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ABSTRACT: The present study used both observed and simulated data to investigate the diurnal evolution of 

land and sea breeze (LSB) rotation across the Guinea coast of West Africa. The observational study shows that 

LSB is a seasonal phenomenon across the entire Guinean Coast with clockwise and anti-clockwise rotations. It 

utilizes a numerical simulation using the adjusted Weather Research and Forecasting (WRF) model code to 

evaluate its ability to capture the LSB kinematics. To evaluate the accuracy of WRF, it uses local observations 

and a comparison between observed and simulated daily hodographs and winds fields. The diurnal evolutions of 

modelled and observed onshore/offshore winds were found to be in good agreement. The numerical simulations 

showed complex patterns of clockwise and anti-clockwise rotations across the Guinean Coast of West Africa. 

The sense of rotation appears to be a result of a complex interaction between surface and synoptic pressure 

gradients, horizontal and vertical diffusion and advection terms. Since the study area is close to the equator, the 

influence of Coriolis term seems to be secondary. 
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I. INTRODUCTION 

Land and sea breeze (LSB) is defined as a 

circulation which is induced by a thermal contrast, 

between the land and sea that overcomes the 

strength of the background or gradient wind ([1] and 

[2]). LSB is more frequently and prominently 

observed in tropical regions than in higher latitudes 

due to strong radiative heating, convection and weak 

Coriolis Effect. It is also influenced by the 

prevailing large-scale wind and topographic friction. 

The diurnal cycle of winds over the coastal regions 

is a characteristic feature with onshore winds during 

daytime and offshore winds during night, called sea 

breezes (SB) and land breezes (LB), respectively. 

Generally, the daytime SB is stronger than night 

time LB because of heating of the sun during the 

day. Such differences in wind speed are based on 

the thermal contrasts between land and water 

creating the so called land-sea temperature 

gradients. These differences are apparent when 

synoptic scale winds are weak.  The reasons for 

non-uniform change of sea breeze direction with 

time is attributed to the Coriolis effect, pressure 

gradients (subsequently divided into surface and 

synoptic pressure) due to diurnal heating and 

pressure gradients not affected by diurnal changes 

[3]. [4] shows that the direction of rotation of LSB is 

a result of a complex interaction between near-

surface and synoptic pressure gradient, Coriolis and 

advection forcings.  

With growing computational power and 

improved modeling capabilities, numerical 

simulations of LSB circulation have gained attention 

since the 1960„s. Much of the earlier numerical 

work was performed using two-dimensional 

hydrostatic models with coarse grid resolution 

(≈10km). While these contributed greatly to our 

understanding of the mechanics and structure of the 

LSB circulation they nevertheless remained highly 

idealized. The majority of numerical studies 

concerning LSB were conducted using two-

dimensional, hydrostatic models. The differences 

between hydrostatic and non-hydrostatic simulations 

are typically small when the model horizontal grid 

spacing is larger than 1 km [5], and because non-

hydrostatic effects act to weaken mature LSB, 

hydrostatic models may overestimate LSB intensity 

[6]. The modelled vertical velocities and frontal 

structure in most hydrostatic simulations are 
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understandably poor [5]. Although the use of three-

dimensional models is necessary to realistically 

simulate planetary boundary-layer (PBL) turbulence 

and the interactions between horizontal convective 

rolls and other small-scale PBL features associated 

with sea breezes, it has been found that two-

dimensional models are adequate for many idealized 

simulations [4].  

A number of theoretical and numerical 

modeling studies were attempted to simulate and 

understand the characteristics of the LSB 

circulations ([7]; [8]; [9]; [10]; [11] and [4]). Due to 

its importance, observational and modeling studies 

of SB characteristics over different regions were 

reported by ([12]; [13]; [14]; [15]; [16]; [17]; [11]; 

[18]; [19] and [4]).  

Recently, with the availability of fully 

compressible three dimensional non-hydrostatic 

numerical models allowing for <1 km resolution, 

there has been tremendous improvement in our 

understanding of the complex nature of LSB and the 

associated non-linear interactions on several scales, 

from meso-β to micro-scale [20]. The dynamics of 

convective internal boundary layer during LSB 

circulation in urban environment was numerically 

studied by [21] using a higher order turbulence 

closure model. Numerical simulations, therefore, 

provide a powerful tool for tackling the knowledge 

gaps identified by both [11] and [4], and 

determining the governing factors in LSB dynamics 

over complex terrain and coastlines. In this context, 

the present study is carried out to examine the 

suitability of a fully compressible non-hydrostatic 

numerical model for simulating the dynamics of 

LSB circulation over the Guinean coast of West 

Africa. Following the method previously employed 

by [4] using WRF-ARW version 3.4, this study adds 

some improvements related to the model Physics 

and Dynamics using WRF-ARW version 3.7.1 for 

simulating the dynamics of LSB circulation over the 

Guinean coast of West Africa. Compared to WRF-

ARW version 3.4, WRF-ARW version 3.7.1 was 

adapted including more improvements in extracting 

dynamics from WRF code, which are related to 

model atmospheric radiation, microphysics, 

planetary boundary layer and surface layer physics, 

land surface physics and cumulus options. The 

details about these improvements are presented in 

Section 2.1.1. 

II. DATA AND METHODS 

2.1. Model description 

Numerical simulations for the study were 

performed by Weather Research and Forecasting 

(WRF) model. Advanced Research WRF dynamical 

solver (WRF-ARW version 3.4) is described in 

detail in the WRF-ARW Technical Note [22]. The 

model solves fully compressible non-hydrostatic 

flux-form Euler equations using a 3rd-order Runge-

Kutta (RK3) scheme time-split small step. 

The horizontal momentum equations in WRF 

are formulated using terrain following dry-

hydrostatic pressure η as a vertical coordinate, 

defined as:  

  
(       )

 
                          (1) 

 

where   is the dry air mass per unit area within a 

model column, defined as            . The 

pressure variables         and     are the 

hydrostatic pressure of the dry atmosphere, the 

hydrostatic pressure of the dry atmosphere at the top 

of the model domain, and the hydrostatic pressure of 

the dry atmosphere at the surface, respectively. 

Hence, flux-form velocity can be written as:  

      (     )                                               (2) 

 

where     (     ) are the covariant velocities in 

horizontal and vertical directions and     , with 

  
  

  
. Using the above definition, flux-form 

horizontal momentum equations can be written as 

follows: 

    (     )        
 

  
                   (3) 

     (     )        
 

  
                  (4) 

 

where   is vector wind with components (   ) and 

subscripts     and   correspond to derivatives with 

respect to time and horizontal coordinates,   denotes 

pressure,      is the geopotential and   and    

are the specific volume of moist air and specific 

volume of dry air, respectively. The right-hand side 

(RHS) terms of equations (3) - (4) represent the sum 

of the forcing terms arising from map projections, 

earth rotation, advection, physics, turbulent mixing, 

and boundary layer parameterizations. The second 

term on the left-hand side (LHS) of (3) - (4) is 

advection and the third and fourth terms are the 

horizontal pressure-gradient force in   coordinates. 

The equations are then recast with variables      
and   defined as perturbations from the 

hydrostatically balanced base state to reduce 

truncation errors. In real-case simulations, some of 

the tendency terms in the model code are coupled to 

map-scale factors. Hence, variables     and   are 

defined as             and    
  

  
.  

2.1.1. Extracting dynamics from WRF code   

While the Advanced Research WRF-ARW 

offers great operational forecasting capabilities, 

effectively no options for dynamical analysis are 

available. The basic dynamical equations are 

embedded deeply in the solver and remain 

inaccessible to the user, which presents a serious 
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limitation in WRF model. To solve this limitation, 

the model code was adjusted to allow for the 

extraction of the individual tendency terms of the 

horizontal momentum equations. The model 

configuration allows to easily output the total mass-

coupled horizontal momentum tendencies (LHS 

terms in Equations (3) and (4)), which are 

accumulated over each model time-step. However, 

additional variables must be introduced within the 

dynamical solver to output individual forcing terms, 

making up the RHS of Equations (3) and (4). These 

variables must be appropriately staggered, mass-

coupled and passed on to the grid structure, which in 

turn makes them available for model history output 

file. Descriptions of individual forcing terms and 

their treatment in WRF as well as necessary 

adjustments to the code are summarized below. 

Advection and pressure gradient tendencies 

are expressed explicitly on the LHS of Equations (3) 

and (4) (terms 2, 3 and 4). These can be extracted 

from the             subroutine in             

module by tracking the change in total accumulated 

momentum tendency prior to and after the terms are 

recalculated. As mentioned earlier, curvature 

forcing, arising from map projections, Coriolis, 

turbulent mixing and physics parameterizations are 

contained in the RHS of the equations. Due to the 

relatively modest spatial scale of this study, the 

curvature term was not found to contribute 

significantly to the balance of the horizontal 

momentum equations and was subsequently 

excluded from the dynamical analysis. Similar to the 

advection and pressure gradient, the Coriolis and 

horizontal diffusion tendencies are extracted by 

introducing additional variables in             

and tracking the changes in the accumulated terms 

prior to and after the calls to the respective routines.  

WRF offers a number of formulations for spatial 

dissipation including diffusion along coordinate 

surfaces, diffusion in physical space and sixth-order 

diffusion applied on horizontal coordinate surfaces, 

as well as several options for calculating eddy 

viscosities. If the PBL parameterization scheme is 

selected, vertical diffusion is handled independently 

and stored as a physics tendency term. For this 

study, a simple horizontal diffusion scheme on 

coordinate surfaces was used with eddy coefficient 

K diagnosed from horizontal deformation using a 

Smagorinsky first-order closure approach. Similar to 

the forcings described above, horizontal diffusion 

tendencies are calculated during the first Runge-

Kutta sub-step and are added to the model 

variables                   and        , and 

can be deduced by tracking the change in the 

accumulated horizontal tendency terms. 

Yonsei University scheme (YSU) for PBL 

parameterization is described in detail by Hong 

(2006). YSU PBL is a revised vertical diffusion 

algorithm with nonlocal turbulent mixing 

coefficients and explicit treatment of the 

entrainment processes. It is the next generation of 

the Medium Range Forecast (MRF) scheme based 

on the “nonlocal-K” and counter-gradient 

approaches, but shown to produce a more realistic 

structure of the PBL and its development [23]. 

Coupled PBL momentum tendency terms from YSU 

scheme are already available in 

the                   , however, as the 

physics in the model are calculated on mass points 

(unstaggered Arakawa-A grid); these would 

subsequently need to be interpolated to produce 

balanced equations with the rest of non-physics 

tendencies. Hence, similar to the Coriolis and 

horizontal diffusion, the momentum tendencies are 

extracted by introducing additional variables in the 

main solver, prior to the call to                

in           , which sums physics and dynamics 

tendencies.  

The model advances the horizontal 

momentum Equations (3) and (4) on a user-defined 

time step    using a third-order    integration 

scheme in three substeps. Within each substep 

acoustic modes are integrated using time-split 

integration with a smaller time step   , which varies 

among the three    substeps. A correction term is 

then introduced to adjust the pressure-gradient 

tendency. For the purpose of this analysis the 

acoustic correction was found to be insignificant and 

remained less than 1 % of the total pressure-gradient 

term throughout the domain, except near mountain 

peaks and hence was not extracted from the model. 

However, the procedure is summarized in detail by 

[24] for an idealized Large Eddy Simulation (Large 

eddy simulation (LES)). 

The hourly dynamical tendency terms were 

examined to ensure that the individual extracted 

tendencies indeed capture the dynamics of the 

model and produce balanced horizontal momentum 

equations described in the previous section.  

2.2. Observational Data Used 

In order to study the inland penetration of the 

LSB, two Automated Weather Stations in Oshodi-

Lagos and Mowe were installed for this study with 

hourly data coverage from October, 2014 to April, 

2016. And one year (2014) 6-hourly data from 

Cotonou were also used. The previous observational 

study called “Characteristics of Land and Sea 

Breezes (LSB) along the Guinea Coast of West 

Africa”, which has been recently submitted to the 

publication, identified some LSB episodes (LSB 

days) occurring in December, 2014. It has been 

found that these days had favorable atmospheric 

conditions for the formation of LSB over the 

coastlines of West Africa. Based on monthly 

frequency of occurrence of LSB, it is also seen that 

there is a primary maximum (highest frequency) in 

December at most stations. This   provides a useful 

starting point for the numerical simulation. In order 

to reduce the volume of figures, the results of only 
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one LSB episode (December 16th, 2014) are 

presented here. The following table contained the 

details of the selected stations for this study. 

Table 1. Coastal Stations Metadata 

Stations Longitude 

(degree) 

Latitude 

(degree) 

Distance 

from the 

closest sea 

(km) 

Height 

above sea 

level (m) 

Oshodi 3.383E 6.50N 16 32 

Mowe 3.458E 6.81N 48 67 

Cotonou 2.38 E 6.35 N 0.6 7 

2.3. Data and Model Initialization 

2.3.1. Static data 

Data initialization in the real cases usually 

require WRF Pre-processing System (WPS) 

package, which provides each atmospheric and 

static field with fidelity appropriate to the chosen 

grid resolution for the model. They have the input 

data to the “real.exe” program provided by WPS. 

The same domain configuration was used for all 

identified LSB episodes. The simulation was set up 

on a two-way nested domain centred on the Guinean 

Coast of West Africa (the outer domain for both 

Climate Forecast System Reanalysis version 2 

(CFSRv2) and ERA-Interim is shown in Figure 1). 

The parent and nest domain grid spacing was set to 

15km and 3km respectively. The choice of such 

resolution was largely based on earlier studies by 

[26], who concluded that at the resolution of 9km 

and 3km for outer and inner domains, respectively, 

the subgrid-scale effects in WRF have no significant 

influence on the overall dynamics of the LSB. Since 

9km is located in the grid zone of convection-

permitting/non-convection-permitting resolution, 

therefore, the resolution of 15km and 3km was used. 

  

Figure 1. Outer domain for real case simulations for both CFSRv2 and ERA-Interim. 

2.3.2. Meteorological data 

The model was initialized using both Climate 

Forecast System Reanalysis version 2 (CFSRv2) 

data completed over 3-year period from 2013-2016 

by the National Centres for Environmental 

Prediction (NCEP2) and ERA-Interim data with the 

coverage period (2013-2016), from CISL Research 

Data Archive. The reanalysis product is a global, 

high resolution, coupled atmosphere-ocean-land 

surface-sea ice system designed to provide the best 

estimate of the state of these coupled domains [25]. 

For each LSB episode previously identified, high 

resolution pressure-level, surface and radiative flux 

of 6-hourly (0000, 0600, 1200 and 1800 UTC) 

forecasts data were obtained. 

2.4. Numerical simulation 

Each LSB episode identified by observational 

study occurred in December, which is the month of 

the highest frequency of occurrence of LSB. 

Therefore, individual episode was simulated in 

December over 30 hours from 1800LST of the 

previous day to 0000LST of the following day, with 

6-hour spin-up. In interest of capturing the daytime 

dynamics, the analysis was performed starting 0900 

LST. The model time step was set to 90 seconds, 

with 10 minutes of history output file interval. 

Hence, it allowed to output six times each hour, 

wind and dynamical tendency fields and 

subsequently averaged to produce an estimated 

hourly output. From bottom to top, the module 

output has 49 pressure levels, which provided 

sufficient vertical resolution within the boundary 

layer. Model pressure top was set to 5000 Pa. 

III. RESULTS 

3.1. Wind roses 

Based on wind speed and direction, figure 2a 

shows both observed and simulated wind roses for 

one LSB episode (December 16th, 2014) in all 
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stations, with hourly observational wind data for 

Oshodi and Mowe, and 6-hourly data for Cotonou. 

Since the study area is bordered by the Gulf of 

Guinea in the southern part, offshore winds are 

considered as northerly winds (between 330° and 

30°) and onshore winds are southerlies (between 

150° and 210°). In figure 3a, it can be seen that, 

generally, southwesterly monsoon winds are 

dominant for selected LSB days in all stations for 

both observed and simulated wind roses. It can also 

be seen that, approximately, there are both offshore 

and onshore winds, with the existence of 

night/early-morning weak offshore winds 

representing land breezes (LB) and enhanced 

daytime onshore winds representing sea breezes 

(SB) in this region. But in Cotonou, there are no 

observed SB and LB, because Cotonou has only 6-

hourly observational data.  

In reanalysis basis, it showed that CFSRv2 is 

better reproducing the observed patterns than Era-

Interim in terms of existence of the dominant 

southwesterly monsoon winds, night/early-morning 

weak LB and enhanced daytime SB.  

Based on observed wind roses, the daytime SB 

is more enhanced in Oshodi (closest station to the 

sea) than Mowe (farthest station from the sea). 

Therefore, it can be concluded that the rate 

(percentage) of SB depends on the distance 

separating stations from the sea. 

   

    

   
 

Figure 2a. Observed and simulated wind roses at Cotonou, Oshodi and 

Mowe for December 16
th

, 2014 as LSB day.  

 

 

Figure 2b shows both observed and simulated 

wind strength distribution for selected LSB episode 

in all stations. In this figure, simulated and observed 

wind strength distribution was shown to be in good 

agreement, especially at Oshodi and Mowe, which 

have hourly observational wind data. Cotonou has 

only 6-hourly observational wind data.  

Based on observed wind data, the rate of wind 

strength distribution is classified as following:  

COTONOU_OBS 

COTONOU_CFS 

OSHODI_OBS 

OSHODI_CFS 

MOWE_OBS 

MOWE_CFS 

COTONOU_ERA OSHODI_ERA MOWE_ERA 
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(i) 56.5% were recorded between 0.5 – 2.10 ms
-1

 in 

both Oshodi and Mowe; 

(ii) 26.1% were recorded between 2.10 – 3.60 ms
-1

 

in Oshodi, while there are only 17.4% in Mowe; 

(iii) more than 8% between 3.6 – 5.7 ms
-1

 in Mowe; 

and 

(iv) 17.4% were calmed in both Oshodi and Mowe. 

Based on simulated wind data, this rate is 

classified as following: 

(i) more than 58% were recorded between 0.5 – 

2.10 ms
-1

 in Oshodi and Mowe, while this rate 

is less than 9% in Cotonou; 

(ii) more than 25% were recorded between 2.10 – 

3.60 ms
-1

 in Cotonou and Mowe, while this is 

less than 16% in Oshodi; and  

(iii)  Era-Interim showed 4.2% of calm winds, while 

there are no calm winds for CFSRv2.  

Therefore, it can be said that both CFSRv2 and 

Era-Interim all under-estimated the strength of calm 

winds, even though they all similarly followed the 

observed patterns of wind strength distribution. 

Consequently, it can be concluded that WRF model 

is better capturing the wind strength distribution in 

this region. 

   

    

   

Figure 2b. Observed and simulated distribution of wind strength at Cotonou, Oshodi and Mowe for December 

16
th

, 2014.  

3.2. Diurnal evolution of wind 

This study used hourly observational data in 

Oshodi and Mowe, and 6-hourly in Cotonou to 

evaluate the model. It focussed on comparison 

between observed and simulated diurnal evolution 

of wind fields and their associated hodographs at 

each selected station to demonstrate that the model 

adequately captures the LSB circulation in the West 

African coastline areas. To plot the hodographs for 

both observed and modelled winds, the u and v wind 

components at 10 m were converted into polar 

coordinates. Figures 3 and 4 show the results from 

one LSB episode (December 16th, 2014).  

In figure 3, it can be seen a good agreement 

between observed and simulated hodographs, 

especially in Oshodi and Cotonou, where both 

CFSRv2 and ERA-Interim are showing a daily 

clockwise rotation (CR), as seen in the observed 

hodographs, even though Cotonou has only 6-hourly 

observational data. This can be also seen in Mowe 

for both CFSRv2 and ERA-Interim, even though 

there is a slight anti-clockwise rotation (ACR) 

occurring between 2:00 and 11:00 am. This may be 

due to the fact that Mowe is far away from the sea 

(about 48 km).  

Generally, this figure revealed the 

existence of daytime clockwise rotation 

OSHODI_OBSER MOWE_OBSER 
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(anticyclonic direction) of the theoretical 

hodographs in all stations, which is one of the 

specific SB characteristics in the northern 

hemisphere, due to the variation of Coriolis force 

[27]. Hence, while it can be seen a clear diurnal 

clockwise rotation (CR) in the closest stations to the 

sea (Cotonou and Oshodi), a slight anti-clockwise 

rotation (ACR) appears in Mowe (farthest station 

from the sea). This is consistent with the existence 

of enhanced daytime SB in closest stations (Figure 

2a). Therefore, it seems that the sense of wind 

rotation depends on the distance separating stations 

from the sea. 

(a)  

 

(b) 

 

(c) 

 

Figure 3. Modelled and observed wind hodographs on December 16, 2014. (a): Cotonou, (b): Oshodi, (c): 

Mowe. 

Individual daily hodographs present one of 

the most stringent criteria for model evaluation, 

because of the variability of instantaneous wind data 

[4]. Figure 4 presents both simulated and observed 

diurnal evolution of onshore/offshore winds at 10 m 

on December 16th, 2014. Generally, both observed 

and simulated winds have the similar patterns of 

daily evolution, especially in Oshodi. But in Mowe, 

it can be seen a slight discrepancy in early-morning, 

which may be due to the fact that Mowe is farthest 

station from the sea. This is consistent with the 

findings in Figure 3. In Cotonou, there are no 

observational data for the simulated LSB episode.  

Consequent upon all the observed and simulated 

wind fields (Figure 4) and their associated 

hodographs (Figure 3), it can be concluded that:  

Cotonou 
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(i) There is a relationship between the 

sense of LSB rotation and the station 

location from the sea; 

(ii) WRF model well captured LSB 

rotation in the coastal areas of West 

Africa.   

COTONOU 

 
OSHODI 

 
MOWE 

 

Figure 4. Modelled and observed diurnal evolution 

of onshore/offshore wind at 10 m on December 

16th, 2014. 

3.3. Horizontal Wind Rotation 

As previously mentioned in [4], WRF 

horizontal momentum Equations (3) and (4) in 

Section 2.1 can be expressed in simplified vector 

form as: 

   

  
    

    

  
    

     

  
    

     

  
    

      

  
   

      

  
 

(5) 

 

where    is total horizontal velocity vector, 

    (   ) and the subscripts 

                and      represent the forcing 

due to pressure gradient, advection, Coriolis, 

horizontal and vertical diffusion. Since the 

       (   ) pressure level represents the 

overlying synoptic weather conditions, the pressure 

gradient term     can be further separated into 

synoptic (   ) and surface (    ) forcing by 

assuming that:  

        (     )          (6) 

 

Therefore, the remaining pressure gradient forcing 

can be expressed as surface effects, which is: 

                                             (7) 

 

Since the model formulation does not allow 

to separate the pressure gradient forcing into 

components isolating the effects of topography, 

coastline curvature, land and sea temperature 

contrast, roughness and other local features. The full 

WRF horizontal momentum equations, excluding 

the effects of curvature and acoustic modes, can 

therefore be expressed as: 

   

  
    

      

  
    

     

  
    

     

  
    

     

  
  

                           
      

  
   

      

  
          (8) 

 

Previous study ([3]) reported that any changes in 

horizontal wind direction can be expressed as: 

  

  
    

 

  
   (   

   

  
)                        (9) 

 

where   is the angle of local wind relative to the 

positive x-axis,    is the horizontal wind vector, and 

  is a vertical unit vector. Positive and negative 

values of  
  

  
  correspond to ACR and CR 

respectively. Expanding the cross product in 

Equations (9) using the components of the total 

wind vector in Equation (8) it is possible to compare 

the magnitudes of the terms contributing most 

strongly to the rotation. 

3.3.1. Hodograph Rotation Patterns 

From equation 9 above, it is possible to 

create contour maps representing CR and ACR 

regions for the simulated real domain. From bottom 

to top, the module output has 49 pressure levels. 

Since the hodograph rotation were modelled for 

winds at 10 m above surface, which naturally 

represent surface averages, the third model level 

(989 hPa ~ approximately) was used, as it represents 

an appropriate surface level for all selected stations. 

Because the surface pressures of the stations vary 

from 1000 to 980 hPa. Since SB circulation occurs 

within daytime period, to identify the possible 

invariant features of that circulation, daytime hourly 
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 values were averaged from 0900 to 1700 LST to 

produce 
     

  
. Figure 5 represents the simulated 

daytime regional patterns of CR (
     

  
 < 0) and 

ACR (
     

  
 > 0) for both CFSRv2 and ERA-

Interim.  

  
Figure 5. Regional patterns of hodograph rotation for SB episode (December 16

th
, 2014) for both CFSRv2 and 

ERA-Interim. Total 
  

  
   values are averaged over daytime hours showing the sub-regions (red circle and triangle) 

as regions 1 and 2, respectively. 

In Figure 5, two regions are identified for 

each of CFSRv2 and ERA-Interim, exhibiting either 

CR or ACR. The choice of these regions was based 

on fact that they represent negative (regions 2) and 

positive (regions 1) rotation tendency, and also two 

different topographies (one on water and other one 

on land).  

3.3.2. Different Components of the Horizontal 

Wind Rotation    

For more understanding about these 

components, see [4]. Using the components of the 

total wind vector in Equation (8) to expand the cross 

product in Equations (9), the total rate of rotation 

can be writing into individual forcing terms as 

following:  
     

  
  

      

  
  

     

  
  

     

  
  

     

  
  

      

  
 

                                                
      

  
                     (10) 

 

where the subscripts correspond the various 

tendency components, consistent with terms in 

Equation (8). 

Since the study area is close to the equator, 

the effects of Coriolis term may be secondary, even 

though, it always induces CR in the Northern 

Hemisphere. But the remaining components of 

Equation (10) above have much more complex 

underlying physics, which are discussed 

individually below. 

3.3.2.1.  Surface Pressure Gradient  

The surface pressure gradient is 

predominantly driven by the temperature contrast 

between land and water, and its influence on the 

sense of rotation depends largely on the location and 

shape of the landmass. Hence, local effects of the 

sea surface temperature inhomogeneity may further 

alter the turning direction of the surface wind. 

Moreover, uneven surface heating due to 

topography, urbanization and irregular coastline of 

West Africa are likely to introduce further 

complexity into surface pressure distribution.  

3.3.2.2. Synoptic Pressure Gradient 

While the synoptic component of the 

pressure gradient force generally acts in opposition 

to the surface gradient under LSB conditions due to 

the formation of the LSB return flow [20], it also 

responds to the local topography. CR and ACR may 

be induced depending on the direction of the local 

wind and shape of the topography. As LSB is a 

common phenomenon throughout the year in the 

coastline area of West Africa and has variable 

inland penetration, the direction of dominant wind 

flowing over the Primary Mountain and urbanization 

range in the Guinean Coast is unclear and is likely 

to vary throughout the day. 

3.3.2.3 Advection  

Advection of the horizontal momentum 

may similarly result in the formation of both CR and 
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ACR. The importance of this term depends largely 

on the presence of velocity gradients at a given 

location. Since the first regions (region 1: red circle) 

selected for analysis are located on the sea far away 

from the coast, it can be expected that the rotational 

effects of the advection are of secondary 

importance, while these effects can be of primary 

importance for the second regions (region 2: red 

triangle), since they are on land relatively close to 

the coast.  

3.3.2.4  Horizontal and Vertical Diffusion  

The horizontal and vertical diffusion are friction 

driven effects, and hence always act to oppose to the 

local wind. Varying surface roughness due to the 

spatial distribution of land use, land cover and 

topography may introduce shear and rotation into 

wind flow. The effects of these forces will be 

important where the locations are on the land 

(regions 2 for both CFSRv2 and ERA-Interim) and 

remain largely negligible where the locations are on 

the water (regions 1 for both CFSRv2 and ERA-

Interim). 

3.4. Influence of the Individual Tendency Terms 

To substantiate the influence of each 

component of Equation 9 in each region identified in 

Figure 5, the hourly tendency values for the selected 

grid points were extracted. These values were 

normalized by the Coriolis parameter to produce 

non-dimensional values, and also spatially averaged 

amongst the selected grid-points for each hour, as 

previously demonstrated by [4]. Table 2 summarizes 

the daily evolution of the individual forcings for 

Region 1 (ERA-Interim), which corresponds to the 

red circle in Figure 5. 

Table 2. Region 1: Daytime Evolution of Rotation Tendency Terms by ERA-Interim 

Time 

(hour) 

     
  

 
Surface 

gradient 

Synoptic 

gradient 

Advection Coriolis Horizontal 

diffusion 

Vertical 

diffusion 

09 0.3832836 -2.482071 1.666516 0.1180504 0.1258831 0.429564 0.2070672 

10 2.557241 0.7772687 0.429424 0.3793316 0.566098 0.2907483 0.2197096 

11 2.935411 1.85723 -0.6445861 1.042618 0.4937116 0.131484 0.235257 

12 1.480419 1.073565 -0.4436242 1.007558 -0.1384531 0.2259261 0.2200678 

13 1.112699 0.4998687 0.1314001 1.190483 -0.2559998 0.1615198 0.1972847 

14 0.8657498 1.085379 -0.4206522 0.5209342 -0.1935283 0.1714763 0.1016577 

15 0.2768821 0.3298867 0.1789315 -0.473791 -0.080399 0.2163928 -0.00345805 

16 0.02195143 0.5319856 -0.4363321 -0.2797991 0.06992882 0.09765537 -0.1007054 

17 0.1945854 0.5197564 -0.1871125 0.1424769 0.1199066 0.08179352 -0.1505437 

 

 

In Table 2 above, the occurrence of the 

total ACR rate throughout the day (
     

  
  ) can be 

seen, with a maximum around 1100 LST.  The 

Coriolis force remains generally weak as the region 

is close to the equator. The surface gradient is also 

contributing to ACR throughout the day. It should 

be noted that the surface gradient term is the 

combined effects of surface slope, roughness, 

temperature and pressure gradient and hence is non-

zero even though the sub-region is located over 

water. The synoptic gradients act slightly in 

opposition to the surface gradients, probably due to 

the formation of LSB return flow near 850 hPa 

level. Advection effects are also acting to introduce 

an ACR, and are of primary importance in this 

dynamical balance even though this region is far 

away from the coast. Horizontal and vertical 

diffusion terms are rather insignificant in this region, 

being off the coast confirming friction is much less 

important there. LSBs being mesoscale phenomena, 

their scale is not restricted to the immediate coastal 

region. Hence the analysis can be performed away 

from the regions of sharp gradients in topography, 

roughness, and temperature and still capture the 

dynamics of the phenomenon. Overall, the balance 

of rotation tendency appears to be dominated by 

surface and synoptic pressure gradients, and 

advection.  
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Table 3. Region 2: Daytime Evolution of Rotation Tendency Terms by ERA-Interim 

Time 

(hour) 

     
  

 
Surface 

gradient 

Synoptic 

gradient 

Advection Coriolis Horizontal 

diffusion 

Vertical 

diffusion 

09 -0.7839572 0.06672001 0.2442949 -0.1528706 0.8046611 0.1641116 -1.910874 

10 -1.222245 0.6371607 0.2133593 -1.073048 1.269202 -0.137919 -2.131 

11 -2.819007 4.254928 -1.710708 -2.025437 1.250522 -3.025733 -1.562579 

12 -5.095439 1.427554 -0.5770028 -1.813763 0.9864119 -3.143581 -1.975057 

13 -2.78958 2.692701 -0.7969017 -0.6335011 1.312145 -2.87843 -2.485593 

14 -4.572093 2.805323 -1.379125 -0.7210833 1.167803 -3.460328 -2.984682 

15 -4.456161 2.866465 -1.481936 -0.3873717 0.7739218 -2.792548 -3.434692 

16 -2.493698 3.756342 -1.390541 -0.4019374 0.8376386 -2.309347 -2.985853 

17 -1.481868 2.39475 -0.9565901 -0.8265868 1.086807 -1.480353 -1.699895 

Table 3 shows the individual hourly 

tendency components for Region 2 (ERA-Interim). 

It can be seen that there is occurrence of CR rate 

throughout the day (
     

  
  ) with a maximum 

around 1200 LST. The combined effects of 

horizontal but particularly vertical diffusion terms 

are strongest in magnitude with strong CR feature 

and are reinforced by both advection and synoptic 

pressure gradients. However, all these are being 

opposed by the surface gradient and Coriolis effects. 

A noteworthy feature of the dynamics of this region 

is that the Coriolis term is relatively important 

acting anti-clockwise, but not strong enough to 

outweigh the other tendency terms, all acting 

clockwise. 

The dynamics of the two regions (1 and 2 

for CFSRv2) are summarized in Tables 4 and 5. 

Region 1 exhibits ACR, dominated by the combined 

effect of horizontal diffusion and pressure gradient 

terms. The effects of Coriolis and advection terms 

are small in this Region, although both synoptic 

gradient and vertical diffusion terms act to induce 

CR.  

Region 2 exhibits CR, dominated by the 

combined effect of vertical diffusion and advection 

(up to 1300 only) terms and pressure gradient in the 

afternoon terms. The synoptic pressure is always in 

opposition to the surface pressure. The effects of 

both Coriolis and horizontal diffusion terms are 

relatively insignificant up to mid-day as a result of 

the region being located on land where it was 

expected to have frictional effect due to the spatial 

distribution of land use, land cover and topography, 

which may induce horizontal diffusion effects.  

Table 4. Region 1: Daytime Evolution of Rotation Tendency Terms for CFSRv2 

Time 

(hour) 

     
  

 
Surface 

gradient 

Synoptic 

gradient 

Advection Coriolis Horizontal 

diffusion 

Vertical 

diffusion 

09 0.6366872 1.229313 -0.9747893 -0.1039042 0.438543 0.583059 -0.5355338 

10 0.7928402 0.5815904 -0.2575232 0.04461657 0.4180464 0.5713866 -0.5652765 

11 1.878465 2.245744 -0.9682401 0.05855043 0.4775602 0.6014003 -0.5365493 

12 1.606455 2.10231 -0.762126 0.1646468 0.2456327 0.4714136 -0.6154224 

13 1.869271 2.732349 -1.224496 0.3645681 0.1375036 0.47354 -0.6141933 

14 0.7143283 1.45007 -1.092533 0.5211268 0.1470429 0.3206365 -0.6320145 

15 1.133428 0.7353157 -0.4317437 0.821609 0.214676 0.3336835 -0.5401126 

16 1.366479 1.628749 0.03543856 1.095926 -0.1230026 -0.5891124 -0.681519 

17 0.6067592 -0.2832675 1.060809 1.03419 -0.2068172 -0.3100053 -0.6881502 
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Table 5. Region 2: Daytime Evolution of Rotation Tendency Terms for CFSRv2 

Time 

(hour) 

     
  

 
Surface 

gradient 

Synoptic 

gradient 

Advection Coriolis Horizontal 

diffusion 

Vertical 

diffusion 

09 1.290793 1.646445 -1.198673 -0.44654 0.4487459 0.3760073 0.4648078 

10 -1.131925 2.804544 -1.30877 -0.8466268 0.245173 -0.482654 -1.543591 

11 -3.659746 1.632497 -0.2229338 -1.180996 -0.1330353 -0.5050589 -3.25022 

12 -3.409001 -0.02535242 0.516894 -1.068267 -0.229282 0.557843 -3.160837 

13 -2.386143 0.001518607 0.9784042 -0.7957155 -0.8215593 0.9847814 -2.733572 

14 -1.832128 -0.526906 1.172982 0.04501417 -0.9784316 0.5211309 -2.065917 

15 -1.232315 -1.024484 1.710036 0.1978537 -0.8169148 0.09199113 -1.390798 

16 -0.5517031 -0.9646802 1.577152 0.09926868 -0.6908129 0.3227653 -0.8953955 

17 -0.4564246 -0.864257 1.42138 -0.8347424 -0.07867106 0.5376047 -0.6377391 

From the above results, it can, therefore, be 

concluded that the sense of rotation is 

predominantly a result of balance of horizontal and 

vertical diffusions, surface and synoptic pressure 

gradients and advection. While Coriolis forcing 

generally remains weaker than others, the remaining 

tendencies each have a unique diurnal pattern. 

Surface pressure gradient rotation tendency appears 

to respond faster to the increase in the land and sea 

temperature contrast, generally peaking in 

magnitude between 1000 – 1300 LST. The same 

with advection term for most of the regions but can 

induce both clockwise and anti-clockwise rotation. 

For CFSRv2, the forcing due to the synoptic 

pressure gradient appears to peak later in the day, 

which may be explained by the formation of the 

LSB return flow, generally forming with a slight 

delay in response to the surface LSB gravity wave 

[20]. However, for ERA-interim, the synoptic 

pressure gradient appears to peak in the morning 

time. It can also be seen that even though Coriolis 

effects are insignificant up to mid-day for region 2 

of CFSRv2, these effects are significant throughout 

the day for the Region 2 of ERA-Interim. Therefore, 

it can be said that CFSRv2 is better in reproducing 

the LSB rotation tendency than ERA-Interim.  

To assess the reliability of the above 

findings, the variability of the hourly rotation 

tendency 
  

  
 components was examined. Figure 6 

shows the diurnal evolution of the individual terms. 

It can be seen that the curve of the total rotation 

(
     

  
) closely resembles to the shape of the surface 

pressure (
      

  
) for the Region 1 in both ERA-

Interim and CFSRv2. The other terms tend to cancel 

themselves out being generally in opposite senses. 

This suggests that the evolution of LSB rotation is 

largely dependent on the topographic and coastal 

features of the domain, even though these regions 

are located over water far away from the coast. 

Since LSBs being mesoscale phenomena, their scale 

is not restricted to the immediate coastal region. 

Hence the analysis can be performed away from the 

regions of sharp gradients in topography, roughness, 

and temperature and still capture the dynamics of 

the phenomenon [4]. For Regions 2, the shape of the 

curve of 
     

  
 closely resembles to the shape of the 

vertical diffusion term for the CFSRv2, but not so 

clear in ERA-Interim, confirming that CFSRv2 is 

better capturing LSB rotation tendency than ERA-

Interim. Nonetheless, this suggests that the 

evolution of LSB rotation largely depends on the 

variation of the surface roughness due to the spatial 

distribution of land use, land cover and topography 

of the domain. Again the other terms generally 

cancel out. This is because the regions are over land. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 6. Diurnal evolution of dominant components of horizontal wind on December 16

th
, 2014. (a): Region 1 

for CFSRv2; (b): Region 1 for ERA-Interim; (c): Region 2 for CFSRv2; and (d): Region 2 for ERA-Interim. 

Positive and negative values correspond to ACR and CR, respectively. 

IV. CONCLUSION 

This study was based on a numerical 

simulation using the adjusted WRF model code and 

an evaluation for accuracy using local observations 

was necessary for model validation. To assess the 

ability of the WRF model to capture LSB 

kinematics, a comparison between observed and 

simulated daily hodographs and an evaluation 

methodology were used. There was a good 

agreement in the diurnal evolutions of modelled and 

observed onshore/offshore winds (LSB). However, 

it found that the WRF model offered no options for 

examining the underlying dynamics of the LSB; 

therefore, the original WRF-ARW code was 

adjusted to allow for the extraction of the individual 

components of the horizontal momentum equations 

from the solver. Some individual terms such as 

pressure gradient (separated into surface and 

synoptic components), advection, and horizontal and 

vertical diffusion were found to have significant 

contribution to the total momentum balance of LSB 

circulation over the study domain. Since the study 

area is close to the equator, Coriolis term generally 

did not have significant effects on the LSB 

circulation. The rate of rotation of the total 

horizontal momentum tendency was plotted for the 

entire study domain. Two regions (CR and ACR) 

with one CR and ACR for each of CFSRv2 and 

ERA-Interim around the coastline areas were 

selected for term-by-term dynamical analysis. For 

the selected regions, the rotation tendency due to 

each component of the horizontal momentum 

equations was determined.  

Consequent upon all the above numerical 

simulations, it can be concluded that: 

(i) The simulated hodograph rotations and wind 

fields produced by WRF for the selected LSB 

days showed good agreement with 

observational data. Consistent with earlier 

studies, the model performance was quite good 

for the regions over water (Region 1 for both 

ERA-Interim and CFSRv2). Over land (Region 

2 for both ERA-Interim and CFSRv2) rotation 

tendencies seemed to be affected by the 

presence of steep topography and spatial 

distribution of land use, land cover, even 

though this is not clear for ERA-Interim, which 

stipules that CFSRv2 is better reproducing the 

wind rotation in coastal West Africa than ERA-

Interim. The overall dynamics of the hodograph 

rotation tendencies were well captured by 

WRF.  

(ii) The simulation showed complex patterns of CR 

and ACR regions along the Guinean Coast of 

West Africa. The regions over water appear to 

be dominated by ACR, while the regions over 

land showed more CR. This can likely be 

attributed to the variation of surface roughness 

due to the landscape and urbanization. 

(iii)  The sense of rotation appears to be a result of a 
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complex interaction between surface and 

synoptic pressure gradients, horizontal and 

vertical diffusion and advection terms. The 

regions (for CR and ACR) selected for analysis 

all demonstrated different force balance for 

achieving their senses of rotation. Overall, the 

analysis has shown that the balance is not 

always dominated by the pressure gradient 

terms, as suggested by earlier studies. However, 

hourly analysis of the rotation term suggests 

that for the ocean location, surface gradient 

seems to dominate while diffusion terms are 

more important for land location. 
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