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Summary:

Annual cycle and inter-seasonal persistence ofsarbtmosphere water and heat fluxes are
analyzed at a 5-day time step over the West Afridamsoon (WAM) through observational
precipitation estimates (CMAP), model datasets (RCIOE level 2 reanalyses) and a Soil
Water Index (SWI) from the ERS scatterometer. Cetiefluctuations (30-90 days) distinct
from supra-synoptic variability (10-25 day periodaje first detected in the WAM
precipitation and heat fluxes over the period 19904. During all the northward excursion
of the WAM rain band, a succession of four actibages (abrupt rainfall increases) occurs.
They are centered in the first days of March, matA the second half of May and from the
last week of June to mid-July (the Sahelian ongeimple statistical approach shows that
the Spring to Summer installation of the monsomseto be sensitive to these short periods.
Other analyses suggest the existence of laggedioredhip between rainfall amounts
registered in successive Fall, Spring (active gislicand Summer (top of the rainy season)
implying land surface conditions. The spatial esten of the generated soil moisture
anomalies reaches one maximum in March, mainlyhatGuinean latitudes and over the
Sahelian belt where the signal can persist urdilniixt monsoon onset.

Typically after abnormal wet conditions in SeptemBetober two signals are observed: (1)
more marked fluctuations in Spring with less (m@ajelian rainfall in May (June and after)
at the Sahelian-Sudanian latitudes; (2) wetteryragasons along the Guinean coast (in Spring
and Summer with an advance in the mean date ofitthe dry season’). The reverse arises

after abnormal dry conditions in autumn.

l. Introduction
Annual cycle and interannual to decadal rainfalctfliations over West Africa and their
association with the Sea Surface Temperature (8&Tgbility have been noted for a long
time, first over the Atlantic Ocean and then ajuasi-global scale. It is clear that part of
monsoon variability responds to external forcing, &ST anomaly patterns of quasi-global
or more regional scales. However, since the sermngks of Charney (1975, 1977), many
numerical experiments (for example in Zeng etl899 and Wang and Eltah2000) have
recognized the role of land surface as a majordamdinant factor at local and meso scales
in spatial distribution of rain events. In this ¢ext, a lot of numerical studies have first
focused on the close relationship linking soil mmis and precipitation mainly at the
interannual time scale (Xue and Shukla, 1993). $treng interannual persistence of

rainfall anomalies has been explained in termsantlisurface feedback due to the slow
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adjustment time of soils covered by vegetation lsaft Sahel (Zeng and Neelin, 2000).
Eltahir and Gong1996) and CooK1999) emphasized the role of the meridional moist
static energy (MSE) and thermal gradients in lowelse for WAM dynamics whereas
Fontaine et al(1999) pointed out the dominant role of Springstanmer changes in MSE
gradients for seasonal rainfall forecasting in Wastica. More recently, numerical
(Douville and Chauvin2000) and empirical (Philippon and Fontgi@€02) studiedhave
focused on the relevance of soil moisture for sealsprediction. The latter authors have
observed that abnormally wet Sahelian rainy seatems to be preceded by abnormally
wet soils over the Sudanian-Guinean belt in northell suggesting the possible existence
of an in situ long-term memory controlled by soibisture. However, using a simple water
model Shinoda andamaguchi (2003) conclude that the root-zone saistare does not
act as a memory of Sahelian rainfall anomaly ihtofollowing rainy season and cannot be

directly related to the long-term persistence efdnought.

The purpose of this study is to document the Welsic#n long-term memory, (i.e.,
abnormally wet Sahelian rainy seasons tend to beepled by abnormally wet soils and
rainfall over the Sudanian-Guinean belt during Imem Fall), in terms of rainfall annual
cycle and variability during the northward excursiof the WAM system in northern
Spring. We will focus on the water and heat excleangn the continent, since over ocean,
surface-atmosphere interactions are triggered ley pgbsitive feedbacks in the strong
coupled SST-wind system over the eastern equatilehtic (Mitchell and Wallace, 1992)
and the air-sea coupling through vertical air-derefs is more important at a decadal scale
(Chang et al., 1997) than at a seasonal or intiaes®l scale (Li and Philander, 1997). By
contrast, over land they are more due to varying kurface parameters such as vegetation

and soil moisture which control locally the vertibaat and water fluxes.

A few recent studies have been devoted to theliasta of the WAM system with an
intra-seasonal approach. Grodsky and Ca(&f®1) and Louvet and Janic(®003) have
detailed the “pre-onset” and “onset” of the firstiean rainy season while Sultan and
Janicot(2000), Janicot and Sultg2001), and Sultan et 2003) focused on the abrupt
latitudinal shift of the rain band over the Sahall associated signals in moisture advection,
atmospheric dynamics and convection. Matthews (20@02004) proposes an interesting
hypothesis in which intra-seasonal fluctuationseapartly as a remote response to the 30-

60 day Madden-Julian oscillations over the warml geator: the equatorial Kelvin wave
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response to this change propagates eastward aretjutorial Rossby wave response
propagates westwardfter a complete circuit of the equator they maepttwenty days
later over Africa, where the negative mid-troposphtemperature anomalies in the Kelvin
and Rossby wave can favour deep convection. Marentb, Louvet et al. (2003) have
shown, through analyses of the CMAP dataset, that different monsoon stages
considered above (i.e, the Guinean pre-onset asetotihe Sahelian latitudinal shift of the
rain band) are neither specific to a given latiadizone nor independent. They occur at the
end of periods of pause in rainfall during the hasrd excursion of the rainbelt and could

impact on the future rainy season.

So, rainfall over the WAM region appears to be oaigd by long-term memory processes
which explain part of the quasi decadal and intewah variability of the cumulative
amounts registered during a rainy season. Nonathelbere is no clear physical link
between this large scale memory and the successiveevents of meso scale (i.e., squall
lines, convective systems) or of synoptic scale.tHis context variability during the
northward excursion of the WAM system is importaotconsider because it impacts
directly the dates of onsets and the length ofainey seasons. We make the hypothesis that
a significant part of rainfall in northern Spring sensitive to the continental amounts
registered during the preceding monsoon withdrathal,other part responding to external

forcing, often of oceanic origin (e.g. SSTs).

By contrast with Louvet et al. (2003) who documertige periods of pauses, we will focus
on the active phases to detect critical periodshduall the northern excursion of the WAM
system. Recent availability of latest version af MCEP/DOE reanalyses level Il, the CPC
Merged Analysis of Precipitation (CMAP) and Soil igtore Archive from ERS
Scatterometer data offers such an opportunity atviéry beginning of the 2006-2007
AMMA field experiments.

Il. Thedata

Rainfall data from CMAP are used in a version whebservations from raingauges have
been merged only with estimates from infrared andrawave data from satellites then
analyzed on a 2.5 x 2.5 degree latitude/longitude. g he data, available at a 5-day time-
scale over the period 1979-2001, depend mainlybsevations since rainfall forecasts from

the model are not assimilated in the selected CMARIon. The technique and algorithms
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are described in Spencer (1993) and Xie and Arke97). It is noteworthy that this version is
very close to then situ daily rainfall amounts over the continent bothrivythm (linear
correlation coefficients) and in amplitude (means atandard deviations) as shown in the
Table 1 of Louvet et al. (2003) for the rainfalltisgtes compiled by IRD (Institut de
Recherche pour le Développement), ASECNA (Agencer p@ Sécurité de la Navigation
Aérienne en Afrique et a Madagascar) and CIEH (@®minter-africain d’Etudes
Hydrauliques) after interpolation on the 2.5° *2¢sid and calculation of 5-day averages .

To describe the surface-atmosphere heat fluxes ave khosen the NCEP/DOE AMIP-II
Reanalysis (R-2) because for this version of rgamgl model precipitation has been replaced
with observed (satellite + gauge) 5-day preciptain a similar manner to CMAP and in the
same spatial resolutiorfKanamitsu et al., 2002). Moreover R-2 improves rupine
NCEP/NCAR Reanalysis(R-1) by fixing the errors dydupdating the parameterizations of
the physical processes. However no direct assionladvf radiances, but (proper) use of
SSM/I data and assimilation of rainfall data haeerbincorporated. The main improvements
regarding the water cycle, as well as the effecsatkllite and aircraft, on analyses are
extensively discussed in Kanamitsu et al. (200R),particular the correction method
equivalent to using observed 5-day precipitatioroants in the hydrological calculations.
Maurer et al (2001) found that R-2 provides more accurate péstwof soil wetness, near
surface temperature and surface hydrology budgatland, and radiation fluxes over Ocean.
By contrast the new boundary layer and convectadremes have modified the water vapor
profile: R-2 has more moisture in low levels tharl Rn any case, over the West African
continent the atmospheric and surface variablepavameters are more accurate; surface
albedo over the Sahara goes also from 0.3 in R-beyond 0.4 in accordance with

observations.

Considering these aspects we will focus only andilwrface parameters that are most closely
linked to the water cycle over land at regionallescae., the observed rainfall amounts and
reanalyzed sensible and latent heat fluxes at ay3tche-step over the period 1979-2001. We
define first a West African Monsoon area (WAM: 33°Rl; 10°W-10°E): this domain is very
representative and concentrates the major parthef synoptic disturbances, organized
convective and rainy systems (i.e, squall line$)e WAM box is then divided into three
equal basic zones of 5° extension: a ‘SahelianezZ@AH: 15°N-20°N) a ‘Sudanian’ zone
(SUD: 10°N-15°N) and a ‘Guinean’ zone (GUI: 5°N-N)?
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Additionally, an independent dataset, the soil watelex (SWI) from the Global Soil
Moisture Archive 1992-2000 from ERS Scatterometata) has been retained for studying
the land surface evolution. Indeed, SWI is notraaimeasurement of soil moisture content
but a satellite estimate based on the backscat&fficent from the ground surface. Each
SWiI is expressed in percentages (relative measamg)ng between 0 (dry soil) and 1 (100%
saturated soil). In fact the scatterometer estim#te top soil moisture (approximately the
upper 5 centimetres of the soil) and calculationS¥¥I is based on this measurement for
depicting the available water content in the raptione. SWI is influenced by vegetation and
surface roughness, so methods have been develogéichtnate these effects (see for details,
Wagner and Scipal, 2000 and Wagner et al., 1999\eder such techniques allow derivation
of the soil moisture content at a regional scal@ K1) through the conductivity of the top
soil, at a time sampling of 1-2 observations peekvever Africa. At this frequency the SWI
depicts mainly the available top-soil water contdsdr the West African region there are
10,218 SWI estimates available at a ten-day tirep stver the period 1992-2000 (see for
example graphs in Figures. 5 a, b and maps in ésy@b-d).

lll. Mean annual cyclesand fluctuations

Figure 1 presents mean annual evolutions of filterainfall records (RR), their time
tendencies and the sensible (H), latent (LE) atal {61+LE) heat fluxes at the surface over
the three latitudinal bands. It is noteworthy tiRR is a filtered ‘observed’ signal after
elimination of fluctuations < 5 pentads (30 dayg)adow-pass butterworth filter (Murakami,
1979, while H and LE are ‘raw model products’ whidilect how the NCEP model deals
with soil moisture holding capacity. Over the Saftet).1 a-c) RR, LE and H+LE reach their
annual maximum in the second part of August follgyvthe annual maximum in H which
occurs by the end of June in clear concomitanch tié beginning of the rainy season as
shown by the sudden rainfall increase called ‘Sahednset’ in Figure. 1b. Over the Sudanian
belt (Fig. 1d-f) the shapes of RR, H and LE diffeR peaks also in August but the total heat
flux remains nearly constant ( > 110 Wjmfrom April when H reaches its first peak to
October when LE starts its decrease-. Here alsdtipeak is clearly concomitant with the
beginning of rainy season (Fig. 1d). It is notidbdt from April to July the Sudanian belt
(Fig. 1e) is marked by recurrent a succession ofihincreases observed in 2/3 of years

which indicates the phase-locking to the annualecfiolack bars). These ‘active periods’ are
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followed by short pauses (attenuations). At Guinksitudes, rainfall amounts peak in June
and September (Fig. 1g) according to the doublei@ngisplacement of the Solar apparent
position and rain belt and exhibits similar actpariods with less phase-locking. The LE flux
remains nearly constant all along the year (80\M3?) and the H cycle is mono-modal and
peaks in February (Fig. 1i).

Mean rainfall tendencies prove that the Spring tm®er installation of the monsoon is
neither continuous nor linear but tends to be commated on specific short periods of the
year. More precisely, there are four preferentaiquls of rainfall increase in West Africa: 1)
the turn of February/March in the Guinean latitydgamid-April, 3) the end of May over the
whole Guinean-Sudanian area, and 4) the turn o#/July over the Sudanian-Sahelian belt,
which corresponds to the monsoon onset. Howevesetlactive phases can be affected by
shorter fluctuations, as shown in Figure 2: if sopeaks refer to the 13-16 and 20-25 day
periods (linked to supra-synoptic variations), aiaons > 30 days (called hereafter intra-
seasonal) appear clearly more energetic and signifi Such variations can be induced by a
large number of mechanisms linked to either inteatrmospheric dynamics of synoptic scale
(a few days) or climate mechanisms of longer periuk to interactions with the oceanic and
land surfaces (Grodsky and Carton, 2001; SultanJanetot, 2000, 2003; Louvet and Janicot,
2003).

The four abrupt rainfall increases can be viewedeagds of greater occurrence of monsoon
surges in the West African monsoon during its nedfd penetration into the continent. This
is well illustrated in Figure 3 which illustratelsa the discontinuous shape of rain band and
alternation in active phases and pauses from Marcluly. The mean annual evolution is
rather simple. The first Guinean rainy season (rné/day south of 7°N in June) occurs after
the total heat flux annual peak in February-MarehL80 W/nf at 6-7°N in Fig. 3b) which
precedes a rapid increase in sensible heat flux d0€l5°N in March-April (Fig. 3c). In
Summer the core of the Sudanian-Sahelian rain(belt mm/day at 8-12°N) is located just
southward to the heat belt (H+LE maximums >120 ¥amn13-15°N in Figure. 3b) leading
the annual peak in LE flux (> 110 Wim October-November, Fig. 3d).

So the mean annual cycle of the West African monsmannot be reduced to a continuous
latitudinal excursion of the rain band followingetlsolar declination. It appears associated
with two types of surface forcing which are largelyt of phase: sensible energy north of

10°N (Fig. 3c) just before the first rainfall maxim over ‘Sudan-Sahel’ and latent energy in
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Autumn south of 10°N (Fig. 3d) after the second RRximum during the monsoon
withdrawal. In Spring, energy is pumped from thefaze mainly through sensible-heating
and is driving convection northward (Fontaine et 2002), but latent energy depends on the

available soil moisture and is hence stronger duttie second Guinean rainy season.

The correlation coeffcicients between the firstethractive phases (AP #1,2,3) over the
‘Sudan-Sahel' region (10°N-18.5°N; 10°W-10°E) ariuk t5-day rainfall evolution are
displayed in Figure 4 a-c, after elimination of a@ynoptic and supra-synoptic time
fluctuations (< 6 pentads or 30 days) by a higrspastterworth filter (Murakami, 1979).
Mean timing and duration of AP#1-3 are reprodudatie bottom diagrams. For example, the
link between the AP#1 (which is from pentad 11 49 4nd each 5-day rainfall amount along
the year is shown in Figure 4a. It clearly appdiaas the highest positive values (> +0.7 or +
0.9) are always centered on these periods, suggdstith the important role of AP#1-3 for
annual rainfall variability. For example, AP#1 ierelated with AP#3 over Sahel (Fig. 4a),
whereas the Sudanian amounts during AP#2 and AR#HBds are preceded by significant
signals in February and March (Fig. 4b, c). The mmdates of AP occurrences are also
depicted by the RR, H and LE signals in Figureo®Klat the 1-5 mm/day, 40 and 80 V§/m
lines in Fig. 3a, c, d respectively). Thus, fromrbtato August, the successive APs could be
controlled locally by the vertical fluxes of watand heat in a way where an enhanced
hydrological cycle makes easier the AP generafidns arises the question of interannual
variations in soil moisture availability during $pg and hence of the possible role of rainfall

variations during monsoon withdrawal during theceing Autumn.

IV. Therole of wet and dry conditions during monsoon withdrawal

So monsoon conditions in northern Spring could &estive to the continental amounts
registered during the preceding monsoon withdrawdépendently from external and/or
oceanic (SSTs) forcing. We illustrate first thigtetnent through the soil moisture index
(SWI) estimates provided by the ERS Scatteromdter B0-day frequency for the period
1992-2000 (see section 2). The mean and abnormaly and dry years SWI annual
evolutions for the entire WAM region are presentedrigure 5. It is noteworthy that SWI

values increases from the end of February to mute®eber, lagging the rainfall cycle with

a time delay of one month (compared with Fig. lawidver the dry curve reaches its
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maximum before the wet one (first days of Septenalginst mid-September, respectively)

and their synchronous differences are significamingy Autumn.

Figure 6a shows the statistical impact of autunsodlmoisture variations registered over the
Sudanian and Sahelian belts. It details, the ozlatiip between September-December SWI
anomalies in year 0 and soil moisture persistenggar +1 at a 10-day time-step and a sub-
continental scale. The values are scaled in peagestof significant locations at p=0.05
regarding the wet minus dry SWI differences ovend&-Sahel’ relatively to the period
1992-2000 (wet: 1992, 93, 96, 97; dry: 1994, 95,99). So a value of 30% means that 30%
of the 10,218 SWI Wet minus Dry differences (50k@¥m) are locally significant. Notice
first that the area significance exceeds largety %o threshold in Winter and reaches its
maximum in March +1 (> 30%), at the end of the skegson. At this time of the year (end of
dry season) SWI is close to its annual minimum dakerWAM region and over the Guinean
and Sudanian belts. More generally, except a fewallsaneas near the Guinean coast, the
mean SWI field in March exhibits very low valuesigiF6b). In March (Fig. 6c¢), the
significant differences are largely positive, excigp the sub-Saharan regions and some areas
over the Nigeria (south of 10°N and east of 10tGgy tend to persist until June over the
Sahelian band (shadings along 15°N in Fig. 6d)s Bamonth persistence could change the

initial conditions for the next monsoon season.

To study more directly and over a larger period impacts of rains during monsoon
withdrawal, we have done composite analysis redatty September-October (SO) rainfall
(1979-2001). We define a year as WET (DRY) when $@ rainfall amounts are higher
(lower) than the mean: the 10 wettest and 10 dB€Xtyears are listed in table 1. Figure 7
shows the WET minus DRY (W-D) differences in 5-dainfall and heat fluxes over a 21-
month period (from January in year 0 to Septembegrear +1). The results are tested locally
using a paired Student t-test and globally (fieilghsgicance) through 1000 Monte Carlo

simulations.

The significant W-D rainfall estimates (Fig. 7ancerns 8.8% of the data which is significant
regarding field significance). After positive difeces in September-October 0 over ‘Sudan-
Sahel’ clear positive signals appear south of 10fMarch+1, July +1 and September+1
whereas months of May for both years (0 and +1ljstegnegative W-D differences. These

results show that rainfall amounts during monsodhdvawal are statistically linked to the
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timing and amplitude of precipitations during thexhmonsoon season. This might arise from
changes in land surface (i.e., soil moisture angktation) since the H and LE differences
(Fig. 7b, c) are clearly negative with H and pesitwith LE, according to variations in the
H/LE Bowen ratio: the inverse H and LE behaviormpeito the role of variations in sensible
versus latent partition of the net heat flux frdme surface as a response to rainfall and soll
wetness. Shinoda and Yamaguchi (2003) detail thessesses over the Sahel through hourly
soil moisture observations: basically increaseccr@gsed) precipitation is accumulated as
increased (decreased) soil moisture with a timel&agling to decreased (increased) sensible
heating and simultaneously increased (decreasei} lacating and finally to low (high) daily
maximum temperature. The significant W-D signalsthet p=0.05 level in Figures. 7b, ¢
concern 12.7% and 20.7% of the H (negative diffeesih and LE (positive ones) diagrams,
respectively. As for rainfall these panels arebglty significant but the signals occur mainly
from September 0 to March-April+1 over ‘Sudan-Sabklebwing that before the rainy season,

the sensible versus latent partition depends aad looisture availability.

Table 2 displays evolution of squared first rankoaarrelation coefficient§R2) in the 5-day
series as an estimate of simple time persisterem t{ge caption). It can be noticed that the
highest values, centered on the months of Noverfibbruary; are obtained with the heat
fluxes (R2 > 40%) and vanish after May: since riofedl occur in northern Winter, the H/LE
partition depends directly on soil reservoir capaaend/or vegetation coverage. By contrast
after the first rains these land surface parametkasige locally and persistence decreases

abruptly as shown in the Table.

The effect of soil moisture anomalies are logicaflgre important in ‘Sudan-Sahel’ than near
the Guinean coast, since over regions of low satew content any small anomaly will
change drastically the usual and will impact mbee\egetation cover density. Figures 8 and
9 illustrate the statistical impacts of SeptembeteDer rainfall variations over ‘Sudan-Sahel’
on the future active phases and pauses, and omsisture evolution, respectively. Curves in
Figure 8 contrast precipitation following the mabnormally wet and dry withdrawal periods
(SO) listed in table 1 for the entire WAM regiondR8a), the 8°N-12°N belt which exhibits a
unique rainy season in Summer (Fig. 8b) and the BMI coastal area with two wet seasons
in Spring and Autumn separated by a ‘little drysseg in Summer (Fig. 8c). When wetter
conditions occur at the end of the preceding raegson one observes successively (1) more

marked fluctuations in Spring with typically lessnfall in May but more in June (Fig. 8a, b),
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(2) wetter rainy seasons in Summer (Fig. 8a, b)jn§pand Autumn (Fig. 8c) along the
Guinean coast where the little dry season occuws @ advance (by the end of July). By
contrast, when SO precipitations of the precediegryare too rare, the rainy season is less
abundant over the Sahelian and Sudanian beltsedbtiinean latitudes, the rainy seasons are
also less abundant and separated by a markeddiitleainy season in August. Moreover,
standard deviations of successive 5-day rainfaleseextending from January to the end of
August (the first 48 pentads in Fig. 8a-b) havenbe@mputed for the wet and dry cases: their
mean values are significantly higher (lower) oveAM/ and Sudan-Sahel (8°N-12°N) at
p=0.05. So, even though not directly tested hemerless) marked active phases and pauses

after wet (dry) SO conditions are clearly obseriweBigures. 8a, b.

Soil moisture evolutions over selected regionsofeihg abnormally wet and dry September-
October rainfall variations (years underlined irblEal) are shown in Figure 9: except over
Guinea (Fig. 9d), positive W-D differences persiitalong the dry season; they are mostly
significant from September 0 to the end of Aprilymeal over WAM and Sudan- Sahel (Fig.

9a,b). The wet curve (solid line in Fig. 9b) extsbalso higher -but not significant- SWI

values in July-September +1. This relationship Iso gartly due to the fact that SWI is

calculated by assuming an exponential decay usswland climate characteristic constant:
at local scale Gaze et al. (1998) have shown fraecdobservations a rapid (2 months)
depletion of soil moisture in the top 1 m of thé.ddowever, at regional scale, as shown in
Figure 6, SWI persistence changes soil conditiomsnd the dry season and hence the

features of the future monsoon season.

V. Summary and Discussion

The general purpose of this study was to expldmgugh simple statistics, the possible
control of rainfall fluctuations by an in-situ memgoresulting from surface-atmosphere
interactions over land, the other control beingeexl forcing such as long-lived SST
anomaly patterns. The first aim was to detect aaftesignals at the surface-atmosphere
interface through observed (CMAP data,) and modé@WEP/DOE reanalyses) heat and
water vertical fluxes. The second one was to erpbart of the link between abnormally
wet soils in Fall using the Global Soil MoisturecAive from ERS Scatterometer and the
next monsoon season and to document this long4teemory. We have then verified the

hypothesis that active periods during the northexoursion of the WAM system are
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sensitive to rainfall amounts registered at theirbegg of the preceding monsoon
withdrawal. Most of the results derive from datalgees at the 5-day after elimination of
the synoptic and sub-synoptic variability (< 30 slaexcept for the soil moisture estimates

which are at a 10-day frequency. They can be suimethas follows.

Over the WAM region the net total heat flux reachemaximum in March-April due to the
annual peak in its sensible component, it remalmn tnearly constant until the end of
September due to the increasing latent flux compio(feg. 1). Even though clear heat flux
and rainfall fluctuations exist in the supra-synogtequencies (13-16 and 20-25 day —
periods), the most energetic signals are relatédetantra-seasonal ones (30-90 days) (Figure.
2). The Spring to Summer period is marked by a mara in sensible heat flux north of 10°N
and a succession of active phases (APs with abaingall increases) (Fig.3). This is attested
both in observations (CMAP, in situ rainfall notogsin here) and in the NCEP reanalyzed
vertical heat fluxes. A simple approach shows &g tend to be concentrated on preferential
short periods during the Spring to Summer instattabf the monsoon (Fig. 1). There are four
main AP periods: the turn of February/March at @Geinean latitudes (AP#1), mid-April
(AP#2), then the end of May (AP#3) over the Guin8adanian area and the turn of
June/July (AP#4) for the Sudanian and SaheliansbélPs #1-3 are significantly linked
together (Fig. 4).

The results suggest also the existence of a “mensdfgct” triggered by preceding

September-October rainfall anomalies. For exampbdmposite analyses performed on the
soil moisture index (SWI) estimates at a 10-daygdency (Fig. 5,6) show that rainfall

excesses during monsoon withdrawal in year 0 gemnesitive soil moisture anomalies until
the months of April and May +1 over the Sahelian &udanian belts, respectively. This
relationship is partly due to the fact that loc&VISvalues are calculated by assuming an
exponential decay in time. However, at regionalesdae spatial extension of SWI significant
anomalies reaches one maximum at the end of thesahgon (> 30% of the West African
continent in March +1): such an inter-seasonal iginsce is able to change the horizontal
energy gradients in low levels and hence to aher inhitial conditions for the next West

African monsoon season.

Figures 7-9 have shown that such soil moistureugils are sensitive to rainfall conditions

in September-October during monsoon withdrawal hSarmomalies can affect significantly
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the timing and amplitude of the next monsoon sedsogear +1) even if part of monsoon

variability responds to external and/or larger iioge e.g. SST anomalies. Typically after the
wettest conditions (i.e., abnormal rainfall excesSeptember-October) significant inverse
anomalies occur in the sensible (negative values) latent (positive) heat fluxes from

September 0 to April +1 over ‘Sudan-Sahel’. Higtiewer) intraseasonal variance in the 5-
day rainfall January to August rainfall series Isoaobserved after wet (dry) autumnal
conditions, in coherency with more (less) marketivaghases and pauses, along with: (1)
Sahelian rainfall less (more) abundant in May (Juf® wetter rainy seasons in Summer +1
at the Sahelian latitudes and in Spring and Autdrhiralong the Guinean coast where the

‘little dry season’ occurs in advance (at the ehduby +1).

However, we have to mention that external forciete€onnections), long-lived SST anomaly
patterns and vegetation cover have not been direotisidered here. Part of the relationship
involving soil moisture could also be due to thetféat local SWI values are calculated by
assuming an exponential decay in time. Nonethelessst of the preceding results are
significant and have good internal consistency.yl$\ggest that rainfall anomalies occurring
at the end of the rainy season are of paramounbrigupce for land-surface properties (soil,
vegetation) during the dry season then in Sprindg Sammer for monsoon dynamics and
precipitation. This arises yet the questions of tflg capacity of semi-arid ecosystems to
benefit from a water surplus at a multi-month lagd of (2) the chain of processes linking
these new surface parameters to monsoon dynamies.filst point has been recently

investigated by Schwimning et al. (2004) and Martet al. (2005) using the Normalized

Difference Vegetation Index (NDVI). These authardicate first that clearly exists a memory
of the past precipitation; second, they show that shoisture favours increased seeds,
production and more abundant foliar precession,red® enhanced infiltration, decreased

run-off and biogeochemical cycles facilitate vegjetagrowth.

The second question (forcing on monsoon dynami&pirng) implies the existence of slow
varying surface parameters (vegetation) at subivemial scale and of more rapid feedbacks
between soil moisture and the vertical fluxes atlscales. In fact large areas of vegetation
cover (density, quality) change surface albedoranghness but limit also direct evaporation
and hence maintain humidity in low levels. Suchedngss excess exerts 2 types of forcing on
the low troposphere: at local scale it strength#iies vertical moist static energy (MSE)

gradients and thus the vertical instability; atioegl scale it influences monsoon dynamics by



hal-00320779, version 1 - 13 Jan 2011

rearranging the horizontal MSE gradients (Emmani@®5, Eltahir and Gong, 1996, Zheng
and Eltahir, 1998 and Fontaine and Philippon, 20803 associated rainfall amounts
(Philippon and Fontaine, 2002). Although in a nugamodel these gradients are not able to
produce the observed structure of the African Egsiet (AEJ), as showby Thorncroft and
Blackburn(1999), they organize the monsoon flux and canrdmrie to the AEJ dynamics
through temperature gradients magnified by meri@icoil moisture gradients (Cook,1999).
In fact observations and atmospheric reanalyses shat (i) the relaxation of MSE gradients
over land (southward orientated) in Spring is lshke the northward excursion of the system
into the continent, and (ii) both the sensible-mgatriven convection in low levels over the
Sahel and the adiabatic ascents due to latentrekstse in the high troposphere tend to
reinforce before an abnormally wet rainy seasomi@&aoe et al., 2002).

So, the chain of processes at the end of the drsosecould be as follows. (1) abnormally
wetter soils in March (Fig. 6a, c) decrease surtdbedo, but increase surface roughness, air
moisture and low level convergence; (2) decreasibgdo reinforces locally the net solar
radiation (so the upward radiation from the sodréases) but lessens air temperature near the
surface (so the boundary layer thickness diminist{83 the net surface radiation strengthens
and therefore the surface-atmosphere heat fluthdriWest African regional context this will
reinforce MSE in low levels between the areas wiseremoisture is abnormally high and the
dry Sahara. Such a situation is favourable to momscrculation and to its northward
penetration into the continent. In particular tmifl exert a differential forcing on the vertical
atmospheric heating arrangement: the sensiblevilixheat the near-surface layers whereas
the latent flux will warm the atmosphere above tmmdensation level; this will impact
monsoon dynamics at regional scale through the rgeae of horizontal thermal and

moisture gradients and hence will affect both timpléude and timing of precipitation.
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TABLES
Table 1: The 10 most abnormally wet and dry Sep&rilxtober periods over the entire
WAM domain and the Sahelian, Sudanian, Guinears laidfined in section 2 (1979-2001);
underscores point out the years retained for tleey®ar evolution of SWI composites over
1992-2000.

Wet Sep-Oct WAM: 1979 1980 1981 1984 1986 1987 1988 1989 13981
periods SUD-SAH : 1979 1981 1984 1986 1988 1994 19996 1998 1999
SAH: 1979 1980 1984 1986 1994 1995 1996 1997 1998 1
SUD: 1979 1981 1984 1986 1988 1994 1995 1998 1999
GUI: 1979 1980 1981 1982 1984 1987 1988 1989 19946 1
Dry Sep-Oct WAM: 1983 1985 1990 1991 1992 1993 1996 19999 2001
periods SUD-SAH: 1982 1983 1985 1990 1991 1992 139972000 2001
SAH: 1982 1983 1985 1987 1988 1989 1990 1991 1992 2
SUD: 1982 1983 1985 1990 1991 1992 1993 1997 200Q 2
GUI: 1983 1985 1990 1991 1992 1996 1997 12000 2001

Table 2:Squared first rank autocorrelation coefficie(l®2) computed on the raw 5-day RR, H,
LE and H/LE time series averaged over the 5°N-13iMlanian-Guinean belt for different
bimonthly periods. Each time series correspondhéosuccessive 5-day raw (non filtered)
values selected over a 2-month period (i.e., theni€ series corresponds to the first twelve
pentad values of each year (23 years), hence thall2*23 January-February pentads; the
MA series corresponds to the pentad numbers 134tof2each year...). Asters mark the
significant values at the p=0.05 level taking iattwount the equivalent number of degrees of
freedom in the series. Period 1979-2001.

S5N-12N  JF MA MJ JA SO ND
RR 04 18 11 10 42* 23
H 59* 38* 39* 28 52* 41*
LE 47* 33 09 04 07 S7*

H/LE 70* 50* 36 29 56* 53*
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CAPTIONS

Figure 1: Left (a,d,g) Mean Sahelian annual evohs (1979-2001) of filtered rainfall
records (curve and error-bars) in mm/day after ieltion of synoptic and supra-synoptic
fluctuations (< 5 pentads); middle (b,e,h) raintalhdencies (differences between successive
pentads) in mm/day; right (c,f,i), the sensible dashed line), latent (LE, thin line) and total
(H+LE, bold line) net heat fluxes at the surfacer¢es) in W/ni bands at a 5-day time-step.
The black bars in b,e,h mark the beginning of edirdhanges observed at least in 2/3 of years
with an absolute difference > +/- 0.05 mm/day benv@ successive pentads.

(c,d) for the Sudanian belt with rainfall changes/- 0.18 mm/day;

(e,f) for the Guinean belt with rainfall changes/- 0.21 mm/day.

Figure 2: (a) Power spectral density estimatethefdetrended 5-day rainfall anomaly
time series averaged over the Sahelian belt dftamation of variations linked to the mean
annual cycle (annual and semi-annual periods) ameér-annual scales by a low-pass
butterworth filter (< 30 pentads, 150 days). Asterark the significant peaks regarding a
Monte Carlo procedure (1000 random rank permutatinrithe series). Period 1979-2001.

(b): as (a) but for the Sudanian belt;

(c): as (a) but for the Guinean belt.

Figure 3: (a): Mean annual evolutions of conttaénainfall in mm/day over the WAM
domain (5°N-20°N; 10°W-10°E) as a function of laties, after elimination of all fluctuations
< 30 days. Maximums are shaded. Period 1979-2001.

(b) as above but for the total heat flux in Vi/m

(c) as above but for the sensible heat flux imifv/

@ as above but for the latent heat flux in Vi/m

Figure 4: (a) Correlation coefficients betweendiseries of rainfall amounts registered
averaged over a given latitude during the firsivaecperiod (AP#1) and the successive 5-day
rainfall amounts along the years (73 pentads eaeln)\as a function of time and latitudes,
after elimination of fluctuations < 30 days (see)}ePeriod 1979-2001.

(b) as above but for the second active peridei4d;

(c) as above but for the third active period (BR#
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Figure 5: (a) Interannual evolution of the ERS sater index (SWI) averaged over
WAM.

(b) Mean (solid bold), wet (solid) and dry (dashennual evolutions. The
differences are tested using a paired Studentt taesp=0.05 with negative (positive)

differences in dashed (solid) lines; asters fonificant values. Period 1992-2000.

Figure 6: Typical results regarding the ERS soilevandex (SWI) evolution.

(a): Annual evolution at a 10- day time-step ofgeetages of significant areas
over the West African continent (period 1992-2000).

(b): Mean SWI field in March;

(c,d ) Significant wet minus dry SWI differences March (c¢) and June (d)
regarding the abnormally wet and dry September-Déee periods over ‘Sudan-
Sahel’ (see Table 1). The Wet minus Dry differermestested using a paired Student
t-test at p=0.05.

Figure 7: (&) wet minus dry rainfall differencegeo a 19 month period (JanuaryO to
September+1) regarding the 10 wettest and 10 dyesstly rainfall amounts averaged over
the WAM region. Local differences are tested usanpgaired Student t-test at p=0.05 with
negative (positive) differences in dashed (solidgg, and significant values in grey. Field
significances at p=0.05 and 0.01, respectively %.&hd 8.14%, are evaluated using Monte
Carlo procedures in which the wet versus dry cpwedences are shuffled randomly 1000
times. Period 1979-2001.

(b) As above but for the sensible heat flux; fisignificances at p=0.05 and

0.01 are respectively 9.06% and 11.55%.

(c) As above but for the latent heat flux; fielgrsficances at p=0.05 and 0.01

are respectively 9.58% and 12.60%.

Figure 8: (&) Annual evolution of rainfall follomg the abnormally wet (solid line) and
dry (dashed line) withdrawal periods (SO) over ‘Suwdahel’ (see selected years in Table 1)
for the WAM domain. The differences are tested gisirpaired Student t-test at p=0.05 with
negative (positive) differences in dashed (soliiBd, and significant values marked by asters.
Period 1979-2001.
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(b) for the 12°N-8°N belt;

(c) for the coastal Guinean region (5°N-7°N).

Figure 9: (&) Composites of the ERS soil watereindveraged (SWI) over the WAM
region regarding the preceding abnormally wet (sbiie) and dry (dashed line) withdrawal
periods (SOND) over ‘Sudan-Sahel’ defined in Tabl&'he Wet minus Dry differences are
tested using a paired Student t-test at p=0.05 sughificant values marked by asters. Period
1992-2000.

(b) as above but for the Sudan-Sahel belt

(c) as above but for the Guinean belt
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Figure 1: Left (a,d,g) Mean Sahelian annual evohs (1979-2001) of filtered rainfall
records (curve and error-bars) in mm/day after ielaton of synoptic and supra-synoptic
fluctuations (< 5 pentads); middle (b,e,h) raintalhdencies (differences between successive
pentads) in mm/day; right (c,f,i), the sensible ddshed line), latent (LE, thin line) and total
(H+LE, bold line) net heat fluxes at the surfacer¢es) in W/ni bands at a 5-day time-step.
The black bars in b,e,h mark the beginning of edirdhanges observed at least in 2/3 of years
with an absolute difference > +/- 0.05 mm/day betw8 successive pentads.

(c,d) for the Sudanian belt with rainfall changes/- 0.18 mm/day;

(e,f) for the Guinean belt with rainfall changes/- 0.21 mm/day.
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Figure 2: (a) Power spectral density estimatethefdetrended 5-day rainfall anomaly
time series averaged over the Sahelian belt aftemation of variations linked to the mean
annual cycle (annual and semi-annual periods) ameér-annual scales by a low-pass
butterworth filter (< 30 pentads, 150 days). Asterark the significant peaks regarding a
Monte Carlo procedure (1000 random rank permutatiorithe series). Period 1979-2001.

(b): as (a) but for the Sudanian belt;

(c): as (a) but for the Guinean belt.
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Figure 3: (a): Mean annual evolutions of conttaénainfall in mm/day over the WAM
domain (5°N-20°N; 10°W-10°E) as a function of laties, after elimination of all fluctuations

< 30 days. Maximums are shaded. Period 1979-2001.
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(b) as above but for the total heat flux in Vi/m
(c) as above but for the sensible heat flux imifv/
®) as above but for the latent heat flux in V§/m

a) Sudan—Sahel and AP#1 (11-14)
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Figure 4: (a) Correlation coefficients betweeandiseries of rainfall amounts registered

averaged over a given latitude during the firsivaecperiod (AP#1) and the successive 5-day
rainfall amounts along the years (73 pentads eaeln)\as a function of time and latitudes,
after elimination of fluctuations < 30 days (see)}ePeriod 1979-2001.

(b) as above but for the second active peride#2);

(c) as above but for the third active period (BR#
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a) SWI over WAM: 1992-2000
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WAM.

differences are tested using a paired Studentt taesp=0.05 with negative (positive)

(a) Interannual evolution of the ERS sater index (SWI) averaged over

(b) Mean (solid bold), wet (solid) and dry (dashennual evolutions. The

differences in dashed (solid) lines; asters fonificant values. Period 1992-2000.
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a) Evolution of significant areas b) mean SWI in March
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Figure 6: Typical results regarding the ERS soilevandex (SWI) evolution.

(a): Annual evolution at a 10- day time-step ofge@tages of significant areas
over the West African continent (period 1992-2000).

(b): Mean SWI field in March;

(c,d ) Significant wet minus dry SWI differences March (c¢) and June (d)
regarding the abnormally wet and dry September-Déee periods over ‘Sudan-
Sahel’ (see Table 1). The Wet minus Dry differermestested using a paired Student
t-test at p=0.05.
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Figure 7: (&) wet minus dry rainfall differencegeo a 19 month period (JanuaryO to
September+1) regarding the 10 wettest and 10 dyesmstly rainfall amounts averaged over
the WAM region. Local differences are tested usanpgaired Student t-test at p=0.05 with
negative (positive) differences in dashed (solidgd, and significant values in grey. Field
significances at p=0.05 and 0.01, respectively %.&hd 8.14%, are evaluated using Monte
Carlo procedures in which the wet versus dry cpordences are shuffled randomly 1000
times. Period 1979-2001.

(b) As above but for the sensible heat flux; fisignificances at p=0.05 and

0.01 are respectively 9.06% and 11.55%.

(c) As above but for the latent heat flux; fieldrsficances at p=0.05 and 0.01

are respectively 9.58% and 12.60%.
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a) WAM rainfall after W and D SO b) [12N-8N] rainfall after W and D SO
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Figure 8: (&) Annual evolution of rainfall follomg the abnormally wet (solid line) and

dry (dashed line) withdrawal periods (SO) over ‘Suw®ahel’ (see selected years in Table 1)
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for the WAM domain. The differences are tested gigirpaired Student t-test at p=0.05 with
negative (positive) differences in dashed (solii®d, and significant values marked by asters.
Period 1979-2001.

(b) for the 12°N-8°N belt;

(c) for the coastal Guinean region (5°N-7°N).



hal-00320779, version 1 - 13 Jan 2011

a) WAM: SW! vs S0 RR} i) SUD-SAH: SWI vs SO RR) c) GUI: SWl vs SO RR}
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Figure 9: (a) Composites of the ERS soil wateemdveraged (SWI) over the WAM
region regarding the preceding abnormally wet ¢sbiie) and dry (dashed line) withdrawal
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periods (SOND) over ‘Sudan-Sahel’ defined in Tahl&'he Wet minus Dry differences are
tested using a paired Student t-test at p=0.05 sughificant values marked by asters. Period
1992-2000.

(b) as above but for the Sudan-Sahel belt

(c) as above but for the Guinean belt



