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Definition and predictability of an OLR based Wadtican monsoon onset

by Bernard Fontaine, Samuel Louvet and Pascal Rou&entre de Recherches de

Climatologie, CNRS / University of Burgundy, DijoRrance)

Abstract

The monsoon onset is documented in terms of latih@hift of deep convection areas within
the ITCZ using an interpolated version of the NORAR at a 5-day time-step over West
Africa for the period 1979-2004. Signals in moisheection derived from OLR values lower
than 180 W/m2 allow better determination of onsated (ODs) than the use of other
thresholds or of the raw values of OLR. Such Ofsdefined without any time filtering or
spatial averaging along the meridional plane. Téeyalso significantly correlated with ODs
based on other datasets such as the CMAP and G#&gfallrestimates and seem more
realistic, especially during years when the latitatl shift is unclear and delayed. However
the respective means (30 June for ODs based on\3LES June for ODs based on CMAP
and GPCP) and standard deviations (15.6 days yagXklightly different. These differences
illustrate the fact that the monsoon onset cornedpdo a 10-15 day transition in the West
African monsoon seasonal evolution which does réct concomitantly all variables
describing the system.

The onset is clearly linked to the time evolutidnaofew key-descriptors of the monsoon
system at regional scale such as the installattamohward meridional gradients of moist
static energy in low levels and of the monsoon oe#r the continent. It is also associated
with specific variations of the relative vorticityw low troposphere and of the velocity
potential in upper levels over the Sahel region.rddger OD time series exhibits good
predictability. Multivariate linear regressions leaveen performed in a leave-one-out cross-
validation way using OLR and selected atmospherediptors in May. The best results,
explain 60% of the OD variance and are obtained Wittypes of predictors: the OLR
gradients between the Gulf of Guinea and the Africantinent, and the northward migration

of the West African Monsoon cell.

l. Introduction:
The West African Monsoon consists of a low-levelishfiow originating from the equatorial
and southern tropical Atlantic basin and convergintp the continent. Following by about 4-

6 weeks the Solar zenithal position, this intempital convergence zone (ITCZ), moves



therefore northward in spring then southward inuaut and concentrates most of moist
convergence in low troposphere along with the mppt of organized convective systems
and precipitation. As a result, the annual coufsaiay seasons is closely associated with the
meridional excursion of this monsoon ‘system’. 8® Guinean regions record two rainy
seasons centered on May-June and September-Ootdtsreas areas northward to 8°N
register a single rainy season in July-SeptembenwhCZ and its associated rain band reach
their northernmost location (Amma, 2004; Ward et2004). During the northward migration
of the system the starting of the Guinean thenhef $ahelian rainy seasons is usually
associated with clear increases in moist convergeranvection and precipitation at regional
scale(Louvetet al. 2003; Sultan and Janicot 2003). These phenomédleal caonsoon onsets
are nevertheless different: the Guinean onset islyndue to local increase in convection just
southward to the line coast by 5°-6°N; the Sahetiaget results from an abrupt northward
shift of the ITCZ from 5°N to 10°N and is precededMay-June by a preonset stage. The
preonset corresponds to the northward shift bt of the confluence line between moist
southwesterly monsoon winds and dry northeastedgntattan allowing isolated convective
systems to develop ITCZ (Janicot and Sultan 200ta®et al. 2003).

The problem of definition and predictability of @ts has been investigated using several
approaches. For example, Sultan and Janicot (20@8xed the daily NCEP/NCAR
reanalyses and the daily OLR low-filtered datagmove variability lower than 10 days and
applied a semi-empirical criterion based on theckyonous evolution of OLR series
averaged over the Sahelian and Guinean belts. Loateal. (2003) used Principal
Components Analysis (PCA) with a Varimax orthogonathtion performed on the 5-day
CMAP data after application of low pass filter («ribnth) for detecting the main active and
inactive phases of the monsoon through an autoroaterion based on the time evolution of
series. More recently, Fontaine and Louvet (20@8hmared the sensitivity of onset dates
(ODs) to the 5-day GPCP and CMAP rainfall estimatéhey define a Northern index (NI)
averaging precipitation between 7.5°N and 20°N an8outhern Index (SI) for the region
between 7.5°N and the equator after eliminatiortime variability < 15 days. In such a
context the onset date (OD) is the first pentadstegng a positive Onset Indice (Ol) where
Ol is the normalized difference between the NI &hdtandardized indexes, in CMAP and/or
GPCP:OI= stan [ stan(SS) - stan(Gl) ].



Although conditioned by different purposes and chsj the above approaches give similar
ODs in terms of temporal means (24-30 June) amdlatd deviations (8-10 days). This partly
results from use of time filtering and latitudiremleraging along the meridional plane which
artificially reduce the real interannual varialyiliof the dates of onset and tend also to
artificially reinforce the potential skill of OD aistical prediction. Moreover the 3 approaches
allow description of only a small part of variatylwithin the ITCZ core. For example, they
do not take directly into account the observed atatitudinal shift in deep convection at the
moment of onset since they integrate external médion issued from its northern (the Sahel)

and southern (the Gulf of Guinean) margins.

The purpose of this article is first to comparefatdént new approaches of monsoon onset
detection through selected variables and datasessriding precipitation, convection and
atmospheric dynamics. Its first aim is to proposeae direct and precise depiction of the
onset at a 5-day time scale without any time filigrand spatial averaging along the
meridional plane. The second one is to define a fegional atmospheric descriptors
describing the basic key-features of the West Afrimonsoon linked to the onset. The third
aim is to analyze the potential predictability afiset dates. The work is based on the
empirical evidence that the latitudinal shift iregeconvection within ITCZ averaged between
10W and 10E can be considered as a robust and$gsa of the monsoon onset at regional
scale. In the following section the data and methamgical approaches will be briefly
described while sections 3 and 4 will present setediagnostics and hindcasts. Section 5

will summarize the results.

Il. Data and methods
The Sudan-Sahel onset is here defined at the dailly5-day time-steps using a few basic
variables describing the mean processes assoocidthdthe West African monsoon, i.e.,

convection, precipitation, energy and dynamics.

The Outgoing Longwave Radiation (OLR) data aret fgslected for depicting the onset
through convection within the ITCZ. This is estiedtfrom the daily NOAA Interpolated
OLR in a 2.5°*2.5° resolution. In this version glhps have been filled with sophisticated
temporal and spatial interpolation as describedLisbmann and Smith (Bulletin of the
American Meteorological Society, June 1996). See

http://www.cdc.noaa.gov/cdc/data.interp_OLR.htfaf more details on satellites and day




time crossing. Figure 1 displays OLR values alohg meridional plane, for different
longitudinal windows in West Africa for the perid®79-2005. If a West African onset can be
observed between 20°W and 10°E it is mainly attesi@stward to 10°W where the zonal
extension of the Guinean coast enhances all meatlisea-land contrasts (Figure 1b,c).
Westward to this window i.e., over the Atlantic, eastward to 10°E, the northward shift is
less observed (Fig. 1a,d,e). So all following reswiill refer to the 10°W-10°E window.

It is worth mentioning that OLR daily values aret rdirect measurements of organized
convective systems because it can exist many ihai cloud-types embedded within a
common cirrostratus canopy with cirrus and cumutdnis. More important in clear-sky
situations, OLR measures the direct emission fieewvtarmer land or oceanic surfaces. Thus
moist convective signals at regional scale caneadibectly derived from spatial averages of
OLR values in W/m2 since these arithmetic meansmarge both atmospheric and surface
emissions. The definition of specific OLR threst®old hence essential to retain at best the
only influence of highly reflective cloud systen@ver West Africa theoretical and empirical
evidence shows that OLR daily values lower than @42 allow elimination of the signal
from warmer surfaces whereas values < 180 W/m2uoapbnly areas with organized
convective systems and many cold and high cloud-top

For depicting moderate (strong) deep convectivaesys within the ITCZ, we adopt the
following method: for any day of the period 1979080and for any grid-box of the domain
[EQ.-20°N; 10°W-10°E], we allocate the value off DLR < 240 W/m2 (< 180 W/m2) and 0

if not. Then, we calculate the corresponding sumer @ach 5-day periods and average by
latitude to portray the mean position of the ITCarec between 10°W and 10°E. In that
context, the 5-day values range from 0, meaninglapowith OLR < 240 (or < 180) for all
longitudes, to 5 meaning 5 days with OLR < 240<4d80) at every longitude. The results are
then converted in percentages of occurrence foveruance. These percentages will be used
for computing OLR based dates of onset.

Rainfall data have been selected from satellitedycts like the CPC Merged Analysis of
Precipitation (CMAP, Xie and Arkin, 1997) and théRal Precipitation Climatology Project
(GPCP, Adler et al, 2003 and Xie et al, 2003).sEh8atellite estimates are available on a 2.5
x 2.5 degree latitude/longitude grid at a 5-dayetiscale over the period 1979-2005. It is
obviously of paramount importance to estimate thédity of these data versus the real

world. Fontaine and Louvet (2006) showed that foised diagnosis and predictability



purposes the two datasets fit rather well overWhest African domain: the CMAP-GPCP
relative differences expressed in percentagesegative over land and positive over the Gulf
of Guinea but always low (< 10%); temporal coriiela are also very high (> 0.96). More
details are available in Gruber et al. (2000) arid &t al (2004) who compare the two
precipitation datasets at larger scale.

It is more difficult to compare directly satelligstimates with land-based rainfall data at a
daily or 5-day scale. The main reason is that gelamumber of West African stations suffer
from many gaps over the last decades and espeaitdiy2004. For example rainfall stations
located between 10W and 10E referenced in the GBbdace Summary of Day (GSOD),
one of the most complete land-based data base, $tadvior many stations, 50% or more of
the daily precipitation amounts can be considesedaubtful (incomplete or underestimated)
over recent periods. However reliable regional xegecan be defined with selected stations
over both the Guinean (O5N-7.5N: 37 stations) andaBo-Sahelian (8.5N-12N: 38 stations)
regions for the period 1979-2004. When synopticadmglity (< 10 days) is eliminated these
rainfall indexes are positively correlated with thespective GPCP and CMAP indices

although the results are very sensitive to the fittex retained.

The CMAP and GPCP satellite estimates show alsd ggoeement with land-based rainfall
data provided by the CILSS and IRD for the SudaneSaelt (see Louvet et al., 2007 for
more details). Over these regions GPCP is genecidlser to observations than CMAP in
terms of correlation (intra-seasonal rhythms) whef@MAP is better in terms of bias (pentad
anomalies) and of statistical distribution. Obvigusuch comparisons are challenging over
areas documented by a small number of rainfalicstatas in Western Sudan (Ali et al., 2004
and 2005). In any case, the gauge data dominagendd GPCP and CMAP analysis over

land areas (Dr. Xie’s personal communication).

So we choose to define rainfall-based dates oftamsénly through the CPCP and CMAP
data. Additionally to obtain a better benchmarloo$et database closer to the ‘real world’ we
will compare with ODs based on selected GSOD statmver the Guinean (37 stations) and

Sudan-Sahel regions (38 stations).

Atmospheric data have been provided by the NCEP/BOIEP-1I Reanalysis, the™ second
version (R-2) of NCEP/NCAR reanalysis (Kanamitsalet2002) over the period 1979-2005.
They are available at the same spatial resolutian the OLR, CMAP and GPCP datasets. In



this version of reanalysis, model precipitation baen replaced with observed (satellite +
gauge) 5-day precipitation in a similar manner MAP (Kanamitsu et al., 2002). Moreover
R-2 improves upon the NCEP/NCAR Reanalysis(R-1)iking the errors and by updating
the parameterizations of the physical processes.0JSSM/I data and assimilation of rainfall
data have been also incorporated. The main impremenregarding the water cycle, as well
as the effect of satellite and aircraft, on anayese extensively discussed in Kanamitsu et al.
(2002), in particular the correction method equewdlto using observed 5-day precipitation
amounts in the hydrological calculations. Maureale{2001) found that R-2 provides more
accurate pictures of soil wetness, near surfaceeesture and surface hydrology budget over
land, and radiation fluxes over Ocean. By contthstnew boundary layer and convection
schemes have modified the water vapor profile: i &2 more moisture in low levels than R-1.
For convenience atmospheric variables and indexsesl un the present article will be

described in section 4.

lll. An OLR index for the West African monsoon ohse

Hovmoller diagrams in Figure 2 (left panels a,@isplay mean annual evolutions of OLR
values versus percentages of occurrences of medanat strong moist convection using the
OLR thresholds defined above. The superimposedkltacves mark OLR minimums and
maximums of convection. Clearly, a 180 W/m2 thrédladlows better determination of the
meridional shift of deep convection within ITCZ ¢Fi2e) than the 240 W/m2 limit (Fig. 2c)
or than the raw values (Fig.2a). The northwardldsgment of moist convective areas in Fig.
2e is more obvious and more precise in time antud¢h: it occurs clearly at the turn of
June/July between 5°N and 12°N.

Right panels in Fig. 2 b,d,f detail the latitudimafolutions of OLR and convection: the onset
follows a period of OLR increase from the end ofyMa mid-June, as shown by the values
higher than 220 W/m2 in Fig. 2b; this is followey & clear decrease in both moderate and
strong convection within ITCZ, i.e., values < 70%dal5 % in Fig. 2d,f respectively. In
particular, Fig. 2f shows that when the ITCZ reacli€®°N, the geographic extent of the
strongest convective signals (OLR < 180 W/m2) isaléen than what is observed at 5°N
before the onset -25-30% in April-May against e 20% after-: this change is not attested
with moderate convection (Fig. 2d). Only the 180m\®/threshold correctly monitor both the
abrupt meridional shift and the subsequent decreasenvective maximums within ITCZ.
The advantage of using low OLR thresholds such8sW/m2 or 200 W/m2 for capturing



better the meridional shift of ITCZ has also beenfirmed through composite and clustering
analyses (not shown here).

An OLR-based onset date (OD) can then be defineehwhe 3 following conditions occur

successively: i) convective maxima are alreadytkmtat -or northward to- 5°N during 2-3

pentads; ii) part of the strongest maxima shiftaipthy to 10°N where percentages of OLR <

180 W/m2 are lower than 25%; iii) they remain fertlat that latitude or move northward.

Figure 3a presents these OLR based onset datessatfe@ CMAP and GPCP OD estimates
in bold, solid and dash, respectively. ODcmap almyap time series are highly correlated
(r=+ 0.85): the curves are largely superimposetherfigure because their yearly differences
equal zero in 92% of years. These 2 series caeftirerbe averaged for defining new ODs
through precipitation: ODpre= (ODcmap+ODgpcp) /where the subscript * pre’ means
precipitation. For comparison dates of onset basedthe selected GSOD rain gauges
mentioned in the ‘data and methods’ section are difined. This additional descriptor,
called ODgsod, is computed by making each yearaimgall difference between the Sudano-
Sahelian and Guinean areas documented by 38 aseléited stations respectively, and after
elimination of the synoptic variability (< 12 days)th a butterworth filter: the onset date is
then the first pentad of any 20-day or longer geriggistering a positive difference.

Tables 1 and 2 display the basic statistics and Qidained with the 3 indexes: they differ
regarding their means and variances but are pekijtieorrelated: r=+0.76 between ODpre
and ODolr; r=+0.39 between ODpre and ODgsod. Thestaorrelation and higher standard
deviation registered with ODgsod are easy to erplaisome cases daily values at station are
not reported or underestimated. In Mali and Beonmirfistance only 50% or less of the GSOD
daily values correspond really to the summatiod oéports of 6-hour precipitation amount,
or of 2 reports of 12-hour precipitation amounbbd report of 24-hour precipitation amount.
As a result the correct geographic coverage cangehavith days, months and years, which
limits the precision of ODgsod.

Figure 3b displays the mean OLR field during th&t jgentad of June a time of onset. The
major convective areas are signaled by values <\E402. In complement the composite
map in figure 3c describes OLR evolution around dmset date by making the OLR
difference after and before each ODolr: here pasitiegative values stand for local
increases/decreases in OLR, and the shadings qairthe significant differences at the p=

0.05 level. Significant signals are encountereth@northern subtropics marked by high OLR



values, hence no deep convection, as shown inbfigN8tice also that the ODolr and ODpre
composites differ in the vicinity of ITCZ: ODolr Bibits negative values in the 7°N-16°N

zone just northward to the ITCZ mean position iated by values < 240 W/m2; by contrast
positive OLR differences occur in the Gulf of Guan&uch diagnostics are coherent with a
dipolar pattern evolution at time of onset: dedrgtcreasing OLR values, and hence
increasing/decreasing moist convection, over theeltn/Guinean latitudes. This evolution is

more significant eastward to 5°E.

The composite map in figure 3d describes OLR eilmiuafter and before each ODpre. Here
also the differences exhibit a dipolar patternytlee clearly negative southward to ITCZ
over the eastern Atlantic and the Gulf of Guined slightly positive over central Sahel. Such
signals are consistent with decreasing/increasomyection south/north of the ITCZ at the
onset date and in harmony with figure 2a,c,e. Sl@EwIr tends to follow ODpre, both in
mean and median, the above observations suggdstdhaection decreases first over the
eastern Atlantic north of the equator and westwar8°E then, 5-10 days after, increases on
Central Sahel eastward to 5°E. The onset is heratkcaptured by the abrupt 5°N-12°N
meridional jump inside the 10°W-10°E window, althbuat larger scale it is also associated
with a SW to NW migration (Fig. 3c,d).

The greatest differences between ODolr and ODmehr@about 3 pentads or 15 days. They
tend to happen in years registering the latest @idse occurring in July, as observed in Fig.
3a during the years 1988, 1995 and 1998. To fotuthis particularity, figure 4 displays
together the April-October latitudinal OLR variat® and associated maximums in
convection. Here ODpre and ODolr series are malie@lus and asters, respectively. It is
noteworthy that during these years the onset itheeisudden in time nor abrupt in its
latitudinal shift: it corresponds more closely tosaccession of short phases of strong
convection extended along the meridional planeadtlbetween 5°N and 10°N. Additionally
no clear northward displacement of convective mamis within the ITCZ can be attested. In
these cases ODolr depicts better the latitudiné tslan ODpre.

IV. Associated atmospheric signals and ODolr pradbitity
This section analyses time evolution of dynamicd anergy in West Africa at time of onset

using complementary atmospheric spatial indexededihed over the 10°W-10°E window:



- Raw OLR in Watt/m2 at 10°N, 5°N and Equator: lowg(t) values depict more (less)
moist convection

- Two indexes based on moist static energy (MSEQunlevels. Let us recall that MSE
is linked to the transformation of enthalpy ancetdtenergy available in the lower
troposphere into geopotential energy in the uppeels: MSE = gz + CpT + Lq,
where gz is the gravitational-potential energy vgtthe gravitational acceleration and
z the geopotential height of isobaric surfaces)T @pe enthalpy (with Cp the specific
heat of dry air at constant pressure (Cp=1000 nZ2deg-1), T the temperature
(Kelvin) of isobaric surfaces), and Lg the latenergy associated with evaporation
and condensation of water (with L the latent hdagwaporation (L=2501 J/g) and g
the specific humidity of isobaric surfaces.

1. an index describing the MSE flux convergence in lihe monsoon layer,
vertically integrated from the surface to 850 hPhis index will be called
conv(MSE),

2. an index depicting the continental meridional geatliof MSE at 1000 hPa
between the Sudano-Sahelian and Guinean belts1@N-15N and 5N-10N,
respectively.

- Three descriptors of atmospheric dynamics in thasoon region:

1. A West African Monsoon index (WAMI, Fontaine andniéat, 1992) to
diagnose the West African monsoon cell circulatiddfAMI is the difference
between the standardized values of the zonal wiréD@ hPa and the wind
modulus at 925 hPa: WAMI = stan(M925) — stan(U2@0high/low WAMI
represents an enhanced/reduced southwesterly mofisgcassociated with a
stronger/weaker Tropical Easterly Jet.

2. The relative vorticity at 925 hPa averaged over Wdestern, Central and
Eastern Sahel for depicting local motion in the doweranch of the monsoon
cell captured by WAMI

3. The velocity potential at 200 hPa to capture laggaie dynamics in the upper

branch of the monsoon cell.

More details on these descriptors can be found be tvebsite http://www.u-
bourgogne.fr/climatologie/AMMA_D1.1.3long with comments, maps and time series. This

material is downloadable.



Mean annual OLR cycles are displayed as a funafdatitude in Fig. 5a for illustrating the
northward penetration of moist convection areaser@OLR is low-: in March-April these
minima are located by the equator, in May over@unean coast by 5°N and in August at
10°N. Since OLR varies inversely in Sudan-Sahel ahohg the Guinean coast, the
intersection between the 5°N and 10°N curves ardbedend of June in Fig. 5a marks the
mean onset date.

This inverse evolution is not perceptible with WAMeécause this index depicts more the
extent and coherence of the monsoon cell at a sotrental scale: evolutions of the WAMI
index over the Sahelian, Sudanian and Guinean Weltsot clearly differ; they all peak
during the JAS rainy season. In Fig. 5c the peonbdnset corresponds to the 3 WAMI
maximums by the end of June, at the very beginafrige tropical rainy season.

By contrast MSE convergence there is more evidéoca latitude dependence. In Fig. 5e
the values peak 2-3 months before the differentyraieasons: over the Guinean belt the
highest values occur in February and August befloeeMay-June and September-October
rains, respectively; over Sudan and Sahel they pdd&ce in April and May before the July-
September season. The mean date of onset occurstivaeSahelian curve crosses the two
others in figure 5e. The Sahelian onset is therc@mitant of i) a clear decrease in MSE
convergence over the Sahel, and ii) an increagheaGuinean latitudes while a minimum

happens between the two regions.

The right panels in Fig. 5 display the major changbserved in OLR, WAMI and MSE

evolutions for a period of sixty days centered egedr on the date of monsoon onset to verify
whether coherent leading signals exist in the 5-@agencies before the monsoon jump.
Tendencies are defined as the differences betweawmn2ecutive pentads. Each 5-day
tendency is judged significant if it exceeds theameune-July tendency +/- 2 standard

deviations. This is indicated by markers in Fig,cbé.

At time of onset (OD on the x-axis) OLR diminish&is 10°N whereas the values slightly
augment southward mainly between 5°N and the eg(@ig 5b). This signal is preceded by
a modification of monsoon dynamics: ten days befoi2, all WAMI indexes increases

strongly, especially over the Sahelian belt anadhea first maximum at the onset (Fig. 5d).
Similarly, the MSE flux convergence increases oWer Sahel whereas divergence occurs

southward, as shown in Fig. 5f with the Guineanimum.



In order to see if such signals could be usefupfediction purposes with sufficient leading-
time, we calculate correlation coefficients betw€ddolr and some selected atmospheric and
OLR indexes over a 60-day period preceding each ®Rrkers are superimposed when the
values are judged significant at P=0.05, taking extcount autocorrelation in the series. Fig.
6a displays the results obtained with meridionaRQdradient over the continent, defined as
the differences between the 10°N-5°N and 5°N-Eqorhward gradient is defined positive.
Clear changes in correlation appear 30 days beh@eonset date. A late onset tends to be
preceded by 1) a southward OLR gradient anomaly lawvel between 10N and 5N, and 2) a
northward gradient over the Gulf of Guinea from &qgu to 5N. An early onset is associated
with the reverse signals: a northward/southward @t&lient over land/ocean.

Significant correlations are also obtained with MW&AMI and Conv(MSE) meridional
gradients, defined as the differences between dhelan and Guinean belts (Fig. 6b). These
gradients capture respectively the northward mignatof the monsoon cell and of the MSE
flux convergence. All curves exhibit significangsals 5-20-day before onsets: a late/early
onset is preceded by positive/negative WAMI grattieand by negative/positive Conv(MSE)

gradient.

Monsoon onsets are also directly linked to the @wmh of dynamical atmospheric variables
over the Sahelian belt. This can be illustratedugh the relative vorticity in low tropospheric
levels (RV at 925 hPa) and the velocity potentialpper levels (VP at 200 hPa) averaged
over the Western, Central and Eastern Sahel regiter® RV features atmospheric dynamics
in low levels in terms of wind curl and is positiwgth cyclonic motion. By contrast VP refers
to larger-scale atmospheric motion in high trope@sph since the VP gradients are
proportional to the irrotational flux: VP is posi when large-scale divergence occurs in this
flux. The diagrams 7a,b present the mean evolutiothese quantities over a 300-day time
window centered each year on ODolr.

In figure 7a, one can notice that onsets are contaatmwith RV minimum in Central Sahel.
This indicates a northward migration of cyclonialawithin the Saharan heat low associated
with RV maximums which strongly develops at sobstiSouthward to that region the
irrotational component of the low-level flow caninferce. Figure 5b shows a VP maximum
at onset which expresses the upsurge of the dimegemponent of the flow in high levels:
this tends to reinforce the upper branch of the snon cell which is directly linked to the
upper and lower flows via latent heat release oegions of deep convection. Thus most

onsets are captured both by variations in moisicségergy which measures the quantity of



available energy in the atmosphere and by the Wiiéx directly linked to the lower and

upper branch of the monsoon cell.

Figure 8a displays the mean annual evolution ofntlegsoon system as a function of MSE
gradients and WAMI. Additionally, the period durimghich conv(MSE) is greater over the
Sahel than over Sudan is marked with circles wisetiea beginning and end of this season
are indicated by pentads #33 and #53, respectifyween mid-June and the end of
September). Notice that on the average pentad #e36end of June, is the first one
registering the 3 following conditions: grad(MSE)0> WAMI > 0.1 in standardized units
and conv(MSE) stronger over Sahel than southwandt & assumed that the onset can be
also captured by the sole MSE and WAMI descriptttrss hence possible to define an
atmospheric onset date: ODatm occurs when, forreogef at least 20 days, the MSE
gradient between Sudan-Sahel and Guinea is oriemagtiward while the WAMI index is
clearly positive (> 0.1) according to the instatlatof the monsoon cell over the continent, as
a positive WAMI depicts by construction SW winddomw levels and easterlies at 200 hPa.

Figure 8b presents the respective ODatm versus ©Bypd ODolr series in Julian days over
the period 1979-2004: ODatm is marked with squareiée ODolr and ODpre are displayed
with asters and circles, respectively: clearly dhset dates depend on the used criterion. The
figure illustrates also the internal consistencyatifdescriptors: ODatm and ODolr series
register about the same mean (day#181) and stadéardtion (13 days) and are positively
correlated (r=+0.52). This confirms that the onsatnot be reduced to a sudden change
affecting all variables describing the monsoonudation: it is a 10-15 day transition period
separating 2 quasi-equilibrium periods centereay-June and July-September which does

not affect simultaneously all variables at a dailys-day time scale.

The question of ODolr predictability is now examdn@t a 5-day timestep through
multivariate linear regressions using evolutionMay, i.e. pentads # 25-30 of a few key
atmospheric variables. Two indexes linked to thehweard displacement of the monsoon
system appeared efficient: 1) the OLR differenagtsvben 5°N and the equator for estimating
displacements in deep moist convection over thd GuGuinea; 2) the WAMI difference

between Sahel and Guinea for measuring the northmégration of the monsoon cell. Table
3 shows that when the regression is performed iease-one-out cross-validation way

(Michaelsen, 1987), 60% of the OD variance is ergld by the northward evolution of these



2 descriptors. Notice that the selected predicioesnot collinear since the variance inflation
factor is low, largely < 5 in Table 3. Signs of tfaxents show that late ODs are associated
with 1) OLR gradient anomalies oriented southwardMay which depicts a northward
gradient in moist convection anomalies; 2) norttdveVAMI gradient anomalies in May,
meaning a northernmost location of the monsoon cedir West Africa. Early ODs are

obviously linked to the reverse signals.

Additional analyses have been performed with theespredictors by dividing the series into
different training and validation periods. Destame decrease in the variance explained the
results show generally good agreement. For examvplen the validation period refers to
1992-2004 (training period =1979-1991) the correfabetween observations and hindcasted
series is +0.65; a very similar value is obtaindtemwthe training and validation periods are
permuted. If the training refers to 20 consecutyears, correlations over the validation
periods (each of 6 years) can show stronger vanatdue to the small length of the series.
When the training is defined over 1979-1998, theatation on the validation period 1999-
2004 is +0.77.

V. Conclusion.

The purpose of this article was to propose a diapgiroach of the latitudinal shift in deep
convection within ITCZ, without any time filteringnd spatial averaging along the meridional
plane. It used mainly an interpolated version efMOAA OLR at a 5-day time-step over the
domain Eq.-20°N; 10°W-10°E (1979-2004). This chdkdased on the evidence that moist
convective signals of regional scale cannot bectlyelerived from spatial indexes computed
with raw values of OLR in W/m2, because any avenaijetend to merge both atmospheric
and surface emissions and not the only influenceiglily reflective cloud systems. At time
of onset, OLR values increase (i.e., convectionrabses) first on the eastern Atlantic
northward to the equator and westward to 5°E, thewy decreases (i.e., convection increases)

on Central Sahel eastward to 5°E.

Efficiencies of specific OLR thresholds, 240 W/mlal80 W/m2, have then been discussed.
Theoretical and empirical evidence exists thatedebased on OLR < 180 W/m2 capture
better deep convective areas inside the ITCZ thaiR & 240 W/m2. The strongest

convective signals with OLR < 180 W/m2 allowed ws correctly portray several basic



features of the Sahelian onset in particular itsisi@nal shift and the subsequent decrease in

convection maximums within ITCZ.

So, Onset Dates (ODs) have been defined with OgRats < 180 W/m2 without any time
filtering or spatial averaging in latitude as folls: i) convective maxima are located at -or
northward to- 5°N during 2-3 pentads; ii) part bése strongest maxima shifts abruptly to
10°N where percentages of areas with OLR < 180 Wdredower than 25%; iii) they remain

further at that latitude or move northward.

They show high correlation (r=+0.76) with ODs basedCMAP and GPCP rainfall estimates
but differ in means (30 June with OLR versus 25eJwith precipitation) and standard
deviations (15.6 days with OLR against 8.1 withgg#ation). This larger variability is more

realistic because the monsoon onset does not affacltaneously all variables of the system
at a 5-day time step and cannot be reduced to ptathange in monsoon circulation: it is
essentially a 10-15 day transition which separatqgasi-equilibrium periods of the monsoon
system centered on May-June and July-August-Semtenib has been more complex to
define accurate ODs with land-based rain gaugesgudue to the scarcity of the station

network and to the quality of many reported amoumtie GSOD dataset.

OD time series based on the northward migratiode&fp convective signals inside the ITCZ
depict better onsets than ODs based on large bpageages or defined with other variables
such as satellite estimates or land-based pretwguitaThis appears well when the onset is
unclear or delayed, as in years 1988, 1995 and.1©88 occur when convection over the
Gulf of Guinea decreases while monsoon dynamicangdm over the continent. This
relationship has been portrayed with a few seleaedcriptors describing atmospheric
dynamics at regional scale, such as the monsodrdepicted by the WAMI index, moist

static energy gradients, flux convergence and ivelavorticity in low levels, velocity

potential at 200 hPa. In fact most onsets can ptuged by the sole variations of moist static

energy gradients and of the monsoon cell.

Onset dates based on deep convective signals eshgloi good predictability. Multivariate
linear regressions have been performed throughdtaghve-one-out cross-validation way and
different training and validation periods using @sic atmospheric indexes in May: OLR

differences between 5°N and the equator and WAMeéinces between Sahel and Guinea.



The results show that 60% of the OD variance idagmed when the regression is performed
in a leave-one-out cross-validation way: late OBs@eceded by a northward displacement
of moist convection over the equatorial Atlantis@sated and a northward displacement of

the monsoon cell over West Africa. Early ODs areiobsly linked to the reverse signals.
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Tables

1979-2004 Mean Median Std Range
ODolr 181 (June 30) 183 (July 2 15.6 153-208
ODpre 176 (June 25) 174 (June 23) 8.1 165-193

ODgsod | 190 (July, 10§ 187 (July, 7) 20.5 142-247

Table 1: Basic statistics for ODolr and ODpre in julian daywer the period 1979-2004.

1979 | 1980 | 1981 | 1982 | 1983 | 1984 | 1985 | 1986 | 1987 | 1988 | 1989 | 1990 | 1991
ODcmap| 167 | 172 182 |172 |172 | 192 |167 |172 | 182 182 | 177 | 192
ODgpcp | 167 | 167 | 182 | 172 172 | 192 | 172 | 172 | 177 182 | 177 | 192
ODgsod | 202 182 192 187 182 217 167 187 18p 187 202 102 417

1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004
ODcmap| 172 | 177 | 172 |167 |167 |172 |182 | 192 | 177 167 | 167 | 187
ODgpcp | 172 | 172 | 172 | 167 | 167 | 157 | 182 |192 | 177 172 | 167 | 172
ODgsod | 177 177 182 177 202 197 142 247 18J7 192 217 177 167

Table 2: Dates of

ODgpcp, ODgsod.

onset derived from the 3 rainfall datset julian days: ODcmap,

P#26 P#29 P#27 P#30
5N-Eq. OLR grad.| 5N-Eq. OLR grad | SAH-GUI WAMI diff SAH-GUI WAMI diff
Reg.Coeff -0.41 -0.47 +0.25 +0.18
R2=60%
Corr. Coeff. -0.45 -0.60 +0.48 +0.46
VIF=1.1 1.05 1.08 1.12 1.17

Table 3: Cross-validated hindcasts of ODolr using pentgdvéifues of 4 predictors in May

(pentads# 26-30) based on OLR and WAMI meridionadgents (line 1), along with

explained variance (R2) and the regression coefftsiobtained with standardized series (line
2). The variance inflation factor (VIF) is displaye line 4 following Chatterjee and Price

(1977).



Figure captions

Figure 1: April-October latitudinal mean variatiorsf OLR values in W/m2 averaged over
five longitudinal windows: (a) 30°W-20°W, (b) 20°M3°W, (c) 10°W-10°E, (d) 10°E-
20°E, (e) 20°E-30°E windows. Period 1979-2005.

Figure 2 : Comparison between selected April-Oatsigmals in OLR averaged in the 10°W-
10°E window as a function of latitude: (a) OLR mg@) OLR minimum; (c,e) percentages
of occurrences with OLR < 240 and < 180 W/m2, respely; (d,f) percentages of
occurrences for convection maximums. The supeygeg bold curve on left panels marks
the core of ITCZ using OLR minimums (a) and convetimaximums (c,e). Period 1979-
2005.

Figure 3: (a) Time series of the different onsdegdaODcmap, ODgpcp and ODalr; (b) mean
OLR field in W/m2 around the onset date; (c) Oldddency = mean field difference
between OLR observed after and before ODolr eael (s=e Table 1); (d) as (c) but for
ODpre. In c,d the shadings point out the significdifferences at p= 0.05 regarding a
Student t-test. Period 1979-2005.

Figure 4. Hovmoller diagrams averaged in the 10O¥ELwindow for the years 1988, 1995
and 1998: OLR values (left) and maximums of conwecfright). The superimposed ‘+’

and * mark ODpre and ODolr, respectively.

Figure 5: Mean composite evolution and tendencéfsrb and after ODs for selected indexes
averaged in the 10°W-10°E window : (a,b), OLR @tN, 5°N and equator; (c,d) WAMI
and Conv(MSE) (e,f) over central Sahel, central&udnd central Guinea. Markers are
superimposed when a local (5-day) tendency is grehn mean tendency plus 2 standard

deviations in June-July.

Figure 6: Time evolution of correlation coefficisnbetween ODolr and selected indexes
averaged in the 10°W-10°E window:

a) OLR difference between 10°N and 5°N (dashed amel between 5°N and equator (solid);
b) WAMI and Conv(MSE) differences between centrahé and Guinea (dashed and solid

lines respectively).



Figure 7: Time evolution of atmospheric dynamitatgfied against ODolr (lag time in days)
for the Western (dashed line), Central (red boldes) and Eastern Sahel (dash-dotted line).
(a) Relative vorticity at 925 hPa ifts (b) Velocity potential at 200 hPa iff.sThe onset

date (OD on x-axis) is also indicated by markershancurves.

Figure 8: a) Mean annual evolution of the merididdSE gradient between [10N-15N] and
[O5N-10N] and of the WAMI index averaged over thah8&lian and Guinean zones
(standardized units). Letters for months; the esclmark the period during which
conv(MSE) is greater over Sahel than over Sudawd®st pentads #33 and #53. Pentad #
36 is the mean date for ODatm, i.e., when grad(MSB) WAMI > 0.1 and conv(MSE)
occurs mainly over Sahel.

b) Comparison between ODolr in Julian days, pré&ijpn (circles) and atmospheric

descriptors (squares) relative to the longitude&/IME and the period 1979-2004.



Figure 1: April-October latitudinal mean variatiorsf OLR values in W/m2 averaged over
five longitudinal windows: (a) 30°W-20°W, (b) 20°M3°W, (c) 10°W-10°E, (d) 10°E-20°E,
(e) 20°E-30°E windows. Period 1979-2005.
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Figure 2 : Comparison between selected April-Oataignals in OLR averaged in the 10°W-
10°E window as a function of latitude: (a) OLR meéy) OLR minimum; (c,e) percentages
of occurrences with OLR < 240 and < 180 W/m2, retipely; (d,f) percentages of
occurrences for convection maximums. The supeargeg red curve on the left panels marks
the heart of ITCZ using OLR minimums (a) and comecmaximums (c,e). Period 1979-
2005.
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Figure 3: (a) Time series of the different onsdegdaOD(cmap), OD(gpcp) and OD(olr); (b)

mean field of OLR around OD(olr) in W/m2; (c) Olendency (mean field difference

between OLR observed after OD(olr) minus OLR obsérigefore each year (see Table 1);
(d) as (c) but for OD(pre). In c,d solid (dashédgs point out negative (positive) OLR

differences associated with increasing (decreasingyection and shadings the significant
differences at p= 0.05 regarding a Student t-Retiod 1979-2005.
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Figure 4. Hovmoller diagrams averaged in the 10O%ELwindow for the years 1988, 1995
and 1998: OLR values (left) and maximums of conweacfright). The superimposed ‘+' and

“* mark OD(pre) and OD(olr), respectively.
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Figure 5: Mean annual and tendencies (compositeigmo before and after ODs) of selected
indexes averaged in the 10°W-10°E window : (&R at 10°N, 5°N and equator; (c,d)
WAMI and (e,f) Conv(MSE) over central Sahel, cenBadan and central Guinea. Markers
are superimposed when a local (5-day) tendencyrestgr than mean tendency plus 2

standard deviations in June-July.

250 [

L ¥) :
200 L 1 i i 1 1 1 H i L L 200 L L H i 1 1 1 i i L L i
J FMAMI J A S ONTD -30-25-20-15-10 -5 OD 45 +10+15+20 +25 +30
) WAMI: CSAH(-.), CSUD(--), CGUI(s) d) WAMI composite
2 S e 2 : D

_ A S S S S H T S S SR 1 S S S T SN S S S S S
J FMAMJI J A S ONTPD -30-25-20-15-10 -5 OD +5 +10+15+20+25 +30
gh@%nv(MSE): CSAH(-.), CSUD(--), CGUI(-) X 105 f) Conv(MSE) composite

_z R S S S S S ; i i i _2 i i I ST S SR S S SR i i
J FMAMJI J A SONDTED -30-25-20-15-10 -5 OD +5 +10+15+20+25 +30
months days




Figure 6: Time evolution of correlation coefficisnbetween OD(olr) and selected indexes
averaged in the 10°W-10°E window:

a) OLR difference between 10°N and 5°N (dashed lamel between 5°N and equator (solid);
b) WAMI differences between central Sahel and Gairjdashed line) and Conv(MSE)

difference between central Sudan and Guinea (8o&dl

a) CC: OLR gradients b) CC: WAMI(--) and Conv(MSE)
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Figure 7: Time evolution of atmospheric dynamitstffied against OD(olr) (lag time in
days) for the Western (dashed line with a squaeptral (bolded line) and Eastern Sahel
(dash-dotted line with a triangle). The onset & on x-axis) is also indicated by markers
on the curves. (a) Relative vorticity at 925 hP&’irfb) Velocity potential at 200 hPa iit.s
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Figure 8: a) Mean annual cycle of selected atimexsp parameters: the meridional MSE
gradient between [10N-15N] and [O5N-10N] vs WAMIenthe Sahelian and Guinean zones
(standardized units). Letters for months; the esainark pentads when conv(MSE) is greater
over Sahel than over Sudan between pentads #38%hdPentad # 36 is the mean date for
OD(atm), i.e., when grad(MSE) > 0, WAMI > 0.1 aswhv(MSE) occurs mainly over Sahel.
b) Comparison between ODs(olr) (in Julian daysgcpmitation (circles) and atmospheric
descriptors (squares). Longitudes [10W-10E], mkli®79-2004.
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