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The sea breeze characteristics of over two coastal areas of Cameroon were studied. The study used 3-hourly wind (speed and direction), rainfall, and atmospheric pressure data of 4 years (2006–2009) at Tiko and 5 years (2011–2015) at Ebodje to examine various characteristics of sea breezes. Statistics are presented that describe the occurrence, onset and cessation, and strength of the sea breezes. The frequency of occurrence clearly shows two regimes by two maxima (November and March) at Tiko and (January and July) at Ebodje. The results show that a sea breeze usually starts few hours (about 3–4 h) after the sunrise as a light onshore surface wind, has a mean duration of about 9 h at Tiko, and occurs during all seasons at both coastal areas. The sea breeze occurrence is found to be strongly influenced by the West African monsoon winds, and its onset and cessation times show a pronounced seasonal variation. The sea breeze strength is greater at Tiko than that at Ebodje during the West African monsoon season. Average daily hodographs for Tiko reveals that the sea breeze circulation is in both clockwise and anticlockwise rotation. There would be a significant seasonal effect of large-scale flows on sea breeze hodograph patterns. A wind roses analysis at Ebodje shows a high temporal variability of sea breeze frequencies at 09:00 (Local Standard Time: LST) in the south direction (36%), then at 15:00 LST in the west direction (26%), because of the preponderance of calm atmospheric situations conducive to its onset. Therefore, the circulation of the sea breeze is influenced by local factors (topography and vegetation). This phenomenon in the coastal regions of Cameroon can be the main factor controlling the transport of accidental near shore oil slicks and air pollutants.
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INTRODUCTION
A sea breeze is a mesoscale meteorological phenomenon based on the thermal contrasts between the land and the sea. It develops along coastal regions when the temperature difference between two adjacent surfaces is large enough and the geostrophic wind is weak. It determines weather and air quality conditions and affects the living conditions of humans in many ways in coastal regions. Numerous studies have been reported on land and sea breezes in respect of air quality through pollutant transport and dispersion (Lu and Turco, 1994), initiation of convective thunderstorms (Simpson, 1995), forecasting of forest fires (Rao and Fuelberg, 2000), and aviation safety (Cooper et al., 1998). Climatological studies of sea breezes in several coastal regions of the world, for instance, over tLower Fraser Valley, B.C. (Steyn and Faulkner, 1986), West Coast of Sweden (Gustavsson et al., 1995; Borne et al., 1998), St. Johns Newfoundland (Banfield, 1991), Northern Adriatic (Maja, 2003), Arabian Gulf region (Eager et al., 2008), Sardinia (Furberg et al., 2002), and Alicante (Azorin-Molina et al., 2009), among others, have shown that sea breezes can induce thunderstorms, bring moisture to clouds, soften oppressive hot weather, and lead to improved or degraded air quality in the coastal area.
Research studies of Frizzola and Fisher (1963), Wexler (1946), Pielke (1974), Bechtold et al. (1991) and Bajamgnigni and Steyn (2012) indicated the influence of prevailing large-scale flow on the structure and evolution of sea breezes associated with the direction (offshore, parallel, and onshore) and strength of a synoptic flow. Pielke (1974), Atkinson (1981), Maja (2003), and Miao et al. (2003) indicated that sea breezes occur most often in spring and summer because of the existence of a temperature gradient between the land and the sea. In their study over Sardinia (middle-latitude), Furberg et al. (2002) observed that sea breezes are more frequent between May and August, and Michael (2003) showed that sea breezes appear most often from spring to autumn. Over the Lower Frazer Valley on the Canadian coast (higher latitude), Steyn and Faulkner (1986) pointed out that maximum number of days of sea breeze were observed in August and minimum in December/January. This shows that sea breezes occur mainly during the summer at middle and high latitudes. However, as observed by Wexler (1946), sea breezes tend to be stronger characterized by high temperatures in the tropics (low latitude) than that in the middle and high latitudes.
In the West and Central Africa, weather and climate are dominated by two major wind systems, the West African southwest monsoon (WAM) and northeasterly trade winds (Harmattan). As a regional (low latitudes) and seasonal climatic phenomenon (about March to September), WAM is forced by a southern gradient of dry and wet static energy between the continent and the Atlantic Ocean (Eltahir and Gong, 1996). Numerous studies on tropical sea breezes (low latitude), in particular along the Guinean coast of West Africa, revealed the influence of WAM on the occurrence of sea and land breezes. For instance, Simpson (1994) showed that tropical sea breezes occur on at least two-thirds of the days of the non-monsoon season (winter). This shows that, in the tropics, the frequency of occurrence of a sea breeze is higher during the winter. Using satellite images and a three-dimensional mesoscale model, Cautenet and Rosset (1989) pointed out two different weather situations, characterized by two contrast wind profiles associated with two types of transitions between WAM and the upper East African jet. In their study, using multiyear meteorological data from several coastline stations, Abatan et al. (2007), Abatan et al. (2013), Bajamgnigni and Steyn (2012), Coulibaly et al. (2019), and Coulibaly et al. (2020) investigated some characteristics of sea and land breezes such as frequency of occurrence, time of onset and cessation, duration, and hodographs rotation over the south coast of Nigeria, the Bight of Benin Republic, and all along the coast of West Africa, respectively. Theses authors reported the existence of two regimes characterized by two peaks in the monthly distribution of sea breeze days, but this is not the case in middle and high latitude regions where the monthly change in sea breeze occurrence exhibits only one maximum (Steyn and Faulkner, 1986; Furberg et al., 2002). None of the aforementioned studies have yet been conducted along the Cameroonian coast.
Issues related to coastal air quality and sea and land breezes are of large interests, as the Atlantic coastline is very rich and characterized by increasing urbanization. The situation is even more accentuated in the industrialized coastal zone because of their situation as an interface between the hinterlands and offshore. This is the case of the Cameroonian coastal zone which opens to the Atlantic Ocean with a coastline of about 402 km (Sayer et al., 1992). This zone is characterized by a growing demographic attractiveness and tourism, and oil and gas activities are booming (MINEP, 2010), particularly in the coastal regions of Ebodje (southern zone) and Tiko (northern zone). The risk of an oil spill is real in these areas. An oil spill accident occurred in January 2007 off the Kribi–Campo region, forming an oil slick on the surface of the sea (Folack and Ngueguim, 2007). This type of disaster affects nursery areas (mangrove estuaries, sea turtle laying area, and seagrass beds), beaches, and recreational areas. Coastal metropolitan areas are often subject to not only the phenomenon of oil spills but also to the extreme events such as storms associated with thermal breezes, as the case of the strong winds that hit Kribi in January 2017, causing material damage and heavy loss of human lives (MEAO, 2017). Several studies have shown the presence of tar balls (indicator of oil pollution) on the beaches of Limbe (Ikome, 1985; Gabche et al., 1998), at the mouth of Lokoundjé, and the mouth of Sanaga (Folack and Ngassa, 1994). The variability of thermal breezes over the Cameroonian coast within the framework of Littoral Conservation and Management has rarely been studied. This is largely due to lack of relevant data. This study presents a multiyear observational study of sea breeze characteristics such as time of onset and cessation, frequency of occurrence, duration, hodographs, and wind roses analysis over the north and south coasts of Cameroon, in particular at Tiko and Ebodje. This objective has the following components:
• To identify sea breezes at Tiko and Ebodje using multiyear meteorological data from near-coastal anemometers, thermometers, and sea breeze detection filters.
• To perform a statistical climatology (frequency of occurrence, mean time of onset and cessation, mean duration, mean wind speed, direction at the time of onset, mean maximum velocity, and mean time of maximum velocity) of sea breezes at Tiko and Ebodje.
• To devise diurnal hodographs of sea breezes at Tiko and wind roses of sea breezes at Ebodje and interpret their diurnal evolution in relation to conservation and management of Cameroonian coastal areas.
MATERIALS AND METHODS
In this study, the meteorological data utilized consist of a 4-year (2006–2009) wind data for the Tiko zone and a 5-year (2011–2015) wind data for the Ebodje zone. The wind data consist of direction, speed, daily total air temperature, precipitation, relative pressure, and humidity hours over land which are collected at the meteorological stations of Tiko and Ebodje, hosted at the Regional Delegation of Transport, Kribi, Cameroon (Figure 1). These stations have an unobstructed fetch in the near field and are not near any local topographic features. The wind speed and direction are of 3-hourly (Local Standard Time: LST) anemometer measurements (from 6:00 to 18:00 at Tiko; only at 9:00 and 15:00 LST at the Ebodje station) at a height of 10 m above ground level. The daily air temperature is measured at a height of 2 m above ground surface using a mercury thermometer, dry thermometer, and wet thermometer; daily air pressure is measured using a barometer, and rainfalls are measured using a rain gauge.
[image: Figure 1]FIGURE 1 | Study area showing coastal zones of Cameroon, with the enlarged localization maps of Tiko and Ebodje meteorological stations.
The two stations are considered appropriate for the study because of the availability of observational data for the period. The stations location indicators are given in Table 1. The large data sets were previously examined to exclude some days and months with incomplete and unreliable data. The reduced data sets were, therefore, used in the filters of sea breezes detection in order to extract the sea breeze days.
TABLE 1 | Station coordinates and ancillary data.
[image: Table 1]Our analysis is based first on a sea breeze detection filter, which is the wind reversal criterion developed by Abatan et al. (2007, 2013), Bajamgnigni and Steyn (2012), and Coulibaly et al. (2019). These studies show that the most important and most used strategy for sea breeze identification remains the wind reversal criterion. The thermal gradient criterion developed in their study was not used due to lack of relevant sufficient sea surface temperature data. The wind reversal criterion does not exclude days with sea breeze–like conditions caused by the passage of frontal systems. An attempt to remove such days was made by adding another filter, which is a sea breeze detection algorithm developed by Dudouit (2004) and Dahech (2012 and 2015). Therefore the applied filter is defined as follows:
Wind Reversal Criterion (Filter “a”)
This first filter ensures that the sea breeze has occurred, so whether a change in the wind direction of at least 90° from land to sea during the day associated with an increase in the wind speed of less than 2 m/s has occurred. For that
• most of the 3-hourly wind must be offshore or calm from (sunrise −7 h) to (sunrise +2 h);
• from (sunrise +2 h) to (sunset +2 h) at least two consecutive 3-hourly winds should be onshore.
Sea Breeze Detection Algorithm (Filter “b”)
This second filter follows the previous and exclude days with sea breeze–like conditions caused by the passage of frontal systems. For that, it
• rejects rainy days, corresponding to the days when the total daily rainfall is > 0 mm;
• removes all days with a low-pressure tendency for which the atmospheric pressure is < 1005 hPa at a time of the day;
• eliminates windy days for which the wind speed is too high in the morning for a sea breeze to rise, so when the minimum instantaneous wind speed is > 2 m/s and for which the maximum instantaneous wind speed observed in the middle of the day is > 5 m/s.
Finally, the extracted breeze days in Tiko and Ebodje areas are then validated with records of air total temperature and relative humidity data obtained in both areas.
Rejection statistics are displayed in Figure 2 in order to examine the comparative effect of sea breeze detection filters. The two filters are applied in order, first the filter “a” and then the filter “b”. Steyn and Faulkner (1986) pointed out that the criterion of wind reversal is the most important and the thermal gradient is less important. They characterized the filter “a” as a “phenomenological filter”. We consider the filter “b” as a “mechanistic filter”. A sensitivity analysis reveals that the number of sea breeze days is moderately sensitive to the onshore/offshore wind direction, precipitations, air pressure, temperature, and relative humidity. The set of filters does not consider upper air conditions but exclude days of strong overriding geostrophic winds. Because of the conservative nature of our set of filters, this method will most likely underestimate the sea breeze frequency. Nevertheless, the data subset that would have passed the two filters will provide a sound basis for constructing the sea breeze climatology.
[image: Figure 2]FIGURE 2 | Rejection statistics by month for the twos filters of sea breeze detection at (A) Tiko and (B) Ebodje. (i) is the number of days in the whole sample passing the filter a. (ii) is those passing the filter a and b.
RESULTS AND DISCUSSION
Characterization of Thermal Breezes in Tiko and Ebodje
Based on the sea breeze day extraction filters described in previous section on the data set, a total of 470 days of sea breeze were detected in Tiko and 351 days of sea breeze in Ebodje. The main parameters of the phenomenon have been determined, and the monthly statistics at Tiko and Ebodje on the frequency of occurrence, mean onset time (and standard deviation), mean cessation time (and standard deviation), and mean sea breeze strength (and standard deviation) are presented in Tables 2, 3, respectively. These statistics are plotted and discussed in the coming sections, in relation to WAM, local coastlines, topography, and conservation and management of Cameroonian coastal areas. The monthly statistics of sea breeze onset and cessation time are not presented in Table 3 due to insufficient data at Ebodje. First, we will show and discuss the results of Tiko plain (located on the northern coast) and then in the Ebodje area (located on the southern coast), comparing them.
TABLE 2 | Monthly statistics for sea breezes at Tiko.
[image: Table 2]TABLE 3 | Monthly statistics for sea breezes at Ebodje.
[image: Table 3]One of the interesting characteristics of the sea breeze system is the frequency of occurrence. The mean monthly frequencies of occurrence of sea breeze is shown in Figure 3, which reveal that the sea breeze is a relatively common phenomenon throughout the year in the Tiko and Ebodje areas. This is consistent with the results observed in Abatan et al. (2007) and Abatan et al. (2013) in Nigeria, Bajamgnigni and Steyn (2012) in Benin sea breezes, and Coulibaly et al. (2019) on land and sea breezes along the Guinea Coast of West Africa. The figure shows how the frequency of occurrence varies with month, exhibiting two clear regimes. At the Tiko station, the regime with highest frequency from November to April (>40 days) is characterized by 02 maxima (November and March), and the one with lowest frequency from May to October (<40 days) is characterized by a minimum in July. The Ebodje station data exhibit highest frequencies regime from June to August and from December to February (>30 days), characterized by 02 maxima (January and July), and the lowest frequency regime from March to May and September to November (<30 days) is characterized by 02 minima (April and September). The bimonthly sea breeze variation regimes at Tiko and Ebodje (low latitude) are in contrast with the unique regime observed in the middle and high latitudes (Steyn and Faulkner, 1986; Furberg et al., 2002) and with the two regimes observed in low latitudes by Abatan et al. (2007, 2013), Bajamgnigni and Steyn (2012), and Coulibaly et al. (2019). This characteristic is presumed to be not only due to a seasonal effect and a large-scale synoptic flow but also the position and orientation of each station to the local coastline. Now, we may examine the factor that may be responsible for those features of sea breeze occurrence.
[image: Figure 3]FIGURE 3 | Monthly frequency of occurrence of sea breezes at (A) Tiko and (B) Ebodje.
Sea Breeze Occurrence: Interaction With WAM
The coastal regions of Cameroon are crossed by the cool and moist trade winds (monsoon flux) from the St. Helena anticyclone. Its rainfall potential is therefore large, and the slightest obstacle to its path results in stubborn stormy rains on the Cameroonian coast (Tsalefac and Dagorne, 1990). The Tiko and Ebodje areas are characterized by a swamp forest, consisting of fresh water and a mangrove swamp forest, both of which are less influenced by the double rainfall pattern. This makes the environment a wetland region and will consequently affect their land/sea temperature contrasts, which in turn leads to the low frequency of sea breeze occurrences. The plot of the mean monthly rainfall for the period 2006–2009 revealed that Tiko recorded two distinct seasons: a large rainy season of 7 months from April to October (>200 mm) when the cool and moist southwesterly monsoon winds blow from St. Helena and a small dry season of 5 months from November to March (<200 mm) (Figure 4) when the hot and dry northeasterly winds blow from the Sahara Desert; while the resort of Ebodje–Campo, during the period 2011–2015, recorded four distinct seasons: a large dry season from December to February (<200 mm), a small rainy season from March to May (>200 mm), a small dry season from June to August (<200 mm), and a large rainy season from September to November (>200 mm). This is in accordance with Olivry (1986) analyses of the climate patterns in the Cameroonian coastal zone. There is a direct correspondence of seasonality between monthly occurrence of sea breeze days and the synoptic flow of monsoon in central Africa. The regime with highest frequency can be associated with the withdrawal of WAM winds (non-monsoon) during the dry season, resulting in the weakening of intertropical discontinuity (ITD), which is considered the main one on a large scale. This ITD marks the monsoon shear line (Sadler, 1975), which is the front zone between the monsoon and harmattan flows (Frizzola and Fisher, 1963; Bechtold et al., 1991). During the dry period, ITD will be close to the coast, followed by a strong day time heating of the hinterland. The minimum of sea breezes during the low-frequency period (in July at Tiko and April/October at Ebodje) can be associated with the presence of large-scale prevailing winds in this period, which will weaken the sea breeze. Along the Cameroonian coastal zone, the most important synoptic flow is WAM winds, considered as the main driver of coastal circulation (Mounier et al., 2007), which is most intense during the period of mid-May to mid-September (Sultan and Janicot, 2003; Fontaine et al., 2008). First, in order to analyze the connection between the sea breeze occurrences and monsoonal rainfall, a simple linear regression line was constructed between sea breezes and rainfall, according to the regression equations, as shown in Figure 5. Point-polyserial correlation tests performed between sea breezes and rainfall indicate a significant correlation at threshold α = 5%. The two parameters are therefore strongly correlated, with an anticorrelation of a value r = −0.95 (p < 0.05) to Tiko and r = −0.88 (p < 0.05) to Ebodje. The results indicate that 86% of the variation in sea breezes is explained by monsoonal rainfall (r2 = 0.8609) in Tiko and 67% is explained by monsoonal rainfall (r2 = 0.6779) in Ebodje, confirming that the occurrence of sea breezes is related to WAM. A strong correlation (r = −0.96) between the meridional monsoon winds and the number of sea breezes days was confirmed by Bajamgnigni and Steyn (2012) and observed by Coulibaly et al. (2019). Fontaine et al. (2008), using a methodology based on long-wave outgoing radiation, and Dalu et al. (2009), using the hydrological index to detect sea breeze days, pointed out that the mean occurrence of WAM was more frequent at end of June. This is consistent with our observations.
[image: Figure 4]FIGURE 4 | Mean and standard deviation monthly frequency of occurrence of sea breeze days and range and mean monthly rainfall and range at Tiko left side (A) and Ebodje right side (B).
[image: Figure 5]FIGURE 5 | Linear regression between sea breezes and rainfall at (A) Tiko and (B) Ebodje.
Second, in order to analyze the influence of large-scale prevailing winds on the sea breeze occurrences, the wind speed data at 850 hPa from the ERA5 reanalysis were used, which has a horizontal resolution of 0.25° × 0.25°, which represents monsoon winds coming from the ocean and moving toward the continent (https://cds.climate.copernicus.eu/). Only reanalysis values at 6, 12, and 18 UTC were considered when calculating the monthly average large-scale wind speed for each day. Maps of wind speeds at 850 hPa for Tiko and Ebodje over the study period are shown in Figures 6, 7. The reanalysis data show a high seasonal variability in the intensity of the synoptic flow prevailing in both stations. In the northern coastal zone (Figure 6), a maximum wind speed (when the southwesterly wind prevail) of up to 4 m/s from April–July (large rainy season) is observed compared to the rest of the months in the Tiko Plain. In these situations dominated by the strong synoptic winds, the convective enhancement of the sea breeze is weakened or diluted. This explains the minimum in July observed during the period of low frequency of the sea breeze. Then, under weak synoptic conditions, with minimum speeds of up to 2.5 m/s between August–October and January–March, these synoptic winds decelerate, resulting in the appearance and circulation of sea breezes in the Tiko area. This is associated with the maximum observed in March. During the November–January period, the monsoon flow is sheared (speed variation of 2.5–3 m/s), related to the withdrawal of WAM and resulting in the weakening of ITD, which can approach close to the coast and the strong onshore winds associated with the low large-scale flow can intensify the sea breeze. This could explain the maximum observed in November, and thus allow two regimes of sea breeze observed during the rainy and dry period in the Tiko plain. In the southern coastal zone where the direction of synoptic flow is mainly west to southwest, wind maps at 850 hPa in Ebodje show high seasonal variability of large-scale winds. These weak winds (around 2.5 m/s) in January–February (large dry season) get stronger in April (small rainy season), with an average maximum speed of up to 3.5 m/s (Figure 7). Then, these synoptic winds decelerate in July–August (small dry season) to reach minimum speeds in November (large rainy season) with an average minimum speed of <2.5 m/s, which explains the two regimes of variation in the number of sea breeze days marked by two minimum and maximum. The increase in days during the high frequency results in the weakening of the monsoon synoptic flow, which allows the development of the sea breeze at Ebodje. This pattern reverses during the low-frequency period. In the weakening monsoon season (rainy season), Cameroonian central plateaus are constantly swept away by these cool and moist strong trade winds. On the slopes of Mount Cameroon in particular, the in situ observations, at the beginning of the rain season, show that the cumulus clouds that form on the northern and eastern slopes during the day are regularly returned to the south/southwest slopes in an anticyclonic motion (Tsalefac and Dagorne, 1990). At Tiko, the months of November to March, which have the highest number of sea breeze days, correspond to the non-monsoon period (dry season), with the weakening of the monsoon synoptic flow (Figures 6, 7). This period contains 252 days of detected sea breezes, more than half of the total number (470) of sea breeze days detected during the 4-year period (2006–2009). At Ebodje, the months from December to February and June to August, which have the highest number of sea breeze days, correspond to the non-monsoon period (dry season), with monsoon winds having minimum speeds. This period contains 224 days of detected sea breezes, more than half of the total number (351) of sea breeze days detected during the 5-year period (2011–2015). These observations partially support what Simpson (1994) reported on tropical sea breezes that occurred during the monsoon retreat time (dry season). As observed by this author, in our case, sea breezes occurred on about half of days during the non-monsoon season at Tiko and Ebodje.
[image: Figure 6]FIGURE 6 | Maps of the monthly mean wind speed at 850 hPa at Tiko, from reanalysis data on the study period (2006–2009). The averages are computed from the values at 6, 12, and 18 UTC. The white contours with the labels represent the standard deviation. Cyan and magenta cross correspond to the station and Mount Cameroon location, respectively.
[image: Figure 7]FIGURE 7 | Maps of the monthly mean wind speed at 850 hPa at Ebodje, from reanalysis data on the study period (2011–2015). The averages are computed from the values at 6, 12, and 18 UTC. The white contours with the labels represent the standard deviation. Cyan cross correspond to the station location.
Onset, Cessation, and Duration of Sea Breezes
It is of interest to investigate the daily variability of the sea breeze flow. Figure 6 displays the monthly variation in onset and cessation times. For the study period, the sea breeze mean onset time varies between 10:49 (LST) in November and 12:12 (LST) in December, and the sea breeze mean cessation time varies between 17:34 (LST) in June and 19:10 (LST) in February in Tiko. The sea breeze mean cessation time follows roughly similar behavior to that of the onset time (Figure 8). The earliest onset time occurs at 10:49 (LST) in November, while the earliest cessation takes place at 17:34 (LST) in June. Thus, sea breeze onset and cessation times also show a pronounced seasonal variation. During the non-monsoon season (dry season), between November and March, sea breezes occur about 3–4 h after sunrise (6:30 LST) at Tiko, compared to the monsoon season (April to October), which is consistent with the observations of Bajamgnigni and Steyn (2012) at Cotonou, Benin. The occurences of the sea breezes stop about 1.5 h after sunset (18:30 LST). The maximum mean monthly daily duration of the sea breezes at Tiko is 9 h with a minimum being 6 h. This is consistent with the finding of Abatan et al. (2013). The long duration of the observed sea breeze can be related to a very strong onshore synoptic flow. In their study on the influence of the synoptic flow on the evolution of sea breeze in the bay of Alicante (Spain), Azorin-Molina and Chen (2008) found that the onshore synoptic flow favors a longer duration of flow of the sea breeze. Sunrise and sunset times and the duration of sunshine could therefore influence sea breeze times. During the non-monsoon season (November to March), sea breeze onset occurs, on average, later than in the monsoon season. Indeed, the direction of the synoptic wind strongly influences the sea breeze onset times (Leriche et al., 1999). As for the daily duration of the sea breeze, it not only depends on the times of sunrise and sunset but also on the evolution of the speed and direction of the synoptic wind during the development of the sea breeze (Dudouit, 2004). Dahech (2014) reported that the sea breeze mean onset time on the land depends on the season (i.e., sunrise time), distance from the sea, and coastline orientation. The Tiko station is located (near Mount Cameroon) about 19 km from the sea and on a west-northwest/southeast oriented coastline, and the sea breeze mean onset and cessation time in this area is between 11:00–12:00 and 17:00–20:00 (LST), respectively, which is consistent with the finding of Abatan et al. (2013) at the Nigerian coast. The station of Ebodje is still closer to the coast, located about 344 m from the sea and on a north-south oriented coastline. In respect of the characteristics of each station, it is thought that the sea breezes would start, first to blow at Ebodje, with a longer duration, then at Tiko with a delay in the onset and cessation time, and with a shorter duration. However, the wind data were recorded only at two instances (09:00 and 15:00 LST) and do not allow to estimate the sea breeze mean onset and cessation time at Ebodje unlike at Tiko. We can therefore consider that the sea breezes at the Cameroonian coastal region occur 2–3 h after sunrise, at about 09:00 LST, when most of winds blow in an oblique or almost parallel direction to the coastline, with lower minimum speeds in the morning (<1.5 m/s at 09:00 LST), when the majority of the winds blow in a direction almost perpendicular to the coastline, with higher maximum speeds in the early afternoon (<4 m/s at 15:00 LST), and stops blowing 2–3 h after sunset, at about 20:00 LST.
[image: Figure 8]FIGURE 8 | Monthly mean and standard deviation of the sea breeze (A) onset and (B) cessation time at Tiko.
Sea Breeze Strength and Evolution Through the Day
Figure 9 shows the mean monthly strengths, or wind speeds, of the sea breezes. At Tiko, the strength of the sea breeze varies between a minimum of 1.90 m/s in July and a maximum of 2.37 m/s in March. The months of December to March (dry season) have higher average wind speeds (>2.1 m/s) compared to the months of April to November (rainy season) which have lower speeds (<2.1 m/s). The one at Ebodje, vary between a minimum in October (1.09 m/s) and a maximum in August (1.52 m/s). In this area the strength of the sea breeze is higher from May to August and in January (>1.30 m/s) when compared to other months (February to April, September to December) which have low energy speeds (<1.30 m/s). Large-scale circulation is characterized by the strong onshore winds that intensify the sea breeze during the dry season. The weak monsoon winds blowing in the same direction as the thermal breeze intensify the sea breeze during the dry season in Tiko and Ebodje. Pushpadas et al. (2010) observed such an effect of the synoptic flow in a numerical model for the west coast of India. The mean strength of the sea breeze speed is 2.1 m/s in the Tiko plain and 1.24 m/s in Ebodje. This may be due to the channelization of the sea toward the station. Recorded values presented herein agree to previous works found in literature along the West African coastline. For example, Abatan et al. (2013), reported the mean breeze wind speeds to vary between 3.0 and 4.8 m/s at the Nigerian coast, and Bajamgnigni and Steyn (2012) registered an average speed of about 4.2 m/s at Cotonou, Benin.
[image: Figure 9]FIGURE 9 | Monthly mean and range deviation of wind speed for sea breezes at (A) Tiko and (B) Ebodje.
One of the specific sea breeze characteristics is the clockwise rotation of a theoretical hodograph in the northern hemisphere, due to the Coriolis force veering. In many stations around the world, the deviations from standard hodographs anticlockwise direction were reported. But the effect of Coriolis force would be weak at 4°N. As result at Cameroonian coastal region, one would not expect a systematic sea breeze rotation. Since we have 3-hourly winds data at Tiko and only two instances (09:00 and 15:00 LST) of the winds measured at Ebodje, we will use 3-hourly hodographs to illustrate the sea breeze circulation. The wind data do not allow us to devise the hodographs at Ebodje. Then, we will use the wind roses construct for 09:00 and 15:00 LST (speed and direction) on average to give an idea of the frequency and alternation of the phenomenon at Ebodje.
We plot the 3-hourly hodographs for two individual sea/land breeze days (Figure 10) to study the dynamics of sea breeze circulation in the plain of Tiko. The morning wind is calm for about 3 h of time from 06:00 LST (Figure 10A). It is the diurnal reverse (wind blowing toward the sea at about 06:00 and toward the land at about 09:00 LST, alternating between the land and sea breeze, with the wind now blowing from the sea to the land. And the sea breeze begins to blow around 09:00 LST with a lower speed (1.2 m/s) and westward in direction; then at 12:00 LST its speed increases 2.5 m/s and south-westward in direction, then at 15:00 LST the speed of the sea breeze reaches its maximum (4 m/s) and southward in direction and stops about from 18:00 LST with a calm wind. The sea breeze stops 2–3 h later with a weakening of the wind speed (1 m/s) and the nocturnal reverse (alternation between the sea breeze and the land breeze). Similarly, for the hodograph (Figure 8B), the wind is calm in the morning from 06:00 LST for about 3 h of time. It is the diurnal reverse with alternation between the land breeze and the sea breeze, with the wind now blowing from the sea to the land. And the sea breeze occurs around 09:00 LST with a lower speed (1 m/s) and south-eastward in direction, then at 12:00 LST its speed increases (3 m/s) in southward in direction, then at 15:00 LST the speed of the sea breeze reaches its maximum (5 m/s) and south-westward in direction and stops about from 18:00 (LST) with a calm wind. These hodographs reveal the existence of both clockwise (Figure 10B) and anticlockwise (Figure 10A) wind rotation, as observed by Abatan et al. (2007 and 2013), Bajamgnigni and Steyn, (2012) and Coulibaly et al. (2019). This corresponds to the periods when the main prevailing large-scale flow in Cameroonian coast zone is WAM. Therefore, the sense of rotation of sea breezes on a given day could be the effect of a complex interaction between surface and synoptic pressure gradients, horizontal and vertical diffusion, and advection terms. Coulibaly et al. (2019) on the numerical simulation of land and sea breeze circulation along the Guinean Coast of West Africa, found that the hourly analysis of the rotation term shows over land areas a dominance of diffusion terms. Dahech (2014) reported that the sea breeze reaches its maximum speed (about 5 m/s on average) during the afternoon, and it blows almost perpendicular to the coastline; the breeze continues to blow at a lower speed, varying from 1 to 3 m/s, 2–3 h of time after sunset when the passage between the sea breeze and that of land is triggered (this is the nocturnal reverse). Kusuda and Alpert (1983) have shown that it is possible to rotate both clockwise and anticlockwise in the northern hemisphere. The observed daily hodographs of sea breeze in Tiko are in reasonable accord with these observations.
[image: Figure 10]FIGURE 10 | (A) Hodograph on 21 April 2008. (B) Hodograph on 23 December 2008 at Tiko. The blue dots and red line indicate the speed and direction. The numbers near the blue dots indicate the hour of the day (LST). The blue line indicates the coastline orientation. All indications are shown on this and all figures that follow.
The mean daily hodographs by seasons have been plotted (Figures 11A–D) to investigate the cause of the two senses of rotation at Tiko station. Two distinct features in the hodograph shape are when months are grouped to build the mean hodographs for different seasons. In contrast to hodographs of individual days plotted above, the average seasonal hodographs (Figures 11C,D) show no very clear diurnal rotation of wind direction for the rainy season associated to the main large-scale dominant flows (WAM), except that for the period from December to February (Figure 11A) which shows a weak rotation anticlockwise related to the dominant diffusion terms over land areas, as observed by Coulibaly et al. (2019). Average seasonal hodographs do not have a systematic rotation. We can have periods when the rotation of the sea breeze is either clockwise, either anticlockwise or sometimes times the rotation is not very clear. This observation is similar with the finding of Abatan et al. (2013), and observations of Bajamgnigni and Steyn (2012) who found that average seasonal hodographs do not show a statistically significant rotation of the sea breeze. As well as the Coriolis force which is weak at this latitude, the lack of rotation is related to the fact that the Tiko region is located close to the mountains of Cameroon and would have a complex local topography. As result, there is not also possible to be any systematic rotation on mean hodograph. Figure 12, displaying the mean hodograph over all sea breeze days for the 4-year study period, is convincing evidence of this. The rotation would be the first clockwise and then anticlockwise, which would be likely related to WAM. Coulibaly et al. (2019) found that the patterns of the diurnal rotation of wind are influenced by the large-scale flow characterized by WAM in the summer. The rotational trends on land are affected by the presence of steep topography and the spatial distribution of land use and cover. Dahech (2015) observed that the coastline orientation strongly changes and influences the direction of the sea breeze. The latter when it is well established, in the early afternoon, blows almost perpendicular to the coastline. Average seasonal hodographs clearly show the offshore and onshore nature of the sea breeze circulation but with indeterminate diurnal rotation of wind direction in Tiko and shows the important contribution of the shape of the local coastline and the influence of the local topography. As found by Coulibaly et al. (2019) on the numerical simulation of land and sea breeze flow, the direction of rotation can be attributed to the variation in the roughness of the land surface due to landscape and urbanization. The influence of the local orientation coastline was investigated with the wind roses devise at Ebodje.
[image: Figure 11]FIGURE 11 | Mean hodographs at Tiko, averaged for the periods: (A) December to February (B) March to May; (C) June to August (D) September to November.
[image: Figure 12]FIGURE 12 | Mean hodographs averaged over all sea breeze days for the 4-year 2006–2010 study period at Tiko.
Seasonal wind roses were plotted for wind data collected at Ebodje station to study the temporal dynamics of sea breeze flow (Figure 13). These wind roses were performed for 09:00 LST and 15:00 LST (speed and direction) over a 5-year period (2011–2015), which give an idea of the frequency and strength of sea breezes. It is revealed a predominance of wind direction in the north and south sectors at 09:00 LST and west sector at 15:00 LST in each season; with high frequencies of occurrence of sea breezes at 09:00 LST from December to February in the south (26%) and north (25%) sectors and then at 15:00 LST in the west (23%) sector (Figures 13A,B). Frequencies are higher (21%) in the south sector and (26%) in the north at 09:00 LST from March to May and then at 15:00 LST in the west (16%) sector (Figures 13C,D). Sea breezes are frequent at 09:00 LST from June to August in the south (36%) and north (21%) sectors and then at 15:00 LST in the west (26%) sector (Figures 13E,F). Similarly, winds are frequent at 09:00 LST from September to November in the south (30%) and north (23%) sectors and then at 15:00 LST in the west (18%) sector (Figures 13G,H). These observations show a high temporal variability of sea breezes frequent especially during the dry season and especially during the period from July to August in the south sector (36%) at 09:00 LST and then at 15:00 LST in the west sector (26%) because of the preponderance of calm atmospheric situations conducive to its triggering. The sea breeze begins to blow at 09:00 LST at a slower speed (<1.5 m/s) either in the sectors between the north and north-northwest, or in the sectors between the south and southwest, on the continent in an oblique direction (about 15°) or almost parallel to the coastline, before strengthening sharply and blowing at 15:00 LST at a higher speed (>1.5 m/s) of the sector between the west-southwest and the northwest (Figure 13). The maximum speed of the sea breeze is recorded at 15:00 LST. It reaches an average of 3 m/s in open coastal resorts such as Tiko. The breeze continues to blow at a lower speed, varying from 1 to 3 m/s 2–3 h after sunset when the passage between the sea breeze and the land breeze is triggered, as observed by Dahech (2012 and 2015). The anticlockwise or hourly rotation of the sea breeze at Ebodje during the day is not significantly visible on the wind roses unlike the anticlockwise rotation of the hodographs of the sea breeze at Tiko station because we have only two instances (09:00 and 15:00 LST) of the winds. The sea breeze blows at Ebodje in the sector between the west-southwest and the northwest in all seasons (Figure 13). However, the sea breeze comes from: either the sectors between the north and north-northwest where the coastline orientation is oriented east-northeast/south-southwest to the north-northeast at Ebodje; either the sectors between the south and southwest where the coastline orientation is north/south to the south at Ebodje. Then the sea breeze occurs in the sectors between west-southwest and northwest when the shoreline is north/south or north-northeast/south-southwest on land. These observations could therefore confirm the change in the direction of the sea breeze according to the coastline orientation in the Ebodje area. The sea breeze average speed in this area does not exceed 1.5 m/s, while it can exceed 2 m/s in open environments, as observed by Dahech (2015). The impact of urban morphology, land using, and soil nature on the sea breeze flow would be indisputable, and the breeze is slowed down not only by the buildings in the city but also by the vegetation by the sea. This is the case of the coastal Atlantic forests and mangroves forests along Ebodje and Tiko.
[image: Figure 13]FIGURE 13 | Seasonal wind roses with the frequency of occurrence of wind direction and range of wind speed for sea breezes at Ebodje: (A,B) December to February; (C,D) March to May. (E,F) June to August; (G,H) September to November.
CONCLUSION
The study on the importance of the characteristics of sea breezes in Tiko and Ebodje provides information on their frequency of occurrence highlighting two regimes: the higher frequency regime (November to April at Tiko and June to August and December to February at Ebodje) and the low-frequency regime (May to October at Tiko and March to May and September to November at Ebodje), with a total of 470 (351) days of sea breeze detected in Tiko (in Ebodje). A sea breeze is a relatively common phenomenon throughout the year in the Tiko and Ebodje areas. The sea breeze occurrences depend heavily on the seasons. The point-polyserial correlation test shows a strongly anticorrelation between sea breezes and monsoonal rainfall variability. An analysis of the influence of large-scale prevailing winds, characterized by the WAM on the sea breezes occurrence, shows that sea breezes occurrence is strongly linked to the WAM.
The sea breeze onset and cessation time also indicate a pronounced seasonal variation. The sea breeze average onset time is between 11:00 and 12:00 LST, and cessation time is between 17:00 and 20:00 LST, with a maximum monthly mean duration of 9 h, with a speed of 2.1 m/s in the Tiko area, while the occurrence period of sea breezes is between 9:00 and 15:00 LST, with a speed of 1.24 m/s in the Ebodje area.
The evolution of sea breezes in Tiko shows that the daily hodographs of sea breeze have a systematic rotation clockwise or anticlockwise, and this is related to the details of local and synoptic influences on the given day. Average seasonal hodographs have an indeterminate rotation, or at least if systematic rotation exists, it is usually obscured by daily variation. Examination of the offshore and onshore nature of the sea breeze shows a seasonal variation in the shape of the mean hodographs, presumably due to the influence of synoptic flows, mainly characterized by the WAM. The evolution of sea breezes shows a high temporal variability of sea breezes frequent in Ebodje especially during the dry season from July to August in the south sector (36%) at 9:00 LST and then at 15:00 LST in the west sector (26%) because of the preponderance of calm atmospheric situations conducive to its triggering.
The results and analyses presented herein bring an important contribution to understand sea breeze dynamics in the coastal regions of Cameroon, which can be the main factor in controlling the dynamics of oil slicks, air pollutants, and local wind-driven circulation. Sea breeze winds and induced surface currents can cause oil slicks to move to onshore, which degrades marine protected areas, seagrass beds, and spawning grounds of marine species (e.g., sea turtles). Winds can also, during sea breezes occurrence, transport air pollution to land, which affects the health of coastal populations and their living conditions. Therefore, future studies on winds or thermal breezes could be of great scientific and environmental interest due to their impact on climate, air quality, and human health, especially in the coastal regions of Cameroon.
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Month Frequency (%) Mean speed (m/s) Std (m/s)

January 11.40 138 0.46
February 969 1.26 056
March 6.27 1.19 054
April 4.56 11 0.47
May 684 128 050
June 12554 1.38 0.48
July 1396 1.43 059
August 297 1.52 054
September 456 1.18 095
October 5.41 1.09 041
Noverber 570 116 080

December 9.12 1.27 0.47





