
The urbanisation chapter in the joint Government of Rwanda-World Bank (2019) report

“Future Drivers of Growth”, examines the extent to which urbanisation is currently driving

growth and examines what more could be done from a policy perspective. The chapter cites

a range of spatial analysis from other sources, including Figure 8 and Figure 9, to make the

point that Kigali and the secondary cities have relatively fragmented development compared

to other cities and should densify. Figure 10 from the report shows the development of the

footprint of the built area of three secondary cities and finds that Musanze has developed

three times faster than Huye.

FIgure 8: Fragmentation of densities beyond the central business district of Kigali

Source: Henderson, Vernon, and Nigmatulina 2016,32 cited in Future Drivers of Growth report

Figure 9: Location of formal jobs in Kampala, Uganda; Lusaka, Zambia; and Kigali, Rwanda

Sources: Jones, Bird, et al. 2016; Jones, del Frari, et al. 2016; Jones, Murray, and Ferreira 2016, cited in Future Drivers of

Growth report

Two interesting papers by academics at University of Rwanda are of note on urban land use

classification, Mugiraneza et al. (2019)33, published in the journal “Remote Sensing”, used an

innovative approach to analyse a 2016 image of Kigali, classifying land in Kigali into 12

33 Mugiraneza, Theodomir, Andrea Nascetti, and Yifang Ban. 2019. "WorldView-2 Data for Hierarchical Object-Based Urban Land Cover
Classification in Kigali: Integrating Rule-Based Approach with Urban Density and Greenness Indices" Remote Sensing 11, no. 18: 2128.
https://doi.org/10.3390/rs11182128

32 Henderson, Vernon, and Dzhamilya Nigmatulina. 2016. “The Fabric of African Cities: How to Think about Density and Land Use.” Draft,
London School of Economics.
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categories which included three built up area classes, high-density built-up area, low-density

built-up area, and informal settlement, with an overall classification accuracy of 85%. On

solid waste management, Ngwijabagabo et al. (2020) use a spatial multi-criteria evaluation

approach based on seven criteria to find the most suitable sites near Musanze town in which

to establish a modern landfill site.

Figure 10: Development of the building footprint of central areas of three secondary cities in Rwanda,

2001-2015

Source: World Bank (2017)

Note: the maps show the footprint of buildings for three secondary cities, in red in 1999 for Musanze, 2001 for Muhanga

and 2002 for Huye, and in yellow in 2015 for Musanze and Muhanga and for 2016 in Huye.

IGC has conducted or commissioned a range of spatial analysis in relation to urbanisation

and infrastructure. IGC funded building footprint data (at the individual building level, much

more detailed than that used for Figure 9 above) for Kigali for 2009 and 2015, which is

published in Bachofer et al. (2019), and also purchased building footprint data for 2019 for

Kigali and the secondary cities. These data have enabled three pieces of analysis. First,

Bachofer & Murray (2018) and Bachofer et al. (2019) use the 2009 and 2015 data to

understand the numbers of additional buildings in each cell in the built up area of Kigali,

showing that there has been little additional development in the Central Business District

(CBD) but buildings have developed in a horseshoe around the north, east and south of the

CBD, as shown in Figure 11. They also classify into nine different building types including

basic informal houses, formal bungalows and villas, and commercial buildings of various

types, and show how the percentage of formal buildings increased from a low base between

2009 and 2015.
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Figure 11: Additional new buildings in each cell in the built up area of Kigali between 2009 and 2015

Source: Bachofer, F., and S. Murray. 2018. “Remote Sensing for Measuring Housing Supply in Kigali.” Final

Report, International Growth Centre, Kigali.

Using the 2015 building footprint data for Kigali, in “Using machine learning and remote

sensing to value property in Rwanda”, Brimble et al. (2020) overlay a range of spatial data on

parcel boundary and sales data from RLMUA to estimate property values in 2015 and the

authors are currently finishing an update to this analysis as of early 2022 using 2019 building

footprint data that covers both Kigali and the secondary cities.

Also using building footprint data as an input, Rajashekar & Bower (2020) estimate the

location of overcrowding hotspots in Kigali and five secondary cities in Rwanda; they define

indoor and outdoor overcrowding and a composite measure of overcrowding containing

both, using WorldPOP and building footprints to generate measures for each square of a

100m x 100m grid. Figure 12 shows the most overcrowded locations according to the

composite measure for four secondary cities; the paper calculates these for Kigali and five

secondary cities (except Musanze due to missing building footprint data). The policy

relevance of this analysis is: i) to show where in Rwanda social distancing may be most

difficult during the COVID-19 pandemic, increasing the risk of contagion; ii) from a housing

policy perspective, to understand the pattern of overcrowding within cities; and iii) to

address the question of whether the densification pillar of Rwanda’s National Urbanisation

Policy should still be pursued (they argue in favour).

40



Figure 12: Composite (indoor plus outdoor) measure of top 1% (purple) and 5% (peach/orange)

overcrowding hotspots in 4 secondary cities

Source: Rajashekar & Bower (2020) “Densification without contagion: overcrowding and pandemic risk hotspots in

Rwanda”. Final report. International Growth Centre.  p19

On roof materials for buildings in Kigali, Braun et al. (2019) and Matabishi et al. (2022)

published journal articles on methodologies for detecting roof materials of buildings in

Kigali, indicating that analysis of roof materials may be used as an input for planning

decisions and monitoring of urban expansion.

On transport, in “Managing Accessibility for Sustainable Development of Kigali”, Bajpai et al

(2016) do accessibility analysis in Kigali, assessing the impacts of potential policies to

increase accessibility on transit times and on activity location decisions. A simulated change

in access to employment from a 50% drop in bus speed is shown in Figure 13. Below it,

Figure 14 shows a graphic of the distance to paved roads.
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Figure 13: Simulated change in access to employment in Kigali with a 50 percent drop in bus journey

speed

Source: Quiros, Murray, and Bajpai 201634

Figure 14: Average distance to paved roads

Source: unpublished IGC presentation on property valuation

The Rajashekar et al. (2018) study “Economic geography of Rwanda”, contains a rich array of spatial

analysis about economic activity and firms and rewards a close read. To cite just two examples,

Figure 15, which includes secondary and emerging towns but excludes Kigali, shows a strong

relationship between the distance to city or town centre and the number of firms per 1000 people -

not simply the number of firms - showing that proximity to the city or town centre is important both

for productivity and for job seekers. Figure 16 shows that Kigali is at the very centre of Rwanda’s

34 Quiros, T., S. Murray, and J. Bajpai. 2016. Managing Accessibility for Sustainable Development of Kigali. Final report, International Growth
Centre, London.
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internal trade system and that there are few connections linking other parts of the country together

directly.

Figure 15: Firms per 1000 inhabitants per Sector, by distance to city centre (Kigali excluded)

Source: Rajashekar et al. (2018). Economic geography of Rwanda. Final report, Laterite and International Growth Centre.

Note: Excluded Sectors are those in Kigali and those that are further than 10 km of secondary city centres

Figure 16: District-to-district trade in Rwanda

Source: Rajashekar et al. (2018). Economic geography of Rwanda. Final report, Laterite and International Growth Centre.

Note: Only links above 5 billion RWF represented – size of line is proportional to trade between two Districts; size of node

proportional to total trade by District

7.3. International research

The field of urban and regional economics - and thus its usefulness for policymakers - has

advanced greatly in recent decades, and has been accelerated by the increased availability

of spatial data over time. Urban economics contains many sub-fields including the nature
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and drivers of agglomeration economies (in which proximity increases productivity), urban

built form, land use, municipal finance, housing, transport and commuting, infrastructure,

waste, crime, health and other fields, many of which have spatial dimensions. Our review

cannot thus be exhaustive; our goal is to stimulate thinking through interesting examples.

Urban form

Professor Solly Angel has made a seminal contribution on how the footprint of cities grows

as population grows, and in “The dynamics of global urban expansion” (with Sheppard &

Civco, 2005)35 analyses classifications of land use based on Landsat satellite data to find a

robust pattern that if a city’s population is doubled, the city’s land area increases by more

than double and that densities in cities systematically decline over time. Densities in

developing-country cities were found to be three times higher than densities in cities in high

income countries; moreover, densities in all regions were found to be decreasing over time.

They state that this implies that whilst “it is quite common to hear of urban planners and

decision makers speaking of their cities as exceptions to the rule, asserting that other cities

will grow and expand and their city will not, simply because it is already bursting at the

seams”, urban expansion is inevitable, and that policymakers in developing country cities

should usually place more focus on what should be done to accommodate city growth rather

than resist it. This logic certainly applies to Kigali, which is set to expand to 3.8 million people

(Kigali Master Plan, 2020) or 4 million people (Bower & Murray, 2019), yet policymakers in

Rwanda focus on preventing sprawl, upgrading existing unplanned settlements and

expanding the secondary cities rather than accommodating the inevitable growth of the

capital city through grids.

Harari (2020) uses historical maps and satellite-derived dataset of nighttime lights to derive

the shape of cities in India over time. She then finds that cities with more compact shapes -

that is to say, rounder shapes in which each location is as close to each other location as

geometrically possible - are characterised by larger population, lower wages, and higher

housing rents, consistent with compact shape being a consumption amenity. She estimates

that the welfare cost of deteriorating city shape is sizable. She finds that unfavourable

topography that makes cities less compact, is exacerbated by restrictive housing policy, but

that the costs of these factors are mitigated by good road infrastructure.36

To assess the impact of urban renewals and demolitions at a more local level, Getcher and

Tsivanidis (2018) applied a machine learning technique called “deep convolutional neural

network” to measure changing slum cover from daytime satellite imagery. They found that

redevelopment of the 15% of central city land in Mumbai occupied by the city’s defunct

textile mills into high-rises during the 2000s had strong spatial spillovers on surrounding

locations in terms of gentrification in the form of higher formal sector house prices and

lower slum cover.

36 Harari, M. (2020). Cities in bad shape: Urban geometry in India. American Economic Review, 110(8), 2377-2421.

35 Angel, S, Sheppard, S. C., Civco, D. L., Buckley, R., Chabaeva, A., Gitlin, L. , Kraley, A. , Parent, J. , Perlin, M. (2005). The dynamics of global
urban expansion (p. 205). Washington, DC: World Bank, Transport and Urban Development Department.
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Housing

Hsieh and Moretti (2019) find that housing restrictions in high-productivity US cities lead to

misallocation of labour, by artificially restricting the growth (and thus labour demand) of

these cities. They use a spatial equilibrium model and data from 220 metropolitan areas to

find that these constraints lowered aggregate US growth by 36 percent from 1964 to 2009.

Marx, Stoker, and Suri (2019) used the luminosity reflected by metal roofs in high-resolution

daytime satellite pictures to investigate slum structures in Nairobi, Kenya. Their idea is based

on the fact that 96 percent of slum residents have corrugated iron roofs and that metal roofs

are shiny when new or recently renovated. Using the classification of slums, they provide

evidence of ethnic patronage in the determination of rental prices and investments.

Chyn (2018) found that urban housing demolitions in Chicago — which forced low-income

households to relocate to less disadvantaged neighbourhoods using housing vouchers — led

to more violent crime arrests and earlier employment among displaced children. They rely

on detailed data on building height to define demolition status of buildings.

Firms and economic activity

Dong, Ratti, and Zheng (2019) show that an easily accessible and fairly regularly updated

neighbourhood attribute, the restaurant, when combined with machine-learning models,

can be used to effectively predict a range of socioeconomic attributes, which has not been

well-documented for many developing cities and countries. They merge restaurant data

from an online platform with 3 micro-datasets for 9 Chinese cities. Using features extracted

from restaurants, they train machine-learning models to estimate daytime and nighttime

population, number of firms, and consumption level at various spatial resolutions.

Transport

Many studies have studied the welfare impact of both inter-city transportation infrastructure

such as highways and railways, and intra-city transportation infrastructures such as Bus

Rapid Transit (BRT) systems.

On inter-city transportation, Baum-Snow et al. (2017) found that in China each radial

highway displaces 4% of central city population to surrounding regions, and ring roads

displace about an additional 20%. They also provide evidence that radial highways

decentralised service sector activity, radial railroads decentralised industrial activity, and ring

roads decentralised both.

Baum-Snow et al. (2020) investigated how the construction of China's national highway

system affects local economic outcomes. The results indicate that highways also affect

patterns of specialisation. With better regional highways, regional primate cities specialise

more in manufacturing and services, while peripheral areas lose manufacturing but gain in

agriculture.

Asher and Novosad (2020) found that India's national rural road construction program

facilitates the movement of workers out of agriculture in the rural areas, but the impacts on
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people's income and firms' size are modest, indicating that remote areas may still lack

economic opportunities even with better market connection.

On Bus Rapid Transit, Balboni, Bryan, and Morten (2020) explored the distributional effects

of urban infrastructure improvement by studying the BRT system in Dar es Salaam, Tanzania.

They used original panel data tracked on two dimensions (following households if they move

and surveying all new residents of buildings) and found that the BRT was a pro-poor

investment.

Tsivanidis (2021) estimated the effects of improving transit infrastructure on city structure

and welfare by studying the construction of the world’s largest BRT system – TransMilenio –

in Bogotá, Colombia. His most conservative estimates found that the BRT system increased

aggregate welfare in the city by 1.5% and output by 1%. He estimated a “commuter market

access” (CMA) index that summarises the impact of the entire transit network on

equilibrium outcomes in any location. The CMA for residents represents access to jobs and

the CMA for workers represents access to workers. Figure 17 shows how the CMA is affected

for residents and for firms; warmer colours (red) represent an increase in the CMA. The

policy implications of this research included the following: i) there are high returns to cheap,

complementary bus services or last-mile connections; ii) “lines that connect poor

neighbourhoods with jobs in low-skill intensive industries benefit unskilled workers the

most”; and iii) there is a need for integrated transit and housing policy in which housing

policy does not restrict housing supply from responding to the new presence of a BRT line.37

37

https://blogs.worldbank.org/impactevaluations/ticket-ride-building-efficient-and-equitable-cities-bus-rapid-transit-guest-post-nick-tsivanidi
s
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Figure 17: Change in Commuter Market Access from TransMilenio

Source: Tsivanidis, Nick (2019). “The aggregate and distributional effects of urban transit infrastructure: Evidence from

Bogotá's TransMilenio,” Technical Report, University of Chicago Booth School of Business 2019.

Gaduh, Gračner, and Rothenberg (2021) studied the effects of cheaper BRT systems with

lower-quality implementation on city congestion and people’s welfare by looking at

TransJakarta, a large BRT system. Their model and counterfactual find that increasing the

quality of expansion corridors would significantly improve welfare with only modest costs.

Urban land use

In the study of economic geography, it is important to understand why cities exist, how they

are shaped, and spatial distributions of economic activities within them. The availability of

satellite imagery and machine-learning techniques for image classification have led to rapid

advances in detecting land use in the remote sensing literature. Several studies managed to

construct urban layers for the world as a whole based on different data sources, Pesaresi et

al. (2015) use Landsat imagery to detect urban land for grid cells at a 38m resolution,

Channan et al. (2014) use MODIS imagery to detect multiple types of land use for grid cells
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at a 500m resolution, and Zhou et al. (2014, 2015) use night light intensity to detect urban

land at a 1 km resolution.

Remote sensing data could delineate urban areas but not restricted to administrative

boundaries. For example, Burchfield et al. (2006) use contiguous pixels to measure sprawl

in the U.S. based on Landsat satellite imagery from 1976-1992. Harari (2020) uses nightlights

to track urban sprawl in large Indian metropolitan areas. Dingel et al. (2021) utilises clusters

of pixels above nightlight thresholds to construct metro areas in Brazil, China, and India.

Recent work by Duranton (2015) proposes an alternative algorithm to construct markets

based on commuting patterns for Colombia. De Bellefon et al. (2019) develop a statistical

approach to detect urban areas using precise locational data covering 34 million buildings in

France. Baragwanath et al. (2021) proposed a new approach to define urban markets based

on built-up land-cover classified from daytime satellite imagery in India. They find that,

compared to nighttime light intensity, daytime imageries can identify more markets, capture

more of India’s urban population, are more realistic in shape, and reveal more variation in

the spatial distribution of economic activity.

7.4. Ideas for further research

Create a housing suitability index and other urban applications using the Suitability tool,

to inform urban planning and the placement of social housing

Rwanda’s city master plans contain zoning for residential housing, and Rwanda Housing

Authority selects sites on which to build social housing. Spatial analysis could be used to

inform the suitability of zoning and sites selected for social housing. A housing suitability

index could be developed based on data layers for environmental suitability, jobs, transport

facilities and a range of urban amenities including schools, public spaces, hospitals. Such an

index was developed by the World Bank-funded initiative City Planning Labs38 using the tool

“Suitability”, which is described as “an urban planning tool that identifies optimal location

for a specific activity within a city”.39 The tool can be used to support national urban

planning agencies and city governments to perform land suitability assessment to plan for

infrastructure deficits at the city and local levels, enabling inter-departmental coordination

and a strategic planning approach.”

Track urban spatial growth, compactness and relative growth of formal housing

The building footprint data purchased for the 2022 Census could be combined with building

footprint data from 2015 and 2009 to show by how much, and in which locations, the spatial

footprint of Kigali has grown. Analysis could also be conducted to understand whether

housing develops contiguously or if there is scope for infill development. Research could also

investigate housing density trends, or to understand whether - subject to topography

constraints - Rwanda’s cities are as compact as they could be. Moreover, a similar algorithm

to that used in Bachofer & Murray (2019), could be used to detect building types including

39 https://www.suitability.in/

38 https://pubdocs.worldbank.org/en/895401614014851662/WB-Indonesia-urban-planning-final-report-v3.pdf
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basic informal housing, bungalows, villas and various types of commercial buildings, to show

whether new formal housing is keeping pace with, lagging behind, or overtaking informal

housing, and in which locations.

Conduct a nationwide property valuation

As noted above, Brimble et al. (2020) conducted a property valuation exercise for Kigali

using building footprints from 2015, and recently completed an unpublished model update

using building footprints from 2019, funded by GIZ and IGC. The building footprint data

purchased by the Government of Rwanda for use in the 2022 Census could be readily paired

with other data sources on roads, vegetation, parcel data from the Rwanda Land

Management and Use Authority, and other layers, to conduct a property valuation exercise

for the entire country. Such an exercise would provide an excellent foundation for the

development of a country-wide property price index.

This would be useful for property tax implementation enforcement as the building footprints

would enable RRA to identify which property owners who own buildings have not declared

them, and how much property tax is thus foregone nationally by failure to declare buildings.

The national property valuation exercise would also enable an evaluation of the fairness and

consistency of the land tax rates set in the Ministerial order in relation to land values as well

as whether some districts result in being ‘overtaxed’ and others ‘undertaxed’ as an

accidental side-effect of the current rates. The (unpublished) national land valuation exercise

conducted by Sebarenzi et al. in 2021 for the Ministry of Environment for the purpose of

compensation in cases of expropriation, could also be used for this purpose.

Assess the impact of roads on economic activity and assets

It is possible to track the construction of roads/highways through satellite images, and see

how the improvement of infrastructures affects local economic and environmental

outcomes (Hsiao, 2021). All of these could provide insights for urban development master

plans in Rwanda. Bernard et al. (2016) conduct a computable general equilibrium model to

estimate the impact of Kampala’s new ring road40; as Kigali is planning both a BRT and a ring

road in the coming decade, spatial analysis could be conducted to estimate its impact. The

World Bank also conducted research on the impact of agricultural feeder roads in Rwanda;

this research could be extended over more districts as more feeder roads are built. Ministry

of Infrastructure plans to invest in roads in secondary cities, in partnership with a range of

development partners including the World Bank, European Union, Enabel and others41; an

evaluation of the impact of those roads on house-building and economic activity could be

conducted if there is a way to randomise their construction ex-ante, or a way to identify an

exogenous source of randomness.

41 Learned by Jonathan Bower, Country Economist, IGC when attending Urbanization, Human Settlements and Housing Sector Working
Group meetings hosted by Ministry of Infrastructure

40 Bernard, L., Bird, J., & Venables, A.J. (2016). Transport in a congested city: A computable equilibrium model applied to Kampala City. First
draft, available at
https://www.slurc.org/uploads/1/0/9/7/109761391/transport_in_a_congested_city-_a_computable_equilibrium_model_applied_to_kam
pala_city.pdf
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Conduct transport analysis and updated accessibility analysis for Rwanda’s cities

Mobile phone data is hard to access in Rwanda but if made available, could be used to

understand traffic and commuting patterns. This can inform the design and upgrading of

transportation infrastructures and the allocation of resources to these upgrades. The African

Urban Mobility Observatory aims to “promote inclusive, low-carbon mobility in African LIC

cities, by piloting Big Data applications to generate data, benchmark performance”, and

intends to use a mix of “a mix of User Movement Analytics integrated mobile apps,

USSD/WhatsApp/Web based surveys, and limited field surveys”.42 Rwanda is one of their

target countries, but any analysis they do may just be the starting point and open the way to

further analysis.

Use restaurants, roofs or other unconventional data sources to estimate economic activity

or assets in Rwanda’s cities at detailed spatial scale

Finely granular and regularly updated urban socioeconomic data are not available in Rwanda

as in most countries. However the restaurant industry puts data online to attract customers,

and is also correlated with socioeconomic indicators. An attempt might be made to follow

Dong et al. (2019) who train an algorithm to predict a range of socioeconomic attributes

using restaurant attributes including the location, average price of a meal, cuisine category,

and number of reviews in combination with datasets on population, firms and consumption.

Other unconventional data sources could also be tested as predictors of socioeconomic

attributes or assets - whilst Marx, Stoker, and Suri (2019) used the luminosity reflected by

metal roofs to investigate investment in assets (a shinier roof is newer) in Kibera slum,

Nairobi, a similarly innovative proxy for assets that is visible in satellite imagery, might be

found for Rwanda.

Conclusion

In Vision 2050, Rwanda aspires to be a knowledge-intensive economy that is data-driven and

fosters excellence in research & development. Spatial data analysis can play an important

role in this picture and can take advantage of the increasing range of spatial data available to

yield new insights for the Government and the private sector. The Government has signalled

its seriousness about its aspirations to use spatial data, with the formation of the geoportal

and National Spatial Data Infrastructure at Rwanda Land Management and Use Authority,

Smart City Master Plan and with the creation of the Rwanda Space Agency. Researchers at

the Centre for GIS at University of Rwanda, as well as a few international researchers, have

made a promising start. However, spatial analysis is a nascent and under-utilised lens and

there is a need for creative thinking about how to deploy it, as well as a need to open up

valuable existing data sources to researchers. This paper represents our attempt to think

about how the promising potential of spatial economic analysis can be met for six policy

areas, and it is our hope that the ideas in it will inspire further research.

42 https://transport-links.com/research-project/africa-urban-mobility-observatory-goascendal/

50

https://transport-links.com/research-project/africa-urban-mobility-observatory-goascendal/


References
Adamopoulos, T. (2011). Transportation Costs, Agricultural Productivity, And Cross‐Country Income Differences.

International Economic Review, 52(2), 489-521.

Adamopoulos, T., & Restuccia, D. (2014). The size distribution of farms and international productivity

differences. American Economic Review, 104(6), 1667-97.

Adamopoulos, T., & Restuccia, D. (2021). Geography and Agricultural Productivity: Cross-Country Evidence

from Micro Plot-Level Data.

Akinyemi, F. O. (2017) Land change in the central Albertine rift: Insights from analysis and mapping of land

use-land cover change in north-western Rwanda, Applied Geography, 87(October 2017), pp. 127–138.

doi: 10.1016/j.apgeog.2017.07.016.

Akinyemi, F. O., Pontius, R. G. and Braimoh, A. K. (2017) Land change dynamics: insights from Intensity Analysis

applied to an African emerging city, Journal of Spatial Science, 62(1), pp. 69–83. doi:

10.1080/14498596.2016.1196624.

Alam, F., Ofli, F. and Imran, M., (2020). Descriptive and visual summaries of disaster events using artificial

intelligence techniques: case studies of Hurricanes Harvey, Irma, and Maria. Behaviour & Information

Technology, 39(3), pp.288-318.

Amrein, A., Porras, I. and Vorley, B. (2015) Organic coffee production and carbon sequestration in Guatemala:

can carbon financing promote sustainable agriculture? IIED and Hivos, London, UK.

Angel, S, Sheppard, S. C., Civco, D. L., Buckley, R., Chabaeva, A., Gitlin, L. , Kraley, A. , Parent, J. , Perlin, M.

(2005). The dynamics of global urban expansion (p. 205). Washington, DC: World Bank, Transport and

Urban Development Department.

Asher, S., & Novosad, P. (2020). Rural roads and local economic development. American economic review,

110(3), 797-823.

Austin, K.G., Beach, R.H., Lapidus, D., Salem, M.E., Taylor, N.J., Knudsen, M. and Ujeneza, N., 2020. Impacts of

climate change on the potential productivity of eleven staple crops in Rwanda. Sustainability, 12(10),

p.4116.

Bachofer, F.; Braun, A.; Adamietz, F.; Murray, S.; d’Angelo, P.; Kyazze, E.; Mumuhire, A.P.; Bower, J. (2019):

Building Stock and Building Typology of Kigali, Rwanda. Data 4, 105. doi:10.3390/data4030105

Bachofer, F. & Murray, S. (2018). Remote sensing for measuring housing supply in Kigali, International Growth

Centre, London.

Bajpai, J. N., Quiros, T. P. and Murray, S, (2016). Managing Accessibility for Sustainable Development of Kigali,

Rwanda. Final report, International Growth Centre, London.

Balboni, C. A. (2019). In harm's way? infrastructure investments and the persistence of coastal cities (Doctoral

dissertation, The London School of Economics and Political Science (LSE)).

Balboni, C., Bryan, G., Morten, M., & Siddiqi, B. (2020). Transportation, gentrification, and urban mobility: The

inequality effects of place-based policies. Stanford University (mimeo).

Baragwanath, K., Goldblatt, R., Hanson, G., & Khandelwal, A. K. (2021). Detecting urban markets with satellite

imagery: An application to India. Journal of Urban Economics, 125, 103173.

Baum-Snow, N., Brandt, L., Henderson, J. V., Turner, M. A., & Zhang, Q. (2017). Roads, railroads, and

decentralization of Chinese cities. Review of Economics and Statistics, 99(3), 435-448.

Baum-Snow, N., Henderson, J. V., Turner, M. A., Zhang, Q., & Brandt, L. (2020). Does investment in national

highways help or hurt hinterland city growth?. Journal of Urban Economics, 115, 103124.

51



Benami, E., Jin, Z., Carter, M. R., Ghosh, A., Hijmans, R. J., Hobbs, A., ... & Lobell, D. B. (2021). Uniting remote

sensing, crop modelling and economics for agricultural risk management. Nature Reviews Earth &

Environment, 2(2), 140-159.

BenYishay, A., Heuser, S., Runfola, D., & Trichler, R. (2017). Indigenous land rights and deforestation: Evidence

from the Brazilian Amazon. Journal of Environmental Economics and Management, 86, 29-47.

Bernard, L., Bird, J., & Venables, A.J. (2016). Transport in a congested city: A computable equilibrium model

applied to Kampala City. First draft, available at

https://www.slurc.org/uploads/1/0/9/7/109761391/transport_in_a_congested_city-_a_computable_eq

uilibrium_model_applied_to_kampala_city.pdf

Biesbroek, G. R., Klostermann, J. E., Termeer, C. J., & Kabat, P. (2013). On the nature of barriers to climate

change adaptation. Regional Environmental Change, 13(5), 1119-1129.

Birkenberg, A., Narjes, M.E., Weinmann, B., Birner, R. (2021). The potential of carbon neutral labeling to

engage coffee consumers in climate change mitigation. Journal of Cleaner Production 278, 123621,

https://doi.org/10.1016/j.jclepro.2020.123621.

Bizimana, J.P. and Ndahigwa, E. (2020). Cadastral Information and Erosion Modelling for Monitoring Gullies in

Mpazi Catchment Area, Kigali City. Rwanda Journal of Engineering, Science, Technology and

Environment, 3(1).

Blumenstock, J. E., & Eagle, N. (2012). Divided we call: Disparities in access and use of mobile phones in

Rwanda. Information Technologies and International Development, 8(2), 1–16.

Blumenstock, J. E., Cadamuro, G., & On, R. (2015). Predicting poverty and wealth from mobile phone metadata.

Working Paper, vol. 350, no. 6264.

Blumenstock, J., & Eagle, N. (2010). Mobile divides: Gender, socioeconomic status, and mobile phone use in

Rwanda. Proc. 4th ACM/IEEE Int (pp. 6:1–6:10).

Bower, J. & Murray, S. (2019). Housing need in Kigali. Policy paper. International Growth Centre, London.

Braun, A., Warth, G., Bachofer, F., and V. Hochschild, (2019) Identification of roof materials in high-resolution

multispectral images for urban planning and monitoring, 2019 Joint Urban Remote Sensing Event

(JURSE), 2019, pp. 1-4, doi: 10.1109/JURSE.2019.8809026.

Brei, M., Pérez-Barahona, A., & Strobl, E. (2016). Environmental pollution and biodiversity: Light pollution and

sea turtles in the Caribbean. Journal of Environmental Economics and Management, 77, 95-116.

Brimble, P., McSharry, P., Bachofer, F., Bower, J. and Braun, A., (2020). Using machine learning and remote

sensing to value property in Rwanda. Working Paper, International Growth Centre, London

Bundervoet, T., Maiyo, L. & Sanghi, A. (2015). Bright lights, big cities: measuring national and subnational

economic growth in Africa from outer space, with an application to Kenya and Rwanda. Policy Research

Working Paper; No. 7461. World Bank, Washington, DC.

Burchfield, M., Overman, H. G., Puga, D., & Turner, M. A. (2006). Causes of sprawl: A portrait from space. The

Quarterly Journal of Economics, 121(2), 587-633.

Burgess, R., Costa, F. J. M. and Olken, B. A. (2019) The Brazilian Amazon’s Double Reversal of Fortune, SocArXiv.

doi: 10.31235/osf.io/67xg5.

Burgess, R., Hansen, M., Olken, B. A., Potapov, P., & Sieber, S. (2012). The political economy of deforestation in

the tropics. The Quarterly Journal of economics, 127(4), 1707-1754.

Burgess, R., Hansen, M., Olken, B. A., Potapov, P., & Sieber, S. (2012). The political economy of deforestation in

the tropics. The Quarterly journal of economics, 127(4), 1707-1754.

Burke, M., Hsiang, S. M., & Miguel, E. (2015). Global non-linear effect of temperature on economic production.

Nature, 527(7577), 235-239.

52

https://www.slurc.org/uploads/1/0/9/7/109761391/transport_in_a_congested_city-_a_computable_equilibrium_model_applied_to_kampala_city.pdf
https://www.slurc.org/uploads/1/0/9/7/109761391/transport_in_a_congested_city-_a_computable_equilibrium_model_applied_to_kampala_city.pdf
https://www.slurc.org/uploads/1/0/9/7/109761391/transport_in_a_congested_city-_a_computable_equilibrium_model_applied_to_kampala_city.pdf


Calzadilla, A., Rehdanz, K., Betts, R., Falloon, P., Wiltshire, A., & Tol, R. S. (2013). Climate change impacts on

global agriculture. Climatic change, 120(1), 357-374.

Caselli, F. (2005). Accounting for cross-country income differences. Handbook of economic growth, 1, 679-741.

Cassman, K. G. (1999). Ecological intensification of cereal production systems: yield potential, soil quality, and

precision agriculture. Proceedings of the National Academy of Sciences, 96(11), 5952-5959.

Chae, J. et al. (2014) Public behavior response analysis in disaster events utilizing visual analytics of microblog

data, Computers and Graphics (Pergamon), 38(1), pp. 51–60. doi: 10.1016/j.cag.2013.10.008.

Channan, S., Collins, K., & Emanuel, W. R. (2014). Global mosaics of the standard MODIS Vegetation Continuous

Fields data. University of Maryland and the Pacific Northwest National Laboratory, College Park,

Maryland, USA.

Cheng, Z., Caverlee, J. and Lee, K. (2010) You are where you tweet: A content-based approach to geo-locating

Twitter users, International Conference on Information and Knowledge Management, Proceedings, pp.

759–768. doi: 10.1145/1871437.1871535.

Christiaensen, L. & Martin, W. (2018). Agriculture, structural transformation and poverty reduction: Eight new

insights. World Development 109: 413-416.

Chudnovsky, A. A. (2021). Monitoring Air Pollution in the Urban Environment by Remote Sensing. Urban

Remote Sensing: Monitoring, Synthesis, and Modeling in the Urban Environment, 391-422.

Chyn, E. (2018). Moved to opportunity: The long-run effects of public housing demolition on children.

American Economic Review, 108(10), 3028-56.

Collier, P. & Dercon, S. (2014). African Agriculture in 50 Years: Smallholders in a RapidlyChanging World? World

Development 63: 92-101.

Dasgupta, S., Lall, S.V. and Wheeler, D. (2020). Traffic, air pollution, and distributional impacts in Dar es Salaam:

A spatial analysis with new satellite data. World Bank Policy Research Working Paper, (9185).

De Bellefon, M. P., Combes, P. P., Duranton, G., Gobillon, L., & Gorin, C. (2021). Delineating urban areas using

building density. Journal of Urban Economics, 125, 103226.

De la Paix, M.J., Anming, B., Lanhai, L., Ge, J. and Habiyaremye, G., (2011). Effects of climate change on

Rwandan smallholder agriculture. African Journal of Agricultural Research, 6(13): 3217-3219.

Dechezleprêtre, A., Rivers, N. and Stadler, B., (2019). The economic cost of air pollution: Evidence from Europe.

OECD Economics Department Working Papers from OECD Publishing, No 1584.

Dell, M., Jones, B. F., & Olken, B. A. (2014). What do we learn from the weather? The new climate-economy

literature. Journal of Economic Literature, 52(3), 740-98.

Deltares (2021). Storm Water and Wetland Management Model for the delineated flood prone areas in Kigali

City: Flood model and hazard assessment report. Unpublished report commissioned by the World Bank.

Diffenbaugh, N. S., & Burke, M. (2019). Global warming has increased global economic inequality. Proceedings

of the National Academy of Sciences, 116(20), 9808-9813.

Dingel, J. I., Miscio, A., & Davis, D. R. (2021). Cities, lights, and skills in developing economies. Journal of Urban

Economics, 125, 103174.

Donaldson, D. and Storeygard, A. (2016) The view from above: Applications of satellite data in economics,

Journal of Economic Perspectives, 30(4), pp. 171–198. doi: 10.1257/jep.30.4.171.

Dong, L., Ratti, C., & Zheng, S. (2019). Predicting neighborhoods’ socioeconomic attributes using restaurant

data. Proceedings of the national academy of sciences, 116(31), 15447-15452.

Duranton, G. (2015). Roads and trade in Colombia. Economics of Transportation, 4(1-2), 16-36.

Ebener, S., Murray, C., Tandon, A. and. Elvidge, C. (2005). From Wealth to Health: Modeling the Distribution of

Income per Capita at the Sub-National Level Using Night-Time Light Imagery. International Journal of

Health Geographics 4(5): 1–17.

53



Elliott, R. J., Strobl, E., & Sun, P. (2015). The local impact of typhoons on economic activity in China: A view

from outer space. Journal of Urban Economics, 88, 50-66.

Elvidge, C., Sutton, P., Ghosh, T., Tuttle, B., Baugh, K., Bhaduri, B. and Bright, E. (2009). A global poverty map

derived from satellite data. Computers and Geosciences 35:1652-1660.

Espada, R., Apan, A. and McDougall, K., (2017). Vulnerability assessment of urban community and critical

infrastructures for integrated flood risk management and climate adaptation strategies. International

Journal of Disaster Resilience in the Built Environment.

Eyre, R., De Luca, F. and Simini, F. (2020) Social media usage reveals recovery of small businesses after natural

hazard events, Nature Communications, 11(1), pp. 1–10. doi: 10.1038/s41467-020-15405-7.

Faber, B. and Gaubert, C. (2017) Tourism and Economic Development: Evidence from Mexico’s Coastline,

Journal of Chemical Information and Modeling, 110(9), pp. 1689–1699.

FAO, OECD and WB (2014) System of Environmental-Economic Accounting 2012: Applications and Extensions.

DOI: https://doi.org/10.18356/b0c16181-en Available at

https://unstats.un.org/unsd/envaccounting/seeaRev/ae_final_en.pdf

Felbermayr, G., Gröschl, J., Sanders, M., Schippers, V., & Steinwachs, T. (2022). The economic impact of weather

anomalies. World Development, 151, 105745.

Forkuor, G., Ullmann, T. and Griesbeck, M. (2020) Mapping and monitoring small-scale mining activities in

Ghana using sentinel-1 time series (2015-2019), Remote Sensing, 12(6). doi: 10.3390/rs12060911.

Foster, A. D. and Rosenzweig, M. R. (2003) Economic growth and the rise of forests, Quarterly Journal of

Economics, 118(2), pp. 601–637. doi: 10.1162/003355303321675464.

Gaduh, A., Gračner, T., & Rothenberg, A. D. (2022). Life in the slow lane: Unintended consequences of public

transit in Jakarta. Journal of Urban Economics, 128, 103411.

Gechter, M., & Tsivanidis, N. (2020). Spatial spillovers from urban renewal: evidence from the Mumbai Mills

Redevelopment. Penn State University (mimeo).

Ghaffarian, S., Kerle, N., & Filatova, T. (2018). Remote sensing-based proxies for urban disaster risk

management and resilience: A review. Remote sensing, 10(11), 1760.

Ghosh, T., Powell, R., Elvidge, C., Baugh, K., Sutton, P. and Anderson, S. (2010a). Shedding Light on the Global

Distribution of Economic Activity. The Open Geography Journal (3): 148-161.

Ghosh, T., Powell, R.L., Anderson, S. Sutton, P.C. Elvidge, C.D., (2010b), Informal Economy and Remittance

Estimates of India Using Nighttime Imagery, International Journal of Ecological Economics & Statistics,

17.

Gollin, D., Parente, S., & Rogerson, R. (2002). The role of agriculture in development. American economic

review, 92(2), 160-164.

Government of Rwanda & World Bank. (2019). Future Drivers of Growth in Rwanda: Innovation, Integration,

Agglomeration, and Competition. Conference Edition. World Bank, Washington, DC. License: Creative

Commons Attribution CC BY 3.0 IGO

Government of Rwanda (2015). National Housing Policy. Ministry of Infrastructure, Kigali.

Government of Rwanda (2015). National Urbanisation Policy. Ministry of Infrastructure, Kigali.

Government of Rwanda (2016). National Water Supply Policy. Ministry of Infrastructure, Kigali.

Government of Rwanda (2020) Rwanda Vision 2050: Abridged Version. Kigali.

Government of Rwanda (2020). Kigali Master Plan 2050: Master Plan Main Report. City of Kigali. Available

at

https://gis.kigalicity.gov.rw/portal/sharing/rest/content/items/8bf652ea231f4bc5a756461a6d487026/d

ata

54

https://unstats.un.org/unsd/envaccounting/seeaRev/ae_final_en.pdf
https://unstats.un.org/unsd/envaccounting/seeaRev/ae_final_en.pdf
https://gis.kigalicity.gov.rw/portal/sharing/rest/content/items/8bf652ea231f4bc5a756461a6d487026/data
https://gis.kigalicity.gov.rw/portal/sharing/rest/content/items/8bf652ea231f4bc5a756461a6d487026/data


Green Climate Fund (2018). Strengthening Climate Resilience of Rural Communities in Northern Rwanda.

Ministry of Environment, Rwanda. 30-March-2018.

https://www.greenclimate.fund/document/strengthening-climate-resilience-rural-communities-norther

n-rwanda.

Gutiérrez, E. and Teshima, K., (2018). Abatement expenditures, technology choice, and environmental

performance: Evidence from firm responses to import competition in Mexico. Journal of Development

Economics, 133, pp.264-274.

Harari, M. (2020). Cities in bad shape: Urban geometry in India. American Economic Review, 110(8),

2377-2421.

Harari, M., & Ferrara, E. L. (2018). Conflict, climate, and cells: a disaggregated analysis. Review of Economics

and Statistics, 100(4), 594-608.

Hegarty-Craver, Meghan & Polly, Jason & O’Neil, Margaret & Ujeneza, Noel & Rineer, James & Beach, Robert &

Lapidus, Daniel & Temple, Dorota. (2020). Remote Crop Mapping at Scale: Using Satellite Imagery and

UAV-Acquired Data as Ground Truth. Remote Sensing. 12. 1984. 10.3390/rs12121984.

Henderson, J.V., Storeygard, A. & Weil, D. N. (2012). Measuring economic growth from outer space. The

American Economic Review 102 (2): 994-1028.

Henderson, V, and Nigmatulina, D. (2016). The Fabric of African Cities: How to Think about Density and Land

Use. Draft, London School of Economics.

High Volume Transport: Applied Research (n.d.) Africa Urban Mobility Observatory | GoMetro. Available at

https://transport-links.com/research-project/africa-urban-mobility-observatory-goascendal/

Holmes, T. J., & Lee, S. (2012). Economies of density versus natural advantage: Crop choice on the back forty.

Review of Economics and Statistics, 94(1), 1-19.

Hsiao, A. (2021). Coordination and commitment in international climate action: evidence from palm oil.

Unpublished, Department of Economics, MIT.

Hsieh, C. T., & Moretti, E. (2019). Housing constraints and spatial misallocation. American Economic Journal:

Macroeconomics, 11(2), 1-39.

IIF (2020). Taskforce on scaling voluntary carbon markets. Institute of international Finance, Nov 2020.

IPCC (2021). Climate change 2021: the physical science basis. Intergovernmental panel on climate change

(IPCC), Geneva, Switzerland.

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf

Ivanic, M. & Martin, W. (2018). Sectoral productivity growth and poverty reduction: national and global

impacts. World Development 109: 429-439.

Jagermeyr, J. et al. (2021). Climate impacts on global agriculture emerge earlier in new generation of climate

and crop models. Nature Food 2: 873-885.

Jayachandran, S. (2006). Selling labor low: Wage responses to productivity shocks in developing countries.

Journal of political Economy, 114(3), 538-575.

Jayachandran, S. (2009). Air quality and early-life mortality evidence from Indonesia’s wildfires. Journal of

Human resources, 44(4), 916-954.

Jayachandran, S. et al. (2017) Cash for carbon: A randomised trial of payments for ecosystem services to

reduce deforestation, Science, 357(6348), pp. 267–273. doi: 10.1126/science.aan0568.

Jbaily, A., Zhou, X., Liu, J., Lee, T.H., Kamareddine, L., Verguet, S. and Dominici, F., (202)2. Air pollution exposure

disparities across US population and income groups. Nature, 601(7892), pp.228-233.

Jean N, Burke M, Xie M, Davis WM, Lobell DB, Ermon S. Combining satellite imagery and machine learning to

predict poverty. Science. 2016 Aug 19;353(6301):790-4. doi: 10.1126/science.aaf7894. PMID: 27540167.

55

https://transport-links.com/research-project/africa-urban-mobility-observatory-goascendal/
https://transport-links.com/research-project/africa-urban-mobility-observatory-goascendal/


Johnson, O. et al. (2018) Managing natural resources in Rwanda’s districts under competing development

pressures, Stockholm Environmental Institute. Nairobi.

Jones, P., J. Bird, C. Beck, & Haas, A. (2016). Kampala: A Policy Narrative. Washington, DC: World Bank.

Jones, P., K. del Frari, L. Ferreira, and M. Sladoje. (2016). Lusaka: A Policy Narrative. Washington, DC: World

Bank

Jones, P., S. Murray, and L. Ferreira. (2016). Kigali: A Policy Narrative. Washington, DC: World Bank.

Kalisa, E., Nagato, E.G., Bizuru, E., Lee, K.C., Tang, N., Pointing, S.B., Hayakawa, K., Archer, S.D. and Lacap-Bugler,

D.C., (2018). Characterization and risk assessment of atmospheric PM2. 5 and PM10 particulate-bound

PAHs and NPAHs in Rwanda, Central-East Africa. Environmental Science & Technology, 52(21),

pp.12179-12187.

Kennedy, R. E., Townsend, P. A., Gross, J. E., Cohen, W. B., Bolstad, P., Wang, Y. Q., & Adams, P. (2009). Remote

sensing change detection tools for natural resource managers: Understanding concepts and tradeoffs in

the design of landscape monitoring projects. Remote sensing of environment, 113(7), 1382-1396.

Kim, S. K., Bennett, M. M., van Gevelt, T., & Joosse, P. (2021). Urban agglomeration worsens spatial disparities

in climate adaptation. Scientific reports, 11(1), 1-11.

Kocornik-Mina, A., McDermott, T. K., Michaels, G., & Rauch, F. (2020). Flooded cities. American Economic

Journal: Applied Economics, 12(2), 35-66.

Kravchenko, A. N., & Bullock, D. G. (2000). Correlation of corn and soybean grain yield with topography and soil

properties. Agronomy journal, 92(1), 75-83.

Kudamatsu, M., Persson, T., & Strömberg, D. (2012). Weather and infant mortality in Africa. Available at SSRN

2210191.

Kulimushi, L. C. et al. (2021) Erosion risk assessment through prioritisation of sub-watersheds in Nyabarongo

river catchment, Rwanda, Environmental Challenges, 5(August), p. 100260. doi:

10.1016/j.envc.2021.100260.

Levine, D. I., & Yang, D. (2014). The impact of rainfall on rice output in Indonesia (No. w20302). National Bureau

of Economic Research.

Li, C., Yang, M., Li, Z. and Wang, B., (2021). How Will Rwandan Land Use/Land Cover Change under High

Population Pressure and Changing Climate?. Applied Sciences, 11(12), p.5376.

Li, Z., Huang, Q. and Emrich, C. T. (2019) Introduction to social sensing and big data computing for disaster

management, International Journal of Digital Earth, 12(11), pp. 1198–1204. doi:

10.1080/17538947.2019.1670951.

Ligon, E. & Sadoule, E. (2018). Estimating the relative benefits of agricultural growth on the distribution of

expenditures. World Development 109: 417-428.

Liu, X., Hu, G., Chen, Y., Li, X., Xu, X., Li, S., ... & Wang, S. (2018). High-resolution multi-temporal mapping of

global urban land using Landsat images based on the Google Earth Engine Platform. Remote sensing of

environment, 209, 227-239.

Liu, Y., Lu, C., Yang, X., Wang, Z., & Liu, B. (2020). Fine-scale coastal storm surge disaster vulnerability and risk

assessment model: a case study of laizhou bay, China. Remote Sensing, 12(8), 1301.

Lobell, D. B., Cassman, K. G., & Field, C. B. (2009). Crop yield gaps: their importance, magnitudes, and causes.

Annual review of environment and resources, 34, 179-204.

Manyifika, M.A.R.C., (2015). Diagnostic assessment on urban floods using satellite data and hydrologic models

in Kigali, Rwanda (Master's thesis, University of Twente).

Martín, Y., Cutter, S.L., Li, Z., Emrich, C.T. and Mitchell, J.T. (2020). Using geotagged tweets to track population

movements to and from Puerto Rico after Hurricane Maria. Population and Environment, 42(1), pp.4-27.

56



Marx, B., Stoker, T. M., & Suri, T. (2019). There is no free house: Ethnic patronage in a Kenyan slum. American

Economic Journal: Applied Economics, 11(4), 36-70.

Matabishi, Joy-Giovanni & Braun, Andreas & Warth, G.. (2022). Multiple endmember spectral mixture analysis

of DESIS image to identify rooftops in Kigali. XLVI-1/W1-2021. 39-47.

10.5194/isprs-archives-XLVI-1-W1-2021-39-2022.

McSharry, P. E., Swartz, T. & Spray, J. (2016). Can index based insurance reduce the vulnerability of farmers to

weather. International Growth Centre, London, UK, 27-October-2016.

Michaels, G., D. Nigmatulina, F. Rauch, T. Regan, N. Baruah, and A. DahlstrandRudin (2017): “Planning ahead for

better neighborhoods: long run evidence from Tanzania,” IZA Institute of Labor Economics DP No. 11036

MICT (2019) Rwanda ICT Sector Profile – 2019.

Mind’je, R., Li, L., Kayumba, P.M., Mindje, M., Ali, S. and Umugwaneza, A., 2021. Integrated Geospatial Analysis

and Hydrological Modeling for Peak Flow and Volume Simulation in Rwanda. Water, 13(20), p.2926.

MINEMA (2018) National Contigency Plan for floods and landslides.

MINEMA (2019) National Contigency Plan for earthquakes

MINEMA (2020) Annual Report: Disaster Damages by Disaster Types.

Morales-Barquero, L., Lyons, M. B., Phinn, S. R., & Roelfsema, C. M. (2019). Trends in remote sensing accuracy

assessment approaches in the context of natural resources. Remote Sensing, 11(19), 2305.

Moser, S. C., & Ekstrom, J. A. (2010). A framework to diagnose barriers to climate change adaptation.

Proceedings of the national academy of sciences, 107(51), 22026-22031.

Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., Ramankutty, N., & Foley, J. A. (2012). Closing yield gaps

through nutrient and water management. Nature, 490(7419), 254-257.

Mugiraneza, T., Ban, Y. and Haas, J. (2019) Urban land cover dynamics and their impact on ecosystem services

in Kigali, Rwanda using multi-temporal Landsat data, Remote Sensing Applications: Society and

Environment, 13, pp. 234–246. doi: 10.1016/j.rsase.2018.11.001.

Mugiraneza, T., Nascetti, A. and Ban, Y. (2019) WorldView-2 data for hierarchical object-based urban land cover

classification in Kigali: Integrating rule-based approach with urban density and greenness indices,

Remote Sensing, 11(18). doi: 10.3390/rs11182128.

Mugiraneza, T., Nascetti, A. and Ban, Y. (2020) Continuous monitoring of urban land cover change trajectories

with landsat time series and landtrendr-google earth engine cloud computing, Remote Sensing, 12(18).

doi: 10.3390/RS12182883.

Muhinda, J.J. and Dusengemungu, L., (2015). Farm land use consolidation: a home grown solution for food

security in Rwanda. Kigali: Rwanda Agriculture Board.

Mukanyandwi, V. et al. (2019). Seasonal assessment of drinking water sources in Rwanda using GIS,

contamination degree (Cd), and metal index (MI), Environmental Monitoring and Assessment, 191(12).

doi: 10.1007/s10661-019-7757-9.

Nambajimana, J. D. D. et al. (2019) Land Use Change Impacts on Water Erosion in Rwanda, Sustainability, 12(1),

p. 50. doi: https://doi.org/10.3390/su12010050.

National Institute of Statistics Rwanda (2019a) Rwanda Natural Capital Accounts - Mineral resource flows,

Rwanda Natural Capital Accounts.

National Institute of Statistics Rwanda (2019b) Rwanda Natural Capital Accounts - Water, Rwanda Natural

Capital Accounts.

Ndayisaba, F., Guo, H., Isabwe, A., Bao, A., Nahayo, L., Khan, G., Kayiranga, A., Karamage, F. and Muhire, E.N.,

(2017). Inter-Annual Vegetation Changes in Response to Climate Variability in Rwanda. Journal of

Environmental Protection, 8(04), p.464.

Nestle (2021). Accelerate, transform, regenerate: Nestle’s net zero roadmap. Nestle, Switzerland.

57



Ngabo, F. (2021) Rwanda Space Agency: Creating opportunity for emerging space economy, The New Times,17

October. Available at:

﻿https://www.newtimes.co.rw/opinions/rwanda-space-agency-creating-opportunity-emerging-space-eco

nomy.

Ngoga, T. H. (2019) A quick, cost-effective approach to land tenure regularisation: the case of Rwanda,

International Growth Centre, London

Ngwijabagabo, H., Nyandwi, E., Barifashe, T. (2020). Integrating Local Community Perception and Expert

Knowledge in Spatial MultiCriteria Evaluation (SMCE) for Landfill Siting in Musanze Secondary City.

Rwanda Journal of Engineering, Science, Technology and Environment. Vol. 3 No. 1 (2020): Special Issue.

doi: 10.4314/rjeste.v3i1.8S

Ngwijabagabo, Hyacinthe & Niyonzima, Théophile & Nyandwi, Elias & Hubert, Hirwa & Nishyirimbere,

Angelique & Mwizerwa, Fidèle & Hategekimana, Grégoire & Barifashe, Théodomir & Uwera, Diane.

(2021). Spatial Suitability Analysis and Mapping of Agroforestry Areas. Case study of Musanze District in

Northern Province of Rwanda. Rwanda Journal of Engineering Science Technology and Environment. 4.

19. 10.4314/rjeste.v4i1.2S.

Nishimwe, G. et al. (2020) Natural capital accounting for land in Rwanda, Sustainability (Switzerland), 12(12).

doi: 10.3390/su12125070.

Njuguna, C. and McSharry, P. E. (2017), Constructing Spatiotemporal Poverty Indices From Big Data. Journal of

Business Research, 70: 318-327.

Niyonsenga, J. D., Mugabowindekwe, M. and Mupenzi, C. (2021) Spatial analysis of soil erosion sensitivity using

the Revised Universal Soil Loss Equation model in Nyamasheke District, Western Province of Rwanda,

Transactions in GIS, 25(2), pp. 735–750. doi: 10.1111/tgis.12701.

Nsengiyumva, J. B. and Valentino, R. (2020) Predicting landslide susceptibility and risks using GIS-based

machine learning simulations, case of upper Nyabarongo catchment, Geomatics, Natural Hazards and

Risk, 11(1), pp. 1250–1277. doi: 10.1080/19475705.2020.1785555.

Ofli, F., Alam, F. and Imran, M. (2020) Analysis of social media data using multimodal deep learning for disaster

response, Proceedings of the International ISCRAM Conference, (May 2020), pp. 802–811.

Ozdogan, M., Yang, Y., Allez, G., & Cervantes, C. (2010). Remote sensing of irrigated agriculture: Opportunities

and challenges. Remote sensing, 2(9), 2274-2304.

Peng, Z. et al. (2020) Exploring urban spatial features of COVID-19 transmission in Wuhan based on social

media data, ISPRS International Journal of Geo-Information, 9(6), pp. 402–416. doi:

10.3390/ijgi9060402.

Pesaresi M, Ehrlich D, Ferri S, Florczyk A, Carneiro Freire S, Halkia S, Julea A, Kemper T, Soille P, Syrris V. (2016).

Operating procedure for the production of the Global Human Settlement Layer from Landsat data of the

epochs 1975, 1990, 2000, and 2014. Publications Office of the European Union, 1-62.

Porras, I., Amrein, A. and Vorley, B. (2015). Coffee and carbon offsets for smallholders: can carbon financing

promote cleaner coffee in Nicaragua? IIED and Hivos, London, UK.

Rajashekar, A., & Bower, J., (2020). Densification without contagion? Overcrowding and pandemic risk

hotspots in Rwanda. Final report, International Growth Centre, London.

Rajashekar, A., Hitayezu, P., Stoelinga, D. (2019). The Dynamics of Unplanned Settlements in the City of Kigali.

Final report. Laterite and International Growth Centre. Retrieved from

https://www.theigc.org/project/understanding-unplanned-settlement-dynamics-in-the-city-of-kigali/

Rajashekar, A., Richard, M., Stoelinga, D. (2019). Economic Geography of Rwanda. Final Report. Laterite and

International Growth Centre, Kigali. Retrieved from

https://www.theigc.org/project/economic-geography-of-rwanda/

58

https://www.newtimes.co.rw/opinions/rwanda-space-agency-creating-opportunity-emerging-space-economy
https://www.newtimes.co.rw/opinions/rwanda-space-agency-creating-opportunity-emerging-space-economy
https://www.theigc.org/project/understanding-unplanned-settlement-dynamics-in-the-city-of-kigali/
https://www.theigc.org/project/understanding-unplanned-settlement-dynamics-in-the-city-of-kigali/
https://www.theigc.org/project/economic-geography-of-rwanda/
https://www.theigc.org/project/economic-geography-of-rwanda/


Restuccia, D., & Rogerson, R. (2008). Policy distortions and aggregate productivity with heterogeneous

establishments. Review of Economic dynamics, 11(4), 707-720.

Restuccia, D., Yang, D. T., & Zhu, X. (2008). Agriculture and aggregate productivity: A quantitative cross-country

analysis. Journal of monetary economics, 55(2), 234-250.

Rossi, C. et al. (2019) Advanced Cyber Technologies to Improve Resilience to Emergencies, Contributing paper

to GAR, pp. 1–28.

Rwanda Space Agency (2021) About Rwanda Space Agency, RSA. Available at: http://space.gov.rw/about/

(Accessed: 7 March 2022).

Sabiti, D. (2021) Rwanda Launches Cost Effective Geographical Data Platform, KT Press, 17 November.Available

at: https://www.ktpress.rw/2021/11/rwanda-launches-cost-effective-geographical-data-platform/.

Schlenker, W., & Roberts, M. J. (2009). Nonlinear temperature effects indicate severe damages to US crop

yields under climate change. Proceedings of the National Academy of sciences, 106(37), 15594-15598.

Schraufnagel, D.E., Balmes, J.R., Cowl, C.T., De Matteis, S., Jung, S.H., Mortimer, K., Perez-Padilla, R., Rice, M.B.,

Riojas-Rodriguez, H., Sood, A. and Thurston, G.D., (2019). Air pollution and noncommunicable diseases:

A review by the Forum of International Respiratory Societies’ Environmental Committee, Part 2: Air

pollution and organ systems. Chest, 155(2), pp.417-426.

Scott, P. (2014). Dynamic discrete choice estimation of agricultural land use. Toulouse School of Economics

Working Paper, n. 14-526

Sebarenzi, A. G. (2022) Using Geo-spatial technology to enhance public Participation in disaster mitigation and

adaptation policymaking, in UNESCO (ed.) Proceedings of the 2nd International Conference on water,

megacities and global change. Paris: United Nations Educational, Scientific and Cultural Organization,

pp. 1055–1195.

Shan, S., Peng, J. and Wei, Y., (2021). Environmental Sustainability assessment 2.0: The value of social media

data for determining the emotional responses of people to river pollution—A case study of Weibo

(Chinese Twitter). Socio-Economic Planning Sciences, 75, p.100868.

Shanmugapriya, P., Rathika, S., Ramesh, T., & Janaki, P. (2019). Applications of remote sensing in agriculture-A

Review. International Journal of Current Microbiology and Applied Sciences, 8(1), 2270-2283.

Siebert, A., Dinku, T., Vuguziga, F., Twahirwa, A., Kagabo, D.M., delCorral, J. and Robertson, A.W., (2019).

Evaluation of ENACTS‐Rwanda: A new multi‐decade, high‐resolution rainfall and temperature data

set—Climatology. International Journal of Climatology, 39(6), pp.3104-3120.

Sirmacek, B. (2021). Remote sensing, AI and innovative prediction methods for adapting cities to the impacts

of the climate change. arXiv preprint arXiv:2107.02693.

Skole, D. L. and Tucker, C. J. (1993) Tropical Deforestation and Habitat Fragmentation in the Amazon: Satellite

Data from 1978 to 1988, Science, 260(5116), pp. 1905–1910. doi: 10.1126/science.260.5116.1905.

Smith-Clarke, C., Mashhadi, A., & Capra, L. (2014). Poverty on the cheap: Estimating pov- erty maps using

aggregated mobile communication networks. Proc. SIGCHI Conf. Hum. Factors Comput. Syst (pp.

511–520).

Soergel, B., Kriegler, E., Bodirsky, B. L., Bauer, N., Leimbach, M., & Popp, A. (2021). Combining ambitious

climate policies with efforts to eradicate poverty. Nature communications, 12(1), 1-12.

Soto, V., Frias-Martinez, V., Virseda, J., & Frias-Martinez, E. (2011). Prediction of socioeconomic levels using cell

phone records. Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif. Intell. Lect. Notes

bioinformatics), vol. 6787 LNCS, no. 1. (pp. 377–388).

Subramanian, R., Kagabo, A.S., Baharane, V., Guhirwa, S., Sindayigaya, C., Malings, C., Williams, N.J., Kalisa, E.,

Li, H., Adams, P. and Robinson, A.L., (2020). Air pollution in Kigali, Rwanda: spatial and temporal

variability, source contributions, and the impact of car-free Sundays. Clean Air Journal, 30(2), pp.1-15.

59

https://www.ktpress.rw/2021/11/rwanda-launches-cost-effective-geographical-data-platform/


Suitability (n.d.) Finding strategic locations for informed urban planning in a changing world.

https://www.suitability.in/

Sun, R., & Chen, L. (2012). How can urban water bodies be designed for climate adaptation?. Landscape and

Urban Planning, 105(1-2), 27-33.

Tadese, M., Kumar, L., Koech, R., & Kogo, B. K. (2020). Mapping of land-use/land-cover changes and its

dynamics in Awash River Basin using remote sensing and GIS. Remote Sensing Applications: Society and

Environment, 19, 100352.

Tadese, M., Kumar, L., Koech, R., & Kogo, B. K. (2020). Mapping of land-use/land-cover changes and its

dynamics in Awash River Basin using remote sensing and GIS. Remote Sensing Applications: Society and

Environment, 19, 100352.

Thom, D., Bosch, H., Koch, S., Wörner, M. and Ertl, T., (2012), February. Spatiotemporal anomaly detection

through visual analysis of geolocated twitter messages. In 2012 IEEE Pacific Visualization Symposium

(pp. 41-48). IEEE.

Tittonell, P., & Giller, K. E. (2013). When yield gaps are poverty traps: The paradigm of ecological intensification

in African smallholder agriculture. Field Crops Research, 143, 76-90.

Tombe, T. (2015). The missing food problem: Trade, agriculture, and international productivity differences.

American Economic Journal: Macroeconomics, 7(3), 226-58.

Tsivanidis, N. (2017). Ticket to Ride? Building Efficient and Equitable Cities with Bus Rapid Transit: Guest post.

Development Impact, World Bank Blogs. Available at

https://blogs.worldbank.org/impactevaluations/ticket-ride-building-efficient-and-equitable-cities-bus-ra

pid-transit-guest-post-nick-tsivanidis

Tsivanidis, Nick (2019). The aggregate and distributional effects of urban transit infrastructure: Evidence from

Bogotá's TransMilenio, Technical Report, University of Chicago Booth School of Business.

Umugwaneza, A., Chen, X., Liu, T., Li, Z., Uwamahoro, S., Mind’je, R., Dufatanye Umwali, E., Ingabire, R. and

Uwineza, A., (2021). Future Climate Change Impact on the Nyabugogo Catchment Water Balance in

Rwanda. Water, 13(24), p.3636.

Umwali, E. D. et al. (2021) Spatio-seasonal variation of water quality influenced by land use and land cover in

Lake Muhazi, Scientific Reports, 11(1), pp. 1–16. doi: 10.1038/s41598-021-96633-9.

Uwayezu, E. et al. (2015) Integrated flood modeling for flood hazard assessment in Kigali City , Rwanda

Integrated flood modeling for flood hazard assessment in Kigali City, Rwanda, GeoTech Rwanda.

Uwizera, D., & McSharry, P. (2017). Forecasting and monitoring maize production using satellite imagery in

Rwanda. IEEE Technological Innovations in ICT for Agriculture and Rural Development (TIAR) (pp. 51-56).

IEEE.

Vayansky, I., Kumar, S. A. P. and Li, Z. (2019) An Evaluation of Geotagged Twitter Data during Hurricane Irma

Using Sentiment Analysis and Topic Modeling for Disaster Resilience, International Symposium on

Technology and Society, Proceedings, 2019-November (March 2020). doi:

10.1109/ISTAS48451.2019.8937859.

Wang, G., & Weng, Q. (Eds.). (2013). Remote sensing of natural resources. CRC Press.

Wang, S. W., Gebru, B. M., Lamchin, M., Kayastha, R. B., & Lee, W. K. (2020). Land use and land cover change

detection and prediction in the Kathmandu District of Nepal using remote sensing and GIS.

Sustainability, 12(9), 3925.

Ward, P. S., Florax, R. J., & Flores-Lagunes, A. (2014). Climate change and agricultural productivity in

Sub-Saharan Africa: a spatial sample selection model. European Review of Agricultural Economics, 41(2),

199-226.

Wiebe, K. D. (2003). Linking land quality, agricultural productivity, and food security. USDA-ERS Agricultural

Economic Report, (823).

60

https://www.suitability.in/
https://www.suitability.in/
https://blogs.worldbank.org/impactevaluations/ticket-ride-building-efficient-and-equitable-cities-bus-rapid-transit-guest-post-nick-tsivanidis
https://blogs.worldbank.org/impactevaluations/ticket-ride-building-efficient-and-equitable-cities-bus-rapid-transit-guest-post-nick-tsivanidis
https://blogs.worldbank.org/impactevaluations/ticket-ride-building-efficient-and-equitable-cities-bus-rapid-transit-guest-post-nick-tsivanidis


Wiebe, K., Soule, M. J., & Narrod, C. (2003). 7. Resource Quality and Agricultural Productivity: A Multi-Country.

Land Quality, Agricultural Productivity, and Food Security: Biophysical Processes and Economic Choices

at Local, Regional, and Global Levels, 147.

Wójtowicz, M., Wójtowicz, A., & Piekarczyk, J. (2016). Application of remote sensing methods in agriculture.

Communications in Biometry and Crop Science, 11(1), 31-50.

World Bank (2017). Urbanisation and the Evolution of Rwanda’s Urban Landscape. Reshaping Urbanization in

Rwanda, World Bank, Washington, DC.

World Bank (2021). Climate Risk Profile: Rwanda. The World Bank Group. Available at

https://climateknowledgeportal.worldbank.org/sites/default/files/2021-09/15970-WB_Rwanda%20Cou

ntry%20Profile-WEB.pdf

World Bank and Institute for Health Metrics and Evaluation (2016). The Cost of Air Pollution: Strengthening the

Economic Case for Action. World Bank, Washington, DC.

World Bank City Planning Labs & CAPSUS (2020). Urban Planning Tools as Agents of Change: Collaborative

Spatial Data for Sustainable Urban Development in Indonesia. 16 Dec 2020. Available at

https://pubdocs.worldbank.org/en/895401614014851662/WB-Indonesia-urban-planning-final-report-v

3.pdf

Wu, J., Li, Y., Li, N., & Shi, P. (2018). Development of an asset value map for disaster risk assessment in China by

spatial disaggregation using ancillary remote sensing data. Risk analysis, 38(1), 17-30.

Yu, M., Yang, C. and Li, Y. (2018) Big data in natural disaster management: A review, Geosciences (Switzerland),

8(5). doi: 10.3390/geosciences8050165.

Yu, Z., Guo, X., Jørgensen, G. and Vejre, H., (2017). How can urban green spaces be planned for climate

adaptation in subtropical cities?. Ecological Indicators, 82, pp.152-162.

Zai, F. H., Hammers, H. and McSharry, P. E. (2019). Evaluating the predictive accuracy of corn phenological

durations in Iowa and Illinois. Agronomy Journal 111(3):1-13.

Zhao, C., Liu, B., Piao, S., Wang, X., Lobell, D. B., Huang, Y., ... & Asseng, S. (2017). Temperature increase

reduces global yields of major crops in four independent estimates. Proceedings of the National

Academy of Sciences, 114(35), 9326-9331.

Zhou, Y., Smith, S. J., Elvidge, C. D., Zhao, K., Thomson, A., & Imhoff, M. (2014). A cluster-based method to map

urban area from DMSP/OLS nightlights. Remote Sensing of Environment, 147, 173-185.

Zhou, Y., Smith, S.J., Zhao, K., Imhoff, M., Thomson, A., Bond-Lamberty, B., Asrar, G.R., Zhang, X., He, C. &

Elvidge, C.D. (2015). A global map of urban extent from nightlights. Environmental Research Letters,

10(5), 054011.

Zomer, R. J. et al. (2008) Climate change mitigation: A spatial analysis of global land suitability for clean

development mechanism afforestation and reforestation, Agriculture, Ecosystems and Environment,

126(1–2), pp. 67–80. doi: 10.1016/j.agee.2008.01.014.

Zou, E. Y. (2021). Unwatched pollution: The effect of intermittent monitoring on air quality. American Economic

Review, 111(7), 2101-26.

61

https://pubdocs.worldbank.org/en/895401614014851662/WB-Indonesia-urban-planning-final-report-v3.pdf
https://pubdocs.worldbank.org/en/895401614014851662/WB-Indonesia-urban-planning-final-report-v3.pdf
https://pubdocs.worldbank.org/en/895401614014851662/WB-Indonesia-urban-planning-final-report-v3.pdf


www.theigc.org


