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Abstract: Lake Naivasha is an important water resource for Kenya being a fresh-water lake in a region dominated by salty-
water lakes. The lake supports several human activities around it. Its water level, though fluctuates, was gradually declining
before 2010. The water level rose from March 2010 and has since remained relatively high. As a result, areas around the lake
that were previously land surface are currently submerged in water. This is threatening the survival of human activities around
the lake. Consequently, the study sought to establish the causes of the lake’s water level fluctuations in the period 2000-2016,
focusing on the role of rainfall, temperature, human activities around the lake, and water hyacinth. Surface area of the lake
covered by water and surface area of the lake covered by water hyacinth were extracted from Landsat images. The SEBAL
model was used to estimate evaporation potential over the lake and differences in evaporation over areas covered by water
hyacinth and open water surfaces were analysed. Water hyacinth cover was found to have significant, positive correlation with
monthly average water levels (p < .05). Open water surfaces lost significantly higher water volume through evaporation than
areas covered by water hyacinth (p < .05). This suggests that water hyacinth contributes to the high water levels. Rainfall
received over Nyandarua slopes, which is the catchment region for in-flow rivers was also an almost statistically significant
contributor to lake’s water level changes, while temperature was not. On the other hand, growing human activities around the
lake seemed to contribute to water level decline through increasing abstraction from the lake. The study recommends more
research on, and implementation of better and more ecologically efficient measures for controlling water hyacinth growth in
Lake Naivasha.
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The underground discharge from the lake recharges the
geothermal wells around the lake [3-4].

Being in a semi-arid environment, Lake Naivasha
experiences high evaporation; in fact, the evaporation is
higher than the precipitation it receives [1, 5]. This means
that changes in vegetative cover around or on it can affect the
lake’s water level, other factors held constant. However,
studies which have investigated the lake’s water level
fluctuations have mainly focused on the role of climate
change on the water level [3-4, 6-8]. For example, using
parameters such as the hydrological cycle, temperature and
precipitation, Arlan predicted that climate change would

1. Introduction

Lake Naivasha plays a very important role in the Kenyan
economy being a fresh-water lake in a semi-arid region in
Kenya. It supports the life of hundreds of thousands of
people living within its basin. Significant agriculture occurs
within the 3,376 km?® catchment area, including commercial
floriculture and horticulture industry whose growth has
increased significantly over the last two decades [1-2]. The
lake also provides home to a wide range of aquatic and
terrestrial flora and fauna, including fish, birds, plants, etc.
Thus, it also supports thriving fishing and tourism industries.
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cause the lake water level to decline by 4 m by 2039 [6].
However, in their study on the changes in water balance
trends of the lake for the period 1960-2010, Odongo et al. did
not find any correlation between changes in precipitation and
decline in the lake volume [7]. This suggests that climate
change played a minor role, if any, on the lake’s decline over
the 50 years examined. The observation made in [7] suggests
that there could be other factors responsible for changes in
the lake’s water level.

The average fluctuation of the water level stands at 1.5 m
yet it has maximum depth of just 11.5 m [11]. Before 2010,
there was a growing concern about Lake Naivasha’s water
level fluctuations which was largely on a declining trend [5,
6-7, 9-11]. The lake reached its highest peak in 1917 and
since then the level has been decreasing gradually, reaching
its most recent, lowest level in 2009. Odongo et al. found
significant decline in the lake’s volume between 1960 and
2010 [7]. The rate of decline was estimated to be 9.35 x 10°
m’® per year. This shows that despite the fluctuations, the
lake’s water level has largely been decreasing.

The declining water level trend ended at the beginning of
2010 and started to rise in wet season of the same year. The
trend continued over the next 3 years and was largely
attributed to increased rainfall in the lake basin especially
around the slopes of Nyandarua which is the sources of the
rivers flowing into the lake. However data retrieved from the
Kenya Meteorological Department shows that high rainfall
was received only in 2010-2011. Even though the high
rainfalls have since subsided, the water level remains higher
than the previous levels. Areas that were previously land
surfaces are today submerged in water. This phenomenon is
threatening human activities around the lake, including:
residential houses and commercial activities established in
the lower parts of Naivasha town near the lake; horticulture
and floriculture farms around the lake; hotels around the
lake; and geothermal projects around the lake. Parts of hotel
compounds built around the lake are today covered by water
and the water has moved closer to Naivasha town. The higher
water level has been accompanied by large water hyacinth
cover over the lake. The most affected parts of the lake are
South and North where the weed has covered the entire
beaches [13].

While there are a few scholars like Dr. David Harper of
University of Leicester who believe that water hyacinth is
responsible for the present high lake water level [14], other
authors suggest that water hyacinth contributes to the lake
water level decline [15]. As in reference [16, 17] argued that
invasive alien plants, such as the water hyacinth, increase
above-ground biomass and evapotranspiration, which
suggests that the growth of water hyacinth is likely to reduce
the lake’s water level. However, the authors’ argument is
based on invasive alien plants found on land. Meanwhile,
studies which have investigated the hydrology of Lake
Naivasha or the effects of water hyacinth on the lake and its
environs have failed to examine the possibility of the lake
drying up under stress caused by the weed or whether the
water hyacinth could help reduce evaporation from the lake.

Time series remote-sensing images have been used to map
lake size changes [7, 18], estimate evapotranspiration from
the lake [19-22], estimate the relationship between lake size
changes and horticultural and floricultural activities and
climate change [18], estimate lake water volume [23]. This
means that geospatial information technology (GIS) and
remote sensing can be used to visualise and analyse changes
of a lake’s water level; establish the role of the water
hyacinth cover, precipitation, and temperature on a lake’s
water level; etc. Availability of remote-sensing images makes
it possible to study changes over time in lake size and water
hyacinth cover as well as the relationship between lake size
changes, water hyacinth cover, and climate change factors
such as rainfall and temperature. This study sought to map
water hyacinth over Lake Naivasha, and establish the
relationship between Lake Naivasha water level changes and
rainfall, temperature, human activities, and water hyacinth
over the lake, making use of remote sensing (Landsat)
images and GIS technology. The goal was to map water
hyacinth over Lake Naivasha and determine the role of the
weed on the changing water level while taking into
consideration the role of rainfall and temperature.

2. Methodology
2.1. Area of Study

Lake Naivasha is found at 0° 45’ S, 36° 26’ E, at an
altitude of 1885 m. It lies at the floor of the Eastern Rift
Valley, covering an area of about 140 km”. The lake’s basin is
bordered by the Aberdare Mountains to the east, the Mau
Escarpment to the west, Mount Longonot to the south, and
the Eburru Hills to the north. Among the eight lakes within
the Kenyan Rift Valley, it is the only fresh water lake. It has
an underground outlet that enables it to maintain freshness.
The other lakes within the Kenyan Eastern Rift Valley are
Lake Turkana, Baringo, Bogoria, Nakuru, Elementaita,
Naivasha, Magadi, and Amboseli.

2.2. Data and Materials

This study made use of several types of data, including
base maps in shapefile format, meteorological data, water
level data, and Landsat satellite images. For each of the
variables, the data collected covered the period 2000-2016.
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) and
Landsat 8 Operational Land Imager (OLI) level 1 images
were obtained from the USGS website. The study period
covered was from 2000 through to 2016. For each year, at
least a single month was retrieved from the database. Image
selection was based on lowest cloud cover each year.
Geometric corrections were done during data collection such
that all the images were aligned to the world geodetic system
1984 (WGS 84) datum and projected to the Universal
Transverse Mercator (UTM) zone 36. A total of 32 images
were obtained from the database. Table 1 below provides a
summary of the data that was collected for the purpose of this
study.
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Figure 1. Map of Lake Naivasha Basin.
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Table 1. Summary of the data collected.

Parameter Measurement Period Source

Level 1 Landsat images ETM+ and OLI 2000-2016 USGS

Water level m 2000-2016 WARMA

Rainfall mm 2000-2016 Meteorological Department and NASA
Temperature °C 2000-2016 Meteorological Department

Relative humidity % 2000-2016 Meteorological Department

Wind speed Km/h 2000-2016 Meteorological Department

Water vapour gm’ 2000-2016 NASA

Basin boundary map Shapefile International Livestock Research Institute (ILRI)
Rivers map Shapefile ILRI

Lake Naivasha map Shapefile WARMA

2.3. Research Design

The research design developed for this research is summarised in figure 2 below.
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Figure 2. Summary of the research design.

2.3.1. Data Pre-Processing

Meteorological data and Landsat images were pre-
processed. All the meteorological data were interpolated
using ArcGIS (ArcMap 10.1) software to estimate values
across every point over the lake and the basin. This was
followed by layer stacking of Landsat image bands using

ERDAS Imagine 10 software. For Landsat 7 ETM+ images,
band 1, band 2, band 3, band 4, band 5, and band 7 were
layers stack. Gap filling was done to all ETM+ images
captured after 2003 July (Scan Line Corrector (SLC-off)).
For Landsat 8 OLI images, band 1, band 2, band 3, band 4,
band 5, band 7, and band 8 were layers stack.
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2.3.2. Data processing

(I) Change detection of area around the lake

Detection of changes around the lake was done through
unsupervised classification of the area around the lake,
followed by reclassification. Classified images for 2000,
2005, 2010, and 2015 were used to establish changes in
floriculture and horticulture around the lake by calculating
the areas of greenhouse farms around the lake.

(IT)Extraction of area covered by water hyacinth

The lake area was extracted from each image using the
lake boundary map (shapefile). Water hyacinth cover
delineation was done using the Normalized Difference
Vegetation Index (NDVI), by applying the formula:

NDy] = MR-RED 1
NIR + RED

For OLI images, RED = band 4 and near infrared (NIR) =
band 5; and for ETM+ images RED = band 3 and near
infrared (NIR) = band 4. Surface area covered by water
hyacinth (km”) was calculated using ArcGIS geostatistical
tools.

(IIT) Extraction of surface area of lake covered by water

Lake water surface was determined by calculating
Normalized Difference Water Index (NDWI), using the
formula:

NDW][ — GREEN-SWIR @)
GREEN + SWIR

For OLI images, GREEN = band 3 and Shortwave infrared
(SWIR) = band 6; and for ETM+ images GREEN = band 2
and Short-wave Infrared (SWIR) = band 5. Surface area of
lake covered by water (km?) was calculated using ArcGIS
geostatistical tools. Area covered by water hyacinth was
added to the area covered by water.

(IV) Extraction of surface energy parameters

Estimating at satellite temperature from Landsat images.
For ETM+ images, the first step was conversion of thermal
bands’ (band 61 and band 62) digital numbers into spectral
radiance using the algorithm presented below.

LMaxA — LMinA

LA = QCalMax—QCalMin X (QCal — QCalMin) + LMinA (3)
where:
LA = Spectral Radiance at the sensor's aperture in

watts/(m” * ster * pm)

QCal = the quantized calibrated pixel value in DN

LMinA = the spectral radiance that is scaled to QCALMIN
in watts/(m” * ster * pm)

LMaxA = the spectral radiance that
QCALMAX in watts/(m? * ster * pm)

QCalMin = the minimum quantized calibrated pixel value
(corresponding to LMinA) in DN = 1 for LPGS products and
NLAPS products processed after 4/4/2004; and DN = 0 for
NLAPS products processed before 4/5/2004

QCalMax = the maximum quantized calibrated pixel value
(corresponding to LMAXA) in DN = 255

The spectral radiances were then converted to at-satellite

is scaled to

temperature using the formula:

K2

() 41 @)

T =

where:

T = Effective at-satellite temperature in Kelvin

K2 = Calibration constant

K1 = Calibration constant

L) = Spectral radiance in watts/(m” * sr * pm)

At-satellite temperature from band 61 and band 61 were
averaged to find the at-satellite temperature. For OLI images,
at-satellite temperature estimation involved conversion of
Thermal Infrared Sensor (TIRS) bands’ (band 10 & band 11)
digital values into top of atmosphere (TOA) spectral radiance
using the rescaling parameters provided in the Landsat
metadata file based on the formula:

where:

L, = TOA spectral radiance (Watts/(m>*sr*pm))

M; = Band-specific multiplicative rescaling factor from
the metadata (RADIANCE_MULT BAND x, where x is the
band number)

AL = Band-specific additive rescaling factor from the
metadata (RADIANCE_ADD BAND x, where x is the band
number)

Qca = Quantized and calibrated standard product pixel
values (DN)

This was followed by conversion of the TOA spectral
radiance into AT-satellite brightness temperature making use
of the thermal constants provided in the metadata file, using
the equation:

. 6
o) 1 ©)

where:

T = At-satellite brightness temperature (K)

L, = TOA spectral radiance (Watts/(m” * sr * um))

K, = Band-specific thermal conversion constant from the
metadata (K1 _CONSTANT BAND x, where x is the
thermal band number)

K, = Band-specific thermal conversion constant from the
metadata (K2 CONSTANT BAND x, where x is the
thermal band number)

At-satellite temperature (air temperature) was determined
by calculating average of at-satellite temperature from band
10 and band 11.

Estimating ground surface temperature. For ETM+ images,
this involved calculating several surface energy parameters
including surface emissivity, atmospheric transmittance from
water vapour, and the effective mean atmospheric
temperature. Calculation of surface emissivity involved
estimating the proportion of vegetation (Pv) as follows:

NDVI - NDVImin )2

NDVImax - NDVImin

pv = ( 7
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Using Widyasamratri et al.’s equation, we calculated
surface emissivity as follows [24]:

e = 0.004Pv + 0.986 (8)

Atmospheric transmittance (T) was derived from water
vapour content using the following equations:

Ts=0.974290 — 0.08007w, where water vapour (W) = 0.4 —
1.6 gcm™ )

Ts=1.031412 — 0.11536, where water vapour (W) = 1.6 —
3.0 gem™ (10)

The effective mean atmospheric temperature (Ta) was
derived using simple linear equation based on To (near
surface air temperature) as follows:

Ta=17.9769 + 0.91715To for the tropical region (11)

Ground surface temperature was derived from Landsat
ETM-+ band 61 using [25] mono-window algorithm:

a6(1-C6—D6) + (b6(1-C6—-D6) +C6 +D6) Tsensor —D6Ta
ceé

Ts =

(12)

where:

Ts = the land surface temperature (K),

Tsensor = the brightness temperature (K) derived from
Landsat ETM+ band®6,

Ta = the effective mean atmospheric temperature (K),

a6 = constants, -67.355351 when the LST is between 273.5
and 343.5 K,

b6 = constants, 0.458606 for b6 when the LST is between
273.5 and 343.5 K.

C6 and D6 were calculated using the following equations:

(13)
(14)

C6 = £676
D6 = (1—16)(1+ (1 — €6)76

where:

€¢ = ground surface emissivity

T¢ = atmospheric transmittance

For Landsat OLI images, ground surface temperature was
estimated derived from at-satellite temperature using the
formula:

Tb

1= oan(@pane)

(15)

where:
Tb = At satellite temperature
A = wavelength of emitted radiance (11.5pm)
p=h*c/s(1.438*10°mK)=0.01438 mK
h = Planck’s constant (6.626 * 107* Js)
s = Boltzmann constant (1.38 * 10 J/K)
¢ = velocity of light (2.998 * 10°* m/s)
e = surface emissivity
This was calculated for both band 10 and band 11 and the
values averaged to determine the ground surface temperature.
Calculating albedo. Estimating surface albedo involved

calculating surface reflectance and using the reflectance
values to calculate albedo. For ETM+ images, surface
reflectance was estimated using the following algorithm:

_ IIx Ly xd?
Po = ESUN; xcos 6

(16)

where:
pp = Unitless planetary reflectance

L, = Spectral radiance at the sensor's aperture (watt m™
ster”! um™)

d = Earth-Sun distance in astronomical units ((in
astronomical units, where 1.0 = average Earth-Sun distance)

ESUN; = Mean solar exo-atmospheric irradiances (watt m’
2 )

0 = Solar zenith angle in degrees

Just like in ETM+ images, spectral radiance for OLI
images was converted into top of atmosphere reflectance
using the formula:

pA = Mp x QCal + Ap 17)

where:

pA' = TOA Planetary Spectral Reflectance, without
correction for solar angle (Unitless)

Mp = Reflectance multiplicative scaling factor for the band
(REFLECTANCE_MULT BAND)

Ap = Reflectance additive scaling factor for the band
(REFLECTANCE_ADD BAND N from the metadata).

Qcal = L1 pixel value in DN

Based on the calculated top of atmosphere (TOA)
reflectance, Smith’s algorithm for calculating Landsat
shortwave albedo [26] was used to estimate surface albedo.

0.356p1+0.130p3+0.373p4 +0.085p5+0.072p7—0.0018

a = 18
short 0.356+0.130+0.373+0.085+0.072 (18)

where: p = landsat bands 1, 3, 4, 5, and 7

Incoming short-wave radiation (Ryy)). This is a function of
direct and diffuse radiation. It was calculated using [27]
formula, which makes use of water vapour pressure at the
satellite level. Therefore, we first estimated the water vapour
pressure. We began by estimating air pressure using the
hypsometric formula:

P=p, (1 _ 0.0065h )5-257 (19)
T+0.0065h+273.15

where Py = 101325

h = altitude of the lake

T = screen level temperature observed from ground
measurement instrument

The air pressure obtained through the hypsometric
equation was used to estimate saturation water vapour

pressure based on [28] formula:

e, = 6.108 X exp ( 17.27To )

237.3+To

(20)

where To is the screen level temperature in °C and p is in
kPa.
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Using the estimated saturation water vapour pressure, we
calculated water vapour pressure using the formula for
determining relative humidity, which is defined as “the ratio
of water vapour pressure to the saturation water vapour
pressure over water surface at the gas temperature” [29, p. 3].

21

dPsat
PV =
100

where:

Pv = vapour pressure of water

@ = relative humidity

Psat = Saturation vapour pressure

After determining the vapour pressure of water, Sun et al.’s
equation [27] was used to estimate incoming shortwave
radiation as follows:

cos© So
X=XcosfO (22
1.2 cos B+eg(1.0+cos 8)X1072+0.0455  d? ( )

Ryiny =

where:
€y = water vapour pressure at the satellite level;
S, = solar constant, 1367 W/m?;
0 = solar zenith angle, rad;
d = Earth-sun distance, AU; and

cos 0
1.2 cos B+eg(1.0+cos B)X1072+0.0455

= transmissivity (t)

Calculating thermal (sky) emissivity. To calculate thermal
emissivity, we first calculated dew point temperature (Tdp)
using the formula:

(100—RH)

Tdp =T — (23)
where T = observed temperature

RH = relative humidity

We used the Tdp derived above to calculate thermal
emissivity using [30] equation for calculating clear sky
emissivity.

2
€ = 0711+ 0.56 (=) + 0.73 (12)

100 100

(24)

where Tdp is dew point temperature in degrees Celsius
Estimating moist air density (p). yoist air density (kg/m®)
was estimated using the formula below.
Py
P = 2+ (2)

T RgXT | \RyXT

(25)

where P4 = Partial pressure of dry air (Pa)

R4 = Specific gas constant for dry air, 287.05 J/(kg. k)

T = Temperature (°K)

P, = Partial pressure of water vapour (Pa)

R, = Specific gas constant for water vapour, 461.495 J/(kg.
k)

Partial pressure of dry air, Pa=p (286.9 J/kgk) T

Partial pressure of water vapour, Pv = pw (461.5 J/(kg. k))
T,

p is absolute air pressure

pw is density of water (kgm™)

Aerodynamic resistance to heat transport (s/m). This was

estimated from [31] equation:

z—d~ 2
Tan = ln{ Z}f } +U
where:

z = the reference height above the water surface (m)

d = the zero plane displacement (m)

7o = the roughness length approximated as 0.136 of
vegetation height (hg) m and 0.0002 for open water surface
[32]

k = von Karman constant, 0.42

U = wind speed.

d was estimated from the mean vegetation height h, using
[33] equation d = 0.667h,. The mean height of water hyacinth
is estimated at 0.5 m [34]. Since water hyacinth only covers
proportion of the lake, hy was multiplied by the proportion of
the lake covered by water hyacinth based on [35] equation
for estimating roughness length for heat transfer over partly
vegetated surfaces.

(26)

2.3.3. Regression Analysis

Single and multiple linear regression analysis were
employed to analyse the relationship between lake water
level and water hyacinth cover, rainfall, rainfall and
temperature. Regression model coefficients were used to
determine the relationships.

2.3.4. Calculating Evaporation/Evapotranspiration
Parameters
The SEBAL model was wused to calculate
evaporation/evapotranspiration. The primary component of
the SEBAL model is the surface energy. This is determined
by calculating the instantancous ET, flux for each cell of the
remote sensing image using the equation [36-37]:

LT=Rn—G—H 27)

where;

LT = the latent heat flux (W/m?)

Rn = the net radiation flux at the surface (W/m?)

G = the soil heat flux (W/m?)

H = the sensible heat flux to the air (W/m?)

The estimation of evaporation/evapotranspiration rates
makes use of the surface energy parameters estimated
through the procedures described above (equation 3-26).

Net radiation (Rn). Rn, which is the actual radiant energy
available at the surface, is computed by subtracting all
outgoing radiant fluxes from all incoming radiant fluxes
using the equation below.

Rn = Ry(in) — aRs@in) + Rigin) — Rioury — (1 — €)Rraimy (28)

where; Rgin = the incoming short-wave radiation (W/m2),
which is radiation emitted from the sun

a = the surface albedo

Ry in)= the incoming long wave radiation (W/m2)

Ry outy = the outgoing long wave radiation (W/m2); and

€, = the surface thermal emissivity (dimensionless).
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Incoming longwave radiation is calculated as EoTs",
where T is the sky temperature and & is the sky emissivity;
and outgoing longwave radiation is calculated as €y, where &,
is the surface emissivity and T, is the surface temperature.
Therefore, Rn can also be expressed in terms of surface
albedo, emissivity as well as temperature [37]. The equation
is:

Rn = (1 — @)Ry(iny + E,0T4 — €T (29)

Where: 6 = the Stefan-Boltzmann constant (5.67 x 10
W/(m’K*));

T, = the air temperature (K);

T, = the land surface temperature (K); and

a = the surface albedo

€, = air thermal emissivity

€, = ground surface emissivity

Soil heat flux (GO). In this study, the soil heat flux was
calculated using relationship between the net radiation,
surface albedo, NDVI, and surface temperature. This was
done using [38] equation for SEBAL:

Go / Rn = T, x (0.0038 + 0.0074a) x (1 — 0.98NDVI*) (30)
This implies that:
Gy = Ty X (0.0038 + 0.0074a) X (1 — 0.98NDVI*) x Rn  (31)

Sensible heat flux (H). Sensible heat flux is the rate of heat
loss to the air by convection as well as conduction as a result
of temperature difference, calculated as:

Cp(Ty—T,
H=Pa P(To—Tq)
Tah

(32)

where: p,= the moist air density (kg/m’)

C, = the specific heat capacity of air at constant pressure
(J/(kg K) (1.005)

Ta = the average air temperature (K) at screen height
(typically at 2 m),

To = the average surface aecrodynamic temperature (K),

ran = the aerodynamic resistance to heat transport (s/m)

81

2.3.5. Calculating Evaporation/Evapotranspiration Rates

We began by calculating the latent heat flux (LE), which is
the amount of energy (Wm?®) required for
evaporation/evapotranspiration. It is calculated as the
residual of the surface energy balance. This is done by
closing the energy budget on a pixel-by-pixel basis latent
heat flux using the equation:

LE =Rn—H — G, (33)

We then calculated evaporative fraction (EF) based on the
Rn, Gy, and H estimates at the time of satellite overpass. This
is calculated at each pixel of the image as:

_ Rn-H-Gg
Rn—Go

EF

(34

The assumption is that EF calculated for the time of
satellite overpass is constant over the 24-hour period for the
day the image is acquired. Consequently, daily ET at each
pixel in the image was computed as:

__ 8.64x107—EFX(Rnzs—G24)

ET,, (35)

A-pw
where A is latent heat of evaporization (Jkg'l), and po is
density of water (kgm™) [36].

Finally, independent samples t-test was used to determine
the statistical significance of the difference in
evaporation/evapotranspiration between the lake areas
covered by water hyacinth and open lake areas.

3. Results

3.1. Water Level Fluctuations in Lake Naivasha

3.1.1. Lake Water Level

The water level rose from near zero metres above the
reference height in March 2009 to above 4.5 m in August
2013. It has since remained above 3.0 m above the reference
height for most of the time as shown in figure 3 below.
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Figure 3. Monthly average water levels over the period 2000-2016.
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3.1.2. Lake surface area changes
Further evidence of water level fluctuations is provided by the estimated surface of area of the lake covered by water

presented in appendix A1l and figure 4 below.

Area of Lake Covered by Water
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Figure 4. Lake area fluctuations in the period 2000-2016.

Fluctuations in the area covered by water are favourably  Authority. The water level/surface experienced significant
comparable to the annual water levels as measured and increase from 2011 to 2014 and remained relatively high up
recorded by the Kenya Water Resources Management to 2016, which was the end of the study period.

3.2. Spatial-temporal Growth of Water Hyacinth over Lake Naivasha

Water Hyacinth Growth: 2000-2008 Water Hyacinth Growth: 2009-2016
February 2002 March 2009 January 2010 February 2011

January 2000 February 2001

February 2003 March 2004 February 2005 January 2012 February 2013 January 2014

January 2006 February 2007 March 2008 January 2015 February 2016
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Figure 5. Water hyacinth growth over the lake (2000-2016).

There was particularly high water hyacinth cover in 2012.  January 2000 (1.23 km?). The spatial-temporal growth of
The water hyacinth covered an area of about 31 km? in  water hyacinth over 2000-2016 is presented below. The
January 2012, which is far much larger than the situation in ~ western part of the lake, from north to south, is particularly
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more affected by the weed. However, water hyacinth cover
over the lake has been declining since its peak in 2012-2014.
Appendix A2 shows the surface area covered by water
hyacinth (km®). Water hyacinth over the lake in 2012 was
almost a quarter of the lake surface.

3.3. Results of Regression Analysis

The study did not find any evidence between monthly
rainfall over the lake and water level in the lake or the
surface area of the lake covered by water. Likewise, annual
temperatures over the lake have remained relatively constant
at 16-17°C since 2000. There was no relationship between
mean monthly temperature over the lake and water level in
the lake or the surface area of the lake covered by water.

Table 2. Model coefficients for estimating average monthly water level.

Factor Coefficient Std. Error t p> |t
Monthly rainfall over lake Naivasha .007 .006 1.238 227
Rainfall over catchment region .008 .004 1.762 .089
Temperature 207 187 1.109 278
Area of lake covered by water hyacinth (km?) .065 .026 2.456 .021
Table 3. Model coefficients for estimating surface area of lake covered by water.
Factor Coefficient Std. Error t P>t
Rainfall received in the catchment region .054 .027 1.957 .059
Temperature 428 1.165 367 716
Area of lake covered by water hyacinth (km?) .618 171 3.624 .001

The p-values for model coefficients in table 2 and table 3
show that area of lake covered by water hyacinth was the
only statistically significant predictor of either mean monthly
water level or surface area of the lake filled with water. The
amount of rainfall in the catchment region for the rivers
flowing into the lake seems to be an important determinant
though this study did not find an absolute significant
relationship between rainfall in this region and water level in
the lake. The analysis showed almost significant relationship
between rainfall received over Nyandarua slopes and the
surface area of the lake covered by water as well as the lake’s
water level. The relationship between the area of the lake
covered by water hyacinth and average monthly water level
was insignificant after adjusting for the effect of monthly
rainfall received over the catchment region and mean
monthly temperature over the lake (B = .051; t = 1.741, p
=.095). On the other hand, the results relationship between
water hyacinth cover over the lake and surface area of the
lake covered by water remained statistically significant even
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after controlling for the effect of rainfall received around
Nyandarua slopes and temperature over the lake (f = .573; t
=3.024, p <.01).

3.4. Human Activities Around the Lake

Unsupervised classification followed by reclassification
was performed to determine the growth in agriculture and
human settlements around the lake, comparing the area
around the lake as captured in January 2000, February 2005,
January 2010, and January 2015. The classified images are
presented in the figure 6 below. The change detection showed
serious changes in human activities and land cover.

The areas greenhouse (horticulture & floriculture) farms
covered 34.4 km® in 2000 and 62.3 km’ in 2015. 2005 and
2010 estimates were significantly affected by the scan lines in
ETM+ SLC-off images to the extent that they under-represent
the actual areas on the ground. The image classification
yielded producer’s accuracy of 87% for 2000 image, 84% for
2005 image, 94% for 2010 image, 97% for 2015 image.
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Figure 6. Changes in area where horticulture and floriculture farming occurs.
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3.5. Effect of Water Hyacinth on
Evaporation/Evapotranspiration

Figure 7 below clearly shows differences in water loss
through surface heating between areas covered by water
hyacinth and open water surfaces across the lake. The image
used to calculate evaporation/evapotranspiration was captured
on 12/01/2012. As evident in the image, areas covered by water
hyacinth had lower water loss than open water surface areas of
the lake. Areas covered by water hyacinth fall in the lower 3
classes while open water surfaces are in the top 2 classes.

Evaporation/evapotranspiration rates were also analyzed
for eleven other images. The average rates of water loss in
open surfaces and water hyacinth covered areas are presented
in appendix A3. Paired samples t-test was conducted to
determine statistical significance of the observed differences.
The paired samples test showed statistically significant
difference in water loss through surface heating between
open water surfaces and areas covered by water hyacinth,
with t(11) = 7.668, p < .05. Evaporation estimates showed
that areas covered by water hyacinth experienced
significantly lower evaporation than open water surfaces.

Evaporation Across Open Lake Surfaces and Water Hyacinth-Covered Surfaces
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Figure 7. Evaporation/evapotranspiration rates map.

4. Discussion

The underlying goal of the study was to understand
whether water hyacinth spread over the lake plays a
significant role in the water level changes or not, especially
the rising water level in the lake. As a result, it was designed
to achieve the following objectives: determine water level

changes in Lake Naivasha; establish the spatial-temporal
spread of water hyacinth on Lake Naivasha and its
relationship with the lake water level; explore possible causes
of water level fluctuations in Lake Naivasha; and finally,
analyse the effect of the growth of water hyacinth on water
loss through surface heating that occurs on Lake Naivasha.

Water levels data obtained from the Water Resources
Management Authority showed persistent water level
fluctuations throughout the period that was covered (2000-
2016). It also showed that the water level in the lake reached
its lowest in February-March 2009. January-March is
normally a dry period for the area around Lake Naivasha and
Kenya as a country. From January 2010, the water level rose
until May 2013 when it reached its highest level for the
period. It has since maintained relatively high level. The
observation was by the lake water surface area derived from
Landsat images. The data also provided evidence of
persistent surface area fluctuations, with the least water
surface area observed in February 2009 and the largest
surface area observed in February 2014.

There was evidence of increased human activities around
the lake, which may partly explain the water level decline
between 2000 and 2009. There was little change in human
activities between 2000 and 2005. However, between 2005
and 2010, human activities around the lake increased
significantly. The study did not find any evidence between
mean monthly temperature or total monthly rainfall and
water level in the lake or the surface area of the lake covered
by water; however, there was almost significant relationship
between rainfall received over Nyandarua slopes and the
surface area of the lake covered by water as well as the lake’s
water level. Statistically significant, positive relationship
between water hyacinth cover and water level in the lake or
surface area of the lake covered by water was noted in the
data analysis. Further data analysis showed that areas of the
lake covered by water hyacinth lost less water to the
atmosphere due to evaporation/evapotranspiration than open
water surfaces of the lake. This suggests that water hyacinth
on the lake reduces water outflow through evaporation,
thereby contributing to the persistent high water level in the
lake. This is consistent with [9] hypothesis that vegetation
over the lake reduces evaporation. In other words, water
hyacinth has a moderating effect on evaporation from the
lake, which [1] found to be the highest cause of water
outflow from the lake. As such, the large water hyacinth
cover over the lake between 2010 and 2016 could explain the
persistently high water levels. The evidence contradicts [41]
earlier hypothesis that a major contributor to the declining
water volume in Lake Victoria is the water hyacinth in the
lake. We can therefore conclude that water hyacinth in Lake
Naivasha is partly responsible for the high water level that
affects human activities around the lake.

Recent studies [2, 18] have attributed the decline in the
lake’s water level to the floriculture and horticulture farms
around the lake, which contribute excessive water extraction
from the lake and the surrounding aquifers. It was estimated
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that the total virtual water exported through the cut flower
industry from the lake basin to be 1.6 x 10’ m’ per year
during the period 1996-2005 [42]. The observed water level
increase is consistent with the high rainfall received in the
basin in the period 2010-2011. The water level in the lake has
remained relatively higher even though the amount of annual
rainfall received within the basin has since declined to pre-
2010 levels. Likewise, annual temperatures over the lake
have remained relatively constant at 16-17°C since 2000. It is
expected that other factors held constant, low temperatures
would reduce the rate of water loss from the lake through
surface heating [39], which could explain the persistently
high water levels despite decline in rainfall received in the
region.

Regression analysis results did not show any relationship
between rainfall and water level or between temperature and
water level. The study did not find any evidence between
monthly rainfall over the lake and water level in the lake or
the surface area of the lake covered by water, which is
consistent with the findings of [8]. Even the combined effect
of rainfall and temperature had no relationship with the lake’s
water level. It is therefore difficult to explain the persistent
high water level in the lake. These findings are consistent
with the results of [7] which also failed to find any
correlation between changes in precipitation and decline in
the lake volume over a much longer period (1960-2010) than
the period covered in the present study (2000-2016). There
was partial evidence to support the findings of [40] that the
water level in the lake is largely determined by the amount of
rainfall received in the Kenyan highlands. Similar
observation was also made in [1]. The analysis showed
almost significant relationship between rainfall received over
Nyandarua slopes and the surface area of the lake covered by
water as well as the lake’s water level.

According to [43], a reduction of the rainfall received for
the 3-month (March-May) wet season would significantly
reduce water recharge leading to decline in the water level.
This view is supported by Bergner et al.’s model which
showed that higher lake levels and larger lake surfaces are
always the result of increased precipitation and/or decreased
evapotranspiration and seepage [9]. The authors noted that
this remains true as long as the lake basin’s geometry is not
affected by tectonic movement, suggesting that tectonic
movement could be responsible for the current high lake
level. However, there was no evaporation data to confirm the
findings [9] which showed that increased rainfall and
decreased evaporation, especially in the dry season [1, 43], is
responsible for high lake water level.

Just like [9], [44] also provides another dimension to the
current high water level in the lake. The author suggests that
the rise in water level is occasioned by sediment loading
from surface runoffs and rivers that flow into the lake. The
results of the study showed that sediment load deposited at
the bottom of the lake has been growing. The sediments are
evenly spread over the depositional area of the lake bottom
thereby increasing the average thickness of the bottom. This
process is aided by the deforestation that occurs around the

lake and upstream. This means that persistent heavy rains
especially after prolonged drought would increase soil
sediments deposition at the bottom of the lake and in turn
increase the level. However, even this would require quite a
long period to achieve meaningful rise in water level. For
example, it was estimated that sediment deposition at the
bottom of the lake in the period 1957-2001 to be 1.9 x 10’ m’
of sediment which increased the thickness of the lake bottom
by 0.21 m on average [44].

5. Conclusion

The study sought to investigate the role of water hyacinth
on the lake’s water level taking into consideration the role of
rainfall patterns, temperature, and human activities around
the lake. The results of the study were expected to bridge
knowledge gap on the effects of the water hyacinth on Lake
Naivasha. The observed water level increase is consistent
with the high rainfall received in the basin in the period
2010-2011. The water level in the lake has remained
relatively higher even though the amount of annual rainfall
received within the basin has since declined to pre-2010
levels. The study has shown that rainfall received around
Nyandarua slopes is partly responsible for the changes in
Lake Naivasha while water hyacinth over the lake plays a
moderating role on the evaporation that occurs over the lake.
On the other hand, human activities around the lake,
particularly agriculture, are growing leading to increasing
water abstraction from the lake. However, the study did not
find any evidence between monthly rainfall over the lake or
mean monthly temperature over the lake and water level in
the lake or the surface area of the lake covered by water.

The study has shown that GIS and remote sensing
techniques enhance application of the SEBAL model in
calculating evaporation/evapotanspiration. The study outlines
a clear procedure for calculating evaporation /
evapotranspiration rate on the lake based on the SEBAL
model, using Landsat data and ground observed data. The
major limitation of this study lies in the source of the data
that was used. The lake water levels data had numerous
missing data points while some data points contradicted the
prevailing water level pattern. Therefore, the observed results
on lake water levels may not be accurate. Besides, the study
used Landsat satellite images which are low resolutions. Low
resolution images tend to suffer co-registration that causes
discrepancies and errors during manual editing for filtering
water hyacinth cover. The problem was further compounded
by the strips in Landsat 7 (ETM+) SLC-off images. The
algorithm used to fill in the gaps employ interpolation
techniques which may not yield accurate results.

The study has shown that remote sensing technology can
be used to monitor water hyacinth growth over the lake,
accurately show the regions infested by the weed and extent
of lake area cover, and inform weed control efforts. This
means that by controlling the weed, we can protect the
human activities around the lake. Using remote sensing
techniques, it is easy to direct resources for more effective
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water hyacinth growth control. Though the role of vegetation
around the lake on evaporation over the lake was not the
focus of this study, the findings of the present study suggests
that vegetation around the lake has a cooling effect that can
reduce evaporation rates. Besides, the study has shown that
vegetation affects the zero displacement of lake plane,
roughness length, and wind speed. This information can be
used to inform water resources management policy.

The water hyacinth cover though seems to moderate
evaporation from the lake thereby reducing the rate of water
level decline; there are certainly other factors that determine
the lake’s water level. The amount of rainfall in the
catchment region for the rivers flowing into the lake seems to
be an important determinant though this study did not find an
absolute significant relationship between rainfall in this
region and water level in the lake. Other authors have

suggested plate tectonic movements and sediment deposition
as other important factors that contribute to rise in the lake’s
water level. However, these factors have not been explored
lately. Therefore, future studies should investigate the role of
these two factors together with the amount of rainfall in the
river catchment regions in the high lake water level. Future
studies on the relationship between water hyacinth growth
and the lake’s water level changes should also look into the
role of the mass of part of the weed submerged in the water
on the rise of the water level. Future studies on the
relationship between water hyacinth growth and the lake’s
water level should also look into the role of the mass of part
of the weed submerged in the water on the rising water level.
Such studies should also compare evaporation over the lake
before and after the growth of water hyacinth over the lake
using ground observed data.

Appendix
Table Al. Area of Lake Naivasha covered by water.
Date Area (km?) Date Area (km?) Date Area (km?)
Jan-2000 132.1371 March-2005 126.9486 Sept-2011 138.2292
May-2000 129.1977 Jan-2006 123.489 Jan-2012 136.35
Feb-2001 126.5994 April-2006 120.8881 Feb-2013 147.4021
April-2001 125.3403 April-2007 127.0242 Jan-2014 140.6032
Feb-2002 126.8028 Dec-2007 127.6794 Feb-2014 149.4394
July-2002 128.2005 March-2008 129.6468 June-2014 141.354
Feb-2003 126.0126 Oct-2008 123.5295 Dec-2014 141.4071
March-2003 126.3897 March-2009 121.4505 Jan-2015 134.3475
May-2004 132.7455 June-2009 119.0178 Feb-2015 142.3476
Nov-2004 128.4138 Jan-2010 122.1003 Feb-2016 142.515
Feb-2005 127.7271 Feb-2011 129.8439 Sept 2016 137.6307
Table A2. Water hyacinth cover on Lake Naivasha.
Date Area (kmz) Date Area (kmz) Date Area (km?)
Jan-2000 1.2258 March-2005 0.7173 Sept-2011 19.2105
May-2000 0.963 Jan-2006 2.583 Jan-2012 31.1877
Feb-2001 1.1052 April-2006 2.2347 Feb-2013 18.3465
April-2001 1.683 April-2007 9.0072 Jan-2014 15.6402
Feb-2002 2.7207 Dec-2007 6.4764 Feb-2014 17.8587
July-2002 1.2429 March-2008 6.7743 June-2014 7.5942
Feb-2003 2.142 Oct-2008 6.0804 Dec-2014 10.8882
March-2003 1.2213 March-2009 6.1551 Jan-2015 8.5995
May-2004 1.6389 June-2009 4.8168 Feb-2015 9.063
Nov-2004 1.2492 Jan-2010 17.5392 Feb-2016 12.9672
Feb-2005 2.1897 Feb-2011 12.6567 Sept-2016 2.4345
Table A3. Evaporation/evapotranspiration rates.
Date Open water surfaces (mm/day) Water hyacinth covered surfaces (mm/day)
11/07/2002 30700 27877
04/02/2003 10590 5200
21/11/2004 6216 2447
13/03/2005 23141 16477
27/01/2006 22011 12418
01.04/2006 23318 15611
08/03/2009 12995 5841
12/06/2009 10472 1943
22/01/2010 18394 4006
16/01/2012 13333 3380
16/02/2016 5097 705
27/09/2016 23525 18446
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