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Abstract

In this work, we used a non-homogeneous hidden Markov model with a special structure cap-
turing the semi-property of hidden semi-Markov approach, to make comparative analyses of
different daily precipitations data from various cities. From the estimated parameters by applied
the model for these different daily precipitations, we analyzed the level of the precipitations, the
regularity of the rainy seasons, and the impact of climate change in each station. the model
allowed us to show which city is more impacted by climate change and which one has good
rainy periods.
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1 Introduction

About its latitude position (between 6°30 and 12°30 of North latitude), Benin is among coun-
tries in which the climate is hot and wet in the intertropical zone. There, the temperatures are

constantly high, and by the way, Benin has 25°C as the mean for the whole country. From April
to November in the south and from June to October in the north, blows a wet wind from the
ocean: it is maritime trade wind or monsoon. From November to the beginning of May in the
north and December to march, in the south blows a dry wind coming from the Sahara: it is the
continental trade wind. These two masses of air (monsoon and continental trade wind) repulse
themselves alternately northwards and southwards. Their zone of contact is called Forehead
Intertropical (F.I.T.) or Forehead of monsoon in our region. It is the main seat of all the atmo-
spheric perturbations which induce the precipitations.

Due to Benin lengthening in latitude, the rainy season is progressively observed from the south
to the north. Also, the dry season starts earlier and lasts more in the north than in the south.
Thus, there are many climate nuances in Benin. In the south zone which is from Cotonou lati-
tude to Save latitude, we have four seasons, a great rainy season from April to July, a small dry
season from August to September, a small rainy season from October to November, and finally
a great dry season from December to march. Meanwhile, in the north, we have two seasons. It
means one dry season from November to the beginning of May and one rainy season from May
to October.

The dearness who lived in Benin in the 1970s was one of the most important and continuous by
its rigor, its extension, and its persistence. It is the main cause of rainfall disturbances. Sev-eral
authors have looked into the analysis of physics perturbations, which lead to an abnormal
distribution of precipitation in time and space. Some like [5]; [20]; [15], and [19] situate the
problem in the general framework of natural phenomena of climatic fluctuation. Others like [9]
consider that the current drought of the Sahel is an aperiodic phenomenon of the current tran-
sition between a stable state of precipitation ”quasi-normal” and a stable state of ’sub-normal”
precipitation. Others like [11], [12],[4] and [10] consider that the inter-annual variability of
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precipitation in Africa is related to the variation of the temperatures of surfaces oceanic in the
Gulf of Guinea or the variation of the concentration of water vapor in the atmosphere and hu-
midity of the ground, as well as the variation of the force, the position, and the placement in
time, of the intertropical convergence zone. But whatever the proposed explanation, all the au-
thors underline the extreme and prolonged character of this phenomenon and its impact on the
economic and social development of the region. They generally situate the beginning of this
seriousness towards the years 1968-1969 [18] a paroxysm towards years 1971-1972, and a new
primer at the beginning of the 1980s [16]. In Benin this period is around the 1970s [2].

To remedy the negative consequences of its disturbances, it is important to analyze the daily
precipitation, in the sense of the evolution of dry sequences, precipitations maximum and the
number of rainy days. For this analysis a lot of models the statistics have been worked out.
Afouda [1] analyzing the daily precipitation in the posts pluviométriques of the region has
highlighted the Markovian character of the distribution of dry sequences during the year. [2]
have shown that the physical phenomena which are the origin of Annual precipitations in Benin
and West Africa lead to a modelization of dry (or wet) sequences by the 1st order Markov chain;
this study enabled us to identify the increase in the frequency of tax credits in the sub-period of
1973 — 1993 compared to the sub-period of 1952 — 1972.

This paper is organized as follows. In section 2, we presented the data and the model. In section
3, numerical investigation of the results is given. In section 4, comparative analysis of stations
is presented. Concluding remarks are incorporated in section 5.

2 Materiels

In this section, we briefly presented the data and the model.

For the four stations, the data of precipitations are collected during the time of the 01/01/1921
to the 31/12/2007, that is to say 31755 days. The following table summarizes the geographical
coordinates and the rise of each of the cities where stations, the start, andin the cities where the
stations are

Station | Latitude | Longitude | Rise(en m) | % wet days
Save 08902’ 02928’ 199.0 26%
Parakou | 09°21° 02936 392.0 24%
Kandi 11°08’ 02°56 290.0 22 %
Natitingou | 10°19° 01923 460.0 29%

Table 1: Presentation of the synoptic stations

The non-homogeneous hidden Markov model that we used for the analysis of the precipitation
data is detailed in the papers [7] and [8], here we used it in the particular case when the set of
states E = {1,2}, where the states 1 and 2 are favorable respectively to dry days and wet days.
In this case, the transition probabilities are :

exp(ai cos(ZL + ¢1))

exp(a cos(2Z + 1)) + 1

M () = , () =1 =111 (1),
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exp(az cos(ZZL + ¢,))

exp(az COS(% +¢))+1

and the density function is defined as follows :

Iy (n) =

,and Ilp(r) = 1 —TIxa(7),

T 1fy[:O

= Y = X :1 = )~ 1
Ho) =T =ylX,=1) {(1_ﬂ1)(\/2_7r101ytexp(—%(m@(r#)2)) if y, >0
m ify, =0

LoD =fY = ylX,=2) :{ (1= m2)(— exp(—3(L2)2)) - if y, > 0.

with a; the amplitude relative to the transition from state 1 to state 1, ap the amplitude relative
to the transition from state 2 to state 2, the phase ¢ allows the beginning of the period of state
1 and the phase ¢, allows the beginning of the period of state 2.

3 Results

To apply the model to data, we take the model complexity K =1 and E = {1,2}, with 1 the state
favorable for dry days (dry season), and 2 the state favorable for wet days (the rainy season).
So we have 8 parameters to be estimated: the parameters a1 , a2 , i1 , 42 , 01, 02, w1, and m7.
To apply the model to observed data, we choose the daily precipitation data registered in Synop-
tics stations of four cities: Kandi, Parakou, Savé, and Natitingou; in the period between January
1921 and December 2007. To take into account the evolution of the parameters (analyzing the
evolution of the precipitation), we will estimate them on sub-data of different periods (periods
of 2 years, 5 years, 10 years, and 20 years).

The quality of precipitation during the rainy season will be strongly explained by the shape and
scale parameters of state 2, the others parameters will allow supporting the analysis.

3.1 Application to data of Kandi

Fitted the model to each of the 43 sub-data of two-year periods, 17 sub-data of five-year periods,
8 sub-data of ten-year periods, and 4 sub-data of twenty-year periods, we observed :

- at period 25 (1970 — 1971) of two-year periods, 8 (1966 — 1971) of five-years periods
(figure 1), 4 (1961 — 1970) of ten-year periods, 2 (1960 — 1980) of twenty-year periods,
the simultaneous reduction of the amplitudes, this mean the installation of dry period in
rainy seasons, which impact the precipitation;

- the curves of the evolution of the shape parameters wu, (for two-year, five-year, ten-year,
twenty-years periods) decrease, while the curves of the evolution of scale parameters o
increase, proves that the rainfall decreases at Kandi concerning time and a gap growth
between the amount of precipitation from one day to another, more simply the level of
bad quality of the rainy seasons’ increases concerning time. Moreover, after period 20
(1961 — 1962) of two-year periods, 8 (1961 — 1966) of five-year periods, 4 (1961 — 1970)
of ten-year periods (figure 2) and 2 (1961 — 1980) of twenty-year periods, the values of
the shape parameters (u7) is less than the values of scale parameters (o), this mean that
after 1961, we have the succession of bad quality of rainy season in Kandi.
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Figure 1: Evolution of amplitudes parameters on five years periods at Kandi
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Figure 2: Evolution of shape and scale parameters during ten years periods at Kandi

To determine the beginning and end of the rainy seasons, we estimated the parameters and
the best sequence of the dynamic generators over the period from 1921 to 2007. The end
and the beginning of rainy seasons estimated by the model with the data of Kandi station are

summarized in the figure 3.
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Figure 3: Evolution of the durations of the rainy seasons of Kandi

The trend (red line) of figure 3, shows that the lengths of the rainy seasons are decreasing.
We conclude that after 1961 the impact of climate change in Kandi is showing by reduction of
quantity and irregularity of precipitation and the reduction of the lengths of rainy seasons.

3.2 Application to data of Parakou

From the results of Fitting the model to each of the 43 sub-data of two-year periods, 17 sub-data
of five-year periods, 8 sub-data of ten-year periods, and 4 sub-data of twenty-year periods, we
observed :

- at period 19 (1959 — 1960) of two-year periods, 5 (1946 — 1950) of five-year periods (fig-
ure 4), the simultaneous reduction of the amplitudes, this means the installation of dry
period in rainy seasons, which impact the precipitation;

- the curves of the evolution of the shape parameters wu, (for two-year, five-year, ten-year,
twenty-years periods) decrease, while the curves of the evolution of scale parameters o
increase, proves that the rainfall decreases at Parakou concerning time and a gap growth
between the amount of precipitation from one day to another, more simply the level of
bad quality of the rainy seasons’ increases concerning time. Moreover, after period 23
(1968 — 1969) of two-year periods, 9 (1967 — 1971) of five-year periods, 4 (1961 — 1970)
of ten-year periods (figure 5) and 3 (1981 —2000) of twenty-year periods, the values of
the shape parameters (i) is less than the values of scale parameters (o), this mean that
after 1970, we have the succession of bad quality of rainy season in Parakou.
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Figure 4: Evolution of amplitudes parameters on five years periods at Parakou
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Figure 5: Evolution of shape and scale parameters on ten-year periods at Parakou

From the estimation of the best sequence of precipitation dynamics, the end and the beginning
of rainy periods estimated by the model with the data of Parakou station are summarized in the
figure 6.
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Figure 6: Evolution of the duration of the rainy seasons in Parakou

One observed that the duration of the rainy seasons is relatively identical in time. So, around the
years 1970 at Parakou, we have a succession of bad rainy seasons due to the onset of drought
in these rainy seasons. Note that the simultaneous reduction of the amplitudes is noticed before
1961, i.e. the installation of the dry sequences started early, and was accentuated in the follow-
ing years, which also explains the situation after the years 1970. So the fact of climate change
at Parakou, the years before 1970 was wetter than years after 1970.

3.3 Application to data of Save

In the same way as Kandi and Parakou, we observed at Save that:

- at period 29 (1979 — 1980) of two-year periods, 8 (1961 — 1965) of five-year periods (fig-
ure 7),5 (1971 — 1980) of ten-year periods, 3 (1981 —2000) of twenty-year periods, the
simultaneous reduction of the amplitudes, this mean the installation of dry period in rainy
seasons, which impact the precipitation;

- the curves of the evolution of the shape parameters wu, (for two-year, five-year, ten-year,
twenty-years periods) decrease, while the curves of the evolution of scale parameters o
increase, proves that the rainfall decreases at Save concerning time and a gap growth
between the amount of precipitation from one day to another, more simply the level of
bad quality of the rainy seasons’ increases concerning time. Moreover, after period 15
(1951 — 1952) of two-year periods, 6 (1951 — 1955) of five-year periods, 3 (1951 — 1960)
of ten-year periods (figure 8) and 2 (1951 - 1970) of twenty-year periods, the values of
the shape parameters (i) is less than the values of scale parameters (o), this mean that
after 1961, we have the succession of bad quality of rainy season in Save.
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Figure 7: Evolution of amplitudes parameters in five-year periods in Save
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To determine the start and end of the rainy seasons, we estimated the parameters and the best
sequence of generating dynamics over the period from 1921 to 2007 at the Save station. Figure
12 shows the evolution of the duration of the rainy seasons in Save.
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Figure 9: Evolution of the duration of the rainy seasons in Save

From the figure 12 we notice a slight increase in the duration of the rainy seasons over time.
This means that the climatic disturbances observed in terms of the reduction in the amount of
precipitation have not affected the duration of the rainy seasons in Save.

3.4 Application to data of Natitingou

Also at Natitingou, from the estimated results we observed :

- at period 22 (1965 — 1966) of two-year periods, 13 (1986 — 1990) of five-year periods
(figure 10), 5 (1971 —1980) of ten-year periods, 2 (1961 — 1980) of twenty-year periods,
the simultaneous reduction of the amplitudes, this mean installation of dry period in rainy
seasons, which impact the precipitation;

- the curves of the evolution of the shape parameters wu, (for two-year, five-year, ten-year,
twenty-year periods) decrease, while the curves of the evolution of scale parameters o
increase, this proves that the rainfall decreases at Natitingou concerning time and a gap
growth between the amount of precipitation from one day to another, more simply the
level of bad quality of the rainy seasons’ increases concerning time. Moreover, after
period 28 (1977 — 1978) of two-year periods, 12 (1981 — 1985) of five-year periods, 6
(1981 —1990) of ten-year periods (figure 11) and 3 (1981 —2000) of twenty-year periods,
the values of the shape parameters (1) is less than the values of scale parameters (o), this
mean that after 1981, we have the succession of bad quality of rainy season in Natitingou.
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Figure 10: Evolution of amplitudes parameters in five-year periods in Natitingou
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Figure 11: Evolution of shape and scale parameters of ten-year periods at Natitingou

To determine the start and end of the rainy seasons, we estimated the parameters and the best
sequence of generating dynamics over the period ranging from 1921 to 2007 at Natitingou
station.
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The trend (red line) of figure 3, shows that the lengths of the rainy seasons are weakly increasing.
We conclude that after 1981 the impact of climate change in Natitingou is showing by reduction

of quantity and irregularity of precipitation.

4 Comparative analysis of the stations

All these four stations have a decrease in their quantity of precipitation around 1970 .i.e from
the decade 5(1971 — 1980), this impact of climate change has remained more severe over time
for some stations than for others. In the rest of the work, we will use the results of the decades

(ten-year periods) for the comparative analysis.
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Figure 13: Evolution of shape parameters of the four stations

From the figure 13, we notice that the decrease of the city of Save is the fastest after follows that
of Kandi; the curves of Natititingou and Parakou decrease less quickly. The impact of climate
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change was quickly noticed at Save, and its shape ten-year parameter, which was stronger,
became over the decades the weakest of the group. As for the Kandi station, after decade 5,
the decrease in the shape parameter has become so small that it is higher than those of Parakou
and Natitingou, so although Kandi is affected by climate change, it has kept a good rainfall
compared to other cities.

Values of scales of state 2

] \ |
N *,// --*-- Save
o — -+- Parakou
- e Kandi
\ == Natitingou

Ten-year periods

Figure 14: Evolution of scale parameters of the four stations

The figure 14, also shows, that the city of Save is the most impacted by climate change, and
comes after Kandi. Note that after a decade 5, the Kandi curve shows certain stability, which
again shows that despite the impact of climate change, the Kandi region has relatively less stable
rainy seasons compared to the past than other cities.
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Figure 15: Evolution of parameters

From figure 15, we notice that after a decrease in the values of the “probabilities that it does
not rain in state 2, we observe a growth for almost all the curves from period 5 (the periods
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impacted by climate change). Only the Parakou curve remains decreasing. The towns of Kandi

and Save are the most affected.
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Figure 16: Evolution of occurence
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have the weakest values (figure 16), it does not rain as much in these two cities (table 1). For
the cumulative rainfall of state 2, Save is by finish the lowest, after comes Kandi, Parakou, and

Natitingou with the highest values (figure 17).

S5 Concluding remarks

From the analysis of the estimate’s parameters of the model,

we can therefore conclude that:
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- all these four cities were affected by climate change after 1970, and the years before 1970
are wetter than those after 1970;

- the towns of Save and Kandi are affected more quickly than the other two, but despite
this, the town of Kandi has kept a better rainfall.

Acknowledgement

EDULINK for his funding during my stays (2010-2011, 2011-2012) at the University of Pau
and Pays de I’Adour. And University of Pau and Pays de 1’Adour for his funding during my
sejourn at Pau in 2014.

References

[1] A. AFOUDA, On the stochastic structures of precipitation process.In : Water for
life(Proc.Silver Jubilee Int. Centre of Hydrologie.DinoTonini, Univ. ofPadova,ltaly) ,
(1990) 57-71.

[2] A. AFOUDA, P. ADISSO, Etude stochastique des structures de s€quence seche au Bénin.
IAH240, (1997).

[3] P. AILLIOT, C. THOMPSON, P. THOMSON Space time modelling of precipitation using
a hidden Markov model and censored Gaussian distributions (2008)

[4] A. BAH, Toward the prediction of sahelian rainfall from sea surface temperature in the
Gulf of Guinea, Tellus 34,(1987) 10-16.

[5] R. Benzi, G. Parisi, A. Sutera, and A. Vulpiani, Stochastic resonance in climatic change,
Tellus 34, (1982) 10-16.

[6] E.I. Biao, E.A. Alamou, Stochastic Modelling of Daily Rainfall for Decision Making in
Water Management in Benin (West Africa), Res Adv Environ Sci 1, (2018) 12-21.

[7] N. Bokossa, Stochastic modelling of the impact of climate change on the variability of
daily rainfall in Benin. Proc. ISI WCS CPS 5 (2019) PP 30-35.

[8] N. Bokossa, V. Adanhounme, Hidden Markov model for daily precipitations Proc. LACSC
(2021)

[9] G. R. Demaree, C. Nicolis, Onset of Sahelian drought viewed as a fluctuation induced
transition, Quart.J.Roy. Meteorol.Soc. 116, (1990) 221-236.

[10] E.J. Janowiak, An investigation of interannual rainfall variability in Africa. J.Climatic 1,
(1988) 240-255.

[11] P.J. Lamb, Large scale tropicale Atlantic surface circulation patterns associated whithsub-
saharan weather anomalies, Tellus 30, (1978) 240-251.

[12] P. J. Lamb, West African water vapor variation between recent constratingsub-saharan
rainy seasons, Tellus 35A, (1983) 198-212.



Proceedings 63rd IS| World Statistics Congress, 11 - 16 July 2021, Virtual P. 000415

[13] L. Langrock, W. Zucchini, (2010). Hidden Markov models with arbitrary state dwell-time
distribution, Comp. Stat. Data anal 55, 715-724.

[14] E. Lawin, Analyse climatologique et statistique du régime pluviométrique de la Haute
Vallée de I’Ouémé a partir des données pluviographiques AMMA-CATCH Bénin, These,
(2007).

[15] C. Nicolis, Self-oscillations and predictability in climate dynamics, Tellus 36A, (1984)
1-10.

[16] L. Picon, Les phenomenes de désertificatins: cas du sahel, La météorologie 7¢ Série,
(1984) 15-23.

[17] J. SANSOM, P. THOMSON, A hidden seasonnal switching model for high resolution
breakpoint rainfall data, Water Res. 46, W08510, (2010).

[18] E. Servat, M. Sakho, Instability of water ressources and management of a planned water
system in non-Sahelian West Africa, Hydro. Sci. J. 40(2), (1995) 217-230.

[19] P. D. THOMPSON, A Staisticalhydrodynamical approach to problems of climate and its
evolution, Tellus 37TA, (1985) 1-13.

[20] K. G. VAIIIS, A Statistical dynamical model with a simple hydrology cycle. Tellus 34,
211-227, (1982).

[21] Manule titre = R: A Language and Environment for Statistical Computing, author = R
Core Team, organization = R Foundation for Statistical Computing, address = Vienna,
Austria, year = 2018, url = https://www.R-project.org/,





