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Abstract 
Landslides are a frequent phenomenon on mountain Elgon, particularly in 
Bududa district on the SW side of this extinct shield volcano. Landslides have 
led to the destruction of property and loss of life we, therefore, need to moni-
tor them. Monitoring how landslides build-up makes it possible to timely 
evacuate people and build barriers to protect property against damage by 
landslides. Residents in Bududa have reported cracks developing in the 
ground and houses. These cracks continue to grow, suggesting a future cata-
strophic event. Such an event may resemble the 2010 landslide in Bududa, 
which killed approximately 450 people and destroyed much property. In or-
der to mitigate the consequences of a new landslide as much as possible, we 
monitored ground motion in Bududa in eleven stations from June 2018 to 
June 2019. Six-hour session GPS observations were made, and deformation 
was determined over the observation period, June to September 2018, Sep-
tember to November 2018, November 2018 to February 2019 and February to 
June 2019. A congruency test was performed to determine how significant the 
deformation was. It appeared that the ground deformation differed largely at 
various monitored stations, ranging from 0.004 to 0.076 m, 0.001 to 0.067 m 
and 0 to 0.078 m in the East, North and vertical directions respectively. The 
values indicate that most slopes in the district are unstable, particularly in the 
wet seasons, which implies that future landslides pose a high risk for society. 
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1. Introduction 

Landslides are one of the most frequent and dangerous geohazards affecting 
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many countries today [1] [2]. Landslides are slope failures that are caused by a 
gravitational pull [3] and have been known to be triggered by rainfall, earth-
quakes, floods and human activity [4] [5] [6]. Landslides occur mostly during 
rainy seasons and in mountainous areas [7] [8], occurring frequently where oc-
cupants have destroyed the vegetation to the land. Landslides have been record-
ed to destroy property, the environment and life [8], making landslide monitor-
ing critical [9].  

Landslide monitoring of slow-moving landslides is, however, complex due to 
the different deformation mechanisms. Ground deformation is the change in the 
ground surface and this manifests as swelling, sinking or cracking. Ground de-
formation can be caused by magma, gas, and water moving underground or by 
movement of the earth’s crust along fault lines [10] [11] [12]. Ground deforma-
tion is also the displacement of the ground in the horizontal, vertical and oblique 
directions. Ground deformation has been measured using Global Positioning 
Systems (GPS) over the past 15 years to detect areas at risk of landslides [13] 
[14]. In measuring ground deformation using GPS, the change in distances, 
height, angles and coordinates can be determined. The GPS measurements can 
either be continuous or be restricted to temporary campaigns and there are sev-
eral reasons why campaign measurements are still applied according to [11]. 
First, these are cheaper, and there is the flexibility to where to install the GPS 
equipment. Second, the Continuous Operating Reference Stations (CORs) are 
expensive to purchase and maintain. Third, it is difficult to have a dense network 
when CORs are used due to the expenses involved. 

Deformation using the GPS campaign technique has mostly been done at the 
annual level to mitigate the error biases in estimated velocities that result from 
short observation time-spans less than 2.5 years [15] [16] [17]. This causes us to 
miss out on complete characterisation of deformation patterns in landslide-prone 
areas at levels and seasons less than a year. The survey expenses are not put-on 
measurements within a year but over many years for this reason. In this study, 
GPS measurements were preliminarily made over precisely one year from June 
2018 to June 2019 based on the rainfall seasons in Bududa. Emphasis was not 
put on the estimation of the deformation velocity. Still, actual deformation 
measured was over precisely one year. The deformation measured could be ap-
proximated as deformation velocity in a year.  

The GPS measurement technique is the American satellite navigation system 
which provides all-day 3D precise coordinates of points on the earth’s surface 
[18]. GPS accuracy and reliability ranges from millimetre to metre level depending 
on the type used. Geodetic dual-frequency receivers can attain millimetre accu-
racy while handheld GPS has metre-scale accuracy. In measuring ground defor-
mation for purposes of landslide monitoring, geodetic dual-frequency receivers 
should be used. This should be done through static GPS surveys based on carrier 
phase measurement, which ensures effective modelling of GPS error sources. To 
monitor landslide development using GPS, monitor stations are installed over 
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the landslide area and observations are made relative to CORs. The precise 
coordinates of the GPS stations are periodically determined using repeat mea-
surements. The deformation characteristics can be derived by studying the rates 
of change of coordinates from survey to survey. This, in turn, can be used to 
analyse the geometrical properties of landslides. To attain coordinate difference 
at millimetre accuracy, the observation sessions are adjusted based on the net-
work’s baseline lengths, where baseline lengths less than 5 km are observed for 3 
hours while for every additional 1 km an hour is added.  

The current rates of ground deformation in Bududa are not well known. Es-
timating ground deformation rates will be used to stabilise slopes and relocation 
of people at high risk. In this study, we, therefore, determined the current rate of 
ground deformation in Bududa.  

2. Materials and Methods 
2.1. Study Area 

This study was carried out in Bududa because of the many landslides reported in 
the district. Bududa district stretches from 34.26˚ West to 34.54˚ East and 0.96˚ 
south to 1.12˚ North and lies on the south-west slopes of Mountain Elgon. The 
length from south to north is 14.9 km, and the west to east width is 29.6 km. The 
average precipitation in Bududa is about 1500 mm per year and is bi-modal with 
two dry spells one in July and the other from December to February, the district 
experiences a long-wet season from March to June and a short-wet season from 
August to November, with the highest rainfall received in May. The rainfall pat-
tern is highly controlled by altitude and areas with high altitude receive high 
rainfall compared to low lying areas. The district’s altitude ranges from 1250 to 
2850 m, rising in the east to 3000 and 4000 m at the peak of Mountain Elgon as 
shown in Figure 1. The district has generally steep slopes above 40 degrees with 
V-shaped valleys.  

Part of the district is covered by Mountain Elgon National Park which is a 
protected ecosystem. Additionally, the district has about twenty-four small rivers 
flowing from the Mountain Elgon peak. The rivers flow through the cultivated 
and degraded habited slopes and valleys to river Manafwa and then into Lake 
Kyoga. The degraded slopes are due to the high population growth rate esti-
mated at 3.8% per annum.  

The predominant soil type in Bududa classified by the Food Agriculture Or-
ganization (FAO) is Nitisols, Luvisols, Gleysols and Agric Ferralsols. In Bududa, 
Central are iron-rich Rhodic Nitisols red in colour and consist of calcium car-
bonate, giving them a high cohesion. These are permeable to water and plant 
roots limiting water runoff due to magnetite and hematite constituents. This 
makes these soils very stable and less affected by deformation and landslides. 
North and west of the district are Lixisols, Cambisols, Nitisols and Acrisols soils 
with many shear planes 0.2 to 2 m within the soil and the parent rock. These are  
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Figure 1. Location of Bududa district, its sub-counties, rivers, and elevation. 

 
at the clay layering horizons and cause surface cracks which widen with an in-
crease in rainfall. In the east are Ferralsols, Lixisols, Gleysols and Acrisols which 
deform under steep slopes and heavy rainfall due to the excessive soil degrada-
tion. 

2.2. Data Collection 

Reconnaissance was done to determine the points where the eleven GPS stations 
were installed. The GPS stations were placed in areas at high risk of landslides as 
shown Figure 2. This was achieved by installing stations in areas that had pre-
viously experienced landslides. The deformation rates were measured using 
campaign GPS from 15th June 2018 to 15th June 2019 as shown in Table 1. The 
monitor stations measured 50 by 50 cm wide and a metre deep fitted with a me-
tallic bar in the centre. The GPS monitor stations were established in areas with 
good satellite coverage, a wide satellite view angle and minimal overhead ob-
structions to improve the accuracy of position fixing.  

To determine the predominant satellite geometry and coverage at each pro-
posed GPS station, a handheld GPS was used and the satellite geometry was vi-
sualised through the sky plots. It was ensured that the Dilution of Precision 
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(DOP) at each station was less than 2. Furthermore, the handheld GPS was used 
to capture coordinates of the proposed GPS station points, and baseline lengths 
of the network were determined. Observations were then made using Promark 
800 Dual-frequency Geodetic Ashtech GPS receivers in 6-hour sessions and An-
tennas recording data at a 30-second interval following the observation sessions 
shown in Table 1. In each month, of the five months in which observations were 
made, two sessions were made of five and six stations respectively.  

The GPS Stations at Bubiita, Bukalasi, Bulucheke, Bumayoka, Nakatsi, Budu-
da, Bukigai, Bukibokolo, Bushiyi, Bududa Town Council and Bushika have been 
abbreviated as BUBI, BUKA, BULU, BUMA, NAKA, BUDU, BUKI, BUKO, 
BUSY, BUTC and BUSH for ease of naming in the sections onwards. The obser-
vation sessions were for six hours and this met that most of the GPS observation 
biases cancelled out. Additionally, the short baseline lengths in the network, 5 to 
7 km, enabled the fixing of coordinates with relatively high accuracy. Short base-
line length ensured that spatially correlated GPS errors cancel out with diffe-
rencing. It should be noted that with short baseline lengths, high GPS reliability 
is achieved even with short observation sessions, according to [11]. It means that 
the 6-hour observations were sufficient to attain the desired measurement accu-
racy.. 

 

 
Figure 2. Landslide occurrence locations, GPS stations, rivers, elevation and subcounties in Bududa district. 
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2.2. Data Processing 

The GPS stations’ coordinates were computed using double ionosphere-free li-
near combinations with six reference stations shown in Figure 3. The main 
processing parameters were a satellite cut-off angle of 15˚, an observation sam-
pling rate of 30 seconds, the maximum observation strategy for creating the 
baseline, the Quasi-Ionosphere Free strategy to fix the ambiguity, and the mod-
elling of the tropospheric delay with the Global Mapping Function (GMF). The 
zenith delay corrections were estimated based on the wet-GMF mapping func-
tion at 2-hour intervals [19]. 
 

Table 1. The year, month, day and times of the observation sessions of the campaign measurements made over the 11 GPS sta-
tions in Bududa from June 2018 to June 2019. 

 Year/Month day/Session (day of the year)/Observation Time (Initial and Final hours) 

Station 
2018 2019 

Jun 15 Jun 16 Sept 01 Sept 02 Nov 03 Nov 04 Feb 23 Feb 24 Jun 15 Jun 16 

 166 167 244 245 307 308 054 055 166 167 

BUBI  10:56 09:16  11:40  09:39  09:58  

  17:00 15:57  18:45  17:00  15:58  

BUKA 12:02  10:42   11:56 10:59  11:13  

 18:03  16:42   16:03 17:01  17:13  

BULU 12:07  10:37  12:15  10:55  11:05  

 18:22  16:45  18:21  16:57  17:12  

BUMA 10:23  10:37  12:17  11:02  11:06  

 18:42  16:50  18:20  17:06  17:09  

NAKA 12:07  10:37  12:15  10:54  11:06  

 18:37  16:46  18:23  16:11  17:10  

BUDU 12:10   09:04  12:03  08:30  09:01 

 18:20   15:13  16:15  14:33  15:06 

BUKI  10:57  09:02  12:00  08:29  08:59 

  17:05  15:03  16:02  14:36  15:07 

BUKO  10:58  08:43  12:00  08:30  09:00 

  17:10  14:43  16:04  14:32  15:06 

BUSY  10:57 10:37  12:14  10:54   11:47 

  17:02 16:51  18:22  17:01   14:01 

BUTC  10:51  09:01 12:11   08:28  09:03 

  16:52  15:05 18:11   14:38  15:42 

BUSH 12:07   09:06  11:59  08:31  08:58 

 18:23   15:19  16:02  14:37  15:08 
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Figure 3. The International Geodetic Stations (IGS) RAMO, NKLG, ZAMB, SUTM, 
REUN, SEYG used in processing the GPS observation network in Bududa. The GPS ob-
servation network in Bududa has been abbreviated as BUNT. 

 
The first, second and third-order ionospheric effects were modelled using the 

ionospheric linear combination of L1 and L2. L1 is the longer wavelength carrier 
phase band and L2 the shorter carrier phase band of the GPS signal. The ground 
antenna and satellite phase Centre calibration were based on the IGS14 phase-Centre 
variation model, whereas the tidal displacements were derived from a model of 
the International Earth Rotation and Reference Systems (IERS) conventions 
2010 [20] [21] [22]. The effect of the atmosphere was negated using the atmos-
pheric loading model [12] [23] [24] [25]. The satellite trajectories and earth 
orientations were modelled using the available IGS products, as shown in Figure 
3 & Figure 4. The phase processing to estimate the cycle slips was through 
triple-differencing of the observation baselines. The cycle slips were then fixed 
by the analysis of different linear combinations of L1 and L2 combination. If the 
cycle slips were hard to fix, the bad data points were removed and new ambigui-
ties were calculated. Data screening was further performed based on the 
weighted post fit residuals, and outliers were removed. The data cleaning was 
performed at a sampling rate of 30 seconds, and elevation-dependent weighting 
was applied based on ( )21 sin e , where e is the elevation angle of the satellite. In 
estimating the final coordinates of the GPS stations, coordinate constraints were 
made at the reference stations. The horizontal and vertical component con-
straints were 1 mm and 2 mm, respectively. The ambiguities were resolved using 
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the baseline-by-baseline mode using the code-based strategy for baselines be-
tween 180 and 6000 km, phase-based L5/L3 for baselines between 18 and 200 
km, Quasi Ionosphere Free (QIF) strategy for baselines between 18 and 2000 km, 
and direct L1/L2 for baselines between 0 and 20 km as shown in Figure 4.  

To statistically check the significance of deformation, a congruency test was 
performed on the three-dimension movement of the GPS stations. The 
three-dimension movement is a function of the movement in the east, north and 
vertical directions as is shown in Equation (1), where δdij is the movement of a 
point from time i to j. 

( )1 22 2 2
ij ij ij ijd dE dN dhδ = + +                     (1) 

The null hypothesis of the test was that there was no movement between the 
time i and j and therefore  

 

 
Figure 4. The GPS processing methodology. 
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Null hypothesis 

0 : 0ijH dδ =                           (2) 

Alternative hypothesis  
: 0a ijH dδ ≠                           (3) 

The test statistic used was 

( )ofij ijd dδ σ δ=T                       (4) 

H0 is true when the test statistic has a student’s t-distribution and the region 
where the null hypothesis is rejected. 

, 2dft α>T                           (5) 

where df is the degree of freedom, and α  is the significance level for the test. 
In this study, df →∞  (infinity), because the GPS baselines were determined 
through 6-hour observations collecting data at a 30-second interval. It should be 
noted that if the t-distribution has an infinite degree of freedom, the distribution 
is a normal distribution [10]. A 99% (i.e., 1%α = ) confidence interval was used 
in this study, where the critical value was calculated as ,0.005t∞  equal to 2.576. 
The computed test statistic was compared with the critical value and where the 
test statistic was higher than the critical value, the null hypothesis was rejected, 
and it met that the GPS station experienced significant deformation. The reverse 
was true when the test statistic was lower than the critical value, where the alter-
native hypothesis was rejected, and it met that the GPS station did not expe-
rience significant deformation. 

3. Results and Discussions 
3.1. Results 

Deformation was determined from June 2018 to June 2019 as is shown in Tables 
2-4 and Figure 5 and between the five consecutive observations June 2018, Sep-
tember 2018, November 2018, February 2019 and June 2019 as is shown in Fig-
ure 6 and Table 4. Campaign GPS measurements are normally done at an an-
nual scale, probably due to cost or thought that deformation variation within a 
year is not significant to necessitate observations within a year [26] [27]. There-
fore, this study investigated the effect of shortening the time between campaign 
observations to a monthly level in characterizing ground deformation magni-
tudes [11].  

The least and highest deformation in the east was 0.004 m at BUKA and 0.076 
m at NAKA stations, as shown in Table 2. BUKA BULU and BUKI stations, ex-
perienced the least deformation in the east ≤ 0.007 m, while NAKA and BUTC 
experienced the highest deformation of 0.076 m and 0.071 m. The Root Mean 
Square (RMS) at which deformation in the east direction estimated was about 1 
mm except at BUBI and BUTC where the RMS is 2.8 and 1.5 mm respectively. 
The least and highest deformation in the north was 0.001 m at BULU and 0.067 
m at NAKA. The Stations at BULU, BUKI and BUSY experienced the least de-
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formation ≤ 0.002 m. The RMS at which the north deformation was fixed was 
also about 1 mm except at BUBI and BUTC stations with RMS of 3.1 and 2.5 
mm. The least and highest deformation in height was 0 at BUKA and 0.078 m at 
BUMA. The BUKA station did not experience deformation in height whereas 
stations at BUMA, NAKA and BUTC experienced the highest deformation of 
0.078, 0.072 and 0.068 m respectively. The RMS of the computed deformation in 
height was also about 1 mm except for BUBI and BUTC where the RMS was 1.8 
mm and 3.6 mm.  
 

 
Figure 5. A graph showing ground deformation of 11 GPS stations in Bududa district 
from June 2018 to June 2019. 

 
Table 2. The Estimated Ground Deformation in the East, North and Height for eleven 
(11) GPS monitor stations from June 2018 to June 2019. 

Station 
Deformation  RMS (m) 

East North Height  East North Up 

BUBI 0.015 0.033 0.014 0.0028 0.0031 0.0018 

BUKA 0.004 0.010 0.000 0.0007 0.0009 0.0007 

BULU 0.007 0.001 0.022 0.0007 0.0008 0.0007 

BUMA 0.029 0.028 0.078 0.0009 0.0007 0.0008 

NAKA 0.076 0.067 0.072 0.0008 0.0008 0.0008 

BUDU 0.038 0.009 0.012 0.0006 0.0009 0.0007 

BUKI 0.007 0.002 0.055 0.0008 0.0008 0.0008 

BUKO 0.028 0.030 0.050 0.0007 0.0005 0.0006 

BUSY 0.042 0.001 0.014 0.0006 0.0006 0.0006 

BUTC 0.071 0.029 0.068 0.0015 0.0025 0.0036 

BUSH 0.018 0.030 0.038 0.0006 0.0008 0.0005 
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Table 3. The congruency test performed on the 11 GPS stations to determine the signi-
ficance of deformation of all the stations from June 2018 to June 2019. 

Stations ijdδ  σ  of ijdδ  T = 2.576 
Significant  

deformation 

BUBI 0.110 0.024 4.629 YES 

BUKA 0.011 0.038 0.282 NO 

BULU 0.122 0.018 6.975 YES 

BUMA 0.088 0.051 1.737 NO 

NAKA 0.124 0.043 2.922 YES 

BUDU 0.041 0.011 3.654 YES 

BUKI 0.055 0.011 5.002 YES 

BUKO 0.065 0.005 11.810 YES 

BUSY 0.121 0.066 1.853 NO 

BUTC 0.102 0.062 1.660 NO 

BUSH 0.052 0.022 2.343 NO 

 
Table 4. The congruency test showing the significance of the ground deformation in the four time-spans, June to September 2018 
(1 - 2), September to November 2018 (2 - 3), November 2018 to February 2019 (3 - 4) and February to June 2019 (4 - 5). 

GPS  
Stations 

ijdδ  
(1 - 2) 

σ  of  

ijdδ  

( (1 - 2)/ijT dδ=  
σ  of ijdδ )  

= 2.574 

ijdδ   
(2 - 3) 

σ  of  

ijdδ  

( (2 - 3)/ijT dδ=  
σ  of ijdδ )  

= 2.574 

ijdδ   
(3 - 4) 

σ  of  

ijdδ  

( (3 - 4)/ijT dδ=  

σ  of ijdδ )  
= 2.574 

ijdδ   
(4 - 5) 

σ  of  

ijdδ  

( (4 - 5)/ijT dδ=  

σ  of ijdδ )  
= 2.574 

BUBI 0.191 0.034 5.533 0.083 0.008 10.173 0.139 0.049 2.826 0.06 2.278 0.264 

BUKA 0.056 0.004 14.962 0.005 0.007 0.803 0.053 0.059 0.913 0.036 0.025 1.450 

BULU 0.047 0.050 0.946 0.103 0.026 3.949 0.124 0.046 2.702 0.070 0.083 0.847 

BUMA 0.077 0.024 3.246 0.027 0.006 4.439 0.049 0.013 3.780 0.080 0.036 2.198 

NAKA 0.136 0.004 36.369 0.112 0.013 8.930 0.067 0.011 6.232 0.179 0.019 9.478 

BUDU 0.022 0.006 3.575 0.041 0.032 1.297 0.036 0.027 1.347 0.026 0.002 10.786 

BUKI 0.044 0.001 31.289 0.021 0.029 0.707 0.527 0.255 2.064 0.062 0.294 2.108 

BUKO 0.072 0.007 10.780 0.075 0.016 4.666 0.080 0.009 8.788 0.050 0.027 1.867 

BUSY 0.092 0.006 14.343 0.073 0.005 14.011 0.066 0.188 0.354 0.072 0.134 0.541 

BUTC 0.032 0.029 11.095 0.181 0.038 4.806 0.213 0.050 4.216 0.101 0.047 2.149 

BUSH 0.019 0.011 1.667 0.043 0.026 1.660 0.047 0.004 11.111 0.049 0.005 10.781 
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Figure 6. Ground deformation magnitudes for 11 GPS stations in Bududa District for 
four time-spans between June 2018 and June 2019. 

 
The deformation in three dimensions was then computed based on Equation 

(1) for all the stations between June 2018 and June 2019. It was observed that 
GPS monitor stations at BUBI, BULU, BUMA, NAKA, BUSY, and BUTC expe-
rienced high deformation above 0.08 m as is shown in Figure 5, while BUKA, 
BUDU, BUKI, BUKO and BUSH experienced deformation below 0.07 m. BUKI 
and BUKO have not experienced many landslides in the past which justifies the 
low deformation. However, BUKA, BUDU and BUSH have experienced 
landslides in the past and the low deformation during this study may only imply 
a high fluctuation in the deformation at such points. This further may mean that 
these stations could experience high deformation in another monitoring scheme. 
BUKI experienced deformation less than 0.06 m due to the soils in Bukigai that 
are permeable to water and plant roots in the 2 m topsoil. Furthermore, the soil 
in Bukigai, experiences limited runoff except on unprotected slopes exceeding 
15% slopes [28]. The soils are Rhodic Nitisols very stable and are not affected by 
landslides. These soils have been drilled and it was observed that they are wea-
thered down up to 40 meters. They are derived from magnetite and hematite 
minerals rich in iron and the stability of this soil may be due to the cohesion re-
sulting from cementing minerals like calcium carbonate [29]. This phenomenon 
has also been observed in New Zealand where the calcium carbonate minerals in 
the rocks and soils have increased stability [28]. BUKO has a low altitude, slope 
and receives less rainfall addition to the soils with a high sand content. These 
conditions make the soils stable hence the low deformation experienced. The 
low deformation is usually as a result of minimal collapse of the soil to fill the 
pore spaces left behind with drained water in dry weather.  

BUDU and BUSH with low deformation of 0.041 m and 0.052 m respectively 
are characterized by Cambisols, Nitisols, Acrisols and Lixisols soils high in clay 
content similar to soils in Bukigai. They do not have horizon stratification 
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and are not significantly affected by water stagnation properties that exist in 
landslide-prone areas. As observed by [30], landslides in BUDU and BUSH have 
been estimated to re-occur after 100. This indicates that ground deformation in 
these areas is slow and incrementally builds over time. These areas are therefore, 
characterized by cracks that slowly expand as evidenced by the low deformation 
magnitudes. BUKA experienced low deformation due to it having experienced 
significant deformation which led to the March 2010 landslide. The massive 
landslide washed away the thin top unstable soil leaving behind a thinner but 
more stable soil layer.  

BULU, NAKA and BUSY stations located in the eastern experienced very high 
deformation above 0.12 m. There are many landslides in the east as reported by 
[28] [29] [30]. The many landslides are most likely due to the high deformation 
magnitudes experienced. The high deformation magnitudes in the east of Budu-
da district are attributed mostly to terracing and cultivation of steep slopes and 
slope concavity [28] [29] [30] [31]. The soils in the east additionally have high 
infiltration rates which have led to the fast flow of water into soils down the pro-
files. At the lower profiles, the high clay content causes the water to stagnate and 
this in conjunction with steep slopes, cause high ground deformation. 

To test the significance of the measured deformation, a congruency test was 
carried out which showed that five stations, BUBI, BULU, NAKA, BUDU, BUKI 
and BUKO had significant deformation as shown in Table 3. The other stations 
at BUKA, BUMA, BUSY, BUTC and BUSH did not experience substantial de-
formation during this observation period. It should however be noted that these 
stations not having significant deformation during this observation period does 
not mean that they are stable and safe areas. Landslides have been identified in 
some of these areas before and not experiencing significant deformation during 
this observation period may mean two things. First, deformation varies signifi-
cantly in these areas, for example, it has been observed by the locals that when a 
landslide occurs in an area, it will take some time before another landslide oc-
curs. This could mean or imply that when a landslide occurs, the unstable soil is 
washed away and stable soil is left behind. This could be the case with the station 
BUKA that did not experience significant deformation during this observation 
period but it is here that the largest landslide in the district’s history has been 
recorded [32]. Secondly, the deformation may be minimal but incremental, this 
deformation will build and as evidenced with cracks and landslides will occur 5 - 
10 years.  

To better understand the deformation magnitudes over short time-spans, de-
formation magnitudes were determined between four time-spans to determine 
whether deformation magnitudes varied significantly within these time-spans. It 
is essential to determine deformation magnitudes over these short-time spans 
when an area has varying seasons in a year which seasons may affect ground de-
formation. It can be observed that the deformation magnitudes between June 
and September 2018, September and November 2018, November 2018 and Feb-
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ruary 2019 and February and June 2019 in Bududa were generally below 0.1 m 
for all the GPS stations except for stations BUBI, BULU, NAKA and BUTC as 
shown in Figure 6. BUBI had a high deformation from June to September 2018, 
BULU from November 2018 to February 2019, NAKA from February to June 
2019 and BUTC from November 2018 to February 2019. These are high defor-
mation values when compared to other landslide-struck regions in the world 
[14]. Ground deformation in Bududa is very complex and varies from one ob-
servation station to another. This is associated with the change in altitude, soil 
type, soil texture, slope, land cover and human population. It also varies through-
out the year and this could be associated with the variation in the rainfall pat-
terns [33] [34] [35] [36] [37]. It would be expected that deformation should be 
high only during the long and short wet seasons which in Bududa are March to 
June and August to October respectively and low in the long and short dry sea-
sons which is November to February and July respectively. This is expected be-
cause during the wet season the rainwater fills the soil pores and is stagnant at 
different clay layers. Furthermore, given the steep slopes, there is an increase in 
the weight of the soil hence ground deformation occurs. However, this is not 
necessarily as is observed in our study, June to September 2018, September to 
November 2018 and February to June 2019 which coincide with the wet season 
and November 2018 to February 2019 a dry season. 

In the dry seasons, the deformation is expected to be minimal. Deformation 
during the dry seasons is due to the slow drainage or further infiltration of water 
down the soil layers and the soil moisture evaporation when temperatures in-
crease. The soil collapses over air spaces left behind after evaporation due to soil 
pressure. This phenomenon is largely not disastrous but landslides have been 
reported in Bududa during the dry season which shows that these sorts of de-
formation can at times pose a risk to the communities. 

The stations in BUMA, NAKA, BUKI and BUSH experienced the highest de-
formation from February to June 2019 which coincides with the long rainy sea-
son in Bududa. While stations at BULU, BUKO and BUTC experienced the most 
significant deformation from November 2018 to February 2019. It can further be 
observed that deformation during this long dry period reached 0.213 m at 
BUTC. Implying that Bududa too experienced high deformation in the dry sea-
son. Stations at BUBI, BUKA and BUSY experienced the highest deformation 
from June to September 2018 that spans from the end of the long-wet season in 
June through the short dry season in July and the start of the short-wet season in 
September. High deformation values at BUTC from September to November 
2018 and November 2018 to February 2019 could be due to close proximity of 
this station to a small river. The station is not on a steep slope but about 15 m 
from a small river. The cause of deformation of points close to river banks is 
normally due to the wash away of river banks over time through soil erosion 
causing lines of weakness and hence deformation at such points. This however 
may not be the case here due to the station being located 15 m away (not very 
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close) from the river but may be due to draining of water through the lower soil 
layers to the river that is at a lower level. From what we observe here, it is clear 
and evident that when we only analyze deformation at an annual level, we miss 
out on complete characterization of deformation patterns at seasonal level in 
landslide-prone areas.  

A congruency test was also carried out and it showed that June to September 
2018, all stations had significant deformation except the stations at BULU and 
BUSH. The deformation at these stations may be attributed to the water infiltra-
tion during the rains. When it rains, the rainwater infiltrates the soil and soils 
move along lines of weakness as a function of the slope. Additionally, when the 
dry season starts in July, the soil moisture evaporates leaving spaces behind and 
hence soil collapse and deformation occurs. When the second rains come, the 
infiltration process begins afresh.  

Deformation at BULU and BUSH was not significant and this may be attri-
buted to the fact that these points have experienced significant deformation in 
the past and were stable during this period. This is the case because cracks and 
landslide scars were observed around BUSH and BULU stations. The other rea-
son could be that this area’s soil characteristics have a slowed reaction to rain-
water infiltration and evaporation.  

September to November 2018, a time-span that coincides with the short-wet 
season, the stations that did not have significant deformation were BUKA, 
BUDU, BUKI and BUSH. This shows that stations BUKA, BUDU and BUKI 
which had significant deformation from June to September 2018 experienced 
slowed deformation from September to November 2018. This showed that sta-
tions in Bududa have varying deformation within a year as a result of change in 
seasons. The BUSH station compared to other stations did not have significant 
deformation both from June to September 2018 and September to November 
2018. 

November 2018 to February 2019, all the other stations experienced signifi-
cant deformation except BUKA, BUDU, BUKI and BUSY. We observe here that 
even in the dry season, some stations in Bududa experienced significant defor-
mation. This could be attributed to the soil characteristics in these areas, where 
evaporation of the soil moisture follows a collapse of soils due to larger spaces in 
the soil left after evaporation.  

February to June 2019, most of the stations were stable except for NAKA, 
BUDU and BUSH. This period coincides with the long-wet season in Bududa 
and this could imply that the stations in other places have a high saturation rate 
compared to points in NAKA, BUDU and BUSH. The soils there absorb much 
water before reaching a threshold for deformation to occur. 

3.2. Discussions 

In this research, a landslide inventory was carried out in Bududa to map out the 
landslide scars to identify areas to install the GPS monitor stations. GPS monitor 
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stations were then built ensuring that stations were in places with good satellite 
coverage and clear of obstacles. Campaign GPS observations were then made on 
the monitor stations from June 2018 to June 2019, which is in June 2018, Sep-
tember 2018, November 2018, February 2019 and June 2019. Ground deforma-
tion was observed at all the GPS stations, however, the ground deformation 
magnitudes varied from station to station. The deformation variation was in re-
lation to the type of landslides, whether large, deep rotational or small, shallow 
translational [7] [28] [29] [30] [31] [32]. Areas in the western region that expe-
rienced large deep rotation landslides experienced lower deformation magni-
tudes than the eastern region which experiences small, shallow translational 
landslides. The central region experienced deformation but landslides have not 
been reported in this area and it could be due to the less steep slopes compared 
to the eastern and western regions [31]. Points with low deformation magni-
tudes were observed in areas with low slopes in low lying areas and vegetated 
areas while places with steep and cultivated slopes experienced high deformation 
magnitudes [14] [33] [34]. Low deformation magnitudes were also observed in 
areas that had recently experienced landslides. This could be due to the remain-
ing of stable soils after a landslide occurs [4]. When a landslide happens, unsta-
ble topsoil is washed away and stable soils remain. It takes time for such areas to 
become unstable due to landcover change, population growth, farming practices, 
and rainfall patterns. Ground deformation magnitudes varied within the obser-
vation period and this could be due to the change in seasons from wet to dry 
[36]. 

The GPS positioning was reliably done for most of the points and relevant in-
formation on deformation magnitude achieved. The campaign method of GPS 
positioning is affordable as cost of setting up is minimal, as only stations are 
fixed and there is no need to have electricity and personnel to continually oper-
ate and manage the station as is the case when an active station is used. The ob-
servation period was short due to the length of the project and funds available at 
the time. Even though the observation was only from June 2018 to June 2019, a 
good account is given of the deformation characteristics in Bududa. Further ob-
servation to about two and half years and more would improve the reliability of 
the GPS campaign [15] [16] [17].  

4. Conclusion and Recommendations 

The deformation patterns as observed from the GPS measurements in Bududa 
are very complex. It is observed that deformation is high, in the east, north and 
height reaching 0.076, 0.067 and 0.078 m in twelve months. Most of the stations 
experienced significant deformation not only in a year but also within the year. 
Some stations appear to be stable when an annual assessment is done but expe-
rience significant deformation within the year. Deformation is observed to vary 
within the year, and annual monitoring will not explicitly describe the district’s 
deformation patterns. Deformation is further observed to occur both during the 
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wet and dry seasons; this is attributed to the complex and different deformation 
mechanisms during the wet and dry seasons. In the short term, Campaign GPS 
can give a preliminary insight into stable and unstable areas in landslide sus-
ceptible areas. 

Deformation measurement predicts unstable slopes and may indicate the 
structures that could be constructed or re-enforced to mitigate a possible future 
landslide’s adverse effects. The GPS technique can reliably measure ground de-
formation at points where the instruments have been installed. The GPS stations 
should, however, be selected carefully, otherwise the measured deformation will 
not be representative of the deformation plane. In selecting suitable locations to 
place the GPS stations, care should be taken, because the GPS stations could be 
washed away when a landslide event happens. The installation of the stations 
should, however, be close to landslide scars and ground cracks to reliability es-
timate landslide related deformation. Campaign GPS measurement is sufficient 
to indicate how unstable slopes are. Care should however be taken to ensure that 
instrument set up bias is minimal by ensuring that the instruments used and in-
strument height setting are the same throughout the observation period. Shorter 
observations within a year should be considered when campaign observation is 
used to be able to visualize more deformation patterns in landslide monitoring. 
The GPS observation period sessions should not be less than 6 hours to reduce 
the effect of observation bias that propagates into GPS measurements. The GPS 
should be dual-frequency and there should be strict adherence to standard GPS 
processing methodologies as has been discussed in this paper. Furthermore, GPS 
error sources should be reliably modelled out to achieve reliable results. 

Data on ground deformation shows unstable sites in the monitored regions. 
Where the deformation values are high, people should be resettled elsewhere. In 
places that have medium deformation, mitigation strategies could be imple-
mented. These may include re-enforcement of structures, and planting of trees. 
Data on deformation, where mitigation measures are applied should follow to 
assess the effectiveness of the measures. This would significantly reduce landslide 
hazard risk in monitored areas.  
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