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ABSTRACT
This working paper presents a study on the combined effect of land-use land-cover (LULC) changes 
and the effects of climate variability for a specific study area in Kenya. The study was run between 
the years 1995 and 2010. LULC changes revealed competing land uses, which increased base and 
rock cover. The loss of green cover had a net effect of increasing both maximum and minimum 
temperature. Extreme weather effect negatively impacted crop and grassland cover, leading to 
forest area encroachment.

Keywords: land-use land-cover (LULC), change detection, climate variables, knowledge based 
classification, Landsat, image enhancement
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 INTRODUCTION

1.	INTRODUCTION
Environmental studies, such as on land degradation and on land-use land-cover (LULC), 
require monitoring of earth resources, and benefit greatly from remotely sensed products 
that have the capability to collect huge amounts of data cheaply and regularly for vast areas 
compared to field methods (van Lynden and Mantel 2001). These tools are essential in 
order to investigate the effects of climate change, whereby land use plays a critical role by 
influencing the surface-energy budgets as well as the carbon-cycle effects (Pielke Sr. et al. 
2002). Changes in LULC driven by the need for more energy, food, and other resources to 
support a growing population, result in changing the physical properties of the land surface 
(Foley et al. 2005). These changes, in turn, affect the surface albedo properties, which affect 
the amount of reflected or absorbed energy to the atmosphere. In particular, shrinking forest 
cover undermines the ability of ecosystems to maintain freshwater resources, regulate climate 
and air quality, while decreasing carbon sink areas, which through carbon sequestration helps 
to revert the effects of climate change (Foley et al. 2005; Pielke Sr. et al. 2002).

Known detrimental effects of climate change include: unpredictable weather patterns, 
extreme temperatures, increased meteorological hazards (e.g. floods, tsunamis, El Niño, 
heat waves), prolonged droughts (La Niña), increased infectious diseases, and rising sea 
level (Parry et.al. 2007). Although there are natural drivers of climate change, human 
activities have substantially contributed to increased greenhouse gases (e.g. carbon 
dioxide, methane, halocarbons), which trap heat in the atmosphere, thereby altering the 
energy balance of the climate system (IPCC 2007). Therefore, there is a need to undertake 
studies that qualitatively and quantitatively measure the anthropogenic effects in order 
to campaign for sustainable use of resources that can help to slow or reverse climate 
change (Roseland 2012; Stone 2009). Hence, scientists have emphasised the importance 
of incorporating LULC studies in investigating climate change (e.g. Feddema et al. 2005; 
Foley et al. 2005; Pielke Sr. 2005).

Multispectral or hyperspectral data are mostly preferred for their ability to differentiate various 
land-cover types owing to imaging in several spectral bands, despite the fact that most have 
medium spatial resolution (e.g. Landsat and ASTER satellites) (Govender et al. 2007). This 
necessitates the use of various techniques to improve image classification and accuracy as 
suggested by Lu and Weng (2007) and Stehman and Foody (2009), among which include: 
image pre-processing and enhancement to improve feature extraction, image fusion, the 
use of non-parametric classifiers aiding multisource data classification, and the integration 
of remote sensing and Geographic Information System (GIS).

The choice of a classifier depends on the study area landscape complexity, the type of 
remotely sensed data (passive or microwave), and the need to obtain high classification 
accuracy (Mather and Tso 2009). Jensen et al. (2009) recommended the use of auxiliary data 
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in classifications to improve classification accuracy. Environmental data (e.g. slope, elevation, 
soil, precipitation, drainage) or processed image bands (e.g. band ratios, spectral indices) 
provide a basis for setting classification rules for use in a non-parametric classifier, such as 
knowledge-based or neural network (Weng 2009).

This working paper describes the research conducted to apply knowledge-based classification 
to map various land-cover units in the central highlands of Kenya. The main aim of the study 
was to perform land-use land-cover change in the study area and relate the changes to the 
climate variables of rainfall and temperature over the LULC classification period (1995–2010).   
The following environmental variables were used to define the land-cover units: slope, 
elevation, enhanced components from Principal Components (PCs), and Normalised Difference 
Vegetation Index (NDVI). Landsat multispectral medium resolution satellite data was chosen 
due to its availability and the utility of its bands through the spectral curve to differentiate 
land-cover types as discussed by Campbell (2002) and Song et al. (2011).

2.	REGIONAL SETTINGS OF THE STUDY AREA
The research study area geographical extents were: longitudes 35°34´00"E to 38°15´00"E 
and latitudes 0°53´00"N to 2°10´00"S (Figure 1). Within the study area there are three 
of the most important Kenya’s water catchment areas, namely: Mt. Kenya, the Aberdare 
ranges, and part of the Mau catchment area. This makes the research significant because 
these catchment areas are supporting the ecosystem around the central highlands and the 
livelihoods of other people relying on the water resources from these regions in the lowlands. 
The altitude of the study area ranges from 450 m to 5199 m above mean sea level, while the 
climate varies from highland to savanna and semi-arid climatic conditions. The rainfall seasons 
are in March to May (long rain season) and October to December (short rain season), and 
most of the year is relatively dry, but cloudy especially in high altitude areas. Temperature 
in the highland regions vary from 5 ºC to 25ºC, while in the semi-arid area, the range varies 
between 15ºC and 32ºC in the year.

The land cover mainly comprises forest areas, agricultural areas, grassland-dominated wildlife 
reserve areas, urban areas, and water bodies (Mwaniki and Moeller 2015). Some of the 
problems that arise from changes in LULC in the study area are drought, desertification, food 
scarcity, and river water shortage (Aeschbacher et al. 2005; Baldyga et al. 2008; Grace et al. 
2014; Justus and Yu 2014; Muriithi et al. 2013; Otieno 2013; Rarieya and Fortun 2009; Were 
et al. 2013). Uncontrolled agricultural activities and increased population and infrastructure 
have been attributed to the changes in LULC (Kiage et al. 2007; Makokha and Shisanya 
2010; Mundia and Aniya 2005; Ngetich et al. 2008).
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3.	DATA DESCRIPTION AND IMAGE ENHANCEMENT
The data required to carry out the LULC classification were multispectral, multitemporal 
resolution satellite imageries and meteorological climate data of the study area. The 
choice of Landsat Thematic Mapper (TM) data set was guided by its availability, which is 
multispectral, medium spatial resolution imagery. Landsat TM data sets paths 168/169 and 
rows 060/061, 30 m spatial resolution for the years 1995, 2002, and 2010 were downloaded 
from the USGS website and pre-processed to reduce the effect of haze before mosaicing 
and subsetting the study area. It can be noted that due to high relief mountain features 
in the study area, it was almost impossible to obtain 100% cloud-free data. Thus, image 
patching with data sets taken in January and February for the epoch years was necessary. 
A Digital Elevation Model (DEM) from the Shuttle Radar Topography Mission (SRTM) 30 
m spatial resolution was also downloaded and mosaiced and subset with the study area 
boundary. Slope variable was computed from the elevation model while NDVI spectral 
index was computed for each Landsat data set. 

Figure 1:  Map of the Study Area
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Standard covariance PCA image enhanced method was applied to the Landsat bands (1–5, 7) 
and the information present on each component investigated using PC Factor loading (Table 
1). From Table 1, information in PC1 was positively correlated although it had the highest 
Eigen value, most information from band 5 (soil information), and lower values from visible 
bands (containing water information). Thus, it was possible to discriminate water cover from 
other covers although there was a need to explore other PCs to distinguish other land covers. 
PC2 had the highest information from band 4 (vegetation information) and was negatively 
correlated with bands 5 and 7 (i.e. soil and geologic information). Similarly, using PC2 it was 
possible to differentiate: rocks from clear water as bands 1 and 2 were negatively correlated 
with bands 5 and 7, clear and turbid water (positive and negative correlation among visible 
bands). PC3 provided further differentiation between water and geologic/soil information, 
while PC4 and PC5 differentiated soil and geologic information. However, since the first 
three PCs contained the most information (over 99.4% Eigen value), PCs 4 and 5 were not 
considered and PC7 was not presented as it had the least information (< 0.01% Eigen value).

FCC using PCs 1, 2, 3 (Figure 2a) and individual bands contributing to most information 
in PCs 1, 2, 3 formed the basis for land-cover classes identification. Thus, bands 5, 7, and 
4 contributed the most information but to increase the FCC contrast, band 3 in the visible 
region was chosen resulting to FCC bands 5, 7, 3 (Figure 2b), which were further enhanced by 
decorrelation stretch. Having obtained the enhanced image components and environmental 
variables of slope and elevation, knowledge-based classification followed as in the next section.

Figure 2:  (a) FCC PCs 1, 2, 3 (b) Decorrelated FCC bands 5, 7, 3 Landsat TM, Year 1995
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Table 2:  Expert Knowledge Classification Criteria

Class 
Names 1995 2002 2010

Clear 
Water

PC1 <= 45, NDVI < 0.200 , PC3 >10
Elevation < 2 600 m, Slope < 20

PC1 <= 60, NDVI < 0, 
Slope < 20,
Elevation < 2 600 m

PC1 < 50, Slope < 20, NDVI < 0,
Elevation < 2 600 m

Glacier PC3 >= 18, 
Elevation > 4 000 m

PC1 <= 85, NDVI < 0.400, 
Elevation > 4 000 m

PC1<= 30,  PC2 < -25,
Elevation > 4 000 m

Turbid 
Water

PC3 >= 35, 
Elevation < 2 600 m

100 < PC1 < 280, 
Elevation < 2 600 m, 
NDVI < -0.340,  
Slope < 20

70 < PC1 < 110, PC2 < -15
NDVI < 0.1, Elev. < 2 600 m

 70 < PC1 < 175, PC3 < 35,
Elev. < 610 m, NDVI < 0.200

110 < PC1 < 190, 
PC2 < -25, Elevation < 2 600m

Muddy/ 
Salty 
Water

45 < PC1 < 70, NDVI < 0.485
Elevation > 2 600 m

60 < PC1 < 100, 
Slope < 20
Elevation > 2 600 m, 
0 < NDVI < -0.750

50 < PC1 < 70, PC2 < -15
Elevation < 2 600 m, NDVI < 0 

PC1 < 70, PC2 < 7, 
NDVI < 0.280, Elev. < 1 910 m

Rocks

70 < PC1 < 140, 0.200 < NDVI < 0.485
PC2 > -15, Elevation < 4 000 m

85 < PC1 < 180, 
-0.280 < NDVI < 0.05

70 < PC1 < 145, PC2 > -25,
NDVI < 0.350

PC1 < 70, NDVI < 0.485
Slope > 20, Elevation < 2 600 m

Elevation > 3 000 m
60< PC1< 180, NDVI< 0.2

110< PC1< 190, PC2< -25, Eleva-
tion < 2 600 m, 0.2< NDVI< 0.28

90 < PC1 > 70,  -15 < PC2 > -20,  
0.485 < NDVI > 0.200, Elevation < 2 900 m Elevation < 3 000 m

PC1 < 180, Slope > 20
Elevation > 3 250 m,
PC1 > 245

Elevation >3 400 m, PC3< 18

Dense 
Forest

0.485 < NDVI < 0.650
Elevation < 4000 m

0.28 < NDVI < 0.465
Elevation < 4 000 m 

0.5 < NDVI < 0.680
Elevation < 4 000 m

PC1< 70, PC2 > -15, 
1 910 m< Elevation < 3 250 m

Light 
Dense 
Forest

NDVI > 0.650,  Elevation < 4 000 m
NDVI > 0.465, 
Elevation < 4 000 m

NDVI > 0.680,  Elevation < 4 000 m

NDVI > 0.650,  Elevation < 4 000 m 2 900 m < Elevation < 4 000 m
0.280 < NDVI < 0.500, PC1 < 190

Grass-
land

120 < PC1 < 175, 
Elevation < 3 500 m

180 < PC1 < 260, 
Elevation < 3 500 m, 
-0.29 < NDVI < 0

145 < PC1 < 190, NDVI < 0.280, 
PC2 < -25, Elevation < 3 500 m

Bare Soil 175 < PC1 < 195, 
Elevation < 3 500m 260 < PC1 < 330

190 < PC1 < 225, Elev. < 3 500 m

145 < PC1 < 170, Elev. > 3 500 m

Silt, Sand 
Deposits 236 < PC1 > 195 330 < PC1 < 420

225 < PC1 < 250, Elev. < 3 500 m

170 < PC1 < 250, Elev. > 3 500 m

Crop, 
Young 
Vegeta-
tion

0.200 < NDVI < 0.485, Elevation < 2 900 m, 
90 < PC1< 175, PC2< -15 0 < NDVI < 0.280, 

Elevation < 2 900 m
60 < PC1 < 260

50 < PC1< 225, 0.280 < NDVI < 
0.500, Elevation < 2 900 m

90 < PC1 > 70, Elevation < 2 900 m, 
PC2 < -20, 0.485 < NDVI > 0.200

PC1< 70, PC2 < -15
1 910 m < Elevation < 2 900 m
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 CLASSIFICATION RESULTS AND CROSS-TABULATION CHANGE ANALYSIS  

Field data obtained from Nairobi meteorological department for rainfall and temperature 
spanned between the years 1994–2010 and retrieved for 13 meteorological stations within 
the study area, at the interval of monthly data, minimum and maximum for the temperature 
were analysed for trends on yearly basis. Although the raster rainfall data from the Tropical 
Rainfall Measuring Mission (TRMM) satellite was available with 0.250 spatial resolution, it was 
limited to the duration 1997–2010, thus only station vector data was considered.

4.	KNOWLEDGE-BASED CLASSIFICATION WITH 
IMAGE-ENHANCED COMPONENTS

Knowledge-based classification rules were set using histogram density slicing of the enhanced 
components i.e. PCs and NDVI spectral index. This was performed using Erdas Imagine remote 
sensing software beginning with visualising the FCC of the first three PCs. Image enquiry 
guided by colour was the basis for assigning possible classification classes and determining 
the range of each class interval. Further, NDVI data was helpful in distinguishing vegetation 
greenness covers of crops, dense forest, and relatively light dense forest. Elevation data 
was useful in distinguishing grassland and exposed weathering volcanic rocks at mountain 
tops, while slope controlled water covers. Thus, the following classes were mapped: clear 
water, turbid water, salty/muddy water, rocks, dense forest, light dense forest, grassland, 
bare soils, silts and salt deposits, and crop/agriculture areas (Table 2). It can be noted that 
each year had different histogram range values for NDVI and PC components. Therefore, 
it was not possible to have the land-cover class boundaries uniform although elevation and 
slope environmental variables were maintained uniform across classes in different years.

5.	CLASSIFICATION RESULTS AND  
CROSS-TABULATION CHANGE ANALYSIS 

LULC classification results obtained after running the knowledge-based classification rules 
(Table 2) are presented in Figures 3, 4, and 5 for the years 1995, 2002, and 2010 respectively. 
From visual comparison of the LULC maps, there were notable changes among the green 
cover, bare lands, rocks, and grassland. This was analysed by regrouping the LULC classes 
into: water, forest cover, grass, bare soil/rocks, and crops (Table 3) to visualise the trend of 
vegetation cover versus exposed land and agriculture areas as in Figure 6. 

In general from the year 1995, water cover remained almost constant, with the only changes 
occurring in its turbidity forms. Forest cover instead had a significant decrease of 27.3% in 
the year 2002 and increase of 5.4% by the year 2010. Grass cover sensibly increased by 
25% in 2002 and decreased slightly by 4% in 2010. Similarly, crop cover increased 10.4% 
and decreased 11.3% by the year 2010. Rock and bare land covers decreased by 4.09% by 
the year 2002 and increased by 10.03% by the year 2010. 
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Figure 3:  Land-Cover Land-Use Classification Map for Central Region Kenya, Year 1995

Figure 4:  Land-Cover Land-Use Classification Map for 
Central Region Kenya, Year 2002

Figure 5:  Land-Cover Land-Use Classification Map for 
Central Region Kenya, Year 2010
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Table 3:  Land-Cover Area Extent in Percentage for the Years 1995, 2002, and 2010

   Class 1995 2002 2010

1 Clear Water 0.486 0.97 0.339 1.06 0.493 1.00

2 Turbid Water 0.412 0.97 0.357 1.06 0.277 1.00

3 Muddy Water 0.073 0.97 0.365 1.06 0.234 1.00

4 Dense Forest (D.F.) 22.311 44.35 13.281 17.34 19.784 22.68

5 Light Dense Forest (L.D.F.) 22.035 44.35 4.056 17.34 2.892 22.68

6 Grass 4.445 4.45 25.018 25.02 21.043 21.04

7 Rocks 14.925 23.51 7.944 19.42 17.444 29.45

8 Bare soil 7.325 23.51 10.105 19.42 10.502 29.45

9 Silts 1.261 23.51 1.372 19.42 1.501 29.45

10 Crops 26.727 26.73 37.164 37.16 25.830 25.83

100% 100% 100%

Figure 6:  Regrouped Land-Cover Trend for the Years 1995, 2002, and 2010
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The changes in land cover may be explained by the rainfall trend over the period 1995–2010 
(Figure 7), where the rainfall pattern for selected stations within the study area (Figure 8) was 
characterised by sharp peaks and decreasing rainfall amounts. The rainfall pattern described 
heavy rainfall events (e.g. peaks representing the El Niño rains in 1997–1998), followed by 
low-peaks (e.g. La Niña drought, 1999–2000), and other rainfall peaks in the years 2001 
and 2006. The La Niña drought had the effect of reducing green cover immensely given a 
rain-fed driven economy, especially around the highland regions and wood being the main 
energy source. This means that some forest cover areas were encroached and converted to 
agricultural lands, especially around the cooler mountain regions (Figure 4). On the other 
hand, the semi-arid areas responded to the heavy rains by reducing the bare lands and 
increasing grassland, which in turn increased livestock, whose increase had an overgrazing 
effect as highlighted by Otieno (2013).

The rainfall peaks in the years 2002 and 2006, followed by the gradual decrease in rainfall 
and longer dry spells, had the net effect of reducing agricultural cover, while increasing 
bare and rock cover. The slight increase in forest cover reflected the government action 
towards afforestation and evacuation of people from restricted forest lands, although 
it takes time to achieve given maturity age of trees. These land-cover changes were in 
harmony with the findings of Wandago (2002), which revealed that forest degradation and 
loss was a compounded effect from competing land use of agriculture, industry, human 
settlements, and other energy and infrastructural developments. On the other hand, the 
maximum annual temperature trend (Figure 9a) was more gradual with peaks in the years 
2000, 2005, and 2009 just preceding the rainfall peak (years 2001, 2006, and 2010). This 
may be explained by the effect of reduced vegetation cover, especially the loss of forest 
cover, that has a cooling effect and instead the adoption of land uses that expose the land 
such as agriculture and overgrazing.

The minimum annual temperature trend (Figure 9b) had two patterns corresponding to the 
highland regions and the savanna and semi-arid areas. The highland regions had generally 
steady, less significant minimum temperature changes, compared to the savanna regions, 
which were characterised by more temperature peaks. In relation to the LULC changes, this 
implies that the changes in the LULC in the savanna and semi-arid regions were more drastic 
and had a significant effect in relation to the changes in minimum annual temperature. The 
minimum temperature remained more constant around the highland regions probably due 
to the non-complete loss of vegetation cover; instead it was mainly conversion from one 
form to another whose long-term effect was increased minimum temperature by the year 
2010. Thus, although there were extreme weather events such as El Niño (1997–1998) 
and La Niña (1999–2000), the effects of temperature changes impacted the LULC more 
in the savanna and semi-arid regions compared to the highland regions. These findings 
support what Rarieya and Fortun (2009) reported. They also associated the changes in 
precipitation and temperature to environmental degradation and extreme weather events.
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 CLASSIFICATION RESULTS AND CROSS-TABULATION CHANGE ANALYSIS  

Cross-tabulation techniques were utilised for an in-depth analysis of the classes. This is presented 
in Tables 4 and 5, where the reference year is the column information and the classification 
year (whose change description was required) is the row information. The diagonal matrix 
represented the unchanged pixels for each class, while the column information tabulated the 
original classes that had changed by the target classification year. Thus, from Table 4, turbid 
water remained the most unchanged, muddy water was lost most to clear water and crop cover, 
dense forest was lost most to crops followed by exposed rocks, Light Dense Forest (LDF) was 
lost to crops followed by grass, grass was lost most to LDF, exposed rocks and bare lands were 
lost most to crop cover, while crop land was lost most to LDF and rocks. This emphasised the 
competing land uses between agricultural land use and the forest resources.
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Figure 7:  Total Annual Rainfall Trend (Years 1995 to 2010)

Figure 8:  Distribution of the Meteorological Stations
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 CLASSIFICATION RESULTS AND CROSS-TABULATION CHANGE ANALYSIS  

Figure 9 (a):  Maximum Average Annual Temperature (Years 1997–2010) Reported By the Meteorological Stations 
Defined in Figure 8 

Figure 9 (b):  Minimum Average Annual Temperature (Years 1997–2010) Reported By the Meteorological Stations 
Defined in Figure 8
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6.	CONCLUSION 
The knowledge-based classification used in this research helped to determine the changes 
in LULC from 1995 to 2010 for a selected study area in Kenya. The changes in LULC 
revealed competing land uses, particularly involving forest, crop, and grassland, which 
led to increased changes in exposed bare and rock covers. Comparing the LULC changes 
to rainfall and temperature trends, the loss of green cover had a net effect of varying 
maximum temperatures and slightly increased minimum annual temperatures by the year 
2010 around the semi-arid regions. The rainfall trend depicted extreme weather effects 
(El Niño and La Niña) which had a negative impact on crop cover and grasslands, leading 
to encroachment of forested areas around the highland regions.
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