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ARTICLE INFO ABSTRACT

Editor: DR B Gyampoh With the continuous changes in climate, increased attention is required to address the adverse
impacts of climatic variables on automobile fuel consumption and emissions. In recent studies,

Keywords: various prediction models have been employed to quantify the influence of weather-related

CO; emissions factors on vehicular fuel consumption. The paper introduces three interrelated vehicle-based

Sustainable transport
Weather factors
Modeling and simulation

physical models designed to quantify the effects of rainfall and wind speed/direction on fuel
consumption of four commercial vehicles - Matiz, Astra, Pregio, and Urvan, utilizing monthly
weather data from Accra. The results indicated that the presence of headwind and rainfall sub-
stantially increased fuel consumption, whereas tailwind contributed to a reduction. Fuel in-
crements under rainfall and headwind ranged from 2 % to 10 % and 4 % to 16 %, respectively
across the vehicles, depending on the monthly variation in weather intensity. Conversely, the
reduction in fuel consumption due to tailwind ranged between 1 % and 3 %, insufficient to
counteract the more significant increases induced by headwind. The combined impact of rainfall
and wind increased fuel consumption by 10 % to 37 % relative to the effect of rainfall alone and
by 5 % to 66 % compared to headwind effects, depending on monthly intensity levels. The
proposed models demonstrated robust performance in analyzing weather-induced fuel con-
sumption and can be effectively applied to estimate offline vehicular fuel usage prior to a journey.

Introduction

The urban population in Ghana has augmented rapidly since the mid-1900s. The proportion of the population residing in cities has
increased significantly over the years, from 9 % in 1931 to 31.3 % in 1984, and finally to 43.8 % in 2000. Accra is a cardinal city in
Ghana and the most urbanized, due to primacy in political, economic and cultural structures [1,2]. The city experiences a population
growth rate of 4.2 % per year, surpassing the national growth rate of 2.7 % [3]. The rapid urbanization has led to a corresponding
exponential rise in carbon dioxide (CO3) emissions, significantly increasing the city’s vulnerability to climate change impacts, which
are evident in the recent shifts in rainfall and wind patterns [4-6]. The erratic weather conditions viciously affect fuel efficiency, as
even slight fluctuations can produce significant impacts on fuel consumption [7].

Fuel consumption is influenced by several factors, which are broadly categorized into six main groups: vehicle, travel, traffic,
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driver, road, and weather-related factors, with further sub-categorization summarized in Fig. 1 [8]. Among the categories, weather is
the least studied factor [9,10]. In Accra, plethora of fuel consumption and emissions studies focus predominantly on traffic congestion,
travel time and trips, driving style and road gradient with minimal attention given to weather factors [11-13]. Hitherto, no empirical
data has been identified that explicitly examines the influence of weather variables on fuel consumption in Accra, to the authors'
knowledge. The present study addresses the critical gap by providing the first empirical assessment of the effects of weather on
vehicular fuel consumption and associated emissions in Ghana. Understanding such effects is crucial for estimating transport fuel costs
and air pollution, thereby informing the development of short-, medium-, and long-term transport planning strategies that consider
climate variability [14,15].

Existing literature on weather-related fuel consumption explicitly reveals the acute and chronic impacts of climate factors on road
transportation. According to [16], key weather elements such as temperature, relative humidity, wind, rainfall and air pressure play
significant and independent roles in reducing fuel efficiency and increasing on-road emissions. Hence, understanding the specific risks
posed by each weather factor is essential for road transport development [17]. Rainfall and wind, in particular, have been empirically
identified as significant contributors to increased fuel consumption and emissions among the other factors [18]. The associated impacts
are primarily transmitted through changes in the resistance forces acting on a moving vehicle, especially aerodynamic drag [19].
Aerodynamic drag accounts for more than 50 % of a car's total energy consumption during motion, making drag a key determinant in
vehicular fuel usage and emissions [20,21]. Consequently, the application of fuel consumption models is critical for quantifying the
extent to which weather conditions affect fuel use and emissions. Real-world fuel consumption analysis is characterized by significant
complexities, thereby increasing reliance on modelling and simulation tools. Such tools play fundamental roles in evaluating the
environmental impacts of road transport and guiding the advancement of cleaner transport technologies [22].

Fuel consumption models are broadly categorized into two types: physical prediction models, which are grounded in vehicle
dynamics, and data-driven prediction models. Data-driven models include Neural network models such as backpropagation neural
networks, multilayer perceptron networks, long short-term memory (LSTM) networks as well as traditional machine learning algo-
rithms like regression, random forest, decision tree and support vector machine [23]. Data-driven models are often hindered by
construction complexity, limiting adoption within engineering applications [24]. Physical models, by contrast, offer reduced
complexity and thus, broader applicability. Such models are constructed using mathematical formulas derived from internal vehicle
structure and functional principles of the components. The flexibility of physical models allows for modifications based on specific
research interest and available input data [25]. Numerous studies have validated the transparency and accuracy of physical models for
fuel consumption estimation. For example, [26] reported a mean absolute percentage error (MAPE) of only 5 % in fuel consumption
prediction using a physical model. Nonetheless, the application scope of physical models is often constrained by the seldom inclusion
of weather-related variables [24]. Although some studies have included temperature and wind, weather elements are rarely the central
focus. The integration of rainfall and wind effects into physical models remains inadequately explored in the literature. To address the
identified research gap, a physical model emphasizing on rainfall and wind was developed to assess the impact of weather on vehicular
fuel consumption and CO5 emissions in Accra.

Materials and method
Case study in Accra

Accra, the capital of the Greater Accra Region, has an estimated population of 2,291,352, accounting for more than half of the
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region’s total population. Driven by the exponential population growth, Accra is recognized as one of Africa’s fastest-growing met-
ropolises [27]. Accra lies within latitude 5°33'N and longitude 0°15'W, and is bordered to the north by Ga West Municipal, to the south
by the Gulf of Guinea, to the west by Ga South Municipal, and to the east by La Dadekotopon Municipal. The city's terrain comprises
lowlands and hills, with an average elevation ranging between 20-70 meters above mean sea level [28,29]. Fig. 2 presents an overview
of Accra, highlighting the various towns, surrounding districts, and the existing road network.

Data source

Weather data used for model development was obtained from the Ghana Meteorological Agency. Fig. 3 displays the monthly
average rainfall and wind speed from January to December. Vehicle selection for algorithm development focused on the most prev-
alent commercial passenger vehicles within Accra, identified through field observation. Four predominant vehicle types were used:
two minibuses -trotro (Pregio and Urvan) and two taxis - Matiz and Astra. Technical specifications of the vehicles based on manu-
facturer documentation are presented in Table 1.

Modelling and simulation process

Model development

The initial stage in the development of a physical model involves identification of the physical system and selection of key com-
ponents relevant to the modeling process, while disregarding non-essential elements. The subsequent stage entails the formulation of
mathematical Eq.s that represent the dynamics and interactions of the selected components. The resulting model is then simulated
using appropriate computational tools to generate outputs that describe the system’s behavior in detail. Finally, a validation process is
conducted to assess the accuracy of the simulated results in representing the actual physical system [30]. The overall structure of a
typical physical model design is illustrated in Fig. 4.

In accordance with the framework outlined in Fig. 4, the specifications of the selected vehicles, as detailed in Table 1 were inte-
grated into the modelling process. The vehicle system was mathematized through the development of algorithms based on the three
primary resistance forces experienced during vehicle motion: air resistance (aerodynamic drag), rolling resistance, and inertial ac-
celeration, as displayed in Fig. 5 [31]. The algorithms were selected due to the efficacy in interrelating key variables, to enable accurate
prediction of fuel consumption.
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Monthly Rainfall and Wind Speed
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Fig. 3. Average wind speed and rainfall in Accra from January to December.

Table 1
Components of selected passenger vehicles.
Vehicle Make Model Mass (kg) Frontal area (m?) Aerodynamic drag (kW) Engine maximum power (kW) Acceleration (m/s?)
Chevrolet Matiz 775 1.91 0.34 38 1.63
Opel Astra 1165 2.06 0.32 77 2.26
Nissan Urvan 1800 2.86 0.37 97 2.46
Kia Pregio 1790 3.08 0.38 63 2.08

Definition of algorithmic forces

Rolling resistance force

Rolling resistance is the force that opposes the motion of a rolling body in contact with a surface. Approximately 90 % of the
occurrence is attributed to material hysteresis, with the remainder resulting from friction losses and aerodynamic factors around the
tire [32]. Eq. 1 defines the rolling resistance force of a moving vehicle.

Fron =f<1 +%>mg (€3]

Aerodynamic drag
Aerodynamic drag refers to the resistance force exerted by air on a moving object. Additionally, drag denotes a fluid force acting on
a solid body moving in the direction of the free-stream flow of the fluid [33]. Air drag results primarily from pressure drag and form

drag, with pressure drag accounting for more than 80 % of the total aerodynamic force in vehicles [34]. The state-of the -art drag Eq. is
expressed in Eq. 2.

Fd,c,g:O.S*d*A*pa*v2 2

The general drag model was modified to account for rainfall and wind effects, in alignment with the approaches in [35,36]. The
modification allowed for the integration of the terminal velocity of raindrops and longitudinal wind direction components (headwind
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Fig. 4. Structure of a general physical model.
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Fr = rolling resistance force
Fair = air resistance force

Fi = vehicle inertia force.

Fig. 5. A vehicle model displaying the three main resistance forces [31].

and tailwind) to enhance the applicability of drag model under varying weather conditions.

Force of inertia acceleration

Vehicles accelerate only when drivetrain provide sufficient energy to overcome inertia which is directly proportional to vehicle
mass [37]. A vehicle in acceleration mode accelerates alongside the mass and rotating parts of the wheels [38]. Therefore, the power to
overcome inertial acceleration is expressed using Eq. 3.

Finertia = ma 3)

Where: f = rolling resistance coefficient (0.025 for bitumen surface-treated roads) [37]; m= vehicle mass (kg); g=acceleration due to
gravity (9.8 m/s); v= velocity in m/s; a= vehicle acceleration (m/sz);

pa= air density; d= vehicle aerodynamic drag coefficient (kW);

A= vehicle frontal area (m?%)

Definition of variables

The variables employed in the model were categorized into three main parts - target, main predictor and supporting predictor
variables, as displayed in Fig. 6. Monthly rainfall and wind were designated as the main predictors, while speed (40 km/h), selected
based on the recommended urban speed limit in Ghana, and road pavement (bitumen surface-treated) served as supporting predictors.
Using the outlined variables, weather-defined fuel consumption models were further developed, as detailed in the subsections.

The approach introduces a novel methodology in physical vehicle-based modeling, which focuses solely on vehicle dynamics and
often characterized as a single data dimension model [23], by incorporating and stressing on weather factors that are typically
under-emphasized.

Rainfall model

According to [39], quantifying the effects of rainfall on fuel consumption is highly complex and thus, seldomly studied. Existing
research primarily focuses on how rain impacts road surface and, consequently, fuel consumption. However, the influence of rain on
fuel consumption via aerodynamics remains underexplored in literature [19,40]. The study applied the principle of terminal velocity,
which describes the equilibrium velocity of a particle falling through still air, to quantify the aerodynamic impacts of rain on fuel
consumption [41-43].

Six terminal velocity models [44-49], defined in Eq.s 4 to 9, were evaluated using sensitivity analysis on droplet diameters ranging

Physical Model

. . Support
Target variable el |?red|ctor predictor
variables )
variables
Vehicle fuel Rainfall and Road pavement
consumption Wind speed and speed

Fig. 6. Model framework defining the variables.
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from 0.2 mm to 5 mm. The relationship between rainfall volume in Fig. 3, the corresponding droplet diameters and terminal velocities
is illustrated in Fig. 10.
Best (1950) model

d 1.147
v = 958 {1 - exp( - (m) )] 4)

Kessler (1969) model

v, = 1300d°° 5)
Atlas et al. (1973) model

Ve = 965 — 1030exp(—6d) (6)
Atlas & Ulbrich (1977) model

v, = 1767d°% @
Willis (1984) model

v, = 4854d exp (—1.94d) ®
Brandes et al. (2002) model

v, = —10.21 4 4932d — 9551d? + 7934d° — 2362d* 9)

Where:

v, = terminal velocity (cm/s); d = droplet diameter (cm)

Fig. 7 shows the performance of the evaluated models. The model proposed by Atlas & Ulbrich demonstrated superior linearity and
achieved the highest R? value of 0.99, outperforming the other models, and was therefore selected as the optimal terminal velocity
model for the study. Consequently, a novel mathematical algorithm for quantifying precipitation impacts on vehicle fuel consumption
is presented in Eq. 10. Additionally, Eq. 11 denotes how fuel consumption changes with respect to the terminal velocity of raindrops.
The model defines rainfall in the absence of wind, as illustrated in Fig. 8, where raindrops are depicted falling vertically.

U\ bsf+10"2(Frot * Finersia * [0.5.d . A. pa. (v +0)*] % v?) v+w)?
Q (100km) = T pE v + |1+ 5 (10)
Differentiating Q with respect to fall velocity:
0Q _ bsf + 1072 % Fyon * Finersia * (0.5.d.A.pa.v.3(v + v,)°) N 2v+w) an

o 1T pf g

Where:
Bsf = brake specific fuel consumption taken as a constant,
nT = transmission efficiency,
pf = fuel density and
f = constant.

Terminal Velocity vs. Rain Drop Diameter
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Fig. 7. Performance of terminal velocity models.



J.A. Osei et al. Scientific African 31 (2026) e03255

Terminal Velocity of Raindrops on a Moving Vehicle LongitUdinal Wind direction ona Moving Car
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Fig. 8. Falling rain drops and wind direction of a vehicle in motion.

Wind model

The impact of wind on fuel consumption depends on both wind direction and speed [50]. Two directional categories were defined:
headwind and tailwind, illustrated in Fig. 8. The wind effect was determined by applying Eq. 12, which incorporates cardinal
directions.

W =ws.cos (h — (¢+ wd) (12)

Where;

W= wind effect; ws = wind speed (m/s); wd = wind direction

¢ and h (rad) = directional angles of wind and vehicle movement, respectively

The proposed model to quantify the influence of wind on fuel consumption is presented in Eq. 13, while Eq. 14 describes the
variation of fuel consumption with respect to wind effects.

0 l _ bsf %102 (Frou * Fineria * [0.5. d. A pa. (v — W) %] x7?) v (1 (v—w)? 13)
100km nT.pf.v B
Differentiating Q with respect to wind effects:
0Q  bsf + 1072 % ooy  Finersia * (0.5 % d. Apa. v.— 3 [v — W*)  2(v — W) 14)

oW nT.pf B
Simulation environment

Simulations were run in python using SimPy - a process-based discrete-event simulation framework. SimPy was selected for its
ability to model time-dependent processes through event scheduling, making it suitable for simulating the impact of monthly weather
factors- specifically wind speed and rainfall on the fuel consumption of commercial vehicles. The simulations involved systematically
varying individual monthly rainfall and wind inputs along with the vehicle specifications, while keeping speed and road pavement
constant. To simulate rain-wind interactions, a compound model combining both effects was developed and is presented in Eq. 15, with
Eq. 16 showing how fuel consumption fluctuates with respect to the combined influence of wind and the terminal velocity of raindrops.

1 _ bsf %107 2(Fyop * Fineria * [0.5 . d. A. pa. (v — (W+w,)) 3] = v?) [V — (W+w)?
Q (100km> - nT.pf. v A p (15)
Differentiating Q with respect to fall velocity and wind effects:
Q _ bsfx 1072 % Frop * Finerria * [0.5.d.A.pa.v. — 3(v — (W + vt))]2 B 2[v— (W +v,)] 16)

0 (W+w) nT.pf B

Simulation outputs, including detailed fuel consumption metrics under the specified conditions were collected, interpreted and
validated. Fig. 9 describes how the proposed models were applied to simulate fuel consumption of the commercial vehicles.
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Model validation

Field trials were carried out with three commercial vehicles - Chevrolet Matiz, Opel Astra, and Toyota HiAce along predefined
routes in the Kwame Nkrumah Circle, Accra between September and October 2023, a period characterized by frequent rainfall.
Ambient weather data were obtained from a nearby synoptic station. Fuel consumption was measured manually using dashboard
readings. Prior to each trial, the fuel tank of each vehicle was filled to capacity, and final consumption was determined by refilling the
tank and measuring the volume used. To isolate individual weather effects, observed fuel consumption data were recorded under the
following conditions: consumption from runs with significant rainfall and negligible wind were recorded as rainfall-only; runs with
both apparent wind and rainfall as combined conditions; and runs with substantial wind but no rainfall as wind-only. The observed
values were then compared with the model-predicted values after data tuning to ensure each model accurately represented the cor-
responding weather factor.

Model performance was evaluated using R?, Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE), as defined
in Eq.s 17 to 22. R? values close to 1 indicate strong model accuracy, while MAE and MAPE measure actual and relative prediction
errors, respectively [18,51,52].

-1 zlj vi a7
MST = 112 ; (Yi—Y)? (18)
MSE = % ; (Xi — Yi)? 19
R2—1- 1’\‘%’; 20)
MAE = % ; (Xi —Yi) 21
MAPE = % ; [Xi ;i Yi] (22)

Key:
Blue: Main Inputs (Rainfall, Wind Speed)
Green: Vehicle Specifications

Red: Vehicles

Yellow: Process Models

Rainfall Matiz Rain Mode] Gray: Fuel Consumption

Fuel Lonsumption

Horsepoﬁgr'/
Acceleration

Frontal Area

Fig. 9. Framework of simulation process.
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Where:

Xi is the predicted it value,

Yi is the observed i value;

Y is the mean of the observed value;

MST is the mean total sum of squares; n is the number of predicted results.

In addition to the field experimentation, a sensitivity analysis was carried out using a one-factor-at-a-time variation approach to
evaluate the influence of the weather factors on the model output. The analysis was interpreted using standardized regression co-
efficients (SRC), margin of error (MoE), confidence intervals (CI) and standard deviation (SD). All computations were carried out in a
Jupyter Notebook environment using the Python programming language and custom-developed scripts.

Determination of carbon dioxide emissions

CO- emissions were estimated using the simulated outputs and the default emission factors outlined in the IPCC 2006 guidelines.
The default values were employed due to the unavailability of country-specific emission factors for Ghana. Eq. 23 presents the
computation for the tailpipe CO, emissions.

C02 (kg—COzeq) = Ff X EFcoa % GWPCOZ (23)

Where:
Fr = predicted fuel consumption (TJ);
EFco2 = emission factor given as 69300 (kg/TJ) and 74100 (kg/TJ) for gasoline and diesel respectively;
GWP is global warming potential given as 1 [53].

Results and discussion
The findings provide the first empirical evidence on the impact of rainfall and wind speed on commercial vehicle fuel consumption
and emissions in Ghana. The novel methodological approach adopted proved effective in generating robust results, which are elab-

orated in the following subsections.

Rainfall and wind effects on aerodynamic drag

Weather variables influence vehicle aerodynamic drag which ultimately affect fuel consumption and emissions [19,21]. Deter-
mining aerodynamic drag requires quantifying the wind direction and terminal velocity of rain drops, as depicted in Fig. 10. A linear
relationship was observed between rainfall and both raindrop diameter and terminal velocity. Specifically, a 1 mm increase in rainfall
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Fig. 10. Terminal velocity of rain drops alongside head and tail wind effects.
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corresponded to a 0.197 mm rise in droplet diameter and a 0.413 m/s rise in terminal velocity. Droplet diameters below 1 mm
exhibited fall speeds of less than 4 m/s, diameters ranging from 1 to 1.5 mm exhibited fall speeds between 4.3 and 5 m/s, and diameters
between 1.6 and 2.5 mm exhibited fall speeds of 5.2 to 6.5 m/s. The findings align with [54], which reported an increase in raindrop
size with rising rainfall intensities under controlled wind tunnel conditions.

The quantification of wind directions using cosine functions, as detailed in Eq. 12, defined tailwind and headwind effects as +1 and
-1, respectively [55]. However, under vehicle aerodynamics, the tail side corresponds to a negative wind environment whilst head side
represents positive wind conditions [50].

Consequently, the direct effects of the quantified wind and rainfall on aerodynamic drag of vehicles are illustrated in Fig. 11. The
effects were ascertained through simulations comparing baseline conditions (excluding weather influences) with weather-affected
scenarios. The results show that rainfall and headwind significantly increase aerodynamic drag, while tailwind causes a slight
reduction in drag relative to the baseline (control). The intensity of the variables contributed significantly to the degree of aerodynamic
drag experienced by the vehicles. Months characterized by higher rainfall and stronger wind speeds corresponded to greater aero-
dynamic drag and vice versa.

Peak rainfall in June contributed to a 360 % increase in aerodynamic drag compared with a 171.5 % rise in January, the month
with the lowest rainfall. The remaining months exhibited a consistent incremental trend in aerodynamic drag corresponding to the
rainfall values depicted in Fig. 3, with increases of 251 % in February, 265.7 % in March, 284 % in April, 336.2 % in May, 236 % in
July, 207 % in August, 252 % in September, 318 % in October, 231.7 % in November, and 177.3 % in December compared to the
control. Similarly, [56] observed a distinct increase in drag as rainfall increased from 8 mm/hr to 29 mm/hr [57]. reported elevated
aerodynamic drag under heavier precipitation when quantifying precipitation effects on moving vehicles.

Peak wind conditions in August resulted in a 7.7-fold increase in aerodynamic drag, while wind speeds in the remaining months
elevated drag by 4 to 7-folds under headwind conditions, depending on intensity. In contrast, tailwind reduced air drag by 80-99 %
across all months. The observed trend aligns with the findings of [35] and [50], who reported similar changes in aerodynamic
resistance based on wind direction and intensity.

The observed changes in aerodynamic drag under the influence of the weather factors are attributed to the phenomenon of
streamline formation. In aerodynamics, streamlining describes air flowing in a definite pattern with a moving body. The presence of
headwind and rainfall causes air disturbance and turbulence that disrupt streamlines. The greater the intensity, the more significant
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the disruption and consequently, the higher the aerodynamic drag [58]. Conversely, tailwind conditions, promotes streamline
alignment, reduces downstream turbulence and thus, lower aerodynamic drag [59,60].
Quantification of fuel consumption and CO2 emissions

Building on the aerodynamic impacts described in section 3.1, the presented findings in section 3.2 quantify the resulting changes

in fuel consumption and CO; emissions. Fig. 12 illustrates the fuel consumption and CO2 emissions of the different vehicles under both
the baseline (control) and weather-affected scenarios. Baseline fuel consumption and emissions were significantly lower than
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Fig. 12. Fuel consumption and CO, emissions under rainfall and wind conditions.
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emissions observed under headwind and rainfall conditions, but slightly higher than emissions under tailwind environment. Thus,
tailwind lowered fuel consumption and emissions, while headwind and rainfall led to increases, as depicted in Fig. 12. The trend is
further illustrated in Fig. 13, which presents the percentage emission changes associated with each weather condition. The percentage
CO2 emissions increased substantially under headwind and rainfall, while a decrease was observed under tailwind conditions.
However, the magnitude of the decrease associated with tailwind was insufficient to offset the significant increases caused by
headwind. Therefore, under combined head- tailwind conditions, the net impact on fuel consumption and CO, emissions remains
considerable. For instance, in February, the Matiz vehicle recorded a 13.45 % CO- increase under headwind and a 2.44 % decrease
under tailwind, yielding a net increase of 11.01 %. The significant net increment highlights the dominant influence of longitudinal
wind, despite the partial benefits from tailwind. The predominance of headwind effects is attributed to the additional energy demand
imposed on a moving vehicle to counteract strong forces and neutralize the opposing wind [19]. Similarly, the study by [50] observed a
41 % increase in fuel consumption under headwind conditions, compared with only a 7.3 % decrease under tailwind. Studies by [61,
62] reported fuel savings under tailwind to be inadequate to counterbalance substantial increases caused by headwind.

The vehicles exhibited varying sensitivity to the impact of the weather conditions. As depicted in Fig. 13, Matiz recorded the
highest percentage change in CO; emissions. The influence of the weather factors on Matiz’s emissions was approximately twice that
observed in the other vehicles, highlighting the greater susceptibility of lighter vehicles to the effects of rainfall and wind speed.

Impacts of vehicle types and specifications on fuel consumption and emissions

The different passenger vehicles exhibited distinct variations in fuel consumption and CO2 emission rates, as illustrated in Fig. 12.
Albeit Matiz displayed the greatest sensitivity to weather conditions, the model demonstrated the highest fuel efficiency. Relative to
Astra, Matiz achieved fuel savings of 46.8 % under rainfall and 45.6 % under headwind. Within the trotro category, Pregio vehicle
lowered emissions by 36 % under rainfall and 36.6 % under headwind compared with the Urvan. The observed variations underscore
the significant influence of vehicle model specifications on fuel consumption and emission rates.

Vehicle specifications primarily affect fuel consumption rates through impacts on the three resistance forces encountered during
motion [63]. Thus, the greater the value of the vehicle component, the higher the associated resistance force which ultimately, affect
the rate of fuel consumption and emissions. Vehicle mass affects rolling resistance and inertia acceleration forces, engine maximum
power impacts inertia acceleration, whilst drag coefficient and frontal area influence aerodynamic drag.
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Fig. 13. Percentage CO, emissions under rainfall and wind speed.
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Each specification contributes uniquely to overall fuel consumption, with individual factors potentially offsetting or outweighing
one another, as clearly illustrated by the comparison between Pregio and Urvan. According to Table 1, Pregio exhibits a greater frontal
area and higher drag coefficient, nevertheless, the Urvan demonstrates higher overall fuel consumption due to the larger mass and
greater engine maximum power, which result in increased rolling resistance and inertial forces. Specifically, the rolling resistance and
inertial acceleration forces of the Urvan were 0.99 times and 1.18 times greater than the Pregio’s, respectively, thereby contributing
substantially to the total fuel expenditure and emission rates, as observed in Fig. 12. Fig. 15 presents the variation in the three
resistance forces across the different vehicles as determined by each vehicle’s specifications.

Considering the different fuel types, diesel was observed to be more fuel efficient than gasoline, as demonstrated by a comparison
between Astra and Urvan vehicles, which are typically manufactured in either gasoline or diesel versions [64]. Fuel consumption and
CO4 emissions for the diesel-powered Astra under rainfall conditions were 2.77 1/100 km and 7.36 kgCO2eq, respectively, representing
a 16.3 % reduction compared to the gasoline-powered Astra. In contrast, the gasoline-powered Urvan exhibited fuel consumption and
CO4 emissions of 9.45 1/100 km and 21.2 kgCO-eq, respectively, which is 19.26 % higher than the diesel-powered Urvan. Similar
findings were reported in studies by [65,66], which identified lower fuel consumption and CO, emissions in diesel vehicles compared
to the corresponding gasoline-powered vehicles. The superior fuel efficiency associated with diesel vehicles is attributable to the
higher energy content of diesel fuel. According to [67], diesel contains approximately 11 % more energy per volume basis compared to
gasoline.

Impacts of weather intensity

The rate of impacts from the weather factors depended on the intensity variations across the months. According to [17], intensity is
a critical factor in weather-induced vehicle fuel consumption and emissions. An increase in rainfall from 0.4 mm in January to 5.8 mm
in June resulted in a 5 % rise in fuel consumption/emissions. Additionally, a 7.5 % increase was observed when wind speed rose from
6.5 m/s in January to 9.8 m/s in August under headwind, while tailwind led to a 0.2 % decrease. Consequently, every 1 mm increase in
rainfall results in approximately 1 % rise in fuel consumption /emissions, whereas every 1 m/s increase in headwind leads to 2.3 % rise
in emissions. In contrast, tailwind conditions yield a 0.06 % decrease per 1 m/s increase. Fig. 14 depicts the percentage changes in fuel
consumption/emissions across the different months based on corresponding weather factors. Similarly, [68] observed significant
impacts of higher precipitation on fuel consumption of limestone and clay trucks. Using average monthly precipitation data in Turkey,
the highest fuel consumption was recorded in April, the month with the highest precipitation, while July, the driest month, exhibited
the lowest fuel consumption. Additionally, [69] reported an increasing trend in fuel consumption as rain intensity increased, with
average fuel consumption during heavy rainfall being 53 % greater than under dry weather conditions. Furthermore, [20] identified a
linear relationship between wind speed and fuel consumption, where increasing wind intensity resulted in significant increments in
fuel consumption for gasoline-powered vehicles.

Quantification of combined rainfall and wind effects

According to [17,70], the combined effects of rainfall and headwind induce complex vehicle flow patterns, resulting in significant
changes in aerodynamic forces and consequently, fuel consumption and emissions. Fig. 16 illustrates the relationship between the
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Fig. 14. Monthly fuel consumption changes based on weather intensity.
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interactive (rain-headwind) and individual effects. Aerodynamic drag from the combined interaction was 2 to 4.5 times greater than
drag caused by rainfall alone, and 1.5 to 6 times greater than drag due to headwinds, varying across the months. In terms of fuel
consumption and emissions, the combined effects were 10 % to 37 % higher compared to rainfall alone effects, and 5 % to 66 % higher
relative to headwind impacts, depending on monthly intensity levels. Similarly, [54] observed a substantial rise in impacts when both
factors were combined, compared to the individual effects of rainfall and wind.

Model validation results

Results from the error analysis, based on the comparison between observed data and model predictions, are presented in Table 2.
The R? values indicate that the combined model explained a greater proportion of the variability in fuel consumption compared to the
individual models. However, the mean absolute percentage error (MAPE) for the combined model was slightly higher, likely due to
increased model complexity. Overall, the obtained R? values indicate a good fit between the proposed models and the observed data,
while the MAE and MAPE values reflect lower levels of absolute and percentage prediction errors, particularly in the individual rainfall
and wind models.

Table 3 displays the results of the sensitivity analysis. Standardized regression coefficient (SRC) values illustrate a strong positive
linear relationship between the weather factors and fuel consumption, indicating high sensitivity of the model output to variations in
rainfall and wind speed. The minimal variation in the margin of error and narrow confidence intervals suggest that the estimated
impact of the weather factors on fuel consumption is precise and accurate.

Based on the experimental and sensitivity analysis results, the models can be described as robust and consistent, highlighting the
reliability of the findings and establishing the suitability of the models for practical applications such as offline fuel estimation prior to
a journey.

Conclusion

The study modified a physics-based model by [31] to quantify the effects of rainfall and wind on four automobiles- Matiz, Astra,
Pregio and Urvan. The model, which primarily centers on engine power and vehicle physical specifications, was enhanced by inte-
grating weather factors as the main predictor variables, representing an advancement over conventional single-dimension physical
models [23]. Rainfall data obtained from the Ghana Meteorological Agency were converted into terminal velocity using the Atlas and
Ulbrich (1977) model. Wind speed data were further quantified based on the longitudinal direction of wind - headwind and tailwind.
Both weather factors significantly influenced aerodynamic resistance and, ultimately, fuel consumption and emissions. Rainfall and
headwind conditions increased drag by 0.8 to 1.7 kW and 1.5 to 3 kW, respectively, while tailwind reduced drag by up to 0.4 kW across
the months. Consequently, fuel consumption and CO» emissions rose by 5 % as rainfall increased from 0.44 mm to 5.84 mm, while
increasing wind speed from 6.53 m/s to 9.79 m/s resulted in a 7.5 % increase under headwind conditions and a 0.2 % reduction under
tailwind conditions.

The model demonstrated robustness and effectiveness, as validated through field experiments and sensitivity analysis, thereby
strengthening the reliability of the findings. To the authors’ knowledge, the study has provided the first robust empirical data on the
impacts of rainfall and wind on vehicle fuel consumption in Ghana, offering a valuable blueprint for future research.

Overall, the study presents two main contributions to the literature: the first empirical assessment of weather impacts on fuel
consumption and emissions in Ghana; and the advancement of physical vehicle modeling through the integration of weather variables,
enabling more realistic estimates under varying environmental conditions.

Further research should incorporate crosswinds and precipitation-induced road surface conditions to build upon the already
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Table 2
Field error analysis results.
Weather factors R? MAE MAPE
Rain 0.83 0.28 10.44
Wind 0.86 0.67 10.64
Rain + wind 0.88 0.39 15.45

Table 3

Uncertainty analysis results.
Error Analysis Rainfall Wind speed
Mean 3.6761 7.1851
Margin of error 0.0543 1.59
Confidence Interval 3.6218 -3.7304 5.59 -8.78
Standardized Regression coefficient 0.985 0.957

captured aerodynamic effects of rainfall, as well as headwind and tailwind influences. Inclusion of the additional factors will support
the development of a multi-dimensional weather-based vehicle model, facilitating a more comprehensive analysis of wind and rainfall
impacts on fuel consumption and emissions.

Policy implications

The study reveals a vicious cycle between road transport and climate change, where intensified climatic variations contribute to
increased fuel consumption and emissions, further exacerbating climate change. Consequently, national and regional transport au-
thorities must integrate weather-related impacts on road transport emissions into policy frameworks to support the development of
climate-resilient transport system. To facilitate effective integration, policy measures should include capacity-building initiatives
aimed at promoting the adoption of fuel-efficient aerodynamic add-on devices, such as vortex generators, wind and rain deflectors,
which improve fuel efficiency and reduce emissions by minimizing aerodynamic resistance forces, as evidenced by studies such as [59,
71]. The capacity-building initiatives should encompass technical training and sensitization programs that highlight the application,
performance and operational benefits of aerodynamic devices.
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Additionally, collaborative engagement among academic institutions, transport authorities and other relevant stakeholders should
be encouraged to ensure the efficient execution of comprehensive projects that quantify the annual contributions of seasonal weather
variations to the total greenhouse gas emissions from the transport sector. Such projects should include all registered vehicles
nationwide to broaden the scope of assessment and support the development of robust, climate-resilient strategies.

Furthermore, long-term mitigation of climate change requires a reduction in fossil fuel dependency. Prioritizing the adoption of
alternative fuels through fiscal incentives, such as tax reductions on liquefied petroleum gas (LPG), the currently predominant
alternative fuel, can stimulate consumer demand for cleaner fuel options over conventional fuels, thereby supporting the national
target of achieving net-zero emissions by 2060 [72].
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