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Abstract

It has been postulated that Lake Naivasha, Kenya, has experienced a rapid
decrease (and fluctuations) in its spatial extent and level between the years 2002
to 2010. Many factors have been advanced to explain this, with horticultural
and floricultural activities, as well as climatic change, featuring prominently.
This study offers a multi-disciplinary approach based on several different types
of space-borne observations to look at the problem bedeviling Lake Naivasha,
which is a Ramsar listed wetland of international importance. The data includes:
(1) Gravity Recovery and Climate Experiment (GRACE) time-variable gravity
field products to derive total water storage (TWS) variations within a region
covering the Lakes Naivasha and Victoria basins; (2) precipitation records based
on Tropical Rainfall Measurement Mission (TRMM) products to evaluate the
impact of climate change; (3) satellite remote sensing (Landsat) images to map
shoreline changes and to correlate these changes over time with possible causes;
and (4) satellite altimetry observations to assess fluctuations in the lake’s level.
In addition, data from an in-situ tide gauge and rainfall stations as well as the
output from the African Drought Monitor (ADM) model are used to evaluate
the results. This study confirms that Lake Naivasha has been steadily declining
with the situation being exacerbated from around the year 2000, with water
levels falling at a rate of 10.2 cm/yr and a shrinkage in area of 1.04 km? /year.
GRACE indicates that the catchment area of 4° x4° that includes Lake Naivasha
loses water at a rate of 1.6 cm/year for the period from August 2002 to May
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2006, and 1.4 cm/year for the longer period of May 2002 to 2010. Examining the
ADM outputs also supports our results of GRACE. Between the time periods
2000-2006 and 2006-2010, the lake surface area decreased by 14.43% and 10.85%,
respectively, with a corresponding drop in the water level of 192 cm and 138 cm,
respectively, over the same periods. Our results show a correlation coefficient
value of 0.68 between the quantity of flower production and the lake’s level for
the period 2002-2010 at 95% confidence level, indicating the probable impact of
anthropogenic activities on the lake’s level drop.

Key words: multi-disciplinary satellite data, lake hydrology, total water
storage, Lake Naivasha, climate change, floriculture

1. Introduction

Lake Naivasha (Kenya, Figure 1) is the only freshwater lake in the Great
Rift Valley of East Africa in an otherwise soda/saline lake series (Everard et
al., 2002). In fact, it is the freshness of the water of Lake Naivasha that is the
basis for its diverse ecology (Harper et al., 1990), and in 1995, it was declared
as a Ramsar wetlands giving it an international status (see, e.g., Mekonnen et
al. 2012). During the years 2002 to 2010, the lake has seen a rapid decline in
its extent to the point where questions are being raised in the local media as to
whether the lake is dying.

In the last decade, the level of Lake Naivasha has continued to drop with flori-
culture being blamed for excessive water extraction from the lake and aquifers,
and the small holder farms in the upper catchment being blamed for nutrient
loadings, leading to outcry in both the local and international media that this
Ramsar site could be dying as a result of the very resource that it supports (see,
e.g., ILEC, 2005; FWWCC, 2008; Mekonnen and Hoekstra, 2010). For example,
Mekonnen and Hoekstra (2010) and Mekonnen et al. (2012) observed that the
total virtual water exported in relation to the cut flower industry from the Lake
Naivasha basin was 16 Mm? /yr during the period 1996-2005. This total virtual
water (m?/yr) in relation to export cut flower and vegetables is obtained by
multiplying the trade volumes (tones/yr) by their respective water foot print in
Kenya (m?/ton), see e.g., Mekonnen et al., (2012). Other factors that have also
been proposed as influencing Lake Naivasha’s water changes include irregular
rainfall patterns (Harper et al., 1990), and trade winds (Vincent et al., 1979).
All of these discussions, therefore, point to the need for the reliable mapping of
the lake and its basin in order to properly understand its dynamics.

Lack of reliable basin mapping techniques has hampered the proper moni-
toring of its changes, while also not allowing accurate predictions of the likely
future situation, despite modelling methods being used to calculate its water
balance (see e.g., Becht and Harper, 2002). The situation is compounded by
the fact that Lake Naivasha has no surface outlet that could assist in hydro-
logical monitoring, and that changes in its water level occur rapidly, over the
order of several meters over just a few months, shifting the shoreline by several
meters (Becht et al., 2005).



34 The emergence of satellite-based methods offers the possibility of providing
s a broader and more integrated analysis of the lake and its basin. Using time-
s variable gravity field products of the Gravity Recovery and Climate Experiment
# (GRACE) mission (Tapley et al., 2004), variations in the total water storage
s (TWS) of the region extending from the Lake Naivasha basin to Lake Victo-
30 ria is assessed in this study, to determine whether the changes are climatic or
s human induced. GRACE-TWS products are then compared with soil moisture
« and separated into its compartments (i.e., precipitation and evaporation) us-
2 ing the African Drought Monitor (ADM) model. Changes in precipitation are
s further examined by analysing monthly products of the Tropical Rainfall Mea-
w surement Mission (TRMM), as well as four in-situ rainfall stations (Naivasha,
»s  Narok, Nakuru, and Kisumu), allowing us to determine the proportion of the
s fluctuations in Lake Naivasha that are related to changes in precipitation during
«  a long-term period (1960 to 2010) and the study period (2002 to 2010). Note
s that analysing long-term precipitation variations also evaluates the impact of
s climate variability such as the dominant El Nifio-Southern Oscillation (ENSO)
so  phenomenon on the hydrological compartments of TWS variations within the
si region of study (Omondi et al., 2012; 2013a,b).

52 The fluctuations in the water level of Lake Naivasha are determined using
53 both ground-based tide-gauge observations and satellite altimetry data (TOPEX /Poseidon
s« and Jason-1). These results are then related to the use of satellite imagery (e.g.,
s Landsat) and change detection techniques to map the shoreline changes of Lake
ss Naivasha, analysing the trend of changes over the study period of interest, and
sz correlating shoreline changes to the proposed causes. Therefore, this study pio-
ss neers the use of both space-borne and ground-based observations for monitoring
so Lake Naivasha.

o 2. Study Area

61 Lake Naivasha (00° 40’ S - 00° 53’ S, 36° 15" E - 36° 30’ E) is the second
2 largest fresh water lake in Kenya with a maximum depth of 8 m. It is situated
&3 in the Eastern African Rift Valley at an altitude of 1890 m above sea level and
¢« 1is approximately 80 km northwest of the Kenyan capital, Nairobi. Its basin
s (Figure 1) lies within the semi-arid belt of Kenya with mean annual rainfall
6 varying from about 60 cm at the Naivasha township to some 170 cm along
o7 the slopes of the Nyandarua mountains, with open water evaporation estimated
¢ to be approximately 172 cm/year (Becht et al., 2005). Mount Kenya and the
e Nyandarua Range capture moisture from the monsoon winds, thereby casting a
70 significant rain shadow over the Lake Naivasha basin (Becht et al., 2005). Unlike
n Lake Victoria which has its highest rainfall during the March-April-May (MAM)
2 wet season (e.g., Awange et al., 2008a, b), the Lake Naivasha basin experiences
73 its highest rainfall period during April-May-June (AMJ). There is also a short
72 rainy season from October to November. The lake’s levels, therefore, follow
7 this seasonal pattern of rainfall cycle, with changes of several meters possible
7 over a few months. Superimposed upon this seasonal behaviour are longer-term
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trends, for example, there has been a change in the lake’s water level of 12 m
over the past 100 years (Becht et al., 2005).

FIGURE 1

The lake is fed by three main river systems: Gilgil, Malewa and Karati,
the last of which only flows during the wet season (see Figure 2). Becht et al.
(2005) observed that whereas a small portion of the groundwater evaporates and
escapes in the form of fumaroles in the geothermal areas, the remaining water
flows into Lakes Magadi and Elmentaita, taking thousands of years to reach
them. The basin’s water balance has been calculated from a model based upon
long-term meteorological observations of rainfall, evaporation and river inflows
(Becht and Harper, 2002). This model reproduced the observed level from 1932
to 1982 with an accuracy of 95% of the observed monthly level, differing by 0.52
m or less (ILEC, 2005). This pattern was, however, noticed to deviate after
1982 and by 1997, the differences had reached 3-4 m (Becht et al., 2005). In
fact, the onset of this reduced ability to model the lake’s level coincided with
the increase in horticultural and floricultural activities.

In general, three contemporary global water issues can be identified as occur-
ring in this region, namely water scarcity/availability, water quality, and water
security. While the focus of this study is on water scarcity/availability, several
previous works have focused on the problem of water quality and competition
for water resources within the study area (see e.g., Kitaka et. al 2002; Becht,
2007). Although water security issues are a reality in the Lake Naivasha basin,
few studies have been done to better understand the underlying conditions. For
example, Carolina (2002) asserts that the area of the Lake Naivasha basin is of
high economic and political importance to Kenya, and presents a wide variety
of economic activities based around the water resources, with many different
stakeholders often competing for the water resources.

The flower industry in Kenya has experienced a phenomenal growth, main-
taining an average growth rate of 20% per year over the last decade. It is an
industry that is the second largest export earner for Kenya, employing 50,000 -
60,000 people directly and 500,000 others indirectly through affiliated services
(KFC, 2011). Although flowers are now grown in many areas with temperate cli-
mate and an altitude above 1,500 m in Kenya, the region around Lake Naivasha
still remains the nation’s main floriculture farming center. The foremost cat-
egories of cut flowers exported from Kenya include roses, carnations, statice,
alstromeria, lilies and hyperricum. Indeed, Kenya is arguably the largest ex-
porter for flowers in the world, supplying over 35% of cut flowers to the world’s
largest market - the European Union (KFC, 2011).

FIGURE 2

3. Datasets and Methodology

In Table 1, a complete set of data set used in this study are presented. Data
description is presented in our paper.
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Table 1: Summary of the data sets used in this study.

’ Data H Period \ Time steps ‘
GRACE 2002.8 - 2010 monthly and 10-days
Altimetry 1992 - 2003 10-days
ADM 2002 - 2012 monthly
TRMM 2002 - 2012 monthly
In-situ rainfall 1960 - 2010 monthly
Tide gauge 1985 - 2010 monthly
Landsat 1989 - 2006 | 1989, 1995, 2000, and 2006
Flower export 1990 - 2010 yearly
FIGURE 3

4. Results and Discussions

4.1. Lake Level Analysis

The computed time series of level changes for Lake Naivasha derived from
the T /P observations and in-situ measurements are shown in Figure 4. The T/P
observation cover only the period between 1992 and 2003. The calculated satel-
lite altimetry results were noisy at the first step, which may be related to the
shallow depth of the lake (i.e., 8 m). To reduce this noise, the altimetry derived
levels were smoothed using a moving average filter and interpolated according to
the tide gauge time steps. As Figure 4 illustrates, the smoothed monthly altime-
try derived levels are comparable to the available tide gauge measurements. We
found a significant correlation coefficient of 0.69 between smoothed altimetry
data and tide gauge observations (Figure 4,(Bottom)). Figure 4,(Top) confirms
that although the lake level has been fluctuating both annually and seasonally
over time up to around the year 2000, thereafter, a general downward trend at
a rate of -10.2 cm/year before the onset of the 2007 ENSO rains is visible.

FIGURE 4

4.2. GRACE Analysis

Next, we estimated the changes in water mass over the Lake Naivasha basin
as derived from GRACE observations. Because the GRACE-TWS results have
a low spatial resolution, we compare two segments, one centred over Lake Vic-
toria (to the west of Lake Naivasha) and the other centred over Lake Naivasha,
as shown in Figure 5. The black boxes mark the areas where the GRACE-
TWS and TRMM-total rainfall values were inferred. We chose a 4° x 4° degree
window as this is the limit to what can be confidently resolved from GRACE.
Whereas GRACE is appropriate for areas the size of Lake Victoria (see section
3.1), our intention was to determine if it could still provide some information
when comparing the variation of water within the basins of Lakes Naivasha and
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Victoria, which in turn may be compared to TRMM datain order to infer the
influence of climatic change to the region around Lake Naivasha.

FIGURE 5

Figure 6 (a) shows the TWS changes as described by the three GRACE
products considered; CSR, CNES/GRGS and GFZ. Evidently, all GRACE so-
lutions indicate water loss in both Lakes Naivasha and Victoria regions from
2002 to late 2006. The increase in late 2006 is attributable to the ENSO effect,
with water loss continuing again after an increase in late 2006-early 2007. Previ-
ous studies have demonstrated that the fall in Lake Victoria during that period
was due to anthropogenic factors such as the expanded Nalubale dam (see, e.g.,
Awange et al., 2008a,b; Swenson and Wahr, 2009). Similar findings are shown
by the cumulated water as illustrated in Figure 6 (b). The cumulative annual
TWS of the Naivasha catchment lost water at a rate of 72 cm/yr from 2003 to
May 2006. From January 2007 to December 2009, this loss was 41 cm/yr.

GRACE-TWS (as computed in Section 3) consists of a summation of ter-
restrial water storage (WS), i.e., related to the catchment, and surface WS, i.e.,
related to the lake itself. To enhance the interpretation of the GRACE’s results
in Figure 6, Lake Naivasha’s surface WS changes are computed using its surface
area, as shown with the solid-blue line in Figure 7 (top). To compute the blue
line, the surface level changes (Figure 4) are transformed to the spherical har-
monic domain and used to generate the surface WS changes time series (e.g.,
as done in Swenson and Wahr (2009) for the derivation of hydrological trend of
the East African lakes). The red line of Figure 7 (top) shows the time series
computed for the GFZ GRACE products for the Naivasha region (i.e., Figure
5; the right-hand-side box). Note that the leakage caused by Lake Victoria
fluctuations is already removed from the red line, following Swenson and Wahr
(2009). The catchment signal (terrestrial WS), shown on the bottom part of
the figure as a black line, is the difference between GRACE-TWS (red line) and
surface WS (blue line).

From Figure 7, we computed the slope of the blue line from August 2002
to 2010 to determine the trend, obtaining a declining trend of 1.9 cm/year,
while the period from May 2006 to 2010 saw a decline of 1.8 cm/year. After
removing the signals of Lake Naivasha, the catchment area (black line in Figure
7 (bottom)) loses water at a rate of 1.6 cm/year for the period from August 2002
to May 2006 and 1.4 cm/year from May 2006 to 2010, thus signifying that not
only is water lost from the Lake Naivasha but also from its catchment. The loss
of water in the catchment could be attributed to floriculture and horticultural
activities, and also boreholes providing water to the population that largely
depends on the floricultural industry. In the next section, the use of ADM is
employed to further enhance the GRACE results.

FIGURE 6
FIGURE 7
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4.8. ADM Analysis

The red line in Figure 8 (top) shows the output of the ADM model derived
from the right hand side of Eq. ?? compared to GFZ GRACE-TWS, averaged
over the Lake Naivasha basin (i.e., Figure 7 (top), the red line). The mean of P
for the years 2002 to 2012 was 103.7 mm and the standard deviation was 90.8
mm (maximum P was 645.8 mm). For E, ADM estimated a mean of 62.4 mm
with a standard deviation of 20.1 mm (maximum E was 112.7 mm). The ADM-
derived P and F are considerably smaller than what Becht et al. (2005) report,
i.e., P of between 600 and 1700 mm/year and F of 1700 mm/year. Since the
runoff parameter is not available after the year 2000 for Lake Naivasha (see also
Ayenew and Becht, 2008) and the fact that Ojiambo et al. (2001) suggest that
yearly R is negligible for the lake, we did not include it in our computations.

From the derived patterns, one can see that the ADM model responds more
quickly to climatic variations such as ENSO in 2006 (red line in Figure 8 (A))
than the observed GRACE outputs (black line in Figure 8 (A)). Computing a
correlation coefficient at 95% level of confidence shows a value of 0.68 between
the two outputs, thus giving a reasonable level of agreement (Figure 8 (B)).

Visually comparing GRACE-derived terrestrial WS changes (shown by the
black line in Figure 7 (Bottom)) with ADM-integrated soil moisture layers (Fig-
ure 8 (C)) reveals a similar pattern. The amplitude of the soil moisture signal
is one third of the GRACE terrestrial WS changes. The reason for this incon-
sistency requires further research. Fitting a linear trend to the soil moisture
results shows a TWS loss of 1.4 cm/year for the period from August 2002 to
May 2006, and 0.6 cm/year from May 2006 to 2010.

Comparing the modeled precipitation (the green line in Figure 8 (D)) with
in-situ precipitation (the cyan line in Figure 8 (D)), shows some inconsistencies,
mainly in terms of the differences in the amplitudes between the modeled and
in-situ values. A phase difference of one month is also evident between the
two data sets. The dark-blue line in Figure 8 (D) represents the amount of
evaporation changes for the period of July 2002 to 2012 showing almost steady
range when compared to precipitations and soil moisture changes. As a result,
one can see that the water capacity corresponding to soil moisture layers and
rainfall is declining within the basin.

FIGURE 8

4.4. Rainfall Analysis

From the in-situ rainfall observations, the rainfall regime over the Naivasha
basin has seen a downward trend since 1960 (see Figure 9). For instance, Figure
9 (bottom) shows a time series of the annual total (the black line), March-May
(MAM, the blue line), June-August (JJA, the red line) and October-December
(OND, the green line) rainfall seasons over Naivasha. In this study, we em-
ployed both graphical and statistical methods (described in WMO, 1966) to
superficially test the significance of the observed trends (see also discussions in
Wilks (1995) and Omondi et al. (2012; 2013a)). The data were analysed for
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trends using linear regression, and the significance of trends was tested using
the non-parametric Mann-Kendall tau test (Sneyers, 1990). An overview of
the total amount of annual rainfall variation derived from the four stations is
summarized in Figure 9, while their corresponding linear rates are reported on
each graph. However, although the derived long-term linear trend values were
negative, they were not large enough to pass the tau test (see also Omondi et
al., 2013b).

There is also a high degree of variability, within both the wet periods (during
strong El Nifio years) and dry periods (during strong La Nina years). Several
studies have investigated the relationship between eastern Africa rainfall and
evolutionary phases of ENSO, and have shown strong relationship. Therefore,
ENSO plays a significant role in determining the monthly and seasonal rainfall
patterns in the East African region (e.g., Ogallo, 1988; Janowiak, 1988; Indeje,
2000; Mutemi, 2003, Nyakwada 2009 and Omondi et al., 2012). Considering
the trends from the rain-gauge stations shown in Figure 9 suggests that the
prolonged rainfall decrease over the catchment during the period 1960 to 2010
might contribute to the drop in the lake’s level. Note that the linear trends for
the period 2002-2010 (Figure 9, bottom) shows sharper decreasing values in all
seasons and in the annual total rainfall than for 1960 to 2010. The result is in
agreement with the variation in TWS as shown by GRACE analysis (Figure 7)
and ADM (Figure 8). In Figure 11, the total amount of rainfall from the in-situ
stations is compred to the GRACE TWS and the soil moisture WS from ADM.

FIGURE 9

Figure 10 illustrates the total rainfall of the catchment and its accumulated
values as described by the TRMM 3B43 product over the 4 x 4 degree windows
defined in Figure 5. The larger rainfall over Lake Victoria is seen both in terms of
the time series, and also in the greater rate of increase in the accumulated values.
Comparatively, while there seems to have been an increase in the precipitation
rate over the Lake Victoria basin after late 2006, there seems to be little change
in the rainfall over the Lake Naivasha basin. Comparing the TRMM results in
Figure 10 with the GRACE results in Figure 6 for period 2002-2010, while no
significant change is visible in the TRMM results, those from GRACE show a
loss of water from the Lakes Naivasha and Victoria basins. This could therefore
mean that the drop in Lake Naivasha’s water level (as is the case for Lake
Victoria) may be more influenced by anthropogenic factors compared to climatic
factors.

FIGURE 10

4.5. Comparing TWS Changes Across Lake Naivasha with Rainfall

Figure 11 compares the accumulated annual TWS over the Naivasha catch-
ment derived from GRACE as well as soil moisture from ADM (Figure 7) with
the total annual rainfall variations derived from the four rainfall stations in Fig-
ure 9. To make the comparison easier, the values for 2003 are set to zero. As a
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result, one can see that soil moisture and rainfall are decreasing between 2002
to 2010. For 2006, GRACE still shows that TWS is decreasing, while precipita-
tion increased as a result of ENSO, and soil moisture stays almost steady. The
sharper rate of change that the GRACE results exhibit for 2002-2006 might
also be related to the correlation of the derived TWS over Naivasha to that
of Victoria. After 2006, again all component exhibit declining trends, showing
that the impact of the 2006 ENSO has subsided.

FIGURE 11

4.6. Image Analysis

Next, we present the approach undertaken to map the shoreline variations
of Lake Naivasha, using satellite images.

Image classification: To validate the results obtained from using GRACE
and TRMM data sets, satellite remote sensing and GIS analysis were performed.
Landsat imagery of the study area acquired from different epochs was employed
and different land use / land cover types were discriminated. The interpreta-
tion of Landsat imagery was undertaken using the minimum distance supervised
classifier. The overall accuracy of the land use / land cover map was estimated
to be 85.0% with a kappa statistic of 0.79. This meets the minimum thresh-
old established by the United States Geological Survey (USGS) classification
scheme (Anderson et al., 1976). As an example, the classification results for the
first epoch (1989) are shown in Figure 12 (a). The classified image depicts a
clear demarcation between land/vegetation and water, hence revealing a clear
picture of the shoreline position. The red colour depicts water, yellow repre-
sents general vegetation cover while green represent general bare land. There
is a significant intrusion onto the northern shoreline by vegetation, indicating
a positional change of the shoreline. Figure 12 (b), showing the second eopoch
examined (1995) shows a significant departure from Figure 12 (a), especially
in the north, where vegetation has significantly receded, leaving only scattered
traces in contrast to the 1989 image that showed a thick vegetation cover around
the same area. There is also a change around Crescent Bay (formerly Crescent
Island, see Figure 2). While the 1989 image shows a near excision of the bay
from the main lake, the situation is different in the 1995 image. This is because
of the general increase in water volume caused by increased rainfall over the
same period.

Figure 12 (c¢) shows that there is an increase in water volume in 2000, due
to more rainfall, compared with the preceding maps in Figures 12 (a and b).
Crescent Bay has swollen with the south eastern section joined to the main lake
to form the original Crescent Island, indicating an increase in water volume.
This increase is probably due to the 1997 ENSO rainfall (see also the satellite
altimetry results in Figure 4). The traces of vegetation that had infringed the
northern part of the lake have fully disappeared by 2000. However, there are
some traces of vegetation at the centre of the lake. These might be due to the
presence of water lillies in the lake or traces of leaves transported by run-off
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into the lake. Figure 12 (d) shows that the scattered traces of vegetation in
the middle of the lake that were part of the preceding images have disappeared.
However, the Crescent Bay has receded and a section of it is almost cut-off from
the main lake to form an independent lake. There is also a significant change
in the shape of the island when compared to the previous images. The amount
of grassland cover has also increased along the shoreline compared to the 2000
image, indicating a relationship between vegetation and the lake’s surface area.

FIGURE 12

Extraction: Tt is visually clear from the classified land cover maps above
that there is a perpetual shifting of the Lake Naivasha shoreline between dif-
ferent epochs. Due to the difficulty in quantifying the amount and rate of the
change, and in defining the actual trend through visual interpretation, the ac-
tual position of the shoreline in each epoch was extracted and then compared
to that obtained for the reference year, 1989. This allowed the actual change
and subsequently the rate of change to be estimated.

This was done by digitizing the shoreline from the respective classified images
in a Geographic Information System (GIS) environment using ArcGIS version
9.3. The shorelines from each epoch were then overlaid to reveal the general
change trend. To allow for a detailed analysis, the overlay result was further
divided into five segments as shown in Figure 13. In general, the results show
that there was an increase in water level in Lake Naivasha between 1989 and
1995. This increase continued until 2000, however, the 2006 shoreline shows
a decline in water level between 2000 and 2006. Detailed scrutiny shows that
there was a steady northern (outward) shift of the shoreline from 1989 to the
year 2000, indicating an increase in water level. This was followed by an inward
shift in 2006, indicative of a drop in water level. However, the magnitude of the
shoreline change is not uniform over the different epochs. The lack of uniformity
can be attributed to variations in the local terrain, resulting in, obviously, the
shoreline changing more in flatter terrain as opposed to steeper areas.

FIGURE 13

Shoreline change and variation: The surface area of the lake in each epoch
was computed in the GIS environment. A summary of the changes in the surface
area between different epochs for the different land cover classes, with 1989 as
the reference year, is shown in Table 2, which indicates a direct relationship
between the lake’s level and surface area. The increase in area in 1995 compared
to 1989 (i.e., 14.8%) is represented by an increase in water level (1.19 m). The
situation is even more apparent between 1989 and 2000 where there is an increase
of 20% in surface area and a corresponding increase of 2.33 m in water level.
There was a drop in surface area of the lake between 2000 and 2006 (i.e., a drop
of about 4.7%) and again this is shown by a drop of 1.92 m in the water level
during this period. This general trend is corroborated by results obtained from
both satellite altimetry and GRACE illustrated in Figures 4 and 7, respectively.
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Table 2: Summary of the changes in the area of Lake Naivasha and the surrounding bare land
and vegetation, with 1989 serving as the reference year (see Figures 12 and 14).

Year | Lake | Vegetation | Bare | Mean Lake | Lake | Vegetation | Bare

area land level area land

(km?) | (m?) | (m?) | @) | (%) | (%) | (%)

1989 | 113.67 95.35 174.18 1885.41 0.00 0.00 0.00
1995 | 130.47 90.37 162.35 1886.60 14.78 -5.22 -6.89
2000 | 136.42 26.70 219.77 1887.74 20.01 -72.00 26.17
2006 | 130.07 48.44 204.12 1885.82 14.43 -49.20 17.19
2010 | 126.01 48.93 207.69 1884.44 10.85 -48.69 19.24

Figure 14 shows the variation of the surface area for the lake, vegetation, and
bare land classes between 1989 and 2010.

FIGURE 14

From the above results, it is clear that Lake Naivasha has experienced shore-
line variations over the last 17 years as indicated by the changes in surface area.
There was a positive gain in area by 16.80 km? between 1989 and 1995 (i.e.,
14.8%), with a further gain by the year 2000 of 5.95 km?, due largely to the
1997 ENSO rainfall. However, there was a drastic decline in the surface area
between 2000 and 2006, with the lake loosing 6.35 km? of its surface area (i.e.,
4.7%), indicating a recession in its shoreline. The surface area of the lake in
2006 is comparable to that of 1995 (both ~ 130 km?). After 2006, the lake
continued shrinking with a surface area of 126.01 km? in 2010 (i.e., a reduction
of about 7.6%). In general, from these images, it was calculated that the lake’s
area is shrinking at a rate of 1.04 km?/year. These findings agree with those of
the satellite altimetry and tide gauge observations (see, e.g., Figure 4 in Sect.
4). The variation around the area shows that there is loss of vegetation around
the lake as the lake surface area increases. There was a decline in the vegetation
cover between 1989 and 1995, despite a gain in the surface area over this period.
The same scenario was seen between 1995 and 2000. This can be attributed to
the fact that the area around the lake is comprised of papyrus, which are nor-
mally swallowed by the increase in water level. There was, however, an increase
in the vegetation cover between the years 2000 and 2006 as the lake receded and
vegetation sprouted up along the shores of the lake .

4.7. Comparing Lake Levels with Rainfall and Flower Exports

In light of the previous results, the relationship between the decline of WS
within the catchment, the lake itself, and the local and catchment precipitation
were explored. To finalize this study, a simple comparison is made between the
level of lake (one of the main water sources of the catchment) and other data
sets considered in this work, including rainfall recorded by the Naivasha station
(a representation of climate variability) and flower production (a representation
of human use) (see Figure 15). Considering first rainfall and the lake’s levels
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(Figure 15 (A)), where we plot annual rainfall against annual average lake level,
a correlation coefficient of -0.24 is obtained, suggesting no statistically significant
correlation between these quantities. On the other hand, considering lake levels
with flower production (Figure 15 (B)), where we have plotted tonnage of flower
production against the annual averages of the lake levels for the years where the
tonnage data were available, we find a strong statistically significant correlation,
with a correlation coefficient of -0.68. This suggests strongly that flower exports
could have influenced the reduction in Lake Naivasha’s water level. Finally,
Figure 15 (C) shows an insignificant correlation coefficient of -0.19 between
rainfall and flower production.

Caution should be exercised, however, when one is interpreting the corre-
lation results above. This is due to the fact that flower production, though it
is a useful proxy for estimating water consumption in the Lake Naivasha re-
gion, and indeed constitutes the main cause of water consumption, depends on
other factors unrelated to water withdrawal from the lake, e.g., in-put fertilizers.
Therefore, an analysis of other factors that influence flower production, e.g., the
amount of water withdrawn and used to irrigate the flowers, would be desir-
able. Along these lines, Mekonnen et al. (2012) quantified the water footprint
within the Lake Naivasha Basin related to cut flowers and analysed the possi-
bility of mitigating the footprint by involving cut-flower traders, retailers and
overseas customers. Hagos (2008) assessed the possibility of using shallow and
deep underground water, while Reta (2011) simulated a long term groundwater
and lake water balance of Lake Naivasha in an attempt to establish the rela-
tionship between water consumption and water levels. Both Hagos (2008) and
Reta (2011) highlighted the importance of underground water in the dynamics
of Lake Naivasha’s water levels. Such influence has been investigated, e.g., by
Becht et al. (2002) and Becht and Nyaoro (2005), who considered the influence
of groundwater fluctuations on Lake Naivasha and found it to have an impor-
tant effect on the water balance of the Lake. In fact, Becht and Nyaoro (2005)
deduced that the interaction of the groundwater and the Lake dynamics intro-
duces a degree of inertia to the lake groundwater system, resulting in delayed
reactions to external (meteorological) stresses where the groundwater acts as an
extra reservoir absorbing water during wet periods and releasing water during
droughts. Evaporation also plays a key role in Lake Naivasha’s water balance as
evident by the results of Farah et al., (2004), who obtained in-situ evaporation
values at a grassland and woodland site in the Lake Naivasha basin for about
a year. Another example of extraneous factors affecting Lake Naivasha’s water
levels is presented, e.g., in Olago et al. (2009), who showed that the hydrology
of the Rift Valley is controlled mainly by climate and water table variation,
among other factors.

FIGURE 15
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5. Conclusions

As a Ramsar wetland, Lake Naivasha is a very important area not only to
East Africa, but internationally. It supports a rich ecosystem with hundreds of
species of diverse flora and fauna. Moreover, being the only freshwater lake in
the Kenyan sector of the East African Rift, Lake Naivasha serves as the home of
the flower industry in Kenya and is one of the most important flower producing
regions world-wide. The results of this study have demonstrated that:

1. During the study period 1989 to 2010, Lake Naivasha experienced varia-
tion in its spatial extent and significant fluctuations in its level. However,
from around the year 2000, a steady decline in its spatial extent has been
observed with the lake receding at a rate of 1.41 km? /year, accompanied
by a corressponding drop in water level of about 33 cm/year.

2. Although the lake’s level has been fluctuating both annually and seasonally
over time in the past, there is a visible general downward trend observed
from around 2000. This coincides with the period during which the flower
exports from Kenya increased significantly. This is supported by the re-
sults of the linear regression analysis that gave a correlation coefficient of
-0.68 between Lake Naivasha’s water levels and the flower exports from
the region for the period 2000-2010. Since much of the irrigation water
used in the flower farms comes from Lake Naivasha, the recent decline
in the lake water level and spatial extend could feasibly be largely at-
tributed to adverse anthropogenic influences, with climatic factors such as
prolonged rainfall decrease of the catchment during 1960-2010 also having
a noticeable influence. A climatic influence is supported by the fact that
in-situ rain gauge stations for the annual rainfall totals clearly indicate
decreasing trends in the catchment area. The results support the find-
ings in Mekonnen et al. (2012), who established a relationship between
cut-flower production and level changes of Lake Naivasha.

3. Not only is the lake losing water, but also the catchment area of 4° x4° that
includes Lake Naivasha as a whole is noticed to have lost water at a rate of
6.8 cm/yr from August 2002 to May 2008, and 1.7 cm/yr from May 2002
to 2010. The results are supported by the ADM output showing a decrease
in soil moisture content, although the magnitude of the changes was one
third of that shown by the GRACE results. While the long-term trend in
the changes in precipitation was considerably less than those associated
with soil moisture content and GRACE-TWS;, the decline in the basin’s
water storage could possibly be related to the increased human use of
groundwater within the catchment for horticulture, subsistence farming
and domestic use.

These findings provide independent confirmation based on both ground and
space-based observations on what has long been suspected, that is, floriculture
has been exploiting the water resources of Lake Naivasha and the surrounding
basin at an unsustainable rate. As pointed out in Sect. 4.7, however, floricul-
ture may not be the sole cause of the decline of Lake Naivasha water levels.
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Other factors, such as evaporation, fluctuation of groundwater level and climate
among others, could also be contributing to the decline. Future studies on Lake
Naivasha water levels should also include the effects of fluctuations of the Mal-
eva and Gilgil rivers, especially the Maleva, which accounts for over 80% of
inflows into the lake.

Remedial measures for the conservation and management of Lake Naivasha
should thus be seriously considered before this Ramser wetland becomes extinct.
Already, the potential seriousness of the consequences arising from the decline of
Lake Naivasha has finally been appreciated by the Government of Kenya, who
has appointed an administrative body known as the Imarisha Lake Naivasha
Management Board, for managing the Lake Naivasha Catchment Restoration
Programme, whose aim is to restore Lake Naivasha and its catchment.

Acknowledgment

The authors are very grateful to the Editor Prof. G. Katul and the two
anonymous reviewers for their comments, which helped to improve significantly
the quality of the manuscript. J.L. Awange acknowledges the financial support
of Alexander von Humbodlt (Ludwig Leichhardt’s Memorial Fellowship), The
Institute for Geoscience Research (TIGeR), and Curtin Research Fellowship.
He is grateful for the warm welcome and the conducive working atmosphere
provided by his host Prof. Heck at the Geodetic Institute, Karlsruhe Institute of
Technology (KIT). E. Foorotan and J. Kusche would like to thank the German
Research Foundation (DFG), under the project BAYES-G, for the financial
support. K. Fleming acknowledges the Australian Research Council’s Discovery
Projects funding scheme (project DP087738). The authors are grateful for the
data sets used in this work, which were obtained from the following sources:

e Centre for Space Research (CSR) RLO04 (http://www.csr.utexas.edu/ grace/asdp.html).

e GFZ Information Systems and Data Center (http://isdc.gfz-potsdam.de).

e CNES/GRGS GRACE solutions (http://bgi.cnes.fr:8110/geoid-variations/
README.html).

e TRMM, Goddard Earth Sciences Data and Information Services Center
(http://disc.sci.gsfc.nasa.gov/precipitation).

e Landsat data, Global Land Cover Facility (GLCF), Maryland University,
USA (http://www.landcover.org/data/landsat/ ).

o Tide-Gauge data. Lake Naivasha Riparian Association organization (http://web.ncf.ca/es202/naivasha/).

Thanks to Mrs. Sara Higgins (the chair person of the Lake Naivasha Ri-
parian Association) for providing these tide gauge data.

e Flower export data. Kenya Flower Council (http://www.kenyaflower coun-
cil.org/).

14



208 e Rainfall anomaly data. IGAD Climate Prediction and Application Centre,
499 Nairobi, Kenya.

15



so  References

501 Abiya, I. O., 1996. Towards sustainable utilization of Lake Naivasha, Kenya. Lakes & Reservoirs: Research &
502 Management, 2 (3-4), 231-242.

503 Adeyewa, Z.D., Nakamura, K., 2003. Validation of TRMM radar rainfall data over major climatic regions in major
504 climatic regions in Africa. Journal of Applied Meteorology, 42(2), 331-347.

505 Anderson, J.R., Hardy, E.E., Roach, J.T., Witmer W.E., 1976. A Land Use and Land Cover Classification System
506 for use with Remote Sensing Data, USGS Professional Paper 964, U.S. Geological Survey, Reston, Virginia,
507 4-38.

508 Awange, J.L., Ogalo, L., K-H. Bae, K-H., Were, P., Omondi, P., Omute, P., Omulo, M., 2008a. Falling Lake
509 Victoria levels: Is climate a contributing factor? Climate Change, 89: 281-297. doi:10.1007/s10584-008-
510 9409-x.

511 Awange, J., Sharifi, M., Ogonda, G., Wickert, J., Grafarend, E., Omulo, M., 2008b. The falling Lake Victoria water
512 level: GRACE, TRIMM and CHAMP satellite analysis of the lake basin. Water Resource Management, 22,
513 775-796. doi:http://dx.doi.org/10.1007/s11269-007-9191-y.

514 Awange, J., Ong’ang’a, O., 2006. Lake Victoria: ecology resource and environment. Springer, Berlin, 354 pp.
515 ISBN-13:978-3540325741.

516 Ayenew, T., Becht, R., 2008. Comparative assessment of the water balance and hydrology of selected Ethiopian
517 and Kenyan Rift Lakes. Lakes & Reservoirs: Research & Management 13(3), 181-196, doi:10.1111/j.1440-
518 1770.2008.00368.x.

519 Becht, R., 2007. Environmental effects of the floricultural industry on the Lake Naivasha basin. Project report,
520 International Institute for Geo-Information Science and Earth Observation (ITC), The Netherlands.

521 Becht, R, Harper, D.M., 2002. Towards an understanding of human impact upon the hydrology of Lake Naivasha,
522 Kenya. Hydrobiologia, 488: 1-12.

523 Becht, R., Odada, E.O., Higgins, S., 2005. Lake Naivasha: experience and lessons learned brief (Lake basin
524 management initiative): Experience and lessons learned briefs. including the final report: Managing lakes
525 and basins for sustainable use, a report for lake basin managers and stakeholders. Kusatsu: International
526 Lake Environment Committee Foundation (ILEC), 277-298.

527 Becht, R., Nyaoro, J. R., 2005. The influence of groundwater on lake-water management: the Naivasha case. In:
528 ProceedingsVolume II (ed. by E. O. Odada, D. O. Olago, W. Ochola, M.Ntiba, S. Wandiga, K. Gichuki
529 & H. Oyicke) (Proc. 11thWorld Lakes Conference, Nairobi, Kenya, 31 Octoberd November 2005), 384-388.
530 Ministry of Water and Irrigation, Kenya, and International Lake Environment Committee (ILEC), Japan.
531 http://www.ilec.or.jp/en/wp/wp-content/uploads/2013/02/World-Lake-Conference-11-Kenya-2005-Proceedings-
532 Volume-2.pdf

533 Becht, R., Odada, E.O., Higgins, S. 2005. Lake Naivasha : experience and lessons learned brief. In: Lake basin
534 management initiative : Experience and lessons learned briefs. including the final report: Managing lakes
535 and basins for sustainable use, a report for lake basin managers and stakeholders. Kusatsu : International
536 Lake Environment Committe Foundation (ILEC), 277-298.

537 Becker, M., Llovel, W., Cazenave, A., Griintner, A. and Crétaux J.F., 2010. Recent hydrological behaviour of the
538 East African great lakes region inferred from GRACE, satellite altimetry and rainfall observations. Comptes
539 Rendus Geoscience, 342, 223-233. doi:10.1016/j.crte.2009.12.010.

540 Benada, J.R., 1997. TOPEX/POSEIDON User’s Handbook. Technical report, Jet Propulsion Laboratory, Califor-
541 nia Institute of Technology Generation B (MGDR-B) Version 2.0.

542 Bettadpur, S., 2007. UTCSR Level-2 Processing Standards Document for Level-2 Product Release 0004. Center
543 for Space Research, The University of Texas at Austin, Rev 3.1, GRACE 327-742 (CSR-GR-03-03).

544 Bruinsma, S., Lemoine, J.M., Biancale, R., Valés, N., 2010. CNES/GRGS 10-day gravity field models (release 2)
545 and their evaluation. Advances in Space Research, 45(4), 587-601. doi:10.1016/j.asr.2009.10.012.

546 Carolina, B.F., 2002. Competition over water resources: analysis and mapping of water-related conflicts in the
547 catchment of Lake Naivasha (Kenya). MSc Thesis, International Institute for Geo-Information Science and
548 Earth Observation (ITC), The Netherlands.

549 Crétaux, J.F., Jelinski, W., Calmant, S., Kouraec, A., Vuglinski, V., Bergé-Nguyen, M., Gennero, M.-C., Nino,
550 F., Abarca Del Rio, R., Cazenave, A., Maisongrande, P., 2011. SOLS: A lake database to monitor in the
551 Near Real Time water level and storage variations from remote sensing data. Advances in Space Research,
552 47 1497-1507. doi:10.1016/j.asr.2011. 01.004.

553 Darling, W., Allen, D., Armannsson, H., 1990. Indirect detection of subsurface outflow from a rift valley lake.
554 Journal of Hydrology, 113 (1-4), 297-306. doi:http://dx.doi.org/10.1016/0022-1694(90)90180-6.

555 Everard, M., Harper, D.M., 2002. Towards the sustainability of the Lake Naivasha Ramsar site and its catchment.
556 Hydrobiologia, 488, (1-3), 191-203.

557 Everard, M., Vale, J.A., Harper, D.M., Tarras-Wahlberg. H., 2002. The physical attributes of the Lake Naivasha
558 catchment rivers. Hydrobiologia, 488, 13-25.

559 Farah H.O., Bastiaanssen, W.G.M., and Feddes, R.A., 2004. Evaluation of the temporal variability of the evapo-
560 rative fraction in a tropical watershed. International Journal of Applied Earth Observation and Geoinfor-
561 mation, 5, 129-140.

16



562 Flechtner, F., 2007. GFZ Level-2 Processing Standards Document for Level-2 Product Release 0004. Geo-

563 ForschungsZentrum Potsdam, Rev. 1.0, GRACE 327-743 (GR-GFZ-STD-001).

564 Forootan, E., Awange, J., Kusche, J., Heck, B., Eicker, A., 2012. Independent patterns of water mass anomalies
565 over Australia from satellite data and models. Remote Sensing of Environment, 124, 427-443, dx.doi.org/10.1016/j.rse.2012.05.023.
566 FWWCC (Food & Water Watch and the Council of Canadians), 2008. Lake Naivasha withering under the as-
567 sault of international flower vendors. http://www.canadians.org/water/documents/NaivashaReport08.pdf
568 [Accessed on 25/08/2011].

569 Hagos G.G., 2008. Strategies to increase water use efficiencies of irrigated farm (south of Lake Naivasha, Kenya).
570 MsSc. Thesis, Department of Geoinformation Science, ITC.

571 Harper, D.M., Mavuti, K.M., Muchiri, S.M., 1990. Ecology and management of Lake Naivasha, Kenya, in relation
572 to climatic change, alien species’ introductions, and agricultural development. Environmental Conservation,
573 17 (04), 328-336.

574 Huffman, G.J., Adler, R.F., Bolvin, D.T., Gu, G., Nelkin, E.J., Bowman, K.P., Hong, Y., Stocker, E.F., Wolff,
575 D.B., 2007. The TRMM Multi-satellite Precipitation Analysis: Quasi-global, multi-year, combined-sensor
576 precipitation estimates at fine scale. J. Hydrometeor., 8(1), 38- 55. doi:10.1175/JHM560.1.

577 ILEC (International Lake Environment Committee), 2005. Managing lakes and their basins for sustainable use.
578 A report for the lake basin managers and stakeholders. International Lakes Environmental Committee
579 Foundation: Kusatsu, Japan.

580 Indeje, M., Semazzi, F.H.M., Ogallo, L.J., 2000. ENSO signals in East African rainfall and their prediction
581 potentials. Int. J. Climatol. 20, 19-46.

582 Janowiak, J., 1988. An investigation of Interannual Rainfall Variability in Africa. J. Clim. 1, 240-255.

583 Jekeli, C., 1981. Alternative methods to smooth the Earth’s gravity field. Geodetic and Geoinformation Science,
584 48. Department of Civil and Environmental Engineering and Geodetic Science, Ohio State University.

585 KFC (Kenya Flower Council), 2011. Kenya Flower Council. www.kenyaflower council.org Accessed [25/7/2010].
586 Kitaka, N., Harper, D.M., Mavuti, K.M., 2002. Phosphorus inputs to Lake Naivasha, Kenya, from its catchment
587 and trophic state of the lake. Hyrobiologia, Vol. 488, 73-80. doi:10.1023/A:1023362027279.

588 Kummerow, C., Barnes, W., Kozu, T., Shiue, J., Simpson, J., 1998. The Tropical Rainfall Measuring Mission
589 (TRMM) sensor package. Journal of Atmospheric and Oceanic Technology, 15(3), 809-817.

590 Kummerow, C., Simpson, J., Thiele, O., Barnes, W., Chang, A., Stocker, E., Adler, R., Hou, A., Kakar, R., Wntz,
591 F., Aschroft, P., Kozu, T., Hing, Y., Okamoto, K., Iguchi, T., Kuroiwa, H., Im, E., Haddad, Z., Huffman,
592 G., Ferrier, B., Olson, W., Zipser, E., Smith, E., Wilheit, T., North, G., Krishnamurti, T., Nakamura, K.,
593 2000. The status of the Tropical Rainfall Measuring Mission (TRMM) after two years in orbit. Journal of
594 Applied Meteorology, 39(12), 1965-1982.

595 Kusche, J., Schmidt, R., Petrovic, S., Rietbroek, R., 2009. Decorrelated GRACE time-variable gravity solutions
596 by GFZ, and their validation using a hydrological model, Journal of Geodesy, 83, 903-913. doi:10.1007
597 /s00190-009-0308-3.

598 Luo, L., Sheffield, J., Wood, E.T., 2008. Towards a global drought monitoring and forecasting capability. Sci-
599 ence and Technology Infusion Climate Bulletin, 33rd NOAA Annual Climate Diagnostics and Prediction
600 ‘Workshop Lincoln, NE, 20-24 October 2008.

601 Mather P., 2004. Computer processing of remotely sensed images. Third edition. 324 p. John Wiley & Sons, Ltd.
602 ISBN-13:978-0470849194.

603 Mekonnen, M.M., Hoekstra, A.Y., 2010. Mitigating the water footprint of export cut flowers from the Lake
604 Naivasha Basin, Kenya. Value of Water Research Report Series No. 45, UNESCO-IHE, Delft, The Nether-
605 lands.

606 Mekonnen, M.M., Hoekstra, A.Y., Becht, R., 2012. Mitigating the water footprint of export cut flowers from the
607 Lake Naivasha Basin, Kenya. Water Resour Manage 26, 3725-3742, doi: 10.1007/s11269-012-0099-9.

608 Mutemi, J.N., 2003. Climate anomalies over eastern Africa associated with various ENSO evolution phases. Ph.D.
609 Thesis, University of Nairobi, Kenya.

610 Nyakwada, W., 2009. Predictability of East African seasonal rainfall with sea surface temperature gradient modes.
611 Ph.D. Dissertation, Dept. of Met: University of Nairobi, Kenya.

612 Nicholson, S.E., 1998. Historical fluctuations of Lake Victoria and other lakes of the northern rift valley of
613 East Africa. In: Environmental change and response in East African Lakes, Kluwer Academic Publishers.
614 Lehman JT (Ed). 7-35. Kluwer Academic Publishers, Dordrecht, the Netherlands.

615 Nicholson, S., Some, B., McCollum, J., Nelkin, E., Klotter, D., Berte, Y., Diallo, B., Gaye, I., Kpabeba, G.,
616 Ndiaye, O., Noukpozounkou, J., Tanu, A., Thiam, A., Toure, A.A. and Traore, A., 2003. Validation of
617 TRMM and other rainfall estimates with a high-density gauge data set for West Africa: Part II: Validation
618 of TRMM rainfall products, Journal of Applied Meteorology, 42(10), 1355-1368.

619 Olago, D., Opere, A., and Barongo, J., 2009. Holocene palacohydrology, groundwater and climate change in the
620 lake basins of the Central Kenya Rift, Hydrological Sciences Journal, 54:4, 765-780.

17



621
622

623

624
625

626
627
628

629
630
631

632
633

634
635

636
637

638
639
640

641

642
643
644

645
646
647

648
649
650

651
652

653
654
655

656
657

658
659

660
661

662
663

664
665

666
667
668

669
670

671

Ogallo, L.J., Janowiak, J.E., Halpert, M.S., 1988. Teleconnection between seasonal rainfall over Eastern Africa
and global sea surface temperature anomalies. J. Meteor. Soc., Japan, 66, 807-822.

Ojiambo, B.S., Poreda, R.J., Lyons, W.B., 2001. Ground Water/Surface Water Interactions in Lake Naivasha,

Kenya, Using 6180, 8§D, and 3H/sHe Age-Dating. Groundwater 39 (4), 526-533, doi:10.1111/j.1745-
6584.2001.tb02341.x.

Omondi, P., Awange, J.L., Ogallo, L.A., Okoola, R.A., Forootan, E., 2012. Decadal rainfall variability modes in
observed rainfall records over East Africa and their relations to historical sea surface temperature changes.
J. Hydrol. doi.org/10.1016/j.jhydrol.2012.07.003.

Omondi, P., Awange, J.L., Ogallo, L.A., Ininda, J., Forootan, E., 2013a. The influence of low frequency sea
surface temperature modes on delineated decadal rainfall zones in Eastern Africa region. Advances in
Water Resources, 54, 161-180. dx.doi.org/10.1016/j.advwatres.2013.01.001

Omondi, P., Awange, J.L., Forootan, E., et al. (2013b). Changes in temperature and precipitation extremes over
the Greater Horn of Africa region from 1961 to 2010. International Journal of Climatology (in press).

Reta G.L., 2011. Groundwater and lake water balance of lake Naivasha using 3-D transient groundwater model.
MSc. Thesis, Department of Geoinformation Science, ITC.

Richardson, J. L., Richardson E., 1972. History of an African rift lake and its climatic implications. Ecological
Monographs, 42(4): 499-534.

Rowlands, D., Luthcke, S., Klosko, F., Chinn, D., McCarthy, J., Cox, C., and Anderson, O., 2005. Resolving
mass flux at high spatial and temporal resolution using GRACE intersatellite measurements. Geophysical
Research Letters, 32(L04310). doi:10.1029/2004GL021908.

Sansome, H.-W., 1952. The trend of rainfall in East Africa. E. Afr. Meteorol. Dep., Tech. Mem. 1. 14 p.

Sharifi, M., Forootan, E., Nikkhoo, M., Awange, J., Najafi, M. 2013. A point-wise least squares spectral analysis
(LSSA) of the Caspian Sea level fluctuations, using Topex/Poseidon and Jason-1 observations. Journal of
Advances in Space Research, 51 (1), 858-873. dx.doi.org/ 10.1016/j.asr.2012.10.001.

Sheffield, J., Goteti, G., Wood, E.F., 2006. Development of a 50-yr, high resolution global dataset of meteorological
forcings for land surface modeling. J. Climate, (13), 3088-3111. doi: http://dx.doi.org/10.1175/JCLI
3790.1.

Sheffield, J., Andreadis, K.M., Wood, E.F., Lettenmaier, D.P., 2009. Global and continental drought in the second
half of the 20th century: severity-area-duration analysis and temporal variability of large-scale events. J.
Climate, 22(8), 1962-1981. doi: http://dx.doi.org/10.1175/2008JCLI 2722.1.

Sneyers, R., 1990. On the statistical analysis of series of observations. WMO Technical Note, no. 143. ISBN-
13:978-9263104151.

Swenson, S., Wahr, J., Milly, P., 2003. Estimated accuracies of regional water storage variations inferred from
the Gravity Recovery and Climate Experiment (GRACE). Water Resources Research, 39(8). doi:10.1029/
2002WR001808.

Swenson, S., Wahr, J., 2006. Estimating large-scale precipitation minus evapotranspiration from GRACE satellite
gravity measurements. J. Hydrometeor, 7 (2), 252-270, doi: http://dx.doi.org/10.1175/JHMA478.1.

Swenson, S., Wahr, J., 2009. Monitoring the water balance of Lake Victoria, East Africa from space. Journal of
Hydrology, 370: 163-176. doi:http://dx.doi.org/10.1016/j.jhydrol.2009.03.008.

Tapley, B., Bettadpur, S., Watkins, M., Reigber, C., 2004. The gravity recovery and climate experiment: Mission
overview and early results. Geophysical Research Letters, 31. doi:10.1029/2004GL019920.

Tucker, C.J., Grant, D.M., Dykstra, J.D., 2004. NASA’s global orthorectified Landsat data set. Photogrametric
Engineering & Remote Sensing 70(3), p. 313-322.

Vincent, C.E., Davies, T.D., Beresford, U.C., 1979. Recent changes in the level of Lake Naivasha, Kenya, as an
indicator of equatorial westerlies over East Africa. Climatic Change 2, 175-189.

Wahr, J., Molenaar, M., Bryan, F., 1998. Time variability of the Earth’s gravity field: Hydrological and oceanic
effects and their possible detection using GRACE. Journal of Geophysical Research 103 (B12), 30205-30229.
doi:10.1029/98JB02844.

Wilks, D.S., 1995. Statistical methods in the atmospheric sciences. Academic press, pp 45-50, 399-402. ISBN-
13:978-0123850225.

WMO, 1966. Climate change. WMO Tech. Note no. 79, Geneva

18



o
=
i R ¢ e 2
A !
3
o o T 1 i
ETHIORIA ; " ) y
: iR
&7y
-
SOMALL -)J
[
s : .
A PR, v ;
& hic s
oy o R
;

Figure 1: Location map of the Lake Naivasha Basin (Becht et al., 2005).
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Figure 2: Lake Naivasha drainage system (Becht et al., 2005).

20



Yield (Tons)

100,000 e

80,000

60,000 §

40,000 oo

1990 1995

2000 2005 2010

Year

Figure 3: Annual flower exports from Kenya (KFC 2011).
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Figure 4: (Top) Time series of lake level height changes for Lake Naivasha as provided by
satellite altimetry (T/P) and a tide gauge. (Bottom) Correlation between the lake level heights
given by the tide gauge and the T/P altimery.
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GRACE and TRMM analysis (see Figures 6 and 10). The red circle marks the location of
Lake Naivasha.
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Figure 6: Variations in stored waters (an integration of surface and terrestrial water storage
changes) over Lakes Naivasha and Victoria derived from GRACE products. (a) Change in
TWS and (b) accumulated changes of TWS in equivalent water volume (EWV) (see Figure
5, for the Victoria and Naivasha catchments).
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Figure 7: Top, the red line shows the average TWS computed from the GFZ GRACE data
(related to Figure 5, the black box on the right-side). The blue line is surface WS belonging
only to Lake Naivasha. The catchment terrestrial WS signal is then obtained from the dif-
ference between GRACE-TWS signal (red line) and the Lake’s surface WS signal (blue), i.e.,
the bottom graph with the black line.
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Figure 9: Annual rainfall time series over four stations in the region of Lake Naivasha.
From top, Nakuru (0.28°8,36.1°E), Narok (1.1°8, 35.9°E), Kismu (0.1°8, 34.8°E) and Naivasha
(0.72°8, 36.4°E) stations. For Naivasha, MAM [blue], JJA [red] and OND [green]| yearly values
are also provided.
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Figure 10: Rainfall over the Lakes Naivasha and Victoria basins (see Figure 5) as provided by
the TRMM 3B43 product. Rainfall amounts are shown by the solid lines and the accumulated
values are dashed.
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Figure 11: Comparing annual total water storage variations derived from GRACE with annual
soil moisture contents (from ADM) and annual rainfall (from in-situ stations).

29



(a) Results for 1989 Image (b) Results for 1995 Image

LAKE HAIVASHA 1985 LAND COVER = - LAKE NAIVASHA 1995 LAND COVER

0

(c) Results for 2000 Image (d) Results for 2006 Image

LAKE NAIVASHA 2000 MAP LAKE NAIVASHA 2006 LAND COVER

I LAKE NAIVASHA
] vEGETATION
[ BeReLanD

Reference System: Arc 1360
e e

Figure 12: Surface-type classification results for the considered Landsat images. (a) 1989, (b)
1995, (c) 2000 and (d) 2006.

30



LAKE NAIVASHA SHORELINE

200000 205000 210000

w E

5500000
omzEs

3318000
wogise

2000 shoreline
/\/2006 shoreline
1995 shoreline
1989 shoreline

3810000
mmies

Datum: Are 1960
Reference system: UTM Zone 37 S
Date: June 2010

205000

210000

3000 0 6000 Meters

Figure 13: Segmentation of the changes in the Lake Naivasha shoreline for the years 1989,
1995, 2000 and 2006.
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Figure 14: Variation in the area of the different land types around Lake Naivasha.
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Figure 15: Comparing annual average lake levels with (A) rainfall observed at the Naivasha
station and (B) flower exports. (C) Comparing annual average rainfall of the Naivasha sta-
tion and flower exports. The solid lines are fitted linear trends, along with the correlation
coefficients.
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