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1 INTRODUCTION 
Sand is often thought of plentiful, sand is not recognised as a strategic resource by many countries, 

including Kenya, and getting accurate information on sand is challenging. However, it is a vital resource 

and the world’s second most-used raw material after water. Sand extraction is the largest of mineral 

extraction activities, responsible for 85% of the total. Sand is currently being used much faster than it 

is being created, and demand is forecast to grow in the coming years through increasing population 

and urbanisation. Often thought of plentiful, sand is not recognised as a strategic resource by many 

countries, including Kenya, and getting accurate information on sand is challenging.  

This white paper summarises the work undertaken by the Earth Observation for Sustainable Aggregate 

Supply (EO4SAS) over nine months between July 2020 and March 2021, with the support of 

stakeholders in Kenya. It reviews the current position of sand extraction in Kenya, and whether using 

Earth Observation (EO) satellite data could support a cost-effective online tool that would be useful 

for monitoring and managing sand. In addition, it looks at underpinning governance actions that would 

be required and the challenges to deliver this form of a solution in Kenya. 

It is hoped this white paper will provide any future work with a useful starting point. 

2 SAND EXTRACTION & MONITORING IN KENYA 
Sand extraction is an important industry in Kenya’s counties, providing income and work for many and 

supplying essential raw materials for construction that fuels economic growth. Quantification of the 

amount sand extraction undertaken is challenging due to the lack of data, however using cement 

production as a proxy, it’s possible to estimate that Kenya produces around 50 million metric tonnes 

of sand each year, worth $600 million to the country. Although the value could be double if a natural 

capital valuation approach is taken, which recognises the importance of ecosystems and the 

environment in determining global outputs and human well-being. 

Within Kenya, sand extraction is occurring in a variety of places, including within riverbeds, mines on 

land and dredging under the oceans and within Lake Victoria. Its primary use is Nairobi’s construction 

industry, fuelled by rapid urban expansion and major national infrastructure projects. 

The work of EO4SAS initially focussed on sand extraction from riverbeds. The sand in rivers acts as 

aquifer storage in the riparian zone, facilitated by the construction of sand dams and weirs. This is key 

to sustaining rural life; rains captured and held in the river during the rainy season are used as a water 

supply source in the dry season. However, as the water levels fall in the dry season sand is harvested 

from the sand dams. Whilst some of this sand is replenished in the next rainy season with new material 

eroded from upstream, too much extraction can cause negative impacts. Therefore, it should not be 

considered a renewable resource as the overall replenishment of sand happens more slowly than 

extraction occurs. In addition, harvesting this accumulated sand from sand dams reduces the water 

storage capacity, damaging the biodiversity around the riverbed which supports farming, natural 

drinking water filtration and livestock. 
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As sand is not seen as a strategic commodity within the national government, it is not on the agenda 

of ministries such as the Ministry for Petroleum & Mining or the Kenyan Space Agency, who are 

mapping other active resource mining sites.  

There is a disparate county-level approach to tackling the problem, including within the four counties 

closest to Nairobi, where demand is greatest. Kajiado and Makueni have started to regulate sand 

mining activity, through the empowerment, education and engagement of local communities. These 

local communities are often already organised into groups focused on water resource management. 

Kitui has banned the export of harvested sand to other counties; whereas Machakos is struggling with 

illegal sand mining, a knock-on effect of the other counties having effectively contained it. 

In summary, in the context of small-scale extraction sustainable sand harvesting in rivers requires a 

careful balance to maintain the right level of sand deposit to support activities that need water. 

Anybody wishing to extract legally, within a licensed area, must evidence management plans and 

environmental assessments to the county before extraction can begin. However, even if 

environmental assessments are rejected, extraction may continue anyway.   

There is insufficient data collected and aggregated to help sustainably manage sand harvesting, or to 

quantify the issues at a county level, cross-county and nationally.  For example, data to express the 

amount of sand in an area, the amount of sand extracted from an area or the rate of its extraction. 

This type of information would be highly valuable to counties to support their sustainability efforts. 

3 USER REQUIREMENTS 
An exploration of current working practices, processes and problems of those involved in sand 

management in Kenya through a variety of virtual meetings identified several groups of high-level user 

requirements for any viable sand management solution:  

(1) the entry of user-sourced data: for example, entering, viewing and editing geo-location data 

such abut sand dams, including capturing site photos, adding observations about 

environmental use, vegetation quality and vehicular information such as number plates;  

(2) provision of environmental indicators: such as land-cover, soil moisture, vegetation health 

and river changes;  

(3) display of trends and analyses: to show changes in particular factors over time or to provide 

instant snapshots of site health or developments across a county and country;  

(4) ability to share data: between users and other systems; and  

(5) delivery platform requirements: such as the need for mobile application access for officers in 

the field. 

The following is an example of one user’s need relating to prioritising action based on monitoring 

environmental trends: 

“As a County Environmental Officer, I need to Monitor and Compare Environmental Trends at Sites 

and in the County so that I can Identify which Sites are most pressing” 
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The project produced a list of these types of requirements describing the information which users, 

such as the County Environmental Officer, would require for a sustainable sand and aggregate 

management solution; and to have these analyses and meaningful insights presented in a variety of 

graphical formats – tables, charts, map overlays, etc. 

Beyond the user requirements themselves, several other points were highlighted in the discussions 

with the stakeholders, and include:  

• As unimportant as it is considered at national government, sand is considered an important 

resource at the county level – “it is our gold”; 

• Government departments and agencies beyond the Ministry of Petroleum & Mining are 

interested in the use of EO techniques and applications; 

• Governance in the form of legislation, enforcement or compliance, and progress towards 

sustainable sand management is at a different stage in each county; 

• Basic data to help quantify sustainable sand extraction, such as the number of harvesting 

areas, the amount of sand available, the amount of sand extracted, the amount of illegal 

harvesting carried out is not currently available; 

• At a county/community level there is an appetite for a solution that can provide insights into 

the extent of sand harvesting and the impacts on the local environment; and 

• Mobile access to a solution for officers in the field will provide great benefits. 

4 THE ROLE OF EARTH OBSERVATION  
EO4SAS focused on using EO satellite data, from the free-to-access Sentinel constellations, combined 

with scientific algorithms, machine-learning techniques & external datasets to answer questions 

raised through the user requirements engagements, for example: 

• Maps of current sand extraction sites and potential sand extraction sites; 

• Maps of licensed and unlicensed sand extraction sites; 

• Maps of quantities extracted from sand extraction sites; 

• Environmental & vegetation health of areas around sand extraction sites, including riparian 

systems; 

• Maps of economic activities associated with sand extractions; 

• Monitoring rehabilitation of sand extraction sites; 

• Monitoring downstream impact of sand dams;  

• Mapping changing coastlines and lake edges; 

• Alerts of potential sand extraction activities; and 

• Supporting the production of Environmental Impact Assessment, Environmental Reference 

Information, estimating and forecast tax revenues due from sand extraction. 

The production of these reports was partially tested, as described in section 5. There were many 

successes, as well as some areas where further work or alternative approaches were needed.  

Using an EO-based solution offers benefits over other approaches, such as:  
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• The potential geographical area coverage is vast compared to alternative ground-based 

techniques; 

• Fresh information for the whole area is available regularly (every 5-10 days); 

• Areas can be easily monitored without site visits, which is particularly useful where they are 

remote;  

• Huge quantities of historical data are available allowing retrospective inspection; and 

• Using free-to-access data means the overall solution can be kept to a low cost. 

However, an EO-based solution is not perfect, and there are some drawbacks of using such a system: 

• Cloud-cover can interfere with visual imagery; 

• Trees and other ground-level cover can interfere with what the satellite ‘sees’ in terms of 

the ground; 

• Light-pollution from population centres can interfere with night-time activity monitoring; 

• Calibration and validation site visits are needed to ensure that the satellite data is correctly 

identifying what’s of interest; and 

• Higher resolution imagery is required for more detailed analysis and can be expensive. 

Some of these drawbacks can be addressed by using multiple datasets and using alternative sensors. 

Overall, the value of an EO-based solution is derived from its capabilities for: 

(1) benchmarking and monitoring;  

(2) problem identification and goal-setting;  

(3) prioritising interventions and planning;  

(4) facilitating cross-sector & cross-county dialogue;  

(5) increasing public awareness;  

(6) facilitating transparency & accountability; and  

(7) revenue-raising from taxation and/or royalties.   

From the work undertaken on EO4SAS, it is believed that EO data can offer a potential solution to sand 

management monitoring in Kenya. 

5 CASE STUDIES 
As noted previously, part of the project was to test how EO satellite data could deliver the user 

requirements captured and visualise the insights gained. This was through interactive Case Studies, 

which acted as demonstrators to the stakeholders to gain further feedback on a sand monitoring 

solution.  

Each Case Study focuses on a particular aspect of the resource management of sand extraction using 

specific EO techniques and is based in a specific part of Kenya, rather than the whole country.   
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5.1 Case Study 1: Investigating Areas Around Sand Dams to 

Understand Sand Occurrence & Vegetation Health 
Sand is extracted from the riverbeds of Kenya’s semi-arid and arid areas, particularly to the south and 

east of Nairobi, to support the construction industry. This extraction has the potential to cause adverse 

effects to the surrounding environment if too much is extracted, or the extraction itself is harmful, 

e.g., by reducing biodiversity.  

This case study focuses on sand dams for an area covering approximately 50 km x 100 km, including 

the intersection between Kitui, Machakos and Makueni, using the free-to-access Copernicus EO 

satellite data to develop a land classification model using a pre-trained Neural Network model. It uses 

‘snapshots’ dates from November 2019 to December 2020, selected due to their relatively low cloud 

coverage, and allows seasonal changes to be observed during the year, i.e., the influence of the wet 

and dry seasons. 

This model can be applied to identify the riverbed and surrounding riparian zone’s general health and 

answer questions about the sand dam activity in the area. 

This land classifier assigns each pixel in the image a land cover type, allowing a series of products and 

insights to be developed: 

• Maps of current sand extraction sites and potential sand extraction sites; 

• Environmental & vegetation health of areas around sand extraction sites, in this case, the 

riparian zone; 

• Health of river systems; 

• Monitoring rehabilitation of sand extraction sites; and 

• Alerts of potential sand extraction activities; and 

• Maps of licensed and unlicensed sand extraction sites, when combined with datasets of 

licensed sites. 

Some examples of the results are:  

Protecting the environment and biodiversity by showing the changes in vegetation health at a specific 

location; for example, in this case, this is an open area with sparse vegetation, a small water body near 

the middle and river to the south. Upon searching for this area, the user would be presented with the 

following: 

• A larger extent view on the right, showing where the zoomed-in area of interest is. It is a semi-

true colour version of the optical data acquired by Sentinel 2 on the chosen date (31st August 

2020) with the zoomed-in area indicated by the red square. 

• The zoomed-in area of interest, below on the left, shows an area of 10 km x 10 km. In this 

example, vegetation index values indicating the health of the area; where the greener the 

image, the greener the vegetation. This vegetation index product uses the Normalised 

Difference Vegetation Index (NDVI), which shows how green an area is, i.e. greener values 

indicate more healthy vegetation, and water appears blue. 
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Figure 5-1: Copernicus Sentinel-2 showing the Normalised Difference Vegetation Index (NDVI) forming part 
of the land classification methodology. Data is from the 31st August 2020; on the right is the large area as a 

semi-true colour version, and the zoomed-in area is on the left is the NDVI product. Data courtesy of 
Copernicus/ESA. 

In terms of analysis, the case study also provides: 

• A temporal graph showing the change in the average NDVI value for the zoomed-in area over 

time for the available dates.; and 

• A bar chart showing the relative spatial coverage of the extracted categories – sand, aqueous 

deposits (water that’s high in sedimentation) and water – for the whole area. 

Identify any unauthorised extraction activity by allowing the user to quickly look at an area of interest, 

visualise sand deposit locations that have been identified and compare the sand coverage of these 

areas over time. For this example, the images below show the same 100 km2 area on the 31st August 

2020 (left) and 3rd February 2020 (right), with a map of identified sand overlaid on top (at 50 % 

transparency) as the yellow areas. On the 31st August (dry season) the sand can be seen on the exposed 

riverbed whereas, in comparison, on the 3rd February there is far less visible sand.  

Kenya experienced extreme rainfall Kenya over the 2019 wet season, which extended into January 

2020. So the date in early February is likely to be when the rivers are full of water, and so the 

classification would show water rather than sand. Therefore, these two images show that EO and land 

classification is capable of identifying these changes.  
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Figure 5-2: Comparison of the same area on the left for 31st August 2020 and the right on 3rd February 

2020 with a map of the identified sand overlaid top. On the left is a dry season image where sand can be 
seen in the exposed riverbed, whereas in the wet season, on the right, there is less visible sand. Data 

courtesy of Copernicus/ESA. 

5.2 User Case Study 2: On-land Sand Extraction  
Sand dams are not the only type of sand extraction taking place in Kenya, and Case Study 2 focuses on 

the on-land extraction of historic sand deposits rather than extraction of sand flowing down rivers. 

The chosen location is Nakuru county, with sites in Nakuru and north of Bahati being known extraction 

sites; the northern site is surrounded by fields and trees, while the eastern site is surrounded by 

housing. The imagery shown are for the northern site. 

This Case Study used additional satellite sensors and data to Case Study 1: 

• High spatial resolution commercial optical imagery, from GeoEye-1 and Pléiades to both 
compare to the Sentinel land classification and to see what further insights can be seen with 
the higher resolution.   

• Visible Infrared Imaging Radiometer Suite (VIIRS) Night-time imagery to look at the night-
time economic activity around extraction sites.  

• Sentinel-1 processed using an interferometric technique to derive a Digital Elevation Model 
(DEM) to measure changes in heights and support quantifying the amounts extracted. 

These techniques allow the following series of products and insights to be developed, including: 

• Maps of quantities extracted from sand extraction sites; 

• Maps of economic activities associated with sand extractions; and 

• Alerts of potential sand extraction activities; 

The higher resolution commercial imagery was compared to the lower spatial resolution Copernicus 

Sentinel-1/-2 land cover classification used in Case Study 1; results, as shown in Figure 5-3. The 

extraction site was detected as being sand (yellow), with the water-filled hole being detected as a 

combination of water (blue) and aqueous deposits (brown). 
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Figure 5-3: Copernicus Sentinel-1/-2 land cover classification overlaid on high-resolution commercial 

Pleiades imagery for 16/12/2018 (left) and 28/06/2020 (right); Sentinel-1/-2 courtesy of Copernicus and 
© CNES (2020), Distribution AIRBUS DS. 

Extraction from night-time imagery for the Nakuru sites has not been easy as Nakuru town is the 

fourth-largest urban area in Kenya after Nairobi, Mombasa, and Kisumu, so the town has considerable 

light pollution at night. Therefore, we chose to initially investigate the northern site further away from 

the town, with less light pollution. Unfortunately, night-time imagery is low resolution, 1km pixels, so 

picking up small changes is difficult. Figure 5-4 shows the VIIRS night-time data as a time series that 

shows a similar profile throughout, including the predicted mining dates (between the red vertical 

lines on the plot). Therefore, this suggests that the night-time imagery is insufficient to determine 

small mining-related changes in night-time activity. However, a possible solution to this would be to 

look for alternative higher resolution imagery, whether that be free to access or commercial or do a 

more detailed daily analysis of other sites that may be more suitable.  

 
Figure 5-4: VIIRS timeseries night-time data (right) for an area around the mine to the North of 
Nakuru (red border in right image); VIIRS data courtesy of NOAA and Pleiades © CNES (2020), 

Distribution AIRBUS DS.  
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The DEM results are overlaid on the commercial imagery, and the DEM values extracted along the 

white arrow are shown below in 

 
Figure 5-5. From the work performed, the results are dependent on the temporal baseline 

(interferogram’s timespan, with repeat imagery acquired every 6 or 12 days), the coherence of the 

surface (which can be affected by factors such as rainfall) and a reasonable perpendicular baseline. 

Further work is needed for automated processing, including an accuracy assessment as the change 

in volume can be small. 

 
Figure 5-5: Copernicus Sentinel-1 derived DEM overlaid on the high-resolution commercial Pleiades imagery 

(left) with the plot along the white arrow shown on the right as the derived height variation; Sentinel-1 
courtesy of Copernicus and Pleiades © CNES (2020), Distribution AIRBUS DS. 
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5.3 User Case Study 3: Waterline Extraction  
Case Study 3 focused on the extraction of sand from the land-water boundary. We concentrated on 

Lake Victoria as the user engagement discussions revealed (anecdotally) this had been prolific 

previously in Homa Bay locations.  

A technique was used to identify the suspended particulate matter in the water, where changes in the 

turbidity of the water may indicate that sand extraction for the shoreline or even dredging has taken 

place. Figure 5-6 shows a Sentinel-2 pseudo-colour composite of Homa Bay, acquired on 25/02/2021, 

with interesting variations in suspended sediment.  To the bottom left, water is passing under the 

Mbita causeway within a narrow channel, with higher concentration water escaping to the left and 

lower concentration water coming in. The top right of the figure has a boat passing through the bay 

(a small white area with a triangular wake). 

 
Figure 5-6: Sentinel-2 semi-true colour composite showing the variations in suspended sediment 

concentration. Data courtesy of Copernicus/ESA. 

6 CHALLENGES TO IMPLEMENTING A 
SUSTAINABLE SAND MONITORING SOLUTION  

Whilst there are several potential benefits to implementing a sustainable sand monitoring solution 

using EO data, it should also be recognised that this will not be easy, and there are a number of 

challenges to overcome. Those that have been identified during the project have been detailed in the 

following sections: 

6.1 Governance & Resource Management Challenges 
• Within Kenya there is no national legislation or regulation of sand harvesting, the 

management of sand extraction and its impacts is delegated to bodies such as county 
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governments and the National Environment Management Authority (NEMA). As highlighted 

earlier, as sand is not recognised as a strategic resource in the county the first challenge will 

be one of raising awareness of the problem and gaining high-level support for a solution.   

• Raising awareness requires the presentation of quantifiable data. As there is limited 

availability, EO could enable the collection, analysis and presentation of such data to provide 

a county and country-wide current and predicted future picture of Kenya’s sand’s 

sustainability.  

• Development of national and/or local the enactment of legislation and regulation for sand 

extraction, underpinned by relevant enforcement action. 

• Working with the harvesting communities will be essential as some members of the 

communities (whether directly or indirectly involved in sand harvesting) will see regulation 

and legislation as threatening to their livelihoods; requiring the demonstration of the benefits 

of improving working practices through the adoption of an accessible monitoring solution; 

together with the benefits for environmental impacts, and sand supply to the community. 

• Potential retraining and reskilling of parts of local communities to give options for alternative 

livelihoods.  

• Agreement of counties to work together and co-operate to enforce regulations, and ensuring 

that their staff have the right resources, tools and technology. 

6.2 Technical Challenges 
• Ensuring that EO satellite data can deliver a series of valuable, useful and beneficial products 

to support the sustainable management of sand. 

• Sufficient digital literacy level of end-users to effectively utilise an online platform with low 

bandwidth to support an efficient and effective operation, particularly for field use in rural 

locations. 

• Must appeal to a wide variety of users with differing needs and competence levels in 

technology and subject-matter expertise. 

• Must be accessible to all types of users and will need to support both desk-based and field-

based operatives. 

• Be able to handle the processing, storing, delivery and visualisation of images and deliver 

extracted information to users. 

• Be a cost-effective approach. 

7 CONCLUSION 
The EO4SAS Discovery Phase project has demonstrated an interest and desire from stakeholders in 

Kenya for a system to support the monitoring of sand. This white paper aimed to set out a good 

framework for those interested to move forward on this issue.  

EO satellite data offers the potential to be the basis for a comprehensive sand management system 

underpinned by a series of governance and resource management actions. It can deliver Kenya a 

world-leading role in the progress towards a sustainable sand management future for the planet. 


