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(Lesack, et al., 1984)  The lack of flow measurements within the Gambia, have made it 

impossible to accurately account for contribution of local tributaries and groundwater to 

river flow (Njie, 2010). 

River flow entering the Gambia is highly seasonal, and has been recorded as high as 

1,500m3/s during the rainy season and decreasing as low as 2-3 m3/s during the dry 

season (FAO, 2005), with an annual average flow of 164 m3/s (Njie, 2010). The 

characteristics of the river flow are illustrated in the 1980 hydrograph (Figure 8).  Peak 

discharge occurs during September, dropping off as rapidly as it rose, with insignificantly 

small flows from December to July (Lesack, et al., 1984). 

It is estimated that the total quantity of water passing from Guinea to Senegal is 

3kilometers 
3
/year and 5 kilometers 

3
/year passing into the Gambia (FAO, 1997). 

Although it has been stated (Njie, 2009, 2010) that river flow data at Gouloumbou Station 

has been continuously measured since 1953 (Lesack, et al., 1984), I have only been able 

to find sporadic monthly data for periods in the 1970s (Risley, et al., 1993) and 1980s 

(Meybeck, et al., 1987) and nothing recent.   

1.3.3.7 Saline Front 

The Gambia’s flat topography and seasonal changes in river flow allow tidal influences 

from the Atlantic Ocean to have a significant impact on the River Gambia (Risley, et al., 

1993).  The tidal influences push saltwater (referred to herein as the saline front) as far as 

250 kilometers  upstream resulting in brackish water that is  unusable for agriculture or 

human needs.  

The river can be divided into three sections based on the reach of the saline concentration 

of the river. The Lower Valley, where most irrigated rice schemes are located (between 

100 to 250 kilometers  upstream), is closest to the ocean and perennially saline for the 

initial 100 kilometers  of the river. During the dry season this entire section of the river is 

saline.  The Central Valley portion of the river experiences tidal influences but the water 

remains fresh.  The Upper Valley remains fresh throughout the year and on occasion tidal 

influence can be detected.  (Risley, et al. 1993; FAO 1995; Njie 2009, 2010) 
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Figure 8 shows the seasonal movements of the saline front, station between December 

1972 to March 1974, for three salinity levels (1, 10 and 30 ppt) in relation to rainfall in 

Senegal and corresponding river flow into the Gambia at the Gouloumbou.  It can be seen 

that in the final months of the wet season (September and October), the 1 ppt salinity 

front moves downstream in response to higher freshwater flows entering the country from 

Senegal.  At the height of the dry season (May), the 1-ppt salinity front is often observed 

as far as 250 kilometers from the river mouth.  The figure illustrates clear evidence of 

lags between rainfall in Senegal, freshwater flow entering the Gambia, and the movement 

of a given salinity level in the Gambia.  It should be noted that the upper and lower 

migration boundaries of the 1-ppt saline front coincides with the location where irrigated 

rice is grown.  

 

Figure 8: Graph showing Rainfall at Labe, River Flow at Gouloumbou, and 

Distance from River Mouth to 1-ppt Salinity Front in Estuary 

(Risley, et al., 1993) 
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of 1,740 hectares a year spread over 30 years.  Only rice will be grown on the newly 

irrigated land.    

Scenario 3 assumes that large investments in agriculture can result in an increase in 

maximum potential yields to maximum yields achieved in neighboring countries.   It is 

also assumed that yields will increase at a steady rate over 30 years beginning in 2014. 

Scenario 4 assumes that climate change will cause precipitation to follow the ensemble 

minimum climate projection under the A1B scenario, and the temperature data from the 

ensemble maximum climate projection also under the A1B emission scenario. 

2.3 Model Sector Descriptions  

2.3.1 Climate Sector 

There are no causal relationships within the climate section as climate data is obtained 

externally.  The two climate inputs are monthly precipitation and temperature, seen in 

Figure 14.  The model is capable of using precipitation and temperature data from the 

ensemble minimum, mean or maximum climate projections under either of the three 

emission scenarios (A2, A1B, or B1).  The base simulation and the first three simulation 

scenarios use precipitation and temperature data from the ensemble mean climate 

projection under the A1B emission scenario as climate inputs.  The ensemble mean is the 

mean value across the 15 model projections in the UNDP Climate Change Country 

Profile for the Gambia. Scenario 4 uses the precipitation data from the ensemble 

minimum climate projection under the A1B emission scenario and the temperature data 

from the ensemble maximum climate projection also under the A1B emission scenario as 

climate inputs  (McSweeny, et al., 2008).  
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2.3.1.1 Structure of the Climate Sector 

 

Figure 14 Model structure of the climate sector 

As temperature and precipitation are the only climate projections inputted into the model, 

normally much more complicated relationships need to be simplified.  An example of this 

is using the Blaney-Criddle method (Equation 2.2) to calculate reference crop 

evapotranspiration with only temperature and mean daily percentage of annual daytime 

hours.  This method is recommended by the FAO in their guideline on calculating crop 

water requirements.  With the limited climate inputs, this method is not very accurate and 

only provides a value for the reference crop evapotranspiration only accurate to the order 

of magnitude (Doorenbos & Kassam, 1979). 

      (            ) (2.2)  

where, ET0 is the reference crop evapotranspiration as an average for a period of 1 

month,  p is mean daily percentage of annual daytime hours, Tmean is the mean daily 

temperature (°C).   

                
  (        )

   
 (2.3)  

                         (2.4)  
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Calculations for effective rainfall are also simplified by using two formulas used by 

CROPWAT, a program developed by the FAO  (Allen, et al., 1998) to calculate crop 

yields, when precipitation is over 250 millimeters, Equation 2.3 is used to calculate 

effective rainfall,, and when precipitation is less than 250millimeters Equation 2.4 is 

used.   



36 

 

2.3.2 Population Sector 

The population sector contains multiple feedback loops, one reinforcing and three 

balancing as can be seen in the population causal loop diagram in Figure 15.  The 

reinforcing feedback between population and births provides growth to the population.  

Population growth can be controlled by a reduction in fertility, life expectancy or a 

critical food deficit.  Fertility is controlled by life expectancy unless a population policy 

is implemented.  The population policy exists within a balancing loop with fertility and 

reduces as fertility reaches its goal.  A balancing feedback is also used to maintain food 

per capita when a critical food deficit is detected by increasing international food 

assistance. .   

 

Figure 15: Causal loop diagram of the population sector 

2.3.2.1 Structure of the Population Sector 

The structure of the population sector is presented in four components: Population, Total 

Fertility Rate, Life Expectancy and Food Demand. 
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2.3.2.1.1 Component One: Population 

The population is divided into fifteen age specific levels, each representing a five-year 

span, except for newborns (1 year), young children (4 years), and the elderly (65 years 

and above).  Displayed in Figure 16 is a simplified representation of the population sector 

with four population levels.   

 

Figure 16 Model structure of the population component of the population sector 

Population levels are changed through flows representing births, deaths, and the aging of 

the population (maturation).   The total population can only be increased through 

increased births while population levels increase through the maturing of the younger 

age-groups population.  Net migration was considered as another input flow, but no 

general pattern was observed in the historic data, nor was the annual number of migrants 

deemed large enough to have a significant impact.   

The flow labeled death represents the number of deaths a population level has each 

month.  The monthly number of deaths is easily calculated by multiplying the population 

by its age specific mortality rate, the annual number of deaths, then dividing by 12 

months to get the monthly number of deaths  (Meadows, et al., 1974). 

                    
        
  

 (2.5)  
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Where Deaths0-15 is the flow representing the monthly number of deaths for the 0 to 15 

population stock, Pop0-15 represents the population stock for 0 to 15 year olds, and Mort0-

15 is the mortality rate for the 0 to 15 year old population stock.     

Maturation represents the population graduating from one age group to the next each 

monthly time step.  For example, using the four-level model in Figure 16, teenagers 

celebrating their 15
th

 birthday, represented by the “Maturation 14 to 15” flow, are 

transferred from the “Population 0 to 14” level to the “Population 15 to 44” level. 

Maturation is calculated by subtracting 1 by mortality rate and multiplying it by the 

population, getting the number of the populations that did not die that month, then 

dividing by 15 (the number of ages represented in the stock) and 12 months.  (Meadows, 

et al., 1974) 

 
                 

          
     

  
(2.6)  

The mortality rate is called from the mortality table with life expectancy as the input.  

The mortality table consists of age-specific mortality rates corresponding to life 

expectancy.  The mortality table is made up of data from model-life tables developed for 

developing countries in World Population Prospects: The 2010 Revision (United Nations, 

2013).  

2.3.2.1.2 Component Two: Fertility 

The number of births is determined by both Total Fertility (TF) and age-specific fertility 

rates.  Total fertility is the number of children born to a woman over her lifetime if she 

were to conform to age-specific fertility rates and survives through her reproductive life 

(FAO, 2013).   The fertility component of the population sector is shown in Figure 17. 

There are three total fertility auxiliary variables and one stock representing total fertility.  

Estimated Total Fertility (ETF) is the main fertility variable because it is used in 

determining in calculating the age-specific fertility rates.  ETF is a stock and will 

increases and decreases each year depending on weather a family planning education 

policy is in place.  If there is no family planning education policy, ETF is adjusted by the 
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Initial Expected Fertility (IEF) variable and when family planning is in place ETF is 

determined by Actual Total Fertility (ATF). 

 

Figure 17: Model structure of the fertility component in the population sector 

Life expectancy has been shown to be negatively correlated with adolescent reproduction 

and total fertility rates throughout the world. Though, correlation is much stronger in 

countries that have a stable economy and life expectancy above 60.  Because of this 

relationship, life expectancy is originally used in calculating the IEF.  (Bulled & Sosis, 

2012) 

The equations used to calculate the expected total fertility are derived from fertility and 

life expectancy data for the Gambia and Brazil.  Data from Brazil was used because it is 

has gone through a dramatic rate of development over the last 30 years and its 

relationship between total fertility and life expectancy matched with the Gambia’s.  

Because the population of the Gambian is predominantly Muslim, one may assume the 
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fertility-life expectancy relationship would follow a similar pattern to countries in 

Northern Africa or the Middle East; this is not the case.  These regions have a 

predominantly higher fertility rate at even higher life expectancies experienced in The 

Gambia (United Nations, 2013).   

 

Figure 18: Total fertility-life expectancy relationship for the Gambia and Brazil 

Two equations are therefore used in calculating IEF: the first, derived from data from the 

Gambia is used when life expectancy (LE) is below 58; the second, derived from 

Brazilian data is used when life expectancy is greater than 58 (United Nations, 2013).   

The following equations represent the total fertility-life expectancy relationships for 

Brazil and the:   

                      (  )      (  )         (2.7)  

                       (  )      (  )           (2.8)  

When the IEF is larger than ETF, there is a set increase in ETF, and if IEF is lower than 

ETF, there is a set decrease in ETF. 
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Family Planning  

Family Planning Education Policy (FPEP) is used to decrease the birth rate overtime.  

The value used for FPEP determines how quickly the total fertility rate will be reduced to 

the desired total fertility rate.  Once the FPEP has been initiated, the Family Planning 

Education (FPE) stock gradually increases towards one, with a higher value representing 

larger acceptance of family planning throughout the population.   

Once desired total fertility has been reached, the Family Planning Education stock is 

emptied, but once total fertility increases above desired fertility the stock will start to be 

increased again until total fertility goes back down.   

The model uses the Estimated Total Fertility (ETF) to determine age-specific fertility 

rates ASFRs.  ASFRs represent the number of women, out of 1,000, within a 5-year age 

group that are likely to have a child during that period (FAO, 2013).  As data for Brazil 

was used for extrapolation the life expectancy-total fertility relationship, it is also used to 

extrapolate the TF-ASFR relationship.  Below are the equations used for calculating the 

ASFRs, including the reduction to ETF because of Family Planning Education (FPE). 

ASFR 15-19: 

If DF < 5.4 
If DF < 5.4:                        (     )  

                  
(2.9)  

If DF > 5.4                    (     )             
       (2.10)  

ASFR 20-24 

If DF < 5.2 

                   (     )         

        (2.11)  

If DF > 5.2                   (     )           
       (2.12)  

ASFR 25-29 
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If DF > 5.2 

                     (     )         

        (2.13)  

If DF < 5.2                    (     )            
       (2.14)  

ASFR 30-34 

If DF < 5.2 

                    (     )         

        (2.15)  

If DF > 5.2                   (     )            
       (2.16)  

ASFR 35-39 

If DF < 3.7                   (     )           
       (2.17)  

If DF < 5.4                    (     )            
    (2.18)  

If DF > 5.4                   (     )            
    (2.19)  

ASFR 40-44 

If DF < 4.6 

                   (     )             
 

      (2.20)  

If DF > 4.6                  (     )           
       (2.21)  

ASFR 45-50 

If DF < 5.2                    (     )           
       (2.22)  

If DF > 5.2                   (     )           
       (2.23)  
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The Actual Total Fertility (ATF) is then used to adjust the ETF stock in the same way the 

IEF does, thereby reinforcing the reduction in total fertility.  ATF is calculated using 

equation 3.23. 

     
 

     
∑     

 

   

 (2.24)  

2.3.2.1.3 Component Three: Life Expectancy 

Life expectancy (Figure 20) is determined through a correlated relationship with food 

production.  Food energy and life expectancy have a strong linear relationship throughout 

the world.  Life expectancy is a stock variable that is increased or decreased by an 

increment of 0.2 years annually, depending upon the total food energy consumed per 

capita.  The increment of 0.2 was chosen during model calibration.  Life expectancy is 

also increased annually by an additional value of 0.15 to represents improvements in 

health care.  The use of food aid will stall the increase in life expectancy.   

 

Figure 19: Model structure of the life Expectancy component in the population 

sector 

2.3.2.1.4 Component Four: Food Demand 

The food demand per capita stock (food demand), shown in (Figure 20) also plays an 

important role in the land use sector.  Food demand is a stock and is either increased or 

reduced by a factor of 10 kcal once a year, except during a food deficit where it can be 

reduced by the value that decreases food demand to 1,800 kcal.  Food demand is 
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increased if the demand for food from the previous year is less than the quantity 

consumed, and decreased if consumption is less than demand.   

 

Figure 20: Model structure of the food energy demand component in the population 

sector 

If food consumption falls below the minimum food requirement of 1700 kcal, then there 

is a critical food deficit which triggers an increase in the malnutrition coefficient.  The 

malnutrition coefficient increases each year there is a food deficit.  Once there is no 

longer a food deficit, the malnutrition coefficient is reduced by half and then removed 

completely the year after that.  The purpose of the malnutrition coefficient is to cause an 

increased mortality due to critical food deficit, with a larger impact being put on the 

mortality of newborns and the elderly.   

2.3.3 Land Use Sector 

The purpose of the land use sector is primarily to determine the allocation of arable land.  

The main driver of the sector is food demand from the population sector.  As seen in the 

causal loop diagram in Figure 21, an increase in food demand results in an increase in 

demand for new arable land and this information is then sent throughout the rest of the 

model.  When arable land is available, the demand for new arable land will cause an 

increase to area of land under cultivation, and the increased area under cultivation will 
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decrease the demand for arable, resulting in a balanced feedback.  When there is no 

available arable land, land will be taken from meadows and pastures, which in then takes 

land from the forest.   

 

Figure 21: Causal loop diagram of the land use sector 

The relationship between the three land categories: arable land, meadows, and forest are 

all balancing feedback loops. An increase in arable land is the direct result of a decrease 

in meadows and pastures, but an increase in meadows and pastures will also cause an 

increase in available arable land.   

As land becomes scares there are increased deforestation pressures.   The main increase 

in deforestation pressure is from the decrease in meadows and pastures, but an increase in 

urbanization also increases deforestation pressures.  Meadows and pastures have a 

reinforcing feedback relationship with deforestation pressure and forest, that will result in 

accelerated deforestation once meadows and pastures require land.   

2.3.3.1 Structure of the Land Use Sector 

The structure of the land use sector comprises two components: land use and arable land. 
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2.3.3.1.1 Component One: Land Use 

The land use component of the land use sector (Figure 22) divides land into three 

categories: arable land, permanent meadows and pastures, and forest cover.  The 

Meadows and Pastures stock acts as the middle man between the Forest, Urban Land and 

Available Arable Land stocks.  The primary role of the stocks other than Available 

Arable Land is to act as a place holder for quantities of land until they are demanded and 

transferred to the Available Arable Land stock.   

 

Figure 22: Model structure of the land use component of the land use sector 

2.3.3.1.2 Component Two: Arable Land 

The land allocation procedure determines the amount of land required each year to 

produce enough energy from food to satisfy the population’s demand.  The procedure 

takes place for each of the 10 crops one time step (one month) following the crops 

harvest in the Food Production Sector. This means new land is allocated 11 months prior 

to the harvest and the population used to determine food demand is smaller than the 

population will be at the time of harvest.  Also, because the procedure takes place 11 

months prior to the determining of that years yield, the yield used in the procedure is not 

the same that is used in calculating the year’s harvest. 


