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1.0 Abstract  

Climate change is the leading human and environmental crisis of the 21st century causing shifts in 

temperature and weather patterns which are having alarming effects on the environment. Climate 

change is triggering glacial shrinkage globally which could create severe implications for the human 

population. This study focused on the affect climate change has on East Africa’s last remaining 

tropical glaciers found on Kilimanjaro, Mount Kenya, and the Rwenzori Mountains (Mount Stanley, 

Speke, and Baker). A remote sensing approach was implemented using Landsat images to 

document glacial change on all mountain tops. Four images were used in each study site ranging 

from 1986 to 2022 in a decadal format, with temperature data derived from Jomo Kenyatta weather 

station situated in Kenya. The analysis found that 81.2% of the glaciated area had disappeared 

between 1986 and 2022, with a 1.2°C temperature increase in the same period. Mount Kenya 

experienced the largest glacial loss of 88.8% followed by the Rwenzori at 85.8% and 76.9% at 

Kilimanjaro with most of the glacial retreat occurring between 2009 and 2022. The literature 

suggested that glacial retreat in Eastern Africa is predominantly due to warming air temperatures, 

which correlates with the data collected but other local factors such as changes in land use and 

bush fires do affect glacial survival. Glacial extinction may create extreme issues for local 

communities such as water scarcity and tourism as well as have a negative effect on ecosystems 

that rely on glacial meltwater. If the current trends of temperature rise continue with the 

unpredictability of weather patterns, these mountain glaciers will likely disappear within the next 

couple of decades.  

 

2.0 Introduction  

2.1 Background  

Glaciers cover roughly 10% of the land area in the world storing around 69% of the fresh water 

(NSIDC, 2020). Glaciers can be defined as, “any large mass of perennial ice that originates on land 

by the recrystallization of snow or other forms of solid precipitation and that shows evidence of past 

or present flow” (Meier, 2021, p. 1). Meier (2021) continues to classify glaciers into three groups: ice 

sheets/caps, ice shelves and alpine glaciers. Although most of the world’s glaciers reside in polar 

regions, less than 0.1% are located in tropical countries (U.S Geological Survey, n.d). Due to these 

tropical countries having low latitudes, glaciers can only survive in high altitude areas above the 

snowline. Tropical countries experience periods of drought with warm temperatures which can make 

glaciers like these a vital source of water during the dry seasons for local communities shadowing 

the mountain and a great indicator of climate change as they are mainly controlled by temperature 

and precipitation (Jackson et.al, 2020). 
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The global air temperature has risen around 1.1°C since 1880 with 9 of the 10 hottest years ever 

recorded arising in the past decade (NASA earth observatory, n.d). Because tropical glaciers are 

highly sensitive to climatic variations, with the warming air temperature, they will eventually 

completely melt. These glaciers are important freshwater reservoirs, supplying water to communities 

during the dry season where the level of precipitation is significantly less. They supply water to local 

rivers and lakes, however once the glacier has fully disappeared this supply will be cut (Seehaus. 

et.al, 2019). This may create water scarcity issues for countries which will affect agriculture 

activities, fresh drinking water for rural and urban populations and tourist activities (Urama & Ozor, 

2010). This project will be focusing on the tropical alpine glaciers found on Mount Kenya, 

Kilimanjaro, and the Rwenzori Mountains in Africa. These glaciers are found at high altitudes and 

purely restricted by the surrounding topography.  

2.2 Study Area  

This study focuses on tropical glaciers found in Tanzania, Kenya and in Uganda situated in East 

Africa. These three countries contain the only remaining glaciers found in Africa that are situated on 

the tallest equatorial mountains on the continent (Figure 1). 

 

Figure 1: Topographic map of Eastern Africa, with the three mountains that contain the last remaining 

glaciers. The weather station situated at Jomo Kenyatta International Airport highlighted in red. 

Mount Kilimanjaro is the first study area. It is the tallest mountain in Africa reaching a height of 

5894m, situated 3°04 South, 37°21 East, in Tanzania. This dormant stratovolcano has three peaks, 

Shira, Mawenzi and Kibo, in which Kibo (5893m) is the only one of the three to have glaciers (Kaser 
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et.al, 2004). The exploration of Kilimanjaro began in 1887 however the first photograph of the 

glaciers was taken in 1912, when compared to recent images the total area appears to have been 

decreasing since this time. Porter (2001) predicts the glacial cover on the mountain is <5km² 

however Kaser et.al, (2004) states that the coverage is even less than this at 2.6km² which was 

based on satellite imagines taken in the 2000s.   

Mount Kenya is the second site. This extinct volcano is 5194m in height and situated 0.15° South, 

37.31° East. It is the second highest peak in Africa, consisting of two tall, steep peaks which have 

hanging and valley receding glaciers attached to them. The first expeditions up Mt Kenya were in 

the late 19th and early 20th century from which sketches and photographs of the glaciers were took. 

Historically, Mt. Kenya contained 15 glaciers but in recent years it has roughly 10 (Spink, 1949). 
Porter, (2001) reports that these receding glaciers only cover less than 1km², however in recent 

years the expected area is to cover less.  

Finally, the Rwenzori mountains are situated in Western Uganda, 0.39° North, 29.87° East. The 

tallest of these non-volcanic peaks sit at 5109m, making it the third highest peak in Africa. The 

glaciers in this mountain range are larger compared to Mt. Kenya and Kilimanjaro due to snowfall 

and cover from clouds. These mountains are rarely examined due to their poor accessibility and 

poor image quality. This mountain range is a vital source to the river Nile, which supplies water 

throughout the continent (UNESCO, n.d). The glaciers at this site are found on three peaks situated 

on Mount Stanley, Baker and Speke in which Mount Stanley has the most glacial coverage.  

2.3 Climate  

To understand the dynamics of Africa’s glaciers, getting a good overview of the climate can make it 

possible to create links between glacial retreat and climate change. The climate in Uganda, 

Tanzania and some areas in Kenya is a tropical savanna. Kenya consists of hot desserts in the 

North of the country with mostly arid steppe hot areas elsewhere which are also present in 

Tanzania. These countries experience high temperatures with little variation between the seasons 

compared to the highlands that have considerably lower temperatures.  

East Africa is influenced by various climate systems such as monsoonal systems, coastal 

influences, Rif Valley lakes, and several convergence zones. Its seasons follow a bimodal rainfall 

regime. March to May (MAM) is the long-wet season followed by a long dry season from June to 

September (JJAS). The short-wet season is from October to December (OND) and finally a 

moderately dry season is in January and February (JF) (Molg et.al, 2009). Most of East Africa’s 

precipitation originates from the Indian Ocean which is driven by the Indian Ocean Dipole (IOD), as 

a result the weather can vary every wet season (Blau & Ha, 2020). The Indian Ocean Dipole is the 

difference in temperature at each side of the Indian ocean. A positive dipole is when the west coast 

of the Indian ocean is warm and causes severe flooding in eastern Africa. A negative Dipole causes 
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severe drought in Africa due to the west coast of the Indian ocean being cold and a neutral Dipole is 

when ocean temperatures are the same across the ocean (Uchoa, 2019).  

Lake shore processes can also dictate rain fall. Lake Victoria is the largest freshwater lake in Africa, 

laying in Tanzania, Uganda, and Kenya (Britannica, 2021). Due to its area, it creates a mesoscale 

circulation system which produces large rainfall, with rain falling in the west at night and in the east 

mid-afternoon. This can also affect the precipitation level in the highlands in Kenya. The sea breeze 

interacts with the monsoon flow resulting in rainfall that affects the rainfall regime further inland 

(Nicholson, 2017). Several studies reported a decrease in precipitation since 1999 (Ayugi et.al, 

2018, 2022, Mumo et.al, 2019, Ngoma et.al, 2021), however the prediction for future rainfall 

intensities remains unclear. Some studies suggest that the region will experience more frequent, 

very extreme wet days before the end of the 21st century however this is not known for sure due to 

the unpredictability of East Africa’s weather (USAID, 2020 & Ayugi et.al, 2022).  

 2.4 Aims and Objectives  

Aim 

To investigate the relationship between climate change and glacial retreat on Mount Kenya, 

Kilimanjaro and the Rwenzori mountains, and the complications this has on the environment and local 

communities. The hypothesis for this project is that due to climate change, all the glaciers in the East 

African Mountain ranges have retreated.  

Objectives 

• Download Landsat data dating from the 1980s to 2022. 

• Use a remote GIS sensing approach to map the glacial boundaries of the three study areas 

and compare patterns of change over time. 

• Study historical weather records to determine decadal climate trends in temperature  

• Use the climate data with the mapped glacier outlines to determine the impacts of climate 

change on the region’s glaciers 

 

3.0 Methodology  

3.1 Data Collection  

Most glaciers are found in remote mountain regions which makes them hard to access and reliably 

map (Ewertowski & Rzeszewski, 2007). Although, they have been manually measured for 100s of 

years, it is only in recent times that with the use of satellite images, glacial behaviour is measured 

using GIS systems. Landsat one was the first launched earth observing satellite which was only 

used to monitor the earths landmasses. Since Landsat ones launch in 1972, other satellites like it 
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have since been launched such as Landsat 9, it launched in 2021 to join Landsat 8 (Table 1). Both 

satellites have an ‘improved calibration, signal to noise characteristics, higher 12-bit radiometric 

resolution, and spectrally narrower wavebands’ (Roy et.al, 2016, pp. 58), compared to previous 

Landsat satellites. This makes them more useful for monitoring environmental change on earth 

(Nasa Landsat Science, n.d).  

Table 1: Characteristics of Landsat Sensors (STARS Project, n.d) 

*Did not achieve orbit. βAddition of a coastal and a cirrus band 

 

To identify the glacial boundaries in three areas in East Africa, this study used Landsat images 

within a 36-year period which begun in 1986. These images were accessed through the United 

States Geological Survey (USGS) who store Landsat data and provide an online system called 

Earth Explorer, which was used to download Landsat imagery of the glaciers on Kilimanjaro, Mount 

Kenya, and Rwenzori. Before image download could begin, sufficient literature on the study area 

was read thoroughly to identify what times of the year would be best to source the images.  

Nie et.al, (2017) suggests that by using images from similar seasons will reduce the effect of season 

variability and gathering images that has the sun directly overhead will prevent shadowing. Because 

of this, images were sourced at the end of the dry season/ ablation season, in Autumn/ September 

and January/February to minimize the coverage of snow and cloud. When finding images, Loibl 

et.al, (2014) methods were implemented in sourcing images that have minimal cloud cover, no snow 

cover and found in late summer or after a dry season which ensures that the images obtained were 

clear and showed the outline of the glaciers.  

A filter of less than 10% cloud cover was added to aid in finding the right images. The images were 

selected from various times, in a decadal form, and downloaded as GeoTiff data to be unzipped 

(Table 2). The 2012 image of the Rwenzori mountains contains scan error lines which is the result 

of the Scan line Corrector failing in 2003 (USGS, n.d). But having said that the Landsat 7 image 

contains the scan error lines outside of the area of study for this image, which did not directly affect 

the mapping of glacier outlines.  



8 
 

Table 2: The Satellite number and year each image was downloaded covering Kilimanjaro, Mount Kenya, and 

the Rwenzori Mountains. 

Kilimanjaro Mount Kenya Rwenzori Mountains 

Satellite  Year   Satellite  Year Satellite  Year  

1-5 MSS 1986 1-5 MSS 1987 4-5 TM 1987 

4-5 TM 1996 7 ETM+ 2000 7 ETM+ 2012 

7 ETM+ 2009 7 ETM+ 2009 8 OLI/TIRS 2017 

8 OLI/TIRS 2019 8 OLI/TIRS 2022   

 

Each image contains 7-8 colour multispectral bands. These were stacked to create a multispectral 

image on Erdas Imagine 16.6.0 with all colour composite bands layered in the image. The Visible 

Near Infra-Red (VNIR) band reflects snow and ice which makes it easier to view the glacial outlines. 

As Racoviteanu et.al (2009) explains that by using false colour combinations, it makes the glaciers 

visible to the surrounding environment which will be shown as light blue/ green. Global Land Ice 

Measurements from space (GLIMs) and Google Earth helped identify where the glaciers were 

situated which was difficult to establish through viewing 2D images. GLIMs is an initiative which 

monitors the worlds glaciers using satellites imagery (Earth Data, n.d). Due to Mount Kenya’s 

glaciers having a small area, the Landsat images were highly pixelated which made it hard to 

identify what areas of the mountain was glacial ice or snow. GLIMS data from 2015 was used to aid 

mapping glacial boundaries. The data in this project will be used to update the GLIMs database to 

more recent imagery of mapped glacial boundaries in East Africa once this project has ceased.  

3.2 Data Processing  

All images downloaded spanned over a large area however, only a small section of the image was 

required. Any cloud in the images reflect a large amount of light making the glacial ice darker and 

harder to view. Because of this all images were sub-set using the sub-set and chip tool which 

zooms into the study area and crops the rest of the image causing more contrast on the screen due 

to the smaller amount of data displayed (Figure 2A and 2B). 

Bands, 4, 3 & 1 (infra-red) were used to identify the glacial outline, and for Landsat 8 band 5, 4 & 2 

were used. To begin the mapping process, vector layers were created on Erdas and labelled the 

year of their corresponding glacial image. In the vector layer, using the draw tool, polygons were 

created mapping the glacier outlines. This was repeated for every glacier, each year, in all three 

study sites. The vector layers were made transparent, and every layer was given a different outline 

colour to distinguish the different glacier sizes throughout the years (Figure 2C and 2D). The 

Landsat images and Vector layers were then added to ArcGIS Pro 2.7.0.  
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Figure 2: Part A) A 1987 Landsat 4-5 image of the Rwenzori Mountains prior to processing. Part B) A 1987 

sub-set Landsat image of the Rwenzori Mountains. Part C) The digitised 1987 glacial outline displayed on the 

1987 sub-set Landsat image of the Rwenzori Mountains. Part D) All glacier outlines from 1987, 2012 and 

2017 displayed on the most recent 2017 sub-set Landsat 8 image of the Rwenzori mountains. 

3.3 Quantifying Change  

Initially, it was easy to point out that the glaciers have been receding by turning on all shapefile 

(vector) layers to display the glacial boundaries for each year. Maps were made displaying the 

Part A Part B 

Part C Part D 
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shapefiles and the newest Landsat image as the background. Using the calculate geometry tool, the 

area for each glacial boundary was calculated. The Geodesic Area was selected due to its higher 

accuracy using an area unit of Km² (ESRI, n.d). The areas for every glacier in each shapefile was 

calculated. Due to the high snow cover and the difficulty of distinguishing between each alpine 

glacier, for the Rwenzori mountains in particular, all ice cover was mapped as one glacier. In recent 

years as the ice began to melt, individual glaciers became easier to find. When calculating the 

percentage of change, all individual glacial areas were subtracted from the whole ice cover mapped, 

which were then tabulated.  

Finally, temperature data between 1957-2021, was found from a local weather station situated in 

Jomo Kenyatta Intl airport in Kenya. Using Microsoft 365 Excel a line graph was created with a 

linear line inserted to display the general data trend. Temperature change is a product of climate 

change, which can be defined as the ‘long-term shift in temperature and weather patterns’, (United 

Nations, n.d). After assessing climate data and glacial behaviour, the link between climate change 

influencing glacial retreat was generated. 

 

4.0 Results  

Kilimanjaro and Mount Kenya contained some overlap of glaciers due to having no distinct glacial 

boundary between adjacent glaciers. Because of this they were mapped as one glaciated system. 

In the Rwenzori mountains, each glacier system for each mountain top was took as a total glaciated 

area. All glaciated areas mapped showed a recession in every decade, with some glaciers 

completely disappearing. It was assumed that the glaciers with the larger areas will have more 

glacial ice compared to smaller glaciers.  

4.1 Mount Kilimanjaro  

Mapping in Kilimanjaro confirmed that all glaciers here are receding shown in Figure 3A. The total 

area of the glacier retreat from 1986 to 2019 is 2.6Km² (Table 3). Every glacier showed evidence of 

continuous retreat with the overall fastest retreat happening between 1986 and 1996 with a total 

loss of 1.1Km². Figure 3B displays the area change of each glacier situated on Kilimanjaro. The 

glacial system that lost the most glacial ice was Heim-Kersten-Decken-Rebman (Southern Icefield) 

which retreated at the fastest rate between 2009 and 2019, however this was to be expected due to 

its size. The Furtwangler is a small glacier measuring at 0.094Km² in 1986 although, 93.6% of its 

glacial ice has melted leaving it with an area of 0.006Km² in 2019, so it can be assumed that this 

glacier has been melting faster than the Southern Icefield.  
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Figure 3: Part A) A 2019 Landsat image, using natural colour of Kilimanjaro displaying the various glacier 

outlines for each decadal year starting in 1986 to 2019. Part B) The total glaciated area every decadal year in 

Km² on Kilimanjaro. 

4.2 Mount Kenya  

Mapping in Mount Kenya shows that all glaciers on this mountain have retreated (Figure 4A). From 

1987 to 2022 the total glacial retreat was 0.505Km², which is an 89.9% difference in the whole 

glaciated area (Table 3). Like Kilimanjaro, the fastest time of glacial retreat was between 2009 and 

2022. Figure 4B displays the glacier areas throughout each decadal year. It is found that the Lewis 
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glacier lost the most glacial ice (0.272Km²) and the fastest rate of melting was between 1987 and 

2000, again this was to be expected due to its size compared to the remaining glaciers. The Tyndall 

glacier had an area of 0.071Km² in 1987, however since then 78.9% of its ice has melted resulting 

in it only having an area of 0.015Km². The GLIMs data was used to aid the mapping (Figure 5) 

which displayed the glacier boundaries mapped in 2015. The Darwin and Forel glacier have only 

been mapped in 1987 and 2000, whether these glacial systems have completely melted or 

shadowed by the high cliffs will need to be discussed. 2022 image of Mount Kenya contained more 

snow cover compared to other images. The Gregory glacier was not mapped for 2022 due to no 

clear glaciated boundary between the Lewis Glacier and due to the large pixilation, it was difficult to 

identify whether it is snow cover or glacier ice even with the use of GLIMS (Figure 5).  
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Figure 4: Part A) A 2022 Landsat image, using natural colour of Mount Kenya displaying the various glacier 

outlines for each decadal year starting in 1987 to 2022. Part B) The total glaciated area every decadal year in 

Km² in Mount Kenya. 

 

Figure 5: GLIMS image of Mount Kenya from 2015 to help identify where the glaciers are situated on the 

mountain to aid mapping.   

4.3 The Rwenzori Mountains  

Like Mount Kenya and Kilimanjaro, all the mountain peaks in the Rwenzori mountains have shown 

glacial retreat, shown in Figure 6A. The total glaciated area for all three mountain tops was 

1.86Km². Between 1987 and 2017 the total area change for all three peaks was 1.6Km² which is an 

85.8% area change on the mountain range. The largest glacial retreat in the Rwenzori mountains 

was between 1987 and 2012 which saw a total retreat of 1.24Km² (Table 4). However, it is noted 

that this is spanned over a 25-year period compared to a 5-year period between 2012 and 2017. 

Over the 25-year period, on average per year, an area of 0.05Km² was lost compared to 0.07Km² 

per year from 2012 to 2017. This results in 2012 to 2017 having the fastest rate of retreat with a 

total area of 0.36Km² lost. Mount Baker experienced most of its glaciers vanishing. The Y glacier, 

Wollaston, Moore and West baker have all melted between 1987 and 2012. East Baker had 

completely melted by 2017 and the Edward glacier is the only remaining one on this mountain top 

with a total area of 0.003Km² in 2017.  
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Figure 6: Part A) A 2017 Landsat image, using natural colour of the Rwenzori Mountains displaying the 

various glacier outlines for each decadal year starting in 1987 to 2022 on Mount Stanley, Baker, and Speke. 

Part B) The total glaciated area every decadal year in Km² on the Rwenzori Mountains.  
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Table 3: The area changes and percentage change of the glacier outlines from 1986 and 2019 in Mount 

Kilimanjaro, the area changes from 1987 to 2022 in Mount Kenya. 

Mount Kilimanjaro 

Glacier Name  Area 1986 (km²) Area 2019 (km²) Area change (km²) % Change  

Northern Icefield  1.654 0.55 1.104 66.7 

Furtwangler  0.094 0.006 0.088 93.6 

Diamond  0.319 0.054 0.265 83.1 

Southern Icefield  1.302 0.168 1.134 87.1 

Mount Kenya 

Glacier Name  Area 1987 (km²) Area 2022 (km²) Area change (km²) % Change  

Lewis  0.294 0.022 0.272 92.5 

Darwin  0.043 0 0.043 100 

Krapf  0.051 0.012 0.039 76.7 

Tyndall  0.071 0.015 0.056 78.9 

Josef and Cesar  0.033 0.008 0.025 75.8 

Gregory  0.05 0 0.05 100 

Forel 0.02 0 0.02 100 

 

A combined total area for glaciers Heim, Kersten, Decken and Rebman were used as one glacial 

total area due to the proximity of the glacial boundaries, this glacial system can also be known as 

the Southern Icefield. Josef and Cesar are a part of the same glacial system but have two separate 

terminal ends on them. Due to no clear line between the two glaciers, the area of these glaciers was 

also recorded as one.   

 

Table 4: The area changes and percentage change in ice cover from 1987 to 2017 in the Rwenzori Mountains 

for Mount Stanley, Baker and Speke. 

Rwenzori Mountains 

Mountain Ranges   Area 1987 (km²) Area 2017 (km²) Area change (km²) % Change  

Mount Stanley  1.172 0.237 0.935 79.8 

Mount Baker  0.299 0.003 0.296 98.9 

Mount Speke  0.385 0.024 0.361 93.8  

 

Due to large glacial and snow cover, the combined total glaciated area of all three mountains was 

mapped. Mount Stanley contains the largest glacial cover of 1.172km². All the percentage area 

changes remain large however, Mount Stanley has the least change of 79.8%. Compared to Mount 

Speke (93.8%) and Mount Baker with a 98.99% change, meaning that most of the glaciers on this 

mountain top have almost completely melted. The average area change for the Rwenzori mountains 
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is 85.8% compared to Mount Kenya at 89.9% and least average area of change is Kilimanjaro with 

a 76.9% change.  

4.4 Temperature change  

 

Figure 7: Annual mean temperature in Jomo Kenyatta Airport, Kenya, between the years of 1958-2021. 

All glaciers have retreated rapidly from the late 80s to the present day (Table 3 and 4), which could 

be linked to annual temperature rise.  The annual mean temperature fluctuates between every year; 

however, the general trend shows that the temperature has steadily increased from 19.4°C in 1957 

to around 20.8°C in 2021 with the highest annual temperature of 21°C, recorded in 2019. There are 

gaps in the data, the largest from 1961 to 1983. The airport went through construction to have a 

new terminal built, the gap in data could be a result of this construction (Place and See, 2022). The 

earliest year of the Landsat data collected is from 1986 so the gap in data poses no issue for the 

study. In future, the temperature will likely continue to rise and with the unpredictable rain patterns, 

the glaciers on Kilimanjaro, Mount Kenya and the Rwenzori mountains are likely to completely 

disappear.  
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5.0 Discussion  

This study aimed to identify if there is a link between rising temperature and the continuous retreat 

of tropical glaciers in Africa. From the data collected, alpine glaciers in East Africa were shown to be 

retreating at an alarming rate, which is largely the result of rising temperatures, but there are other 

local factors that have been found to impact on glacier mass balance in the region that are 

discussed below. In total all three study sites experienced an 81% reduction in glacial area between 

1986 and 2022. The weather station in this area recorded an annual temperature increase of 1.2°C 

since 1986 to 2021. It is predicted that the annual temperature in Eastern Africa will increase to 

4.3°C by the end of this century (UNDP, 2022) which will further accelerate the retreat of Africa’s 

only remaining glaciers.  

As the remote sensing mapping showed, Kilimanjaro, Mount Kenya, and Rwenzori Mountains all 

experienced glacial retreat. The reoccurring pattern of all glaciers melting at the fastest rate 

between 2009 to the present day coincides with the temperature data collected (Figure 7). From the 

2000s the annual temperature increased at a fast, steady rate compared to previous years. Glaciers 

in low latitudes are extremely sensitive to climate change due to being in a climatic region with 

warmer annual temperatures that keep glaciers close to melting point. Because of this they are 

much thinner, smaller and melt at a faster rate than larger glaciers (Yao-Jun LI, et.al, 2019). Due to 

their mass being less, they also have a lower heat capacity resulting in smaller glaciers taking a 

shorter time to shrink in warmer and drier conditions (Thompson et.al, 2011). This is shown in 

evidence for this study area, Kilimanjaro had the largest area covered by glacial ice and is melting 

at a slower rate compared to Rwenzori and an even slower rate than Mount Kenya which has the 

least glacial coverage. This makes small mountain glaciers important indicators of climate change 

due to their fast response time, sensitivity to the climate and the clear visibility whether they are 

growing or shrinking in response to the climate (Vuille et.al, 2008).  

5.1 General Trends  

Kilimanjaro seen the largest area of ice lost in the Southern Icefield between 1986 and 2019 

however the Furtwangler glacier appears to be retreating at a faster rate. This supports the result of 

Thompson et.al (2011) who took ice-volume changes between 2000 and 2007 and found that the 

Furtwangler and Northern Icefield are losing their ice volumes at nearly equivalent levels of 54% 

and 46%. Table 3 shows that the southern end of the mountain contains a higher ice extent 

compared to the north. Young and Hastenrath (1987) also note this difference and further explain 

that rainfall is more abundant in the south due to the south-easterly wind flow in the lower 

troposphere during the rainy season which would be the cause of a greater accumulation of ice. The 

Southern Icefield is distinguished by the grouping of four glaciers, Rebmann, Decken, Kersten and 

Heim glaciers. From 2009 to 2019 they experienced a wide state of fragmentation and became 
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separated making it easier to identify the glacier boundaries. Global changes in temperature and 

precipitation are affecting the behaviour of the glaciers however, it could also be linked to more 

regional variations such as deforestation and bush fires (McKenzie et.al, 2010). Around Kilimanjaro, 

the locals maximize the use of the land cover and plant dense Banana forests that shadow the 

surrounding land, which provides fodder, medicines, firewood and under the banana trees coffee 

plants are grown. However, in recent years plantation owners are changing their coffee varieties to 

ones that are less shade demanding resulting in the little need for tree canopy to produce shade. 

Since this, hundreds of trees have been removed (Rechkemmer & Litre, 2009). Rasetter (2010) 

explains that the trees create moisture through transpiration which flows up the mountain and helps 

to maintain the glacial ice. An increase in deforestation may be speeding up glacial retreat due to 

less moisture around the mountain and it is believed that the recession on Furtwangler is strongly 

linked to tree removal (Pepin et.al, 2014). This has affects for water availability and regional/local 

climate. An increase in deforestation has already seen an increase in fires due to the area being 

drier and replacing forests which filter and store water, with bush vegetation that have a limited role 

in water balance (Mölg, 2008).   

Mount Kenya in total had a glacial area of 0.057Km² in 2022, compared to 0.562Km² in 1987 (Table 

3). This was much higher back in 1948, as Nilsson (1949) calculated that the total glaciated area to 

be 1.2Km², which the Lewis glacier accounted for 0.36Km² of this (Young & Hastenrath, 1987). 

Figure 4A shows that the glaciers in the west and southern slopes are best developed. These are 

the ‘most favourable areas for accumulation and the survival of snow’ which could be due to the 

large shade cover in this area (Young & Hastenrath, 1987, pp. 55). This study found that the Lewis 

glacier had the largest loss of ice from 1987-2022 with a total loss of 0.272Km². It is observed that 

the glacier did not only retreat at its terminus but retreated from all sides. Prinz et.al, (2018) 

supports this by identifying shrinkage from all sides and a separation from the lower and upper half 

of the Lewis glacier, which was divided by a rock outcrop. The glaciers on the North side of the 

mountain are usually covered by snow whereas the west-facing glaciers are in the shade which 

posed a problem for mapping especially in mapping the Gregory glacier in 2022 on the north side. 

Six glaciers were identified in this study however at the start of the century there were 18 which 

decreased to 11 in 1986 (Young & Hastenrath, 1987). Due to poor visibility on the Landsat images, 

more than half of the glaciers were not mapped. Prinz et.al (2011) found that the Lewis glacier had 

the highest rates of glacial ice loss throughout the decades compared to other tropical glaciers. At 

the start of the 1900s, East Africa’s glaciers were likely affected by a decrease in rainfall and 

reduced cloudiness due to regional aridity changes influenced by the Indian ocean (Hemp, 2005). 

However, in recent years the main driver for glacial change at Mount Kenya and the Rwenzori 

Mountains is climate change in particular a rise of temperature (McKenzie et.al, 2010.) 
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In total the Rwenzori mountains had a glacial area covering around 1.9Km² in 1987 which has 

decreased to 0.26Km² in 2017. Unlike, Kilimanjaro and Mount Kenya the most glacial retreat 

occurred between 1986 and 2012. This is backed by Klein (2007) who explains that significant 

glacial retreat occurred between the late 1980s and early 2000s in the Rwenzori. Muhati et.al, 

(2018); Torbick et.al, (2009); Alsop, (2007) and O’Loughlin et.al, (2014) all describe a decline in 

precipitation but a sharp increase in air temperature since the 1980s which coincides with Figure 7, 

that displays an initial increase in temperature between 1989 and 2000. Comparing temperature 

data (Figure 7) to the pattern of glacial retreat (Table 4), it can be assumed that in this area the 

rising temperature highly influences glacial retreat. In more recent times, the glacial area cover is 

expected to be less. Klaus Thymann’s 2020 expedition to the Rwenzori mountains revealed that 

Mount Speke and Mount Baker no longer have any glacial coverage (Thymann, 2020). This is a 

drastic change compared to the first glacial area estimations in 1907 by the Duke of the Abruzzi, 

approximating a coverage of 6.5Km² (Taylor et.al, 2006). Mölg et.al, (2003) also states that glaciers 

on the western side of the mountains experienced more retreat due to being exposed to the 

morning sun therefore having an increase in shortwave radiation. However, no link between glacier 

positioning and retreat was identified in this study, as the whole mountain range is experiencing 

large glacial retreat no matter of glacial orientation in relation to the sun position. Due to the large 

cloud cover in this area, recent clear images could only be sourced dating back to 2017. Mölg et.al, 

(2003) explained that the large percentage of cloud cover is due to air circulation caused by surface 

heating from the sun, which causes convective cloudiness and precipitation over the peaks of the 

mountains. 

 

5.2 Impacts on water availability  

Glacial extinction will likely have severe consequences on terrestrial and aquatic ecosystems, 

hydrology, and human systems in this region. Because Kenya, Tanzania, and Uganda are water 

scarce countries, tropical glaciers in these areas are crucial freshwater reserves that supply fresh 

water to surrounding communities during the dry seasons. In Kenya, between 1986 and 1999, 73% 

of the dry season flow in rivers originated from the Mount Kenya and 8% was the product of glacial 

melting (Rechkemmer & Litre, 2009). Millions of people surrounding these mountains rely on 

glacier-fed watersheds for a source of water whether it be used as drinking water or for crop 

irrigation. The Rwenzori mountains receive more precipitation than the other sites however, glacial 

runoff is a vital source for various lakes in western Uganda with 50% of the water in Lake George 

originating from the mountains (Eggermont et.al, 2009). Having said that, Molg et.al (2013) states 

that Kilimanjaro has no effect on water supplies for communities surrounding the mountain, but this 

is argued by Rastetter (2010) who explains that the Kilimanjaro’s surrounding population rely on 

glacial meltwater and precipitation to fill their springs to be used for drinking water and crop 



20 
 

irrigation. Although where most of this water is derived from has not been investigated in detail 

(Rastetter, 2010). 

If the current trend of glacial recession continues, it will eventually mean that all glaciers on 

Kilimanjaro, Mount Kenya, and the Rwenzori mountains will disappear having a negative effect on 

the local hydrology. In due course, streams will flow slower with less water in them, and the gradual 

rise in air temperatures will increase the evaporation in streams which are fed by glacier melt. As a 

consequence of these factors and the added irregular precipitation patterns in Eastern Africa, the 

region will experience severe water scarcity (Buytaert, n.d). If surrounding communities are not 

supplied with fresh pumped water from other sources, it could increase the spread of water borne 

diseases. Joubert (2011. p. 64) expresses their worries on how flooding and droughts lead to an 

increase in diseases like Cholera due to the declining water quality and the over extraction of water 

due to the population demand. With the formation of glacial meltwater ponds and warming air 

temperatures, it is a breeding ground for mosquito and other disease-carrying insects which could 

increase the rate of diseases such as malaria (Veettil & Kamp, 2019).  

Humans will not only be directly affected by glacial recession but the ecosystems that surround the 

ice will also suffer. Glaciers are natural water reserves storing water as ice daily, seasonally or 

throughout the centuries. Glacial ice traps in atmospheric chemicals such a nitrogen, dissolved 

organic matter and organic pesticides as well as trapping toxins such as bacteria, fungi, and 

viruses. These have the potential to alter the water clarity due to glacial meltwater moving 

suspended solids, affecting the distribution of light dependent organisms such as phytoplankton and 

zooplankton (Slemmons et.al, 2013). Slemmons et.al, (2013) further states that the hydrology and 

temperature can affect the biodiversity of species. Less biodiversity and biomass are present in low 

temperatures with increased sediment input which is found closer to the glacier. With all the added 

material in the water course from melting alpine glaciers, it could alter food-web dynamics, eliminate 

cold-water tolerant species, and reduce habitat heterogeneity. Having said that, Losapio et.al, 

(2021) explains that the biodiversity increases with glacial retreat but that only remains true if the 

glacier is still present. 

Glacial extinction will rise the water temperature downstream. As a result of no glacial run off, there 

is no supply of cold water into streams, causing little sediment transport. This will decrease the 

turbidity of the water which will create problems for primary producers due to the increased light 

penetration in the water column. Because of the quick timescale of these processes, not all species 

will have time or the ability to migrate and colonize elsewhere, which will be the result of high-

altitude plants not surviving after glacial extinction (Losapio et.al, 2021). It is to be noted that the 

outcome of glacial extinction is only a prediction of what may happen. Few studies have been 
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carried out on this topic but that is set to increase in the future because of the high rates of global 

deglaciation.   

5.3 Consequences of glacial change  

Glaciers are not only important as water source, but they attract tourists from over the globe to view 

their beauty. The Rwenzori mountains are an important source to the economy due to its national 

park which contributes 13% to the country’s gross domestic income (Thompson et.al, 2021). Each 

year thousands of people are attracted to visit the mountain glaciers in this region, especially 

Kilimanjaro. Tanzania relies heavily on tourism. A study by Minja (2014), found that the largest 

source of tourism income derived from mountain climbing and mountain equipment hire. On 

Kilimanjaro alone, 60,000 people travel annually to view or climb the mountain in which Minja (2014) 

also stated that the ice loss is already having a negative effect on the tourism sector which is only 

set to worsen due to climate change increasing the rate of glacial retreat.  

These glaciers are perfect time capsules that can produce ‘long, high quality records of climatic and 

environmental variation’ (Thompson & Davis, 2013). Physical and chemical tests are preformed to 

identify past concentrations of greenhouses gases. Ice cores from Kilimanjaro identified that no 

major eruptions have occurred in the region in the last 500 ka, as well as this the region has 

experienced severe droughts and flooding events in history (Thompson & David, 2013). Ice cores 

are required to identify what may have caused these past events and what could be done to 

potentially stop or slow them down. Without glacial ice, future generations have less scientific 

evidence of past events and could be at a disadvantage understanding, preventing, or predicting 

such disasters.  

Finally, glacial loss can have profound impacts on spiritual and cultural identity which is less 

discussed in the literature. Around the world some groups believe that mountains are sacred for 

their extreme height, and they are seen as natural temples, a place of worship. Like mountains, 

glaciers have been seen as ‘malevolent forces’, sources of inspiration and living beings. Allison 

(2015) describes tribes at the base of Kilimanjaro view the glaciers as the ‘house of god’, due to the 

movements and sounds they make, they are perceived as animate forces that will only be 

respected. The Rwenzori mountains are seen by locals as the ‘Mountains of the Moon’ due to their 

height and the white snow-caps on the top of the mountains.  

5.4 Limitations of the study  

Each study site had their own limitations. Mount Kenya and Kilimanjaro had four images ranging 

from 1986-2022. The USGS database had the poorest spread of data for the Rwenzori mountains 

and only contained images from 1998, 2012 and 2017, due to the large amount of cloud cover in 

this region in the other years. The Rwenzori mountains have an extensive area of tropical montane 
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cloud forests. Ray (2013) describes these forests as areas with ‘persistent cloud cover/fog at 

vegetation or ground level that ensures that the tree crowns are regularly in contact with cloud 

water’ (2013, p. 79).  This justifies the lack of Landsat images at this site due to the large cloud 

cover, the glaciated area could not be identified and mapped effectively.  

The spatial resolution for the images is 30m however, due to the small area of glaciation on each 

mountain especially Mount Kenya, some of the glaciated area might not have been mapped as 

accurate as it could have been if higher spatial resolution data was available. However, in future 

other studies could improve on the mapped data as it becomes accessible. Mount Kenya was 

difficult to distinguish between glacial ice and snow due to large pixelization of images. Prinz et.al, 

(2018) explains that some very small glaciers are shadowed by the steep walls that surround them. 

To map the site accurately, high resolution images and expert knowledge of the site would be 

required. With the coarse resolution and high degree of shadowing, GLIMS was used as an aid to 

help identify glacial boundaries for mapping. At Kilimanjaro, Thompson et.al, (2011) explains that 

ground observations are essential for refining the extent of glacial change as using Landsat images 

alone could be underestimating ice loss by up to 50% this could be assumed for Mount Kenya as 

the glaciers are smaller.  

All sites had poor historical weather data. Temperature and precipitation data contained large gaps 

which could lead to problems in understanding how climate change will affect East Africa directly. 

This made it hard to obtain reliable temperature data for this study. Lombrana (2021) also states 

that Africa has the world’s least developed land-based weather observation network however 

weather stations are being installed in schools to educate young people on the importance of 

weather stations which will establish plentiful weather data for future generations.  

6.0 Conclusion  

Kilimanjaro, Mount Kenya, and the Rwenzori Mountains are the three remaining sites that have 

glaciated peaks in the whole African continent and all three mountain ranges are rapidly losing 

glacial ice. Some of this is due to local drivers such as deforestation, although the main driver is 

climate change. Weather data obtained from Jomo Kenyatta International airport, displayed gradual 

warming trends in the annual mean temperature from 1986 to 2021, with some of the largest mean 

surface temperatures occurring in the last 10 years. This correlates to the fastest glacial retreat 

happening from 2009 to recent. The consequences of glacial retreat include water scarcity, scientific 

loss, increase in water borne diseases, loss of habitat and the spiritual connection of locals to 

glacial ice. The mapping in this report provides a clear picture of the impacts of climate change has 

on African glaciers. If society fails to react swiftly to reduce greenhouse gas emissions, Africa is 

highly likely to lose these important landscape features within the next decade.  
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