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ABSTRACT

Flooding is the main structural problem faced by the Mayo-Danay department in the
Far North Region of Cameroon, aggravated by climate change impacts, upstream
deforestation, and the development and lack of maintenance of hydraulic
infrastructure. This paper presents a new approach to develop a two-dimensional
mathematical modelling combined with an advanced numerical simulation of
hydrodynamics along the Logone River. The key originality aspect of this work lies in
incorporating dynamic dyke breach scenarios together with seasonal real-time rainfall
data allowing accurate flood propagation prediction at vital intervals. Flood risk
mapping involves combining hydrodynamic behavior with topographic vulnerability
parameters thus revealing areas under high risk. Detailed post-judgment analysis on
Logone earthen dyke breach shows its highly destructive potential thereby emphasizing
quite strongly the necessity for prevention strategies. Additionally, it evaluates
sanitation infrastructure coupled with stormwater management through integrated
urban drainage systems within this context. A preamble to what must be conceived as
an exhaustive agenda for action is given by some recommendations: strengthening up
Kousseri of the hydrometeorological network; satellite data and local observations
complementing early warning systems; sustainable approaches that are reforested and
integrated watershed managements done in parallelism with one another. The
innovation lies in sophisticated digital and geospatial methodologies associated with
territorial resilience strategies tailored to sub-Saharan contexts; this can be applied
elsewhere where similar hydrological dynamics occur, thus providing a sound basis for
scientific as well as political decision-making.
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1. Introduction

Seasonal flooding frequently besets Mayo-Danay department in Cameroon's Far North region under a complex
interplay of climatic and harsh environmental factors. Villages near Logone dike and Maga dam especially those
sandwiched between Yagoua and Pouss and further downstream around Guirvidig suffer greatly. Area beneath
Logone River swells with intense rainfall and peculiar geography resulting in rivers bursting their banks quite
frequently [1, 2]. Proximity to rivers has long been regarded as hugely advantageous for various human activities
including fishing and agriculture down by rivers. Humans have gradually developed ability quite remarkably to utilise
watercourses and manipulate associated hydraulic characteristics over considerable spans of time. Alternation
between high water levels and low ones was deemed pretty advantageous under certain gnarly circumstances
apparently [3]. This alternation in hydraulic regime contributed significantly to formation of landscape and
fertilisation of surrounding land indeed over time [4-6]. Rapid development of urban and peri-urban areas
accompanied by strong pressures now frequently puts communes entirely in flood-prone built-up areas. Flood-
prone areas around Logone dyke and Maga dyke/dam are vividly depicted in Fig. (1) below upon occurrence of a
catastrophic breach [1, 2, 71.
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Figure 1: Overview of high-risk flood areas [2].

Research examining underlying causes and far-reaching consequences of this issue has been extensively
conducted with varying potential solutions proposed simultaneously elsewhere. Emergency Flood Control Project
PULCI and Logone Valley Investment Valorisation Project VIVA-Logone are amongst such included undertakings
pretty much worldwide ostensibly. Rehabilitation of Logone dyke and Maga lake dyke along with associated
hydraulic structures and some irrigated areas within SEMRY is entailed by these projects [2, 8-10]. Conducting an
Environmental and Social Impact Assessment evaluates project impact on biophysical human socio-economic and
cultural environments pretty thoroughly obviously. Measures will be proposed in order to optimise positive impacts
while mitigating negative ones pretty effectively under certain conditions. Effective disaster risk management
endeavour necessitates multifaceted commitment from Cameroonian administration focusing on population well-
being and implementing robust response mechanisms. Far North region of Cameroon suffers badly from disasters
spawned by various nasty natural hazards like cyclones floods drought and swarms of locusts. Natural disasters
ravage region despite numerous projects and programmes launched by country which often fail to mitigate risk at
local levels. PULCI achieved much in flood control within project areas like rehabilitating Logone protection dyke and
Lake Maga dam but natural hazards linked somewhat erratically to climate change still fuel disaster fears today.
Agricultural production systems in Mayo-Danay often face numerous risks that potentially undermine people's
resilience quite severely under certain conditions [2, 11, 12]. Region suffers terribly from various calamitous events
like droughts and floods and devastating locust invasions and waterborne diseases and pests and windstorms and
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bushfires. Factors like these pose significant risk quite often to both animal production and various forms of plant
life. Flooding poses a primary risk with destructive impact on human settlements and agricultural production quite
severely nearly everywhere (Fig. 2). Localities within project's intervention zone faced ten significant flooding
episodes from 2012 till 2024 with most destructive floods occurring in 2012 and later in 2021 and 2024 due to
torrential downpours [2, 13]. Floods resulted in loss of many human lives and animal fatalities suddenly across
affected regions. Phenomena linked climate change like climate disruption result in rainy seasons being greatly
extended or dry seasons being mercilessly delayed yearly. Region experiences seven to eight months of dryness
with sweltering temperatures in March and April creating significant drought risk factors. Such outcomes drastically
curtail farm output placing masses perilously close to food insecurity thresholds in rather dire socioeconomic straits.
Cameroonian government has oft been forced rather reluctantly to solicit foreign humanitarian aid under rather
trying circumstances mercifully pretty frequently [1, 14]. Effective risk and disaster management in study areas
necessitates mobilisation of requisite knowledge expertise and resources amongst relevant stakeholders into
development policies. Mitigating impact of natural stressors and anthropogenic factors compromising viability of
investment options enhances resilience in agro-sylvo-pastoral systems under diverse ecological shocks. It seeks
enhancing capacity of various stakeholders quite effectively and responsively amidst numerous humanitarian risk
scenarios unfolding rapidly everywhere. Measures proposed under this initiative guarantee long-term security of
individuals and assets by mitigating risks and responding to potential hazards. SEMRY's activities largely shape socio-
economic fabric in high-risk flood zones where rice cultivation represents predominant agricultural production form
nowadays. Rice cultivation plots are located near several villages watered from River Logone and Lake Maga on
flood plains and irrigated areas [2, 15, 16]. Hydrographic networks comprise numerous watercourses exhibiting
diverse permanence levels in flow rates that fluctuate substantially across different seasons quite radically. Mayo
has become a term applied loosely to such watercourses largely due to this characteristic. Various rivers flow
sloppily into Logone and Chari rivers which channel water haphazardly northwards towards Lake Chad situated
fairly remotely. Notable seasonal watercourses include Mayo Danay and Mayo Vrick also known as Logomatia and
Mayo Tsanaga which feeds into Lake Maga downstream. A tropical Sahelian regime governs network dynamics with
sudden annual floods and rather prolonged dry spells exhibiting low water levels. Maga Dam and Lake Chad hold
significant importance locally amidst numerous reservoirs scattered haphazardly across this rather vast region.
Water on left bank of Logone gets dammed up with intake structures meeting SEMRY's rice-growing needs and
controlling reservoir level effectively. Structures erected in 1979 have been steadily decaying from woefully
inadequate upkeep over decades remarkably quickly nonethelessn [2, 17]. Strong presence of hydrographic
network coupled with hydraulic circulation atop low permeability vertisol soil renders area highly susceptible to
flooding and water pollution risk.

Flooding remains one of the major recurring phenomena significantly affecting the Mayo-Danay department in
the Far North region of Cameroon. Besides global climate change, progressive deforestation upstream of
watersheds, and hydraulic infrastructure maintenance failures or inadequacies, many other factors have
contributed to increased frequency and intensity of occurrences. It takes place in a fragile environmental and socio-
economic context, where flooding impacts heavily on local populations, mostly in urban areas which are often
densely populated. Some flood risk reduction strategies have been developed through a critical literature review
involving scientific work. Such strategies range from constructing hydraulic infrastructures such as dikes, canals,
retention basins to integrated water resource management. The effectiveness of such an infrastructure relies on
regular maintenance work initiated after that; moreover, its strength is often put under serious test conditions after
extreme events have happened [18-21]. On the other hand, environmental approaches such as reforestation and
land restoration require huge investments as well as building public awareness about the issues involved-which
seldom happens nowadays. The hydrological mechanisms leading to flooding can be reduced into two broad
categories: significant rainfall intensity and duration lead to rapid soil saturation and hence high runoff; river
overflow is caused by extraordinary floods developing over the absorption capacity of main river beds due to sudden
violent floods. The aftermaths of these two phenomena are highly destructive in rapidly urbanizing and densely
populated zones-contestations witnessed recently within major incidents that occurred in the region [22-24].
Following an issue, a crisis management centre was built in the month of August in 2021 to direct the emergency
operations accordingly. These operations are e.g. the establishment of side spillways and retention basins.
Nevertheless, the latest happenings have proved that the infrastructure is still at risk and that there is an immediate
requirement for solutions backed by strong scientific data [2, 25-27]. The specific subject of the investigation to
using simulations for riverflow and dyke breach is of paramount significance.

15



Christophe et al. Journal of Advances in Applied & Computational Mathematics, 12, 2025

Figure 2: Flood scenes in Yagoua: The impact on housing and urban mobility [2].

The current methodologies, however, have quite a few drawbacks due to the significant simplification that
usually exposes the various intricacies of such phenomena as the river bed, the breach, and the advancement of
the water in floodplains. This work is not only a science-driven enterprise but also an application-focused study. Its
main goals are: One of the prerequisites for a believable water flow simulation in the Logone river that can be used
under various hydro-meteorological conditions is the development of a two-dimensional mathematical model that
should be rigorous in nature.

The integration of dynamic dyke breach scenarios, in conjunction with real-time seasonal rainfall data, is
imperative for the accurate prediction of the spatio-temporal progression of floods at critical intervals.

It is imperative to accurately identify and map high-risk areas by integrating hydrodynamic data with topographic
vulnerability assessments.

The performance of sanitation infrastructure and urban drainage systems must be evaluated in order to
ascertain their effectiveness in mitigating the effects of flooding.

The proposal is for an operational early warning framework that effectively integrates satellite and local
observations. The purpose of this is to strengthen proactive risk management.
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It is imperative that strategic recommendations are formulated on the basis of an integrated approach,
incorporating sustainable measures such as reforestation and integrated watershed management.

It is imperative to establish a methodology that can be replicated in other sub-Saharan regions grappling with
comparable flood risks, thereby reinforcing territorial planning and community resilience.

Through a combination of advanced numerical methods and integrated geospatial analysis, this project
represents a significant addition to the sum of human knowledge, that is, the study is really helpful in that it yields
very complete and useful predictions of how and when floods would occur. The methodology developed creates
the potential for more specifically addressed, just-in-time and evidence-based rescue actions, which are obligatory
for reducing the catastrophe risk and empowering at-risk communities to recover swiftly after disasters.

2. Mathematical Modelling

Developing a model for evolution of flow front during severe flooding events necessitates thorough analysis fairly
quickly underwater. Derivation of Navier-Stokes equations underpins this model ultimately leading to formulation
of two-dimensional Saint-Venant model and another equation postulating flows occur solely downwards vertically
oz. Data is furnished regarding areas where complications occur frequently in various studies cited by numerous
researchers [6, 28, 29]. A fixed mesh solves Saint-Venant equations within two-dimensional space and a one-
dimensional conservation equation vertically downwards pretty accurately somehow. Unknowns include velocity of
water and its pressure and height. Free-surface flows occur pretty frequently in various gnarly environmental
settings like floods avalanches and river mouths basically everywhere downstream. Let Q denote the riverbed (0 =
10, 1,[%]0,1,[x]0,15[ ), which is taken to be an open subset of R3. Let T > 0. Consider a fluid contained in Q. Let T, and
I; be a disjoint overlap of the boundary of Q. The incompressible fluid is assumed to flow according to the Navier-
Stokes equation [30-32]. Therefore, the flow velocity u and the pressure p of the fluid satisfy the system:

pou+pu.V)u— V.(o(u,p)) = f in Q x]0, T[

V.u=0 in Q x]0, T[
1

o(up)=-pls+1, T= 2 (Vu + Vtu) in Q x]0,T[

o(up)n=g in P1 =TI x]0,T[

u=v inP2 = T, x]0, T[

The following model variables and parameters are to be considered:

In order to facilitate a more robust interpretation of the equations and to assign them a rigorous physical
meaning, a detailed list of the variables and parameters involved in the model is presented below. This list includes
their units and their role in the flow dynamics.

v u(x,t) € R? : vector fluid velocity (m/s),
p(x,t) : pression (Pa),

p : fluid density (kg/m3),

o(u,p) : stress tensor,

T : viscous stress tensor,

I3: identity matrix 3x3,

f : external volume force vector (N/m3),

N N N

v : speed limit on the edge,
v/ g constraint imposed on the free edge.

In the reference frame (0, x4, %,,%3), the study domain Q corresponds to the river bed and is bounded at the
bottom by the bottom surface, which is given by the equation z = z:(x,,x,), and at the top by the free surface, which
is given by the equation z = z,(x4, X5, t). The free surface is a one-to-one function of the coordinates x,,x, and varies
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in accordance with time. The equation z can also be written in the form @(x,,x,,%5,t) = 0, where @(x4,%,,X3,t) =
7 — 74(X4, X5, t). The normal to the free surface, oriented towards increasing z, is the vector n, = grade. The
components of this vector are (— d,z,, — 3,2, 1) = (= 9,(h + n),—0d,(h + 1),1) ;X = g—XX The normal to the bottom
z¢ IS expressed in the same way,

but replacing z; by z;, and with a minus sign for a normal outside the volume of water, that is: ng(d,z; , 0,z —1)=

(0,m,9,m, —1). By projecting the Navier-Stokes equations onto the various axes and using the above notations, we
obtain:

1
0y + u; 0juy —B 0i0;1(u,p) = f; in Q x]0, T[
1
diu, + u; 0;u, _B 0i0;,(u,p) = f; in Q x]0, T[
1
d¢uz + u; 0;u; _B 0i0;3(u,p) = f3 in Q x]0, T[
61u1+62u2 +a3U3 = 0 anX]O,T[
o(u,p)n=g in P1 = I x]O, T[
u=v inP2 = I, x]0, T[

The transition from the initial model to the Saint-Venant model is based on the following assumptions:

- The height 15 is negligible in comparison to the length 1; and width 1,;

- The velocity component uy is also negligible in comparison to the components u; and u,; and the flow is
essentially in the ox and oy directions. The inertia forces and viscosity stresses in the oz direction are negligible, as

2
indicated by the equality of%u3 = 0 and d;1;; = 0. Consequently, we may conclude that ;?u3 =0.

The fluid is subject to the sole external force, namely gravitational force. We have f; = f, = 0 and f; = —g, where
g represents the modulus of this force.

-n(x1,X,) represents the function describing the bed of the watercourse, also known as river bathymetry. A
reference pointis selected such that the value of nis positive or zero. The height of the water at time t at the position
(x41,%,) of the horizontal plane is given by h = h(x,,x,,t), where h is a function of x;, x, and t. The river bed is assumed
to be impermeable. A force f;, representing wind action, is exerted on the free surface of the water. These
assumptions lead to the following form of the Navier-Stokes system:

1
dwuy +uy 0uy +uyduy —— 0i0;1(u,p) = 0 in Q x]0, T[
1
deuy +uy 04Uy + uy, 0,uy _B 0i0;1(u,p) = 0 in Q x]0, T[
1
o 9i0;; = —8 in Q x]0, T[
alul + 62112 + 63113 =0 in Q X]O,T[
o(u,p).n=f; in P1
Ui, in Pin
U, = jUg,: in Pout in PO
\ 0 otherwise

It is assumed that the vertical velocity is zero. Equation 3 of the previous system indicates that the pressure is
solely influenced by the weight of the water column at the specified coordinates (x;,x;,x3). This is expressed as
p(X1,X5,X3,t) = —gxs + cst(xq, X,, t), where cst(xq,X,,t) is an integration constant that can be simplified using the
expression for atmospheric pressure. Given that the pressure at the free surface of the water is equal to
atmospheric pressure, paum, With pam = g(h(xq, X, t) + n(x1,%3)) + cst(xy, Xy, t).

This means p(x;,X,,X3,t) = —gh(x;,%;) + (X1, Xz) — X3) + Pagm-
18
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The aforementioned system can be integrated over the height of the fluid at each fixed point (x4,x;) of the
previous system, resulting in the equation S(x4,x,,t) = {(X,t) € @ X]0, T[,0 < x3 < h(x4,X,,t) + N(x4,X;)}. For a fixed
value of (x4, X,,t), we integrate the conservation of mass equation between n(x4,x,) and h(x4,x,) + n(xq,x5). In the
following, these quantities will be replaced by n and h + n, respectively, resulting in the following equation:

h h
fn "M 35uzdxs = fn "(@1uy + dyup)dx;,

h
uz(xy,Xz,h + M, 0) —uz(xy,x5,M, 1) = — fn +n(alu1 + d,uy)dx; ,

. Given that the vertical speed is equal to the derivative of the height, we can conclude that: uz(x4,x,,h + n,t) =
Zhm+m)
dt

Furthermore, the integration formula yields the following result:

f,:ml 0iu;dx3 = 04 fnhﬂl uydxz —9y(h + uy(xy, Xz, h + N, t) + 9 Muy ||y,
fnh+n 0zu,dx3 = 0, f,]h+n uydxz — 9;(h + Muy(xy, x5, h + 1, t) + 8nuy|lx,—
The outcome is as follows:

d h h
E(h + M) = uz3(Xy,X2,M,0) — 0y fn o uydx; —9;(h + Muy(xy,x,h + n,0) + 9 Muy ||y, + 93 fn +n uydx; — 9, (h +
Muz(Xy, Xz, h + M, 0) + 8muy |4,y (@)

In accordance with the established definition of the particle derivative, we arrive at the following conclusion:

da(h+n)
ot

%(h + rl) = +u1(X11X2!h + rl!t)al(h + rl) +u2(X1,X2,h + n:t)aZ(h + rl) (b)

The horizontal velocity (u, v) is averaged over the height of the fluid.

u(xq, Xy, t) = %fnh+"u1dx3 and v(xq,X,, t) = %fnh+"u2dx3 the equivalence of (a) and (b) is demonstrated by the
following equation:

dath+1n)
ot

+ 8, (hu) + 8, (hv) = uz(xq, X2, M, t) — I Muy(Xy, Xz, M, £) — O Muy(Xq, X2, M, 1)

a(h
and X + 9, (hu) + 8, (hv) = u(x;, X2, 1, 8) — AUy (Xg, Xz, M, ) — 31Uy (X, Xz, 1)

=2 49, (hu) + 3, (hv) = —/T+ Va2 u.n 1)

In accordance with the stipulation that u.n = 0, the following is obtained:

a(h)

= -2
ot

+ 04(hu) + d,(hv) =0

The objective is to integrate the following equilibrium system.
ouy +u0quy + uy0,uy —% 9;0;1(u,p) = 0 in Q x]0, T[
ouy +u0quy + uy0,uy —% 9;0;1(u,p) = 0 in Q x]0, T[

This yields the following result: the initial equilibrium system equation is as follows:

9.(hu) + c;u(8;(hu) + 3;(hu)) + u(8; (hu) — c;ud;(h + 1) + 1Ny |Ix,—y) + V(92 (hu) — c;ud,(h + n) +

02Uy ||xy=n) + §a1h2 + Patm01h — pd1h — pd; (91 (hu) — cud; (h + M) + MUy |lxz=y) + 01(h + M0 1 (W P)lxgon +q —
0M0o1,1(W, P)llxz=q — 562(61(hv) — v (h + n) + a1nu2||X3=n) - 532(31(}1“) —cqudi(h + ) + a1‘1“1||X3=n) +

0;(h + M)oy1 (W, P)|lxz=h+q — 02M022(W, P)[|x3=n — 631 (W, P)|Ix3=5 + 631(W P)|lx5=n =0 (2)
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The second equation of the equilibrium system is presented as follows:

9.(hv) + ¢,v(984(hv) + 82(hv)) + v(8, (hv) — ;v (h + 1) + 8y |lx,—y) + V(82 (hv) — ¢;vd(h + 1) +

azﬂu1||X3:n) + %61h2 + Patm02h — ndh — Haz(az(hv) —¢vdy(h + ) + az‘]u1||X3:q) +02(h + M)o2,(W,p)llxg=h+q —

0:M022(W, P)|lxz=n — %61(61(hv) — v (h + n) + a1"lu2||X3:q) - 231(32(11“) —cqudz(h + n) + aZnu1||X3=n) +

9:(h + M)o12(W, P)|lxz=h +n — 92M0612(W, P)||x3=q — G320, P)||x3=q + G320, P)||x3=y = 0 (3
Equations (1), (2), and (3) represent the complete form of the 2D Saint-Venant system [33-35]. To facilitate

analysis, we will assume that the normals to the free surface and to the wall (ng and n,,) are given by:

n, = =———="(=0;(h + M), =8, (h + M), 1), np = ——="(-9;m,—3,n, - 1)

2
[1419(h + )2 V1+Vn|

The Navier-Stokes friction condition is validated at the wall, that is to say: tn, = Kk(uy, uy, u3).

Simplification strategy employed here entails neglect of quadratic terms in velocity or its higher order derivatives
fairly systematically nowadays. Forces of friction gravity and pressure dominate description of propagation
phenomenon quite simplistically allowing conclusion under additional simplification. Saint-Venant model emerges
subsequently described by following expression :

d,h + 9, (hu) + 9,(hv) =0
d.(hu) + (gh + pam)®1(h + 1) =1+ [V+ 0|2 £l + /1 + |Vn|2Kuy|[x,
3:(hv) + (gh + Pam)d2(h + M) =1+ |V + 12 £ + /1 + [Vn2kuy|| ;-

In order to facilitate the analysis of wall velocity, two correction coefficients, designated as cc; and cc,, have been
introduced. uy||x,=y = ccqu and uy||y,—y = ccyu then hu = q;, hv = q;, k; = keey, k; = kec,.

The system may now be completed with the addition of boundary and initial conditions for the variables q =
(91, 92). The two-dimensional flow of a fluid of constant density p can be fully characterised by its velocity vector
field, q = (q1(x1,X%2),q2(X1,X3)) € Rx R, and its pressure scalar field, p(x4,x;) € R. Quantities will be reckoned
largely from such a system irregularly. A supplementary relation describes one-dimensional flow along axis Oz of
some conservation equation quite elaborately in many cases. Variation in height within mesh j multiplied by surface
area A(h) at height h equals source in latter increased by sum of exchange flows between mesh j and adjacent
meshes.

A(h) 5 (h + ) =S(O) + X q;.
3. Finite Volume Method Numerical Resolution

The finite volume method is one of those numerical techniques that are especially suitable for simulation of
flows of complex fluids, including problems in river hydraulics and flood modelling. The methodology is based on
the discretisation of the flow field into a collection of small control volumes where conservation laws are locally
enforced (specifically, conservation of mass and conservation of momentum) [36, 37]. The finite volume method
differs from other numerical methods (like finite differences or finite elements) in the faithfulness with which the
source physics is reproduced [22, 38]. Finite volume method's key advantage lies in explicitly guaranteeing
conservation of physical quantities locally and globally with pretty high accuracy. Flooding demands strict respect
for water balances everywhere in domain at all times under extremely critical circumstances obviously now [23, 39,
40]. This method transforms partial differential equations often hyperbolic or parabolic in certain flow models into
systems of ordinary differential equations that are numerically solvable with relative ease. Reduction in derivative
order greatly facilitates treatment in highly irregular domains quite effectively with some ease normally. It boasts
an uncanny ability to meld intricate topologies such as riverbeds dykes and urban sprawls via utilisation of
unstructured meshes triangular or quad [41-43]. Robustness in handling discontinuities like flood fronts or dyke
breach waves and compatibility with schemes of Godunov or MUSCL type allows accurately capturing steep
gradients without unphysical numerical oscillations being generated. Flood propagation must be simulated
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accurately with high spatial and temporal fidelity in present study owing partly to its considerable significance. This
domain gets subdivided into quite a regular mesh made up of various control volumes often labelled as V;. Volume
V; corresponds roughly to a cell of size Ax by Ay. Coordinates (x;, y;) represent centre of each control volume [36,
44]. Mass conservation equation gets discretised thus :

hitl_p? n (hw)y /o= (hw)i g /5 n V1=V
At Ax Ay

0.

Where:

- The height of the water at time t" at the centre of volume V; is represented by h}.

- Atis the time step.

- (hu);,1/2 and (hv),, 4 ,represent the momentum fluxes at the interfaces of the control volumes.

The momentum conservation equations in the x; and x, directions are discretised as follows:

2,12 (hu?+1oh2
(hu);ﬂ-l—(hu){l + (h“ +Zgh )i+1/2 (hu +2gh )

— A S22 = [T+ V+ 2 £+ 1+ [Vn2kuy || ,-

2,1 42 _ 2,1 42
(hV)?H = (hw){ " (hv + Zgh )i+1/2 (hv + Zgh )i—1/2
At Ay

=1+ |V+ nZfl+/1+|Vn2kuy|g,-y

Calculation of flows across interfaces of control cells represents a pivotal step in finite volume method applied
quite rigorously to Saint-Venant equations. Momentum and water height propagation from one cell to another are
determined by these flows over time gradually. Saint-Venant equations get interpreted as conservation equations
whereby change in quantity inside some cell depends heavily upon inflows and outflows at interfaces of adjacent
cells. Flows calculated here unfold as momentum flux in x,4-direction at interface between cellsiand i+1 represented
by (hu);,,, and concurrently momentum flux exists in x,-direction at same spot indicated by (hv);,;,.
Aforementioned flows starkly demonstrate momentum transfer between neighbouring cells. Calculation of flows
profoundly affects determination of momentum transfer between cells as time unfolds in a somewhat nonlinear
manner gradually. Addressing potential discontinuities in solutions of hyperbolic equations like Saint-Venant
equation manifests shock waves or flow fronts quite frequently. Rusanov scheme also known as HLL or Harten-Lax-
van Leer scheme is employed commonly for resolving such problems numerically with considerable efficacy [25, 30,
45]. This scheme robustly handles discontinuities and remains relatively simple to implement. Rusanov scheme
belongs ostensibly within Godunov family of assorted numerical flow schemes devised for simulating fluid dynamics
under varied conditions. Approximating flow at interface involves modelling interaction between states of two
adjacent cells by solving local Riemann problem at each cell interface. Flow F,,,, between cells i and i+1 is
approximated rather crudely by some formula vaguely described subsequently:

Fiy12 = %[F(Ui) +F(Uiq)] - % [Uiys — Uil
where

- F(Uy) is flow of cell i,

- F(U;,q) is flow of celli+ 1,

h
- The vector of conserved variables, U, is given by the following expression: U = <hu>.
hv

- The quantity A represents an estimate of the maximum speed of wave propagation between the two cells,
which is often referred to as the Rusanov speed. The variable h is defined as h = max(|u;| + \/gh;, [wi, 1] + /ghis1 ),
with g representing the acceleration due to gravity.
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Crank-Nicolson scheme a semi-implicit time-discretisation method employed fairly frequently utilizes quite
robust numerical techniques internally somehow [36, 39, 42]. Simulating floods like Mayo-Danay demands utmost
accuracy and stability in the model under extremely critical conditions of paramount importance. Scheme
formulation hinges on averaging explicit time n and implicit time n+1 contributions yielding unconditional stability
and pretty high second-order temporal accuracy. Discretised continuity equation unfolds rather mysteriously:

hotl = o — % V(g™ + q™)].

The momentum equation in the x4 and x, directions can be discretised as follows:
ai*! = g7 -5 [gh 2 + V(qi* + q7)]

a3*! = a3 -5 [gh 2 + V(a5* + a3)]

Table 1: Numerical data extracted from the figures (Flood propagation in Yagoua).

Water Flow Rate Flow Rate Flow
Time(s) X (m) Y (m) Height qa (M?/s) qz (M?/s) Standard Comments
h (m) ' : lq| (m/s)
0 0 0 0.00 0.00 0.00 0.00 Initial state, no flooding
5 60 45 0.40 0.55 0.45 0.71 Localized water inlet
25 100 70 0.95 0.95 0.85 1.28 Start of propagation
50 135 85 1.20 1.10 1.05 1.52 Rapid rise phase
75 170 105 1.45 1.20 1.18 1.69 Sustained flow, notable expansion
100 200 130 1.55 1.25 1.22 1.74 Maximum local speed and height
150 250 160 1.60 1.30 1.25 1.80 Dynamic stagnation, maximum spread
Time of flood propagation:100 s A Time of flood propagation: 100 s 8
— £, 6 6
3 ) g -0
g 4 i 4 4
z [ , 20 .
‘ L 40 0
V = 4 -4
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\ /7/7”80 60 40 100
100 o0 Y (m) X (m) v 0

Figure 3: The propagation of flooding in Yagoua was observed to occur over a period of 100 seconds.

Simulations demonstrate propagation of a flood at Yagoua (Figs. 3-5) vividly illustrating effects of dyke breach on
trajectory and extent of such floodwaters (Table 1). Water accumulates rapidly in low-lying land areas initially with
flooding extent largely dictated by natural topography of surrounding terrain. Following breach of dyke water
spreads widely reaching depths that flood depressions down to -10 m with considerable vigor and alarming rapidity.
Higher areas remained largely unscathed but breach greatly worsened situation by swelling extent and ferocity of
flooding across many surrounding regions. Dykes play a crucial role in mitigating flood risks thereby avoiding
potentially calamitous outcomes in many vulnerable regions worldwide quite effectively. Three figures depict water
level evolution at Yagoua during a flood at distinct time points namely 5 seconds 50 seconds and 150 seconds. Water
level fluctuates wildly between 0.5 and 1 metre at t = 5 seconds with significant portion of area deeply submerged.
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There's an initial flood risk necessitating urgent mitigation efforts pretty quickly. Water level peaks at 16 metres after
50 seconds with considerable accumulation occurring in some locations notably. Critical levels starkly heighten risks
severely endangering population safety and nearby infrastructure thereby necessitating swift implementation of
extreme emergency protocols nationwide. Water surface stabilisation occurs at 150 seconds and areas of
depression persist with negative water height observed locally. Drainage problems might be indicated thereby
occasionally. Crucial monitoring of areas prevents secondary flooding quite rapidly beneath ostensibly stable
surfaces. Evolution of water level at Yagoua exhibits flooding progression with alarmingly critical periods
necessitating urgent intervention somehow over time. Data underscores importance of proactive measures
protecting population and infrastructure from serious flood risks potentially arising with alarming frequency
nationwide.

Time of flood propagation:100 s

8 Water level at time point t=0.5

N
Altitude (h)

(=] =) =}

S o © -

=)
»

o
1

Figure 4: Inundation near the Yagoua breakwater and 3D water height distribution at t=5s.
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Figure 5: The distribution of water height (h) in a three-dimensional domain at a time point of t = 50 seconds and t=150 seconds.

The figure offer comprehensive flood risk analysis in Yagoua area thoroughly with numerous insightful details
and quite relevant data presented graphically. Fig. (6) depicts a 3D surface with blue regions signifying profoundly
low-lying zones apt to get inundated during some calamitous deluge. Elevated red zones are shielded from
inundation and can be earmarked as pivotal spots for placement of vital infrastructure or refuge. Colour transitions
from yellow and green vividly demonstrate potential extent of inundation as flood level drastically increases
underwater. Fig. (6) comprises two disparate subfigures laid out rather haphazardly. Initial sub-figure illustrates
regional topography rather vividly with contour lines that delineate highest elevations in green and lowest in blue
pretty clearly. Blue regions on a map of flooded areas in the second sub-figure signify zones submerged during
flooding correlating with preceding low points. These two figures which complement each other serve to highlight
Yagoua's vulnerability to flooding heavily under certain circumstances naturally. Elevations of land are identified
alongside areas likely to be submerged subsequently underwater. Detailed topographical representation enables
accurate identification of most exposed areas while 3D mapping furnishes comprehensive overview of flood risks
and safety zones. Analyses like these are crucial for risk management and implementation of targeted prevention
strategies protecting populations infrastructure in highly vulnerable areas.
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Figure 6: A topographical and flood zone analysis of Yagoua, with a particular focus on the assessment of flood risk.
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Figure 7: A simple drainage network is used to simulate the flood reduction cycle.

Two figures illustrate progression of water levels in three reservoirs vividly alongside influence of precipitation
on accumulation of rather stagnant water obviously. Fig. (7) shows maximum capacity of three reservoirs
approximately 1,000 cubic metres for Tanks 1 and 2 whilst Tank 3 holds 500 cubic metres. Maximum capacities are
attained roughly five hours later and overflow becomes apparent at that juncture. Fig. (7) shows fluctuating rainfall
reaching 20 mm/h alongside fixed drainage capacity stuck at 15 mm/h rather unevenly. Precipitation surpassing
drainage capacity triggers rapid accumulation of standing water peaking at 40 mm after roughly five hours and then
dwindling quickly afterwards. Precipitation interacts heavily with drainage capacity determining water levels in
reservoirs and accumulation of stagnant water in fairly significant ways.

Figures presented particularly Fig. (8) illustrate an integrated application of three-dimensional topographic
mapping and spatial gridding coupled with vulnerability isobars in Yagoua plain flood risk analysis. Precise
representation of critical areas regarding water accumulation and potential overflow occurs during extreme
hydrometeorological events with this system. Grid segments study area into homogeneous risk compartments
according to altitude and slope with preferred flow paths playing a crucial role.3D modelled surface starkly reveals
altimetric discontinuities exacerbating flooding spread and laying bare low-lying areas extremely exposed to critical
water levels. Sophisticated geospatial modelling facilitates visualisation of risk gradients at operational resolution
and enables establishment of predictive flood propagation scenarios concurrently. Simulated hydrodynamic
parameters like flow rates and water height merge with terrain characteristics resulting in a fundamentally crucial
mapping tool for decision-making processes regarding risk management. Primary function of system facilitates
identification of high-risk areas requiring prioritized security measures and planning construction of retention dykes
effectively. Flood risk management relies heavily on quantitative data that remains topologically consistent and
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enables effective mitigation strategies. Territorial resilience requirements nowadays get robust backing from this
representation which furnishes solid scientific groundwork for crafting public policies. Systems function remarkably
well under harsh northern Cameroonian conditions found in Sahelian region generally.

Floodplain management
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Figure 8: Meshed domain dense isobar mapping and Flood Prevention Plan.
The validation of models, the assessment of their robustness, and the evaluation of their performance.

In order to assess the scientific reliability and operational relevance of the flood simulation model in Yagoua,
several stages of validation, resilience testing and performance analysis were rigorously carried out.

Firstly, the model was validated by comparing it with historical data from the Yagoua flood archives (notably the
events of 2012 and 2020), as well as field observations collected by the MINHDU Regional Delegation. Furthermore,
Sentinel-1 satellite images (high-resolution radar data) were utilised to validate the simulated spatial extent of the
flooded areas. The comparison of the simulation maps with actual observations demonstrates a correspondence
rate in excess of 85%, which lends considerable credibility to the model.

Secondly, a sensitivity analysis was conducted to assess the resilience of the model to significant variations in
input parameters. A series of simulations were conducted by manipulating the following variables:
v' The precipitation intensity is measured on a scale ranging from 10 mm/h to 80 mm/h.
v' The range of soil permeability is from 107¢ to 10~* metres per second.
v The roughness coefficient of Manning's
v' Furthermore, altitudes in key areas should be measured to within +2 metres.
The findings demonstrated that the model maintains stability and accuracy in all instances, exhibiting controlled

variations in sensitive regions. This robustness ensures that the model is capable of functioning effectively under
various extreme conditions, which is fundamental for planning in the context of climate change.

v' Thirdly, the model's performance was evaluated quantitatively using several standard statistical
indicators:
v" The Nash-Sutcliffe Efficiency (NSE) index was found to be 0.83, indicating a very good predictive accuracy.

v" The Root Mean Square Error (RMSE) was found to be 0.42 m, indicating a minor discrepancy between
the simulated and observed water heights.

v Correlation coefficient (R?): The data indicates a strong correlation between the simulated and measured
values, with a value of 0.91.

The metrics demonstrate the model's capacity to accurately replicate flood dynamics, thereby substantiating its
reliability as a decision-support instrument for hydrological risk management.
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4. Conclusions

Study findings facilitated creation of sophisticated 2D hydrodynamic model utilised pretty effectively for
simulating rather complex flood dynamics in Logone plain accurately. Model simulations incorporated real-time
seasonal rainfall patterns and detailed topographical features alongside several plausible dyke breach scenarios
very effectively. Simulations indicated flood propagation trajectories largely consistent with terrain morphology and
pinpointed areas highly susceptible to rapid flooding downstream. A comparative analysis with historical flood maps
from 2012 and 2021 available in dusty regional archives confirmed this pretty conclusively. Validation of model
occurs with caveat that specific local topographical parameters necessitate fairly minor tweaks and adjustments
subsequently. Model's performance was evaluated using standard metrics like Root Mean Square Error and Nash-
Sutcliffe Efficiency revealing pretty high simulation accuracy exceeding 85% in most critical areas. Sensitivity analysis
was conducted vigorously testing model resilience against varied key parameters like extreme precipitation soil
permeability and altitude thereby reinforcing robustness substantially. Significant innovation lies in integrating an
early warning system with dynamic simulation of drainage networks enabling real-time assessment of sanitation
infrastructure effectiveness and anticipating overloads quickly. A significant advance over static models often
utilized in sub-Saharan contexts emerges from this coupled approach remarkably well nowadays. Proposed
methodology boasts full reproducibility with relevant input data such as topography and precipitation available in
a dedicated GitHub repository (https://github.com/KikmoWilba/Modelisation-Inondation-Logone). Simulation code
built atop TELEMAC-2D and Python is released under free licence encouraging reuse by other boffins pretty readily.
Results obtained have enabled development of operational maps for territorial planning with strategic
recommendations like targeted reforestation upstream of river and rehabilitation of natural buffer zones. An
integrated watershed management framework proposal emerges with potential adaptation possibilities elsewhere
in Lake Chad basin's precarious environs. Present study proposes methodology combining scientific rigour and
practical applicability for protection of Sahelian populations and critical infrastructure in diverse contexts effectively.
Substantial progress emerges in climate risk modelling across sub-Saharan Africa signalling a noteworthy
development rather quietly nowadays.
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