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Abstract The West African monsoon has over the years
proven difficult to represent in global coupled models. The
current operational seasonal forecasting system of the UK
Met Office (GloSea4) has a good representation of mon-
soon rainfall over West Africa. It reproduces the various
stages of the monsoon: a coastal phase in May and June,
followed by onset of the Sahelian phase in July when
rainfall maxima shift northward of 10N until September;
and a secondary coastal rainfall maximum in October. We
explore the dynamics of monsoon onset in GloSea4 and
compare it to reanalyses. An important difference is the
change in the Saharan heat low around the time of Sahelian
onset. In Glosea4 the deepening heat low introduces
moisture convergence across an east-west Sahelian band,
whereas in the reanalyses such an east-west organisation of
moisture does not occur and moisture is transported
northwards to the Sahara. Lack of observations in the
southern Sahara makes it difficult to verify this process in
GloSea4 and also suggests that reanalyses may not be
strongly constrained by station observations in an area key
to Sahelian onset. Timing of monsoon onset has socio-
economic importance for many countries in West Africa
and we explore onset predictability in GloSea4. We use
tercile categories to calculate probabilities for onset
occurring before, near and after average in four different
onset indicators. Glosea4 has modest skill at 2-3 months’
lead time, with ROC scores of 0.6-0.8. Similar skill is seen
in hindcasts with models from the ENSEMBLES project,
even in models with large rainfall biases over the Sahel.
Forecast skill derives from tropical SST in June and many
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models capture at least the influence of the tropical
Atlantic. This suggests that long-range skill for onset could
be present in other seasonal forecasting systems in spite of
mean rainfall biases.
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1 Introduction

For the largely rain fed agriculture of West Africa long-
range forecasts of season-total rainfall are potentially use-
ful, e.g. to decide on the type of crops to plant. Sivakumar
and Hansen (2007) give examples of applications of long-
range forecasts in agriculture and also describe practical
problems with this. Apart from season-total rainfall the
temporal distribution of rain throughout the rainy season is
also very important. For example, the start of the rainy
season is important for determining the optimal planting
time, by assuring continuous water availability at the stage
of germination or early growth (Sultan et al. 2005; Marteau
et al. 2011). WMO Global Producing Centres for Long
Range Forecasts routinely issue operational long-range
forecasts for rainy-season totals (Graham et al. 2011).
However, long-range forecasts for timing of the onset are
not currently produced despite a clear demand for this
information in many parts of Africa (Ingram et al. 2002;
Graham 2011). Here we will investigate whether the
current generation of dynamical seasonal forecast models
can provide skilful forecasts for timing of the monsoon
onset over West Africa. Such long-range information,
together with short range forecasts, should assist agri-
cultural planning and decision-making across a range of
time windows.
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Monsoon onset in the Sahel region of West Africa is
characterised by an apparent rapid northward shift in
rainfall maxima in early July from the Gulf of Guinea coast
to the Sahel/Sudan (see Fig. 1). This is accompanied by
changes in the African Easterly Jet (AEJ) and the tropical-
equatorial jet (TEJ) (e.g. Sultan and Janicot 2003). The
average date for the onset, as derived from GPCP rainfall
estimates between 1979 and 2009 (Xie et al. 2003) is 29
June, with a standard deviation of 8 days (see Sect. 3.1).
Various studies have examined the processes controlling
monsoon onset. From these studies there is a consensus that
the seasonal northward migration of the monsoon is
strongly linked to the pressure difference between the
Sahara and Gulf of Guinea which builds up from April
onward. Different explanations have been given for the
suddenness of the onset. Ramel et al. (2006) attribute it to a
sudden shift in position of Saharan heat low resulting from
the difference in surface albedo of the Sahara and the Sa-
hel. Sultan and Janicot (2003) argue that the interaction
between monsoon flow and topography is important for the
northward shift of the rain, by providing a means to release
the convective energy that is trapped in the lower tropo-
sphere on the poleward side of the monsoon front because
of dry subsidence. Cook and Vizy (2006), instead, suggest
that inertial instability acts to advance the moisture con-
vergence northward, away from the coast. Gu and Adler
(2004) see the rainfall in the coastal and Sahelian zones as
largely independent, with the former controlled by tropical
sea surface temperature (‘SST’) and the latter controlled by
changes in large-scale flow (AEJ and TEJ) and African
easterly waves. Thorncroft et al. (2011) interpret the
apparent jump as a temporary reduction in rainfall, super-
imposed on an otherwise smooth seasonal northward
migration of the latitude of maximum moisture conver-
gence. They attribute the reduction in rainfall to the com-
bined effect of cooling sea surface temperature (‘SST’) in
the Gulf of Guinea and the arrival of dry southerly flow
aloft as part of the monsoon circulation. Sijikumar et al.
(2006) argue that the Gulf of Guinea may not be the only
source of moisture supply associated with onset on the
Sahel. They find that increased westerly flow from the
eastern Atlantic into the continent at the time of onset is an
important source of moisture

Much of the understanding that has been gained from
those and other studies comes from model simulations and
re-analyses. The conclusions about what controls mon-
soon onset are therefore inevitably affected by the dif-
ferent representations of physical processes in the models
and reanalyses that are used. Global coupled GCMs
generally have a poor reputation for their simulation of
the West African monsoon (‘“WAM’) and its variability
(e.g. Cook and Vizy 2006; Joly and Voldoire 2010), and a
dry bias over the Sahel during July-September is a
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common error. Biases in SST in coupled models are an
important source of error for the monsoon because of the
strong impact on the boundary layer moisture fluxes and
diabatic heating (Levine and Turner 2012). Re-analyses
rely heavily on the underlying model in parts of West
Africa where data coverage is low (section 3.1 of this
paper) and, like coupled models, have difficulty repro-
ducing the observed northward migration of rainfall from the
coast to the Sahel between July—September (Thorncroft et al.
2011).

Coupled models used in seasonal forecasts are initialised
in each forecast. SST drift and their impact on the WAM
are therefore restricted to the length of each forecast
(typically 6—7 months) but can still be substantial. Other
biases in seasonal forecast models are structural and shared
with uninitialised models, e.g. insensitivity of Sahelian
rainfall to SST anomalies in the south tropical Atlantic
(Philippon et al. 2010). However, we will show in this
paper that the current UK Met Office operational seasonal
forecasting system GloSea4 (‘G4’, Arribas et al. 2011) has
a much improved representation of the mean monsoon
onset compared to some previous generation seasonal
forecasting models.

The purpose of this paper is twofold: (1) to show how
dynamical seasonal forecast models can be used to for-
mulate a forecast for onset of the WAM; (2) to explore the
sources of forecast skill for onset of the WAM. In Sect. 2
we introduce the models and observational data that are
used in this study, and define four different monsoon onset
indicators. In Sect. 3 we evaluate these indicators in
observations, reanalyses and GloSea4 to determine forecast
skill. In Sect. 4 we will explore the reasons for the realistic
mean onset in retrospective forecasts (‘hindcasts’) with
GloSea4 and compare it to onset in two reanalyses. We
also investigate the source of forecast skill for the main
onset indicator and the physical mechanisms for late onset
in GloSea4 and in reanalyses. Conclusions follow in
Sect. 5.

2 Data and methods
2.1 Dynamical seasonal forecasting systems

The main seasonal forecasting system that we use in this
study is GloSea4 (‘G4’). It is an ensemble prediction sys-
tem that uses the HadGEM3 coupled GCM to model
interactions across all physical components of the climate
system: ocean, atmosphere, land surface and sea ice.
Arribas et al. (2011) describe G4 and its performance in
detail. In this paper we use the version that became oper-
ational in November 2010. Compared to Arribas et al.
(2011) this version has increased vertical resolution in the



West African monsoon

3049

ocean (20 layers in the top 60 m), and increased vertical
resolution in the atmosphere, with 21 additional levels in
the troposphere and an extended lid to resolve the
stratosphere; 3-hourly ocean-atmosphere coupling instead
of daily coupling. Separate analyses for ocean, atmo-
sphere, land surface and sea ice are used to initialise the
model.

The inherent uncertainty of forecasting climate anoma-
lies at seasonal timescales motivates the use of ensemble
techniques in G4. Our seasonal forecasts provide proba-
bilities for a range of outcomes, rather than a single
deterministic forecast. To evaluate model skill and for bias
correction hindcasts with G4 are available for the period
1996-2009. Hindcasts are initialised 8 days apart with
three ensemble members per hindcast start date. To
increase ensemble size we pool three adjacent start dates
(say 25 April, 1 May, 9 May) giving a total of 3 x 3 =9
members. The 9-member ensemble thus aggregated is
assigned, nominally, the start date of the middle set (1 May
in this example). For further details about G4 the reader is
referred to Arribas et al. (2011).

We have also used hindcasts from the ENSEMBLES
project. These are 9-member hindcasts with six different
coupled seasonal forecasting systems, described by Weis-
heimer et al. (2009). We used ENSEMBLES 1 May
hindcasts for the years 1979-2005. Although this is a dif-
ferent hindcast period than G4, the ENSEMBLES models
offer a good way to quantify model skill in structurally
different seasonal forecasting systems and thus assess the
robustness of the G4 results.

2.2 Observations and reanalyses

To evaluate model skill in seasonal forecasts we need to
determine onset dates from observations. For this we require
datasets with spatially complete coverage and a temporal
resolution of 5-10 days. For rainfall we use satellite-based
estimates. We use pentadal GPCP data (Xie et al. 2003) for
years 1979-2010 (vn 1.0, using real time ‘rt’ data for
2008-2010). We also used TRMM (1998-2010), daily
accumulations of 3-hourly rainfall rates 3B42 vn6 (Simpson
et al. 1988) which we averaged into 5-day means. TRMM
uses precipitation radar measurements which are not used in
GPCP making it a valuable additional rainfall estimate data
set, even if its record is short. In addition to these rainfall
estimates we will also use NOAA OLR observations from
1975 to 2010 (Liebmann and Smith 1996).

Throughout this study we will use two recent, state-of-
the-art reanalysis products: MERRA (Rienecker et al.
2011) and ERA-interim (‘ERAI’, Dee et al. 2011) for a
number of variables. We use reanalysis data from the
period 1979-2010.

2.3 Onset definitions

We need to specify a definition for monsoon onset that can
be evaluated in dynamical seasonal forecast models, global
reanalyses and gridded observations. With this definition
we can then formulate a forecast for timing of the onset and
evaluate forecast skill. Definitions of onset of WAM fall
into two categories: onset is either defined (1) in terms of
local rainfall occurrences and constraints on wet/dry peri-
ods or (2) in terms of large-scale changes to the monsoon
system, not limited to rainfall (e.g. changes in longwave
radiative flux or circulation). Local onset indicators are
usually defined with agricultural applications in mind, e.g.
Ati et al. (2002), Sivakumar (1988). They are often for-
mulated for a particular region. Marteau et al. (2009) show
that local onset dates that are defined in this way tend to be
characterised by weak spatial coherence of interannual
variability across stations reporting rainfall. If at the indi-
vidual station level small-scale processes are important in
controlling local onset then that may turn out to be difficult
to predict at seasonal timescales. Local onset defined at the
station level can also be difficult to evaluate in global
models, requiring downscaling or calibration steps to
account for model biases and limitations in resolution.
Large-scale onset indicators have been used extensively in
scientific studies of the West African monsoon and are
meant to capture large-scale changes that occur in the
monsoon system around the time of onset.

A single definition is unlikely to fully cover all aspects
of monsoon onset which occurs through various stages
(Fontaine et al. 2008; Gazeaux et al. 2011). Basing a
forecast on a single indicator could therefore result in an
over-confident forecast. Nor is a single indicator likely to
be very useful to a wide user community of the forecast.
For example, large-scale indicators may be preferable to
organisations with broad regional interest e.g. aid agencies,
while National Meteorological Services and similar users
will prefer more localised information. Therefore we use
several onset indicators and forecast skill is evaluated in
each indicator separately. We use three large-scale onset
indicators (1-3) and one local onset indicator (4) that is
relatively insensitive to model bias:

1. Rainfall indicator: determines the time when the rainfall
maxima shift from the Gulf of Guinea (‘GoG’) coast to
north of 10N

2. Outgoing longwave radiation (‘OLR’) indicator: deter-
mines the time when the OLR minima (indicative of
the areas of most active atmospheric convection) shift
north of 10N.

3. Dynamical indicator: determines the time when,
jointly, (1) the monsoon circulation over W Africa
(5—-15N) has become sufficiently established and (2)
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the difference in boundary layer moist-static energy
over the Sahel minus that over the GoG coast has
become positive (i.e. increased warming and moisten-
ing over the Sahel).

4. Local onset indicator: for each location we calculate the
calendar day when a specified fraction of the average
rainy-season total rainfall amount has fallen. Onset can
then be defined locally as the arrival of (for example)
the 20 % of average season total rainfall. This threshold
value can be chosen so as to give a similar onset date to
more traditional local onset definitions.

Indicators 1-3 capture important large-scale meteoro-
logical changes of the WAM around onset. Indicator 4 has
potentially more value for user applications because it
contains spatial information, even if it is not identical to
standard local onset definitions. More details of these
indicators are given in Appendix 1.

3 Results
3.1 Onset in observations and reanalyses

We calculated onset dates using onset definition (1) in the
GPCP and TRMM rainfall estimates and reanalyses. Time
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Fig. 1 Time (horizontal) versus latitude (vertical) diagrams of time-
average pentadal rainfall (mm/day), zonally averaged between 10°E—
10°W, for TRMM satellite-based observations, MERRA and ERAI
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series of onset dates shown in Fig. 2. The means are very
similar. We calculated correlations between the GPCP
onset time series and the other data for overlapping years
and this is shown in brackets in Fig. 2. There is good
correlation between TRMM and GPCP onset (0.83),
although they overlap for only 13 years. Correlation
between onset dates in GPCP and MERRA is also strong
(0.71), with ERALI it is smaller (0.58) but significant at the
5 % level of a 2-tailed T test. The reason for these different
correlations in the reanalyses is further explored in
Sect. 4.2.

The onset time series for definition (2) from the NOAA
OLR data is also shown in Fig. 2. Overall it tracks the
GPCP series well. It has larger year-to-year standard
deviation than GPCP, as already pointed out by Fontaine
et al. (2008): 14 days for NOAA-OLR compared to 8 days
for GPCP for the years considered here. Fontaine et al.
(2008) argue that this larger variability is a more realistic
indication of the true year-to-year fluctuations in monsoon
onset than the rainfall-based onset variability. For the
dynamical onset indicator (3) we use the required fields
(see Appendix 1) from MERRA (3-hourly) and ERAI
(6-hourly) data, averaged into daily means. The mean
dynamical onset date (day 173) and its standard deviation
(8 days) are similar in both datasets. The two dynamical
onset series are weakly correlated with GPCP-based onset
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reanalyses and GloSea4 (indicated at fop of each panel). The onset
date in each of these time-mean datasets is stated in the subpanels and
indicated by a vertical line



West African monsoon

3051

210 En
~_- TRMM (0.83)
— NOAAOLR (0.48)

200

b i,

190

,“\T

>P\

180

===

170

calendar day no.

160

T T T T T TR T T T T I T T

IRRRTRETE FRTRRRTNN] FRRTEN

150 M
1975 1980

NP I
1985

1990
Year

1995 2000

2005

2010

Fig. 2 Time series of onset dates inferred from GPCP rainfall (red),
TRMM rainfall (dark blue), NOAA OLR (black), dynamical onset
from MERRA and ERAI reanalyses (light blue and green). Linear
correlation between GPCP onset dates and the other onset dates (in
overlapping years) is shown in brackets in the legend. Day 150 is 30
May, day 210 is 29 July

dates (correlation =~ 0.3) but reasonably well with each
other (correlation 0.5). The local onset indicator (4) is
evaluated in GPCP and the climatology for 1996-2009 is
shown in the top panel of Fig. 4.

3.2 Onset in GloSea4 and ENSEMBLES models

The rainfall climatology over W Africa for the 1 May G4
hindcasts is shown in Fig. 1. The model has maximum
rainfall near the Gulf of Guinea from May to July. At the
beginning of July the rainfall maxima shift north of 10N,
similar to the observations. Rainfall in the Sahel is too
strong in the model during July compared to observations.
In TRMM Sahelian rainfall reaches a maximum in the
second half of August, which is reproduced by G4. In
summary, key features of the monsoon rainfall evolution
over West Africa are well reproduced by G4. This is an
important improvement over some other seasonal forecast
models (cf. Fig. 17 in the Appendix 3) or CMIP3 coupled
models (Cook and Vizy 2006).

We now calculate onset dates for all four indicators in
G4 hindcasts with a nominal start date of 1 May. Distri-
butions of onset dates are shown in black in Fig. 3, the
corresponding observed equivalents (Sect. 3.1) are shown
in blue. It is encouraging to see that without any bias
correction the mean and standard deviation of model onset
dates for all three definitions of onset is very similar to the
observed date. This suggests the possibility that, on aver-
age, the model is able to capture the right processes that
determine the onset and its variability. We will explore
these processes more in Sects. 4.1 (for mean) and 4.2 (for
variability).

For local onset indicator (4) we show the G4 climatol-
ogy in the lower panel of Fig. 4. Model onset timings are
broadly similar to GPCP except over the central Sahel
(10W-10E, 15-20N), where onset in the model is around
20 days too early. This is consistent with the wet bias early
in the season noticed before (Fig. 1). Because there is
proportionally too much rain in the early season in the
model, it reaches 20 % level earlier than the observations.
The area north of 20°N should be ignored because it
receives very little rain and onset is not meaningful here.

3.3 Forecast skill for onset

We have calculated two different kinds of skill score for
onset in G4 hindcasts initialised from late March till late
May: anomaly correlations and ROC scores. In the left
column of Fig. 5 we show anomaly correlations between
the observation and the ensemble mean hindcast for each
year. It is calculated as the correlation between anomalies
in the observed timeseries and the ensemble-mean model
hindcast. This is a deterministic way of quantifying model
skill and does not convey any information about spread in
the hindcasts. Leave-one-out correlations have a median
that corresponds closely to the correlations of the full
timeseries (dash-dotted lines in left column of Fig. 5).
The correlations are good estimates of the true model
correlation.

Random forecasts provide a useful benchmark for the
G4 anomaly correlations: we define a random forecast as a
random sequence of the observed onset dates over the
14 years spanning the G4 hindcast period. We then esti-
mated the distribution of anomaly correlations for a ran-
dom forecast from 10,000 such random forecasts. The
empirical PDFs of these random anomaly correlations are
shown at the right-hand side of the panels in Fig. 5, for
each of the three indicators. Also shown are percentiles
(50th, 75th, 90th, 95th and 99th) of the cumulative PDF of
random anomaly correlations (dotted lines). From these
one can see what the probability is that a random forecast
would outperform a G4 forecast for a given start date. For
example, there is a less than 5 % chance that a random
forecast would outperform a G4 forecast issued in mid/late
April for OLR-based onset. Forecasts initialised from early
April onward have anomaly correlations that vary between
0.15 and 0.4 for precipitation and OLR onset, weaker
correlations are seen for the dynamical indicator from mid
April. The positive correlations indicate that the ensemble
mean of G4 has some weak skill in predicting anomalies in
timing of the onset 2-3 months ahead. Skill does not
increase monotonically for smaller lead time, the reasons
for this can be complex. For example we have found that
model bias varies with start date which can affect the
model’s dynamical behaviour and forecast skill. We have
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not explored this point further. Overall, it is clear that the
ensemble mean of G4 only captures a small fraction of the
year-to-year fluctuations in the observed onset dates. The
usefulness of longrange deterministic onset forecasts based
on the ensemble mean will be limited.

We have also calculated ROC areas (see for example,
Kharin and Zwiers 2003) to quantify probabilistic skill for
tercile categories of timing of the onset. These ROC areas
are shown in the right column of Fig. 5. In the current
context tercile categories correspond to whether in a given
year onset occurs before average (lower tercile, i.e. lower
third of the onset dates over the full hindcast period), near-
average (middle tercile, or central third of the onset dates)
or later than average (upper tercile, or top third of the onset
dates). To evaluate tercile boundaries for both model and
observed climatologies we fit a normal distribution to the
onset dates, and define the boundaries of the 33rd and 66th
percentiles of the fitted normal distribution as lower and
upper tercile boundaries. We found that fitting a distribu-
tion gives a more robust estimate of the tercile boundaries
than calculating these directly from the raw onset dates: the
discrete nature of onset dates at pentadal resolution means
that population samples can occur in clusters, from which
tercile boundaries can not be determined very accurately.
We carried out the Lilliefors version of the K-S test (Wilks
2011) which indicated that the sample data are consistent
with normal distributions at the 20 % level (not shown).
ROC scores > 0.5 indicate when the ensemble can, with
more skill than climatology, distinguish whether onset is
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likely to be late, early or average (climatological proba-
bilities for these categories are by definition 33 %). The
‘dynamical indicator’ 3) is again the least skilful of the
three indicators considered here.

It is useful to compare the information conveyed by the
various skill measures. We will do this here for 1 May
forecasts with the precipitation-based indicator (top row
Fig. 5). For this start date the G4 ensemble mean forecast
for the onset date has only a correlation of 0.2 with the
observed onset dates, so it only captures around 4 % of the
observed variance. A random forecast has a probability of
nearly 25 % of having a larger correlation with the
observations than a 1 May G4 forecast. Next we consider 1
May probabilistic forecasts for three onset categories:
early, normal or late. 1 May G4 forecasts have ROC
scores > 0.5 for all onset categories: 0.55 for early, 0.7 for
late, 0.75 for normal. Following Mason and Graham (2002)
we interpret these values as the probabilities that G4 will
distinguish an event from a non-event, i.e. 55 % for early,
70 % for late and 75 % for normal onset. This example
shows that the G4 probabilistic onset forecasts have skill
even if the deterministic (i.e. ensemble-mean) forecasts
explain relatively little of the observed variance. This
applies to most startdates in Fig. 5. It suggests that is
generally better to consider probabilistic than deterministic
longrange onset forecasts with G4.

We also calculated onset dates for large-scale indicators
(1) and (2) in the ENSEMBLES hindcasts (there are
insufficient data available to evaluate indicator 3, OLR data
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Fig. 4 Climatology of
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were only useable for 4 models). Mean rainfall over the
region in each of the models is shown in the Appendix 3,
Fig. 17. Anomaly correlation and ROC area for the
ENSEMBLES models are by the whiskers in Fig. 5. We
used the same verification datasets as for G4 but for years
1979-2005. This hindcast period is different from that of
G4 which could affect the values of the skill scores.
However, Fig. 5 indicates that skill in G4 is largely similar
to those of the ENSEMBLES models, in spite of the dif-
ferent hindcast periods.

For the local onset indicator (4) we show in Fig. 6 maps
of ROC area. It shows that in the western Sahel and in the
east (southern Sudan/Ethiopia) the forecasts have skill
compared to climatological forecasts, with ROC scores of
0.5-0.8 or above. There are large areas in the central Sahel

where the 1 May hindcasts have no skill for local onset
indicator (ROC area < 0.5).

Statistical forecasts for onset have been described in the
literature, e.g. using boundary layer humidity (Omotosho
et al. 2000), rainfall and winds between mid May and mid
June (Fontaine and Louvet 2006) and OLR and MSE in
May (Fontaine et al. 2008). Anomaly correlations range
between 0.4 and 0.8 in a range of verification periods.
Comparing this to Fig. 5 indicates that the statistical pre-
diction schemes are as good as or better than the ensemble
mean of dynamical seasonal forecasting systems like G4.
The advantage of the seasonal forecasting systems is that
they have useful skill at longer lead times than the statis-
tical schemes. Furthermore, model spread in the dynamical
forecasts provides an estimate of the uncertainty in the
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Fig. 5 GloSea4 skill scores for onset forecasts over the hindcast
period 1996-2009. Anomaly correlation (left column, solid black
lines) and ROC areas for tercile categories (‘early’, ‘normal’ and ‘late’
onset, right column) are shown as a function of model start date for the
large-scale onset indicators: precipitation (fop, verified against GPCP),
OLR (centre, verified against NOAA OLR) and dynamical (bottom,
verified against ERAI). Start dates on the horizontal axis are shown as
‘month date’, e.g. ‘0325 is 25 March. Skill scores from 1 May
ENSEMBLES hindcasts (1979-2005) are included for precipitation
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and OLR based onset: anomaly correlation is shown by coloured
squares for individual ENSEMBLES models; for ROC areas we show
the ENSEMBLES range (minimum, maximum and ensemble-mean)
for the three tercile onset categories. The dashed curve on the right in
the anomaly correlation plots shows the estimated PDF of anomaly
correlation for a random forecast, with some upper percentiles of this
PDF indicated by dotted straight lines (see text for details). The dash-
dotted curves in the anomaly correlation plots show the median values
of leave-one-out correlations
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forecast, which is not normally available from statistical
forecasts. As noted, probabilistic longrange forecasts for
onset have better skill than deterministic ones.

4 Mechanisms of onset in GloSea4 and reanalyses

Having shown that, on average G4, has a good simulation
of the northward progression of the rains throughout the
monsoon season (Fig. 1), and that there is some predict-
ability of interannual variations in onset timing, we now
explore the mechanisms that control onset. The mean
properties of WAM onset in G4 and reanalyses are
explored in Sect. 4.1. Onset variability and the source of
forecast skill, as found in the previous section, are inves-
tigated in Sect. 4.2. Throughout this section we will use the
rainfall-based onset indicator (1) (Sect. 2.3) to quantify
onset.

4.1 Mean onset

We have seen in Sect. 3.2 (Fig. 1) that WAM onset sim-
ulated by G4 compares favourably to observations: the
rainfall maxima move north from the Gulf of Guinea coast
to the Sahel in early July, similar as the observations
although G4 is wetter over the Sahel in July than the
observations. As noted before, in the ERAI and MERRA
reanalyses the rainfall maxima do not penetrate far enough
north into the Sahel, i.e. north of 10N (Fig. 1), or do so
later than observed. The aim is to understand what causes
the mean evolution of G4 and reanalyses rainfall to be
different at the time of onset in early July, as evident from
Fig. 1.

For G4 we use 1 May hindcasts for years 1992-2005
which have additional diagnostic output. For ERAI and
MERRA we use the full range of available years
(1979-2010) to obtain the best possible estimate of the
atmosphere’s mean state. For the period 1992-2005 aver-
age onset dates are very similar in all datasets: 2 July (G4),
29 June (MERRA), 3 July (ERAI), 28 June (GPCP) and we
will analyse differences averaged between 15-29 June and
30 June-14 July, i.e. the 15 days before and after the
nominal mean onset date.

Average MSLP, rainfall and horizontal moisture trans-
port at 925 hPa from G4 in the second half of June are
shown in the top panel of Fig. 7 (mean fields for ERAI and
MERRA are qualitatively similar and not shown here). The
Saharan heat low is well established with cyclonic low-
level winds advecting maritime air into the western and
central Sahel. Flow from the Gulf of Guinea towards the
Sudan region appears to be driven by the pressure differ-
ence between the tropical Atlantic and the Red Sea. To
determine the changes that occur in these variables around

the mean onset date we calculate the composite difference
of the average over 30 June—15 July minus the average
over 15-29 June. In G4 (middle panel of Fig. 7) the Sah-
aran heat low deepens by 2 hPa in early July on the
Atlantic side of its centre. The high pressure over the Gulf
of Guinea increases by 1 hPa, following the seasonal
cooling of local SST at this time (see also Thorncroft et al.
2011). These anomalous pressure gradients induce
increased moist flow into the continent near the Gulf of
Guinea coast and Senegal/Mauretania with moisture con-
vergence (shown by the white ‘4’ signs) in the central
Sahel (between 10E-10W and 10-15N). This eastward
flow establishing around the onset is reminiscent of the
regional model study by Sijikumar et al. (2006). This
region also has increased ascent (indicated by ‘o’) and
increased rainfall. This is associated with increased low
level convergence from the west and south which provides
a source of latent heating in this region (not shown here,
but its zonal mean may be seen in Fig. 9). A noticeable
feature of the MSLP anomalies in G4 in early July is their
largely zonal orientation between 15-20N.

In ERAI (Fig. 7 lower panel) the Saharan heat low also
deepens by 2 hPa but pressure changes in the Sahel and
central Sahara are weaker than in G4. As a result the
pressure anomaly in ERAI in early July is less zonal and
dominated by the cyclonic feature in the western Sahara.
Pressure increase over the Gulf of Guinea is smaller than in
G4, about 0.5 hPa. As a result of these different pressure
changes moisture transport anomalies at 925 hPa do not
penetrate into the central Sahel but instead are diverted
northward to the western Sahara. Near the Gulf of Guinea
coast the change in moisture transport is orientated more
zonally than in G4 and mostly non-divergent. There is no
extra ascent between 10E-10W and 10-15N as in G4 and
more extensive descent of dry air from aloft over Mali and
Mauretania. Rainfall changes in ERAI in early July are
limited to the ocean and the eastern Sahel with a gap over
the central Sahel. We note that G4 and ERAI are in broad
agreement about changes over the eastern Sahel/central
Sudan.

Verification of these changes in G4 requires observa-
tions made for long enough and with sufficient temporal
resolution to reliably estimate 15-day changes. We use
HadISD, a dataset of quality-controlled sub-daily WMO
station reports (Dunn et al. 2012). Note that many of these
data will have been assimilated in ERAI and this should be
kept in mind when comparing ERAI and HadISD. We use
HadISD to estimate average MSLP changes between early
July and late June 1979-2010, Fig. 8 (see Appendix 2 for
details of the calculation). Local minima of negative
pressure change are seen over Morocco and Egypt, positive
pressure change is seen south of the Sahara with perhaps a
local maximum around 12N. The available observations
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Fig. 7 Top panel MSLP
(contours), rainfall (shading,
mm/day) and moisture transport
at 925 hPa (arrows) from
Glosea4 averaged between
15-29 June, i.e. the 15 days
before the mean onset date.
Middle panel (for GloSea4) and
lower panel (for ERAI) show
the difference of the average
from 30 June to 15 July minus
the average from 15 to 29 June
(i.e. the 15 days after the mean
onset minus 15 days before the
onset) for MSLP (white
contours, interval 0.5 hPa,
negative values dashed),
precipitation (colours, mm/day),
horizontal moisture transport at
925 hPa (arrows). Gridpoints
where moisture convergence
changes by more than +(—) 2 -
1078 57! are shown by white
plus and minus signs,
respectively. Changes in ascent
at 700 hPa in excess of

—0.02 Pa/s are shown by ‘0’ ,
changes in descent larger than
0.02 Pa/s shown by ‘v’. For
clarity arrows are only shown at
every other grid point
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show that model and ERAI reanalyses get the large scale
pattern right: positive in the south, negative in the north-
west (compare Figs. 7 and 8). The changes in the Sahel in
ERAI are perhaps somewhat weaker than in the station
data; those in GloSea4 in the northern Sahara (Algeria and
Libya) are too strongly negative. Unfortunately there is
little data coverage in HadISD between 15 and 25N, i.e. in
the northern Sahel and southern Sahara. This means that we
cannot determine if the pressure pattern of G4 or ERAI in
this region is more realistic. If this gap in coverage of
station data in HadISD is representative of the station data
assimilated in ERAI then it suggests that, on average, over
the course of the reanalysis period ERAI is perhaps not
strongly constrained by station observations in the region
between 15 and 25N.

We extend this analysis of the near-surface changes to
that of changes aloft, in a meridional/vertical plane. We do
this for specific humidity, zonal, meridional and vertical
pressure velocity at pressure levels between 1,000 and
400 hPa, and supplement this with precipitation, MSLP,
surface skin temperature, sensible heat (‘SH’) and latent
heat (‘LH’) flux and total cloud cover changes. We cal-
culate zonal means between 10E and 10W and calculate
composite differences in these variables before and after
onset. (Figs. 9, 10, see captions for legend).

In G4 the northward shift in rainfall is clearly visible,
centered around 10N. This shift is accompanied by a drying
south of 10N (5N at higher levels) and a moistening north
of 10N across most of the troposphere. There is also an
increase in cloud cover north of 10N. We see an increase in
low-level northward flow between 5 and 25N. Cooler SSTs

35N

30N

25N

20N T

15N

10N

5N

1 :
10W 0 10E 20E 30E 40E
T
0.4 0 0.4 0.8

Fig. 8 Locations of WMO observing stations with sufficient data
coverage (see text for details) to calculate average MSLP change
between 30 June and 15 July minus 15-29 June for the years
1979-2010. Pressure change in hPa is indicated by the colour. Values
significantly different from zero (at the 90 % level) are shown by
filled symbols, non-significant values by open symbols. Pressure
changes greater than 0.5 hPa or —1 hPa are shown by squares,
smaller changes by circles

mean there is reduced latent heat (‘LH’) flux and anoma-
lous descent over the ocean, which is consistent with the
drying of the atmosphere south of SN. Over land we see an
increase in surface LH flux around 15N that is collocated
with anomalous rising across most of the troposphere (cf.
‘o’ in Fig. 7). At the latitudes where LH flux increases
(12—-18N) sensible heat (‘SH’) flux is reduced. To the north
we see an increase in SH flux. Hagos and Zhang (2010)
calculated the divergent circulation response of the WAM
to SH and LH fluxes, with the circulation driven by SH flux
instrumental in advancing the monsoon circulation inland.
It is beyond the scope of this paper to repeat their analysis
for G4. However, we note a similar colocation as Hagos
and Zhang (2010) of LH changes and deep overturning
changes (increase around 15N, decrease south of 10N) and,
to a lesser extent, of SH increase and shallow overturning
(north of 20N). We note that the African Easterly Jet
weakens near 10N, as observed by Sultan and Janicot
(2003) in the NCEP reanalyses. For most variables we lack
the independent observations to verify these changes in G4,
except for precipitation. Comparing zonal mean precipita-
tion in G4 and GPCP (green line in bottom panel of Fig. 9)
suggests that G4 gets the right pattern of rainfall change but
overestimates its amplitude. A possible interpretation is
that in G4 the processes controlling onset are working in
the right way but are overly active.

The ERAI (Fig. 10) and MERRA (Fig. 19, Appendix 4)
reanalyses show essentially the same response as G4 south
of 5N (i.e. over the ocean and the coast), but differ sub-
stantially from G4 over land. Moistening of the troposphere
over land is weaker and does not extend much above
800 hPa. Instead we see drying between 500 and 700 hPa
and increased southward flow of dry air from the Sahara
(stronger and reaching further south than in G4). Between
10 and 15N there is downward flow of dry air in the rea-
nalyses (see also ‘V’ in Fig. 7), whereas G4 has upward
motion here. Changes in the boundary layer (e.g. MSLP
and latent heat flux) and the enhanced monsoon inflow at
925 hPa are smaller than in G4. Like G4, the reanalyses
overestimate rainfall changes over the ocean and just north
from the coast (0—10N) compared to GPCP.

Summarising, the key difference between G4 and the
reanalyses is the presence of dry air over the Sahel across
most of the middle and lower troposphere. The reanalyses
have weaker low-level inflow of moist air from the ocean
than G4 and a stronger flow aloft of dry air from the
Sahara. This implies that the reanalyses have a smaller
increase in moisture supply to the lower and middle tro-
posphere and less increased upward motion or convection
over the Sahel, consistent with the dry rainfall bias in the
Sahel north of 10N. G4 and reanalyses do generate a
reduction in rainfall over the coastal region, as seen in
GPCP, and this is one of the two components of onset
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Fig. 9 Mean differences associated with monsoon onset in GloSsea4.
Difference fields are calculated as the average over 30 June—14 July
minus average over 15-29 June for the years 1992-2005. All fields
are zonally averaged between 10°E—-10°W. Colours: specific humidity
(units kg kg™", see colour bar), arrows: meridional velocity and
vertical pressure velocity, contours: zonal velocity (m s~ ', negative
dashed). Surface fields are shown by curves centred around the red
zero line in the lower panel, with scale for each variable shown in

indicator (1). It explains why onset dates from the reanal-
yses have some correlation with GPCP-based onset in spite
of their shortcomings in reproducing rainfall changes over
the Sahel.

4.2 Onset variability

Seasonal forecast skill in the atmosphere arises from the
interaction between the atmosphere and more slowly
evolving (i.e. more predictable) components of the climate
system, e.g. sea surface temperature (SST). In this section
we will therefore investigate the relation between SST and
the rainfall-based onset indicator (1) (Sect. 2.3)

4.2.1 Teleconnection with SST
To see how June SST anomalies affect timing of the onset
we calculate a regression between these variables

(units °C/day). We do this for observations (HadISST SST
(Rayner et al. 2003) and GPCP-derived onset dates); G4
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Latitude

lower right: precipitation (heavy solid line); skin temperature (heavy
dotted line); MSLP (purple dash-dotted); surface latent heat flux (thin
solid, upward positive); surface sensible heat flux (thin dotted, upward
positive), total cloud cover (dashed). GPCP rainfall difference is
shown by the thin green line at the same scale as GloSea4. The
approximate position of the coast line is shown by the black bar at
6.25°N

hindcasts (initialised on 1 May) and ERAI and MERRA
reanalyses, Fig. 11. Positive teleconnections show where
warm SST delays the onset and cold SST hastens onset
(opposite for areas of negative teleconnections). The
observed teleconnection pattern (top left panel) shows that
warm SSTs in the Gulf of Guinea (‘GoG’) and S tropical
Atlantic delay onset. There is a significant signal in the
Pacific (mainly in W Pacific and off equator, i.e. outside
the Nifio 3 and 4 regions). G4 captures the pattern in the S
Atlantic but it is too weak, i.e. effect of warm SST
anomalies in delaying the onset is too small compared to
observations. The model does not capture the contribution
from SST outside the equatorial Atlantic. The reanalyses
have teleconnections similar to the observed in the equa-
torial Atlantic, but over the Pacific both differ substantially
from the observed pattern. Teleconnections in the six
ENSEMBLES hindcasts are shown in the Appendix 3,
Fig. 18. Most ENSEMBLES models capture the telecon-
nection in the Atlantic but differ in the simulated strength.
Like the reanalyses, none of these models accurately
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Fig. 10 As for Fig. 9 but for ERAI
ERAI reanalysis. All variables 400
are plotted on the same scale as
Fig. 9
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Fig. 11 Teleconnection patterns between June SST and monsoon in extended hindcast, 1989-2009), ERAI and MERRA reanalyses
onset, expressed as a regression: days of delay in onset per K. GPCP- (1979-2010). Areas of significant regressions (at the 95 % level) are
onset and HadISST (top left, 1979-2010), GloSea4 (1 May startdates enclosed by contours
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reproduce the observed pattern over both the Pacific and
Indian Ocean.

To confirm the robustness of the observed teleconnec-
tion pattern of Fig. 11 we also calculated it using different
observational SST datasets: Reynolds OIv2 (Reynolds
et al. 2002) and HadSST3 (Kennedy et al. 2011). June SST
teleconnections using these SST observations are very
similar to that for HadISST (not shown). Pattern correlation
with the HadISST-derived pattern is strong: 0.82 for Rey-
nolds and 0.70 for HadSST3. None of the teleconnection
patterns change much if they are calculated over the G4
extended hindcast period 1989-2009 (not shown). There-
fore we believe that the observed teleconnection pattern in
Fig. 11 is a robust feature. On its own, however, a statis-
tical relation between SST and monsoon onset date does
not necessarily mean that SST affects the timing of the
onset directly. For example both could be driven by some
other process, or the statistical relation could just be
picking up random fluctuations in the climate system that
happen to co-incide but have no physical connection.
However, we found additional support for a direct physical
link in two ways.

Firstly, we found that the more accurately a model
reproduces the observed teleconnection pattern, the better
its hindcast skill is of monsoon onset: Fig. 12 shows the
anomaly correlation of onset in hindcasts and observed
onset (vertical axis) against pattern correlation between
simulated and observed teleconnection (horizontal axis) for
models and reanalyses. Better hindcast skill is found in
models with better pattern correlation. This suggests that
the observed teleconnection pattern is not merely noise but
indicates a pathway for SST to affect timing of the mon-
soon onset. This forcing pathway forms a source of
potential skill in models, provided they can reproduce this
teleconnection. The Meteo France and CMCC-INGV are
best at capturing this teleconnection pattern and have the
best anomaly correlation with observed onset. This is
perhaps surprising, given that these models have the largest
mean biases in Sahelian rainfall of the ensemble (Fig. 17).
It suggests that processes controlling the mean rainfall
amount over the Sahel and those that control variability of
timing of onset are not the same.

Establishing how Atlantic SST anomalies can affect
onset date provides a second argument for the importance
of the teleconnection of Fig. 11. We will investigate this in
the following section. Previous studies have highlighted the
possibility of remote influences on the African monsoon at
intra-seasonal timescales: model experiments by Lavender
and Matthews (2009) have suggested that SSTs in the
Pacific warm pool can affect convection in West Africa
through the MJO. Flaounas et al. (2011) describe how
westward propagating Rossby waves, triggered by onset of
the Indian monsoon, can inhibit convection over West
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Fig. 12 Projection of simulated teleconnection on observed telecon-
nection pattern (horizontal) versus anomaly correlation between
simulated and observed onset (vertical). Shown are results for
GloSea4, the ENSEMBLES models developed by IFM-GEOMAR
(IFMGM), ECMWF, UK Metoffice HadGEM (HDGEM) and DeP-
reSys (DPSYS), CMCC-INGV (CMCCB) and Meteo France (ME-
TOF). Triangles indicate the values for ERAI and MERRA
reanalyses. ‘S3” and ‘R’ denote projections of teleconnections using
HadSST3 and Reynold SST data onto the HadISST1 derived pattern

Africa. We will focus on the role of Atlantic SST, the
nearest ocean basin. All models and reanalyses capture its
teleconnection to some extent, whereas many struggle to
reproduce the observed SST teleconnection over the com-
bined other basins (i.e. the tropical Pacific as well as Indian
oceans).

4.2.2 Monsoon response to Atlantic SST

In this section we investigate what processes give rise to a
late monsoon onset and how they are linked to SST.! We
compare processes in G4 and in MERRA and ERAI re-
analyses. As seen in the previous section, G4 has problems
with onset being too unresponsive to Atlantic SST. Rea-
nalyses also have problems with monsoon onset, e.g. their
failure to reproduce the observed shift of the rainfall
maximum to north of 10N during JAS (Fig. 1). Neither G4
nor reanalyses should therefore be thought of as completely
representative of the real atmosphere and their comparison
should be viewed as a sensitivity study of the processes that
can cause late onset.

For G4 we use the same hindcast (1992-2005) as in
Sect. 3.2. For the reanalyses we use the maximum range of
available years (1979-2010) to obtain the best possible
estimate of the processes. Building on our analysis of the
mean onset (Sect. 3.2, Fig. 7) we start by looking at low-
level changes first and subsequently analyze the latitude-
height cross sections. In Fig. 13 we show regressions of all
variables onto onset date, in order to quantify how they
change when onset is late.

! The remainder of this section is formulated in terms of late onset.
Early onset is assumed to be caused by processes of opposite sign. We
have not investigated non-linearity in the response.
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Fig. 13 Regression of Glosea4

30/6- 14/7 GIoSea4

(top) and ERAI (bottom) fields
onto onset date: colours are for
rainfall (units mm/day/day, only
shown where significant at the
90 % level), black contours are
for MSLP (1072 hPa/day)
purple contours for skin
temperature (10~% K/day).
Negative values are dashed,
significant values are shown by
thick contours. Arrows are for

horizontal moisture transport at
925 hPa (significant regression

shown by thick arrows). Left
column is for fields time
averaged between 15 and 29
June, right column is for fields
time averaged between 30 June
and 14 July

In G4 (Fig. 13 top row) warm SST in late June in the
Gulf of Guinea (‘GoG’) causes a local reduction of MSLP
and consequently a reduction in the north-south pressure
gradient between the ocean and the land (see the mean state
in Fig. 7, top panel). Furthermore, there is a shift in the
center of the Saharan heat low to the north-east (cf. Fig. 7
top panel). Over the GoG the pressure change drives
anomalous low-level moisture transport towards the coast
(strongest from the ocean side) which sees an increase in
rainfall. The changes in the Saharan heat low cause a
weakening of the westerly moisture transport between 10
and 20N from the Atlantic and cause a reduction of rainfall
over the Sahel. In the first half of July the pressure anomaly
over the GoG has largely subsided (although, interestingly,
the warm SST anomaly is still present there). In the Sahel
the warm surface air temperature anomaly has increased
and there is a large negative pressure anomaly here. The
now increased pressure difference between the GoG and
the Sahel reinstates the northward moisture transport to the
Sahel from the GoG. Westerly moisture transport from the
Atlantic between 10 and 15N is still weakened. The rainfall
anomalies in early July reflect this, with reduced deficit in
the east but sustained deficit in the west. In the second half
of July (not shown) most anomalies over land have
disappeared.

In ERAI (Fig. 13 bottom row) in late June there is a
warm SST anomaly in the GoG associated with a late
onset, but no sign of related MSLP change here. Instead,
we note a large positive pressure anomaly over the central

0.2 0 0.2
mm/day/day

and eastern Sahara (Algeria, Libya and Egypt), with signs
of a cold anomaly at the surface. This reduces the north-
south pressure difference between the land and the ocean,
reducing the low-level moisture transport from the GoG
into the central Sahel. The increased low-level moisture
convergence near the GoG causes increased rainfall there.
In the Sahel there is little change in rainfall, apart from a
region over Niger. In early July the pressure anomaly over
the Sahara has disappeared. There are still rainfall anom-
alies over the coast and eastern Sahel/Sudan region but the
regression of onset date onto SST shows a weakened signal
over the GoG.

To verify these relations in observations we again use
the HadISD station data and the GPCP-derived onset date.
Regressions from the station data onto the onset date are
shown in Fig. 14 (details in Appendix 2). It confirms the
presence of negative MSLP and warm air temperature
anomalies in the Sahel and near the GoG coast in both
periods, similar to G4 but with a smaller amplitude. As
before, there are insufficient observations in the southern
Sahara (15-25N). In the northern Sahara the observations
in late June show no significant MSLP signal like ERAI
does. The observations do show a positive MSLP anomaly
north of 30N in early July by which time the MSLP
anomaly has disappeared in the ERAI reanalyses.

We use the same variables as for the mean onset in Sect.
3.2 and calculate zonal means of these fields between 10E
and 10W for latitudes 10S-30N. The zonal mean fields
were then time-averaged over two 15-day periods before
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Fig. 14 Regression of observed

MSLP (t0p row, in 10~> hPa/ 85N
day) and 1.5 m temperature
(bottom row in 1072 °C/day)
HadISD station data onto
GPCP-derived onset date for the
periods 15-29 June (left
column) and 30 June-14 July
(right column) during the years
1979-2009. Values significantly
different from zero (at the 90 %
level) are shown by filled
symbols, non-significant values
by open symbols
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and after average GPCP monsoon onset: 15 June-29 June
and 30 June—14 July. Finally, we regressed the zonally and
temporally averaged fields against the respective model/
reanalysis monsoon onset dates, to determine the linear
change ‘per day of late onset’ for each data set (Fig. 15).

In G4, warm SST in the second half of June causes a
strong upward LH flux or evaporation over the ocean, and
deep upward motion, with low-level meridional conver-
gence: northward flow south of 5N, southward flow
between 5 and 10N where it opposes ‘normal’ monsoon
inflow. There is an increase in precipitation around the
Gulf of Guinea (‘GoG’) coast (5N) and a reduction in the
Sahel (north of 10N). The low-level flow is consistent with
anomalous gradients in MSLP (purple line). Over the land
area north of 10N there is anomalous poleward flow above
700 hPa and a strengthening of the AEJ. In the area of
anomalous ascent over the ocean specific humidity
increases, whereas over land around 15N there is drying,
strongest between 925 and 800 hPa. Consistent with the
drier air, rainfall and total cloud cover are reduced around
15N. A warm skin temperature anomaly appears at 15N,
accompanied by increased surface SH flux and decreased
LH flux. In the first half of July the warm anomaly over
land near 15N amplifies, as do the SH and LH flux changes.
MSLP over land deepens further, with a local minimum
near 15N. At this latitude increased ascent develops with
increased northward and eastward low-level flow towards
15N. The anomalous circulation is again reminiscent of
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that described by Hagos and Zhang (2010): near LH flux
anomalies there is deep ascent and low-level convergence
that acts to delay northward progression of the monsoon;
near SH maxima there is shallow ascent (up to about
700 hPa) whose low-level convergence promotes the
inland penetration of the monsoon flow.

In the ERAI reanalyses we see in the second half of June
a similar behaviour as G4: a warm SST, with anomalous
ascent/moistening and increase in precipitation near the
GoG coast, and a southward low-level flow between 5 and
20N. Differences are the amount of moistening over the
ocean, which is smaller than G4 and the drying over land,
which is stronger than G4. Also, the anomalous flow over
the Sahel above 700 hPa is southward, bringing dry air
from the Sahara, whereas it is northward in G4, i.e. coming
from the ocean. During the first half of July ERAI also has
an amplification of the warming at 15N, SH flux and low
pressure anomaly at 15N, but not as strong as G4. The main
differences with G4 in this period is that ERAI does not
bring in more humid air around 10N in the lower tropo-
sphere and that the southward flow anomaly between
5-10N and 1,000-850 hPa persists to the first half of July.
It is not until the second half of July that a small increase is
seen in the low-level northward flow near 15N (not shown).

In MERRA the changes over the ocean in the second
half of June are similar to G4 and ERAI (Fig. 20). Over
land the flow aloft is southward (like in ERAI), but the
drying over land is not as large as ERAI and more like G4.
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Fig. 15 Regression of GloSea4 (fop) and ERAI (bottom) fields on onset dates. Format is the same as in Fig. 9. Units are now change in variable

per day of delayed onset, e.g. for precipitation: mm/day/day

In the first half of July anomalous northward flow develops
around 10N (between 925-850 hPa), like in G4.

In summary: Reanalyses and G4 all show that warm
SSTs in the equatorial Atlantic in late June cause anoma-
lous evaporation, and anomalous ascent near the GoG
coast. The ascent is fed by low-level southward flow
between 5 and 10N that opposes the monsoon inflow. This
causes a drying of the lower troposphere and reduction of
rainfall over the Sahel. There is less consensus about what
happens next, in the first half of July. All models show a
warming of the land in the Sahel. In G4 this causes a strong
increase of SH flux and a local drop in MSLP near 15N that
acts to accelerate the monsoon inflow. This is followed by
the arrival of more humid air over the Sahel in late July. In
ERAI and MERRA the response of the land surface is
smaller than G4. A small increase of the monsoon inflow
into the Sahel is seen in MERRA (early July) and ERAI
(late July), but otherwise there is little sign of any anom-
alies in the reanalyses from mid-July onwards.

The scarcity of model-independent observations in this
region over long enough periods makes it difficult to assess
how realistic model and reanalyses are in simulating

processes associated with variability of onset. However, we
can compare the simulated changes in precipitation with
those in GPCP observations (green lines in Fig. 15). The
good agreement between observations and models (as well
as between G4/reanalyses) near the coast in the second half
of June suggests that we can have confidence in this part of
the response to warm SST. Over land the surface response
is quantitatively different in model/reanalyses, and we are
therefore less confident about this part of the response
associated with late onset. One interpretation of these
results is that over land G4 is too active, whereas the
reanalyses are too inactive.

5 Discussion and conclusions

Providers of climate and weather information are increas-
ingly asked to supply user-specific forecasts. This may
involve forecast information that is very different from
what is produced at present. For the largely rain fed agri-
culture in Africa long-range forecast information of sea-
sonal rainfall is obviously very important. Forecasts with
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dynamical seasonal forecast models for total rainfall have
been produced for many years now and form an important
input to WMO’s Regional Climate Outlook Forums.”
Temporal distribution of rainfall throughout the rainy
season is also important for many user applications in
Africa (Graham 2011). However, longrange forecasts for
this are not usually produced at present by forecast models.
In this study we have investigated if current dynamical
seasonal forecast models can be used to provide long-range
forecasts for timing of onset of the West African monsoon.

We formulated four definitions for monsoon onset that
capture different aspects of the onset process. The defini-
tions we chose do not rely on absolute rainfall amounts
because most models have rainfall biases. We evaluated
these definitions in the UK Met Office seasonal forecasting
system GloSea4 and in six forecasting systems from the
ENSEMBLES project, where possible.

We found that models generally have modest probabi-
listic skill in forecasting timing of the start of the Sahelian
rainfall season at 2-3 months lead time (ROC scores
0.6-0.8). This is perhaps surprising because (1) reproduc-
ing the observed mean rainfall amounts in the Sahel
remains a challenge for most models; (2) rainfall in the
Sahel is influenced by various intraseasonal phenomena
that are generally assumed to have little or no longrange
predictability, but can influence the temporal evolution of
the rainy season (and hence timing of the onset): MJO
(Pohl et al. 2009; Lavender and Matthews 2009), African
easterly waves (Gu and Adler 2004; Mekonnen et al.
2006), midlatitude intrusions (Vizy and Cook 2009) to
name a few. We find that longrange forecast skill for onset
derives largely from the atmosphere response to SST in the
tropical oceans, reproducing a teleconnection that we also
see in observations of rainfall and SST. An important
aspect of this response is the delay that warm SST in the
tropical Atlantic can cause on the northward migration of
the ITCZ. Most models reproduce this basic response.

GloSea4 is one the models that has a comparatively
good simulation of the average spatial and temporal evo-
lution of rainfall over West Africa. Over and near the Gulf
of Guinea coast the atmosphere of GloSea4 behaves in a
similar way as the ERAI and MERRA reanalyses, in terms
of the mean onset as well as onset variability. This quali-
tative agreement between model and reanalyses over the
ocean and coastal area means that we are relatively con-
fident that model skill for onset is because GloSea4 cap-
tures some of the key physical processes in this region. In
contrast, over the continent (the Sahel and Sahara) pro-
cesses controlling timing of onset are quantitatively very
different in model and reanalyses. There are not enough

2 http://www.wmo.int/pages/prog/wcp/weasp/clips/outlooks/climate_
forecasts.html.
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station observations to verify GloSea4 or the reanalyses in
the Sahara, but data in the Sahel suggests that the GloSea4
atmosphere is perhaps over-simulating some of the pro-
cesses here. The lack of data over the Sahara suggests that
the reanalyses may not be strongly constrained by station
observations in an area that we found to be key for mon-
soon onset. Sustained observations in this region would be
clearly beneficial to better understand the processes con-
trolling monsoon variability. Targeted field campaigns like
AMMA (Redelsperger et al. 2006) may offer the best
opportunity to acquire observations in this region and
thereby contribute to improving models on the short
(NWP) range, potentially improving longrange forecasts
(Senior et al. 2010).

We have found modest longrange forecast skill for onset
in various seasonal forecasting systems that are typical of
current operational systems. We think that there is some
scope for the levels of forecast skill to increase in the
future. Firstly, model improvements should enable models
to capture the observed influence of SST from the tropical
Pacific and Indian Oceans. This is something that many
models studied here fail to do and therefore is an unex-
ploited source of longrange skill. Secondly, if the coupling
between land surface and atmosphere is modelled well
(Seneviratne et al. 2006), local soil moisture may provide
another source of longrange forecast skill. Soil moisture
has been shown to have the potential to influence inter-
seasonal (Fontaine et al. 2007) and intraseasonal (Mou-
fouma-Okia and Rowell 2009) rainfall variability over
West Africa. The relative importance of soil moisture on
monsoon onset compared to that of SST has not been
studied systematically, though, and some of the models
used in our study (including Glosead) already use some
form of soil moisture initialisation.

Our results suggests that it is worthwhile to investigate
probabilistic forecast skill for monsoon onset in other
operational seasonal forecasting systems, even if mean
biases in rainfall are present. Based on this study we expect
that a multi-variate approach (i.e. use of multiple onset
indicators) in a multi-model context could yield skilful
longrange information for monsoon onset in West Africa.
This would address a clear user need.
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Appendix 1: Onset definitions
Precipitation-based onset indicator

This indicator identifies the time of the northward shift in
rainfall maxima from the Gulf of Guinea coast to the Sahel.
We follow the method by Fontaine and Louvet (2006).
They calculate the difference between the area-averaged,
standardised rainfall amounts in a southern box (0—10N)
and a northern box (10-20N), both averaged zonally
between 10W and 10E. Data are smoothed by a ten-day
running mean. The timing of the zero-crossing of the dif-
ference time series is taken as the onset date in this method,
provided the difference remains positive for at least
15 days to reject false onsets. Because this method
uses standardised differences it is relatively insensitive to
biases in absolute rainfall amounts, a common problem in
GCMs.

OLR-based onset indicator

This indicator uses the timing of the northward shift of the
main convective regions to define monsoon onset. As a
proxy for convective activity we use outgoing longwave
radiation (‘OLR’) at the top of the atmosphere, following
the method described by Fontaine et al. (2008). The idea
behind their method is that high convective cloud corre-
sponds to low OLR values. Because medium-level cloud
and land and sea surface can confuse the signal Fontaine
et al. (2008) do not simply calculate area-average values
of OLR. They determine gridpoints for which OLR is
below a pre-specified threshold value of 180 W m™2. For
each latitude between O and 20N all gridpoints between
10W and 10E with OLR < 180 W m ™ are flagged. The
number of occurrences is then zonally summed, totalled
over 5-day periods and scaled by the maximum possible
number of gridpoints in that latitude range and pentad (see
Fig. 4 of Fontaine et al. 2008 for an example). We then
define onset as the pentad when the latitude of maximum
occurrence (‘Cmax’ in the terminology of Fontaine et al.
2008) shifts north of 10N, remains north of that latitude

for at least 3 out of the 4 following pentads, and the
fraction of points satisfying the threshold criterion does
not exceed 30 %. When applying this method in models
we found it necessary to alter the OLR threshold, as
model and observed OLR values are not identical. We
modified the threshold value used for models so that the
fraction of points at the latitude of maximum occurrence
is on average 20 %. For G4 this meant changing the
threshold to 170 W m™2.

Dynamical onset indicator

This indicator is based on the timing of changes in the
energy content of the boundary layer and in the large-scale
monsoon circulation. For the energy content we calculate
moist static energy (‘MSE’), which is defined as

MSE = g*z + L*q + Cp*T, with g the acceleration from
gravity, z geopotential height, L latent heat of evaporation,
q specific humidity, Cp heat capacity at constant pressure
and T absolute temperature. Fontaine and Philippon (2000)
analysed seasonal evolution of MSE in the boundary layer
and found it is linked to the seasonal evolution of precip-
itation in the monsoon region, as well as interannual
rainfall variability. These authors showed that MSE is
largest over the ocean and Gulf of Guinea coast in early
spring (March—April), but that the maximum moves north
as a result from the increasing surface warming and
moistening inland. It becomes largest over the Sahel during
the rainy season (July—September). We evaluate MSE at
925 hPa, typically the lowest standard pressure level that is
defined over a large part of the region. We follow Fontaine
et al. (2008) and define the day when MSE over the Sahel
(10-15N) becomes larger than over the Gulf of Guinea
coast (5—10N) for a period of at least 20 days as date of the
dynamical onset (using 5-day averages). This onset date is
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Fig. 16 Isochrone method: in each gridpoint timing of the occurrence
of the 20 % value (dashed line) of the normalised rainfall accumu-
lation is determined for the long-term average (heavy black line) and
an individual ensemble member or year of observations (thin red)
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then modified by the condition that the large-scale mon-
soon circulation also needs to be ‘sufficiently’ strong.
Circulation is measured by the West African monsoon
indicator (“WAMI’, Fontaine and Janicot 1992). WAMI is
defined as the standardised value of the wind speed at
925 hPa (in the monsoon inflow layer) minus the stand-
ardised value of the zonal wind at 200 hPa (in the TEJ). A
more established monsoon circulation yields a larger
WAMI than a weak monsoon circulation early in the sea-
son. We apply this to seasonal forecasts which are initial-
ised between March and May and use the period May-July
to calculate the standardised values of the winds. This
captures pre-onset, onset and post-onset stages. A WAMI
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Fig. 17 Time (horizontal) versus latitude (vertical) diagrams of time-
average pentadal rainfall (mm/day), zonally averaged between 10°E
and 10°W for 1 May hindcasts between 1979 and 2005 with
ENSEMBLES models (names at top of each panel): ECMWF, Meteo
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index of >0.5 is used as a second constraint on the
dynamical onset date, which typically adds several days to
the onset-date based on the MSE-gradient being directed
northward.

Local onset indicator

First we define the start and end (in pentads) of the average
rainy season, with a buffer of several weeks before the start
to allow for a possible early onset. For the Sahel we have
used periods that span May—October, with the exact date
dependent on the actual start dates of the model hindcasts
(in our example of Fig. 4 we use 11 May-27 October).
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France (METOF), CMCC-INGV (CMCCB) IFM-GEOMAR (IF-
MGM), UK Metoffice HadGEM (HDGEM) and DePreSys (DPSYS).
The onset date in each of these time-mean datasets is stated in the
subpanels and indicated by a vertical line
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In each grid point the rainfall climatology is accumulated
over that period, and scaled by the total amount at the end
(i.e. 27 October), i.e. it runs from 0 to 1 (black curve
Fig. 16). The same is then done for an individual year in
the observations or model, which is scaled by the same
climatological accumulation on 27 October (red curve
Fig. 16). Onset is defined as the time when the curve passes
the 20 % threshold of the climatological mean (dashed
black line). In this example onset occurs around 14 June for
the climatology (vertical black line) and around 10 days
later for the individual year (vertical red line). Note that in
this example onset is ‘late’ but the season as a whole is
wetter than climatology. When applied to all locations in

the region we can draw lines of equal arrival time, or is-
ochrones, Fig. 4 The threshold value is a free parameter.
We have chosen 20 % because that gives on average a
local onset in the central Sahel at the beginning of July (for
GPCP), similar to precipitation-based indicator (1).

The isochrone method is applied identically to rainfall
from the model and observations. Because accumulations
are all scaled with the average season-total rainfall this
method allows a comparison between model and observed
isochrones, in spite of model biases in absolute rainfall
amounts. In that respect the isochrone method is better
suited for use in forecast models than agronomical onset
definitions that use absolute rainfall amounts, e.g. Ati et al.

days/K

Fig. 18 Teleconnection patterns between June SST and monsoon onset date in hindcasts with the ENSEMBLES models (1 May startdates for
1979-2005), units days/K. Significant regressions (at the 95 % level) are enclosed by contours. Model names are abbreviated as in Fig. 17
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(2002), Sivakumar (1988). The isochrone method clearly
needs the model to generate a realistic distribution of
rainfall throughout the season in order to yield a realistic
onset time.

It is important to re-iterate that the isochrone method
that we use for local onset is not identical to agronomical
local onset definitions. Marteau et al. (2009) showed that
the potential for longrange predictability of agronomical
onset appears to be low. The isochrone method described
here aims to provide longrange information with a spatial
structure for use in global seasonal forecast models.

Appendix 2: Station data

The MSLP observations used in this study are taken from
HadISD (Dunn et al. submitted) a quality-controlled Inte-
grated Station Data set. HadISD uses as its input sub-daily
reports from WMO reporting stations between 1973 and
2010. We used HadISD MSLP data from stations in wes-
tern Africa. For the months of June and July in the period
1979-2010 we calculated a daily mean for each station if at
least six observations were reported that day. From these
daily means we calculated two 15-day means: one for
15-29 June and one for 30 June—14 July if at least 10 daily
means exist for each station for each 15-day period. The

Fig. 19 As for Fig. 9 but for
MERRA reanalysis. All 400
variables are plotted on the
same scale as Fig. 9. MERRA
reanalysis fields on pressure
levels are not extrapolated to
pressure levels below surface
pressure, resulting in missing
data over land below 925 agu
hPa

Pressure (hPa)
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average pressure change of Fig. 8 is then calculated for
each station as the difference between the average over all
early July values (provided there are at least 15 years’
worth of 15-day means) minus the average over all late
June averages (again requiring a minimum of 15 15-day
means). If there are fewer than 15 years’ worth of either
15-day period (late June and early July) then that station is
disregarded. Similarly, a regression of MSLP or surface
temperature onto onset date (Fig. 14) is only calculated if
there are at least 15 years’ worth of 15-day averages.

Appendix 3: Results from ENSEMBLES hindcasts

Rainfall climatologies of the six ENSEMBLES models for
the West African monsoon are shown in Fig. 17, together
with the onset date determined with precipitation-based
onset indicator (1). The teleconnection between June SST
and onset date in these hindcasts are shown in Fig. 18.

Appendix 4: Onset in MERRA reanalyses
The mean changes in MERRA reanalyses at the time of

onset are shown in Fig. 19. The changes accompanying a
late onset in MERRA are shown in Fig. 20.
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