination and funding is available on the M/ international web site “http://www.amma-
international.org”. The authors would also like to thank@mBoone for providing the forcing for the off-line
ALMIP run and feedback on the work presented, Patricia denBgsloaquin Mufioz Sabater and Bart van den
Hurk for their comments which helped to improve the mangscas well as the graphics team in ECMWF for
their technical support.

4 Technical Memorandum No. 611



Soil moisture impact on precipitation forecast ECMWF

References

Agusti-Panareda, A., A. Beljaars (2008), ECMWF's conttitn to AMMA, ECMWF Newsletter, No
115/ http://www.ecmwf.int/publications/newslettedf/115.pdf”.

Agusti-Panareda,A., D. Vasiljevic, A. Beljaars, O. Bodk, Guichard, M. Nuret, J.-P. Lafore, A. Garcia
Mendez, E. Andersson, P. Bechtold, A. Fink, H. HersbacB, Ngamini, D.J. Parker, J.-L. Redelsperger and
A.M. Tompkins (2009), Radiosonde humidity bias correctauer the West African region for the special
AMMA reanalysis at ECMWF,Q.J.Meteorol.So¢135 595-617.

Agusti-Panareda, A., A. Beljaars, C. Cardinali, |I. Ger&kand C. Thorncroft (2009), Impact of assimilat-
ing AMMA SOP soundings on ECMWF analyses and forecagi§ MWF Technical Memorandyrg01,
http://www.ecmwf.int/publications/library/do/referees/list/14 (submitted to Weather and Forecasting)

Balsamo, G., P. Viterbo, A. Beljaars, B. van den Hurk, M. HirsA. Betts and K. Scipal (2009), A revised
hydrology for the ECMWF model. Verification from field site terrestrial water storage and impact in the
Integrated Forecast Systerd, Hydrometeoro|.10, 623—-643.

Boone, A., P. de Rosnay, A. Beljaars, G. Balsamo, F. Chopimdgharme, C. Delire, A. Ducharme, S. Gas-
coin, M. Grippa, F. Guichard, Y. Gusev, P.P. Harris, L. Jarla Kergoat, E. Mougin, O. Nasonova, A. Nor-
gaard, T. d’ Orgeval, C. Ottle, |. Poccard-Leclercq, J.cRef, I. Sandholt, S. Saux-Picart, C. Taylor and
Y. Xue (2009), The AMMA Land Surface Model intercomparisamject (ALMIP). Bulletin of the Ameri-
can Meteorological Societfaccepted).

Findell, K. L., E. A. B. Eltahir (2003), Atmospheric contsobn soil moisture-boundary layer interactions. Part
II: Feedbacks within the continental United Statkglydrometeoro).4, 570-583.

Gantner,L. and N. Kalthoff (2009), Sensitiviy of a modelldd cycle of a mesoscale convective system to soil
conditions over West AfricaQ.J.Meteorol.Sodin press) , doi: 10.1002/qj.425.

Hohenegger,C., P. Brockhaus, C. Bretherton and CaiS@009), The soil moisture-precipitation feedback in
simulations with explicit and parameterized convectidrClimate 22, 5003—-5020.

Koster,R.D. ,P.A. Dirmeyer, Z. Guo, G. Bonan, E. Chan, P.,GoX. Gordon, S. Kanae, E. Kowalczyk,
D. Lawrence, P. Liu, C. Lu, S. Mayshev, B. McAvaney, K. MitdhB. Mocko, T. Oki, K. Oleson, A. Pitman,
Y.C. Sud, C.M. Taylor, D. Verseghy, R. Vasic, Y. Xue and T. ¥ata (2004), Regions of strong coupling
between soil moisture and precipitatidgience305 1138-1140.

Mahfouf, J., P. Viterbo, H. Douville, A. Beljaars, and S. 8aen (2000), A revised land-surface analysis
scheme in the Integrated Forecasting Syste@MWF Newsletter, Summer-Autumn

Nuret,M., J.-P. Lafore, N. Asencio, H. Benichou, O. Bocki-&vot, T. Montmerle and Y. Seity (2008), Evalu-
ation of Méteo-France NWP models during AMMA 2006 S@AR]MA-EU Deliverable, D5.1.c

Redelsperger, J.-L., C. Thorncroft, A. Diedhiou, T. Letigl,Parker and J. Polcher (2006), African Monsoon
Multidisciplinary Analysis (AMMA): an international resech project and field campaigBull. Am. Mete-
orol. Soc, 87(12) 1739-1746.

Taylor, C.M. and R.J. Ellis (2006), Satellite detection oil snoisture impacts on convection at the mesoscale.
Geophys. Res. LetB3, doi:10.1029/2005GL025252.

Taylor, C.M., D.J. Parker and P.P. Harris (2007), An obd@wmal case study of mesoscale atmospheric circu-
lations induced by soil moistureizeophys. Res. LetB4,doi: 10.1029/2007GL030572.

Technical Memorandum No. 611 5



ECMWF Soil moisture impact on precipitation forecast

Taylor, C.M., P.P.Harris and D.J. Parker (2009), Impactaif moisture on the development of a Sahelian
mesoscale convective system: A case-study from the AMMABpPObserving PeriodQ.J.R.Meteorol.Soc.
(in press), doi: 10.1002/q.465.

van den Hurk, B. J. J. M. and E. van Meijgaard (2009), Diagmptnd-atmosphere interaction from a regional
climate model simulation over West-Africd, Hydrometeorol(submitted).

6 Technical Memorandum No. 611



Soil moisture impact on precipitation forecast ECMWF

Figure 1: Mean difference in the initial soil moisture [usitnm m?] in (a) the upper layer (0 to 7 cm deep) and (b)
the second layer (7 to 28 cm deep) of the land-surface modeklea the experiment with ALMIP soil moisture and the
control experiment for the period from 1 to 31 August 2006.
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Figure 2: Left panels are monthly mean differences betwkerfdrecast initialized with ALMIP soil moisture and the
control forecast (ALMIP - CONTROL) for: (a) evaporation [rftay] from T+24 to T+48, (b) CAPE (J/f) at T+36,
and (c) precipitation [mm/day] from T+24 to T+48; Right pdeare mean fields of (d) CAPE [J/kg] (in colour) and CIN
(contour lines, starting from 25 J/kg with contour intendil25 J/kg) from the control forecast at T+36 and monthly mean
error of precipitation forecast from T+24 to T+48 [mm/day]ti respect to the Global Precipitation Climatology Projec
(GPCP) for () CONTROL-GPCP and (f) EXP-GPCP. The forecasts initialized daily from 1 to 31 August 2006 at 00
UTC.
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Figure 3: (a) Monthly mean zonally averaged precipitatioittwespect to latitude (y-axis) within the region®8-3CE

and ®-3CPN for different forecast ranges. Bottom panels are monthldgmyprecipitation with respect to forecast range

(x-axis) for the regions of (b) eastern Sahel {E83CE, 1’N-15N) and (c) central Sahel (POV-1CE, 1°N-15N).

The lines for all plots correspond to the forecast initializfrom ALMIP soil moisture (dash line), the control foretcas

(thin solid line) and the Global Precipitation ClimatoloBroject (GPCP, thick solid line). The forecasts were iditiad
daily from 1 to 31 August 2006 at 00 UTC.
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