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Key Points:

A significant positive change point of annual precipitation has been detected for the
lake Nakuru catchment, Kenya, in 2010.

+ Rising water levels can be attributed to an increase in precipitation, especially in
April and September.

e The precipitation regime changes are associated with a southward shift in Indian
Ocean moisture sources and rising sea surface temperatures.
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Abstract

The Kenyan Rift Valley has experienced an abrupt and significant rise in its lake levels
since 2010, followed by a more rapid rise since 2020. This paper examines the dynamic
changes in precipitation patterns and their climatic drivers in the Kenyan Rift Valley region
from 1981 to 2021, focusing on Lake Nakuru. Notably, in 2010, a pivotal change point
in precipitation aligns with the rising water levels of Lake Nakuru. Using an atmospheric
moisture tracking model, our study reveals that this transformation is associated with a
southward shift in moisture sources. More moisture is now coming from the southern Indian
Ocean, where substantial increases in sea surface temperatures and evaporation are observed.
These findings highlight t he complex interplay between climatic drivers, changing moisture
sources, and lake Nakuru’s water levels.

Plain language summary

This research paper explores the reasons behind the recent flooding of the shores of Lake
Nakuru in Kenya, which displaced thousands of people. The study investigates whether
the lake’s rising water levels are primarily caused by changes in the climate and increased
rainfall. Data is used from various sources, including weather stations, lake measurements,
and climate data. Since 2010, a significant increase in rainfall was found in the Lake Nakuru
catchment area, especially in the months of April and September. This increase in rainfall
was the main cause of the lake’s expansion. Our model tracked raindrops backwards in time
as moisture to its origin from where the water evaporated. In recent years, there has been
a shift in moisture sources, with more moisture coming from the land and the coastal sea.
This change is linked to rising sea surface temperatures in the Indian Ocean. These findings
emphasize the significant r ole o f ¢ limate c hange i n s haping t he h ydrology o f 1 ake Nakuru
region as part of the Kenyan Rift Valley and its impact on the lake’s water levels.

1 Introduction

The hydro-meteorological system of Eastern African, and more specifically the Kenyan
Rift Valley, is quite complex and dynamic. Changes in the hydrology of the lakes (Dyer
& Washington, 2021; Gichuru & Waithaka, 2016) and the impact of climate change (Black
et al., 2003; Black, 2005) have become indisputable in recent decades. Interestingly, and
unfortunately, lakes in the Kenyan Rift Valley region, from the south to the north of Kenya,
have been experiencing an increase in their water levels resulting in severe flooding. There
is an abrupt change in lake behavior with a steady rise throughout the 2010s (Herrnegger
et al., 2021).

Precipitation in Eastern Africa and Kenya is highly variable and seasonal. Four sea-
sons can be distinguished, namely, the dry season (JF), the long rainy season (MAM), the
continental rainy season (JJAS), and the short rainy season (OND) (Dyer & Washington,
2021; Yang et al., 2015). Inter-annual variations are common and an average increase in
precipitation has been observed since 2010 (Dyer & Washington, 2021; Gichuru & Waithaka,
2016; Herrnegger et al., 2021; Kimaru et al., 2019). Herrnegger et al. (2021) explore the
relationship between precipitation and lake characteristics on a annual basis for all lakes
in the Rift Valley and found a relationship between rainfall surplus and deficits with lake
surface area fluctuations.

The origin of East African precipitation is highly dynamic and dictated by numerous
climatic influences. This geographic area receives moisture from three major air systems, the
northeastern monsoon system and the southeastern monsoon system from the Indian Ocean,
and South Westerly humid air from the Congo basin (Balagizi et al., 2018). The seasonality
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of precipitation is governed by the interchange between the two monsoon systems. The
relative and locational shift in moisture source evaporation that contributes to precipitation
to the lake Nakuru catchment, hereafter named evaporative contribution, is unknown.

The objective of this research is to gain insights into changes in moisture sources and
their evaporative contribution as possible cause for the rising water levels in lake Nakuru.
We do so by using a widely used atmospheric moisture tracking method WAM?2layers (Carr
& Ummenhofer, 2023; Guo et al., 2019; Benedict et al., 2020; Liu et al., 2021; Duerinck et
al., 2016; R. J. Van der Ent & Savenije, 2013; Keys et al., 2022), which allows us to identify
changes and variability in precipitation and its origin. These interrelations could provide
insights into the impact on future precipitation regime changes.

2 Materials and methods
2.1 Site description

Kenya is situated in East Africa and is characterized by two rainy seasons and has a
mean annual precipitation of 703 mm (The World Bank Group, 2021). Precipitation in
Kenya originates from the Indian Ocean, as low-level mean winds from southeastern direc-
tion move over Kenya between June and August, and shift direction to a more northeasterly
wind between December and February, subject to the Inter Tropical Convergence Zone
(ITCZ) (Levin et al., 2009). The ITCZ separates northerly and southerly air flows, whereas
the Congo Air Boundary separates westerly flow from easterly low-level flows. The inter-
play between the two boundaries determines the meteorological situation in Kenya. As a
result, precipitation throughout the year experiences different contributing regions as wind
patterns and SST gradients shift with the ITCZ.

In addition to these meteorological influences, the topography of Kenya is a key de-
terminant of its complex meteorological system. High altitude plateaus between 1000 and
2000 m are interspersed by mountains of over 4000m, causing unique weather patterns for
different areas. The Rift Valley runs from the South of Kenya to the North and has a com-
plex topography ranging from 3700 m in the south, to 300 m in the north. The complexity
is important for the dynamic precipitation regimes in the Kenyan Rift Valley. One of many
lakes in the Rift Valley is lake Nakuru, the region of interest for this research.

The lake Nakuru catchment is visualized in Figure 1. It is a salt water lake and
situated at 1760 m above sea level with a catchment area of about 1600 km? lying in a
closed hydrological basin along the southeastern escarpment of the Kenyan Rift Valley. It
experiences a mean precipitation of 892 mm/year (see Figure 2a). Lake Nakuru has a
surface area between 30 and 60 km? and varying depth between 0.5 and 8 m (Schwatke et
al., 2019; Iradukunda et al., 2020). Due to its shallowness, the lake is sensitive to climatic
variations as it has little buffer capacity to withstand inter- and intra-seasonal variability
and experiences high evaporation rates. During the drought years of 1993 and 1996 this
resulted in the lake almost drying out, while during wet years like 1997 and 2019 the lake
has experienced major flooding (ilec, 2005; Kimaru et al., 2019; Odada, 2001).

2.2 Materials

The Kenya Meteorological Department (KMD) provided precipitation data of fourteen
weather stations, from 1981 to 2021, divided over the catchment area (Figure 1) (KMD,
2022). The data provided by KMD did not reveal any data gaps, indicating the KMD
processed their data before sharing. Figure 1 visualizes the catchment area with weather
station locations.

The Thiessen polygon method was applied to determine the catchment average precip-
itation and lake precipitation (Schumann, 1998). Lake precipitation was defined by weather
stations 6, 7, 10, and 11, considering contributing area. A more sophisticated method would
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Figure 1. Representation of the Lake Nakuru catchment in Kenya (Latitude: 0.357 S, Longitude:

36.092 E), illustrating the location of the lake boundaries in December 2020 (maximum) and January

2010 (minimum), along with the location of 14 precipitation stations (Pts).

not have a large impact on outcome of this research since only monthly and annual precip-
itation are used. Detailed information on the weather station locations and Thiessen area
weight can be found in Table S1.

The datasets used to derive lake behavior are the Database for Hydrological Time
Series of Inland Waters (DAHITI) (Schwatke et al., 2019), and a bathymetry study with
echo-sounding technology performed by Jomo Kenyatta University of Agriculture and Tech-
nology (JKUAT) (Iradukunda et al., 2020). The minimum and maximum surface area
contours, around January 2010 and December 2020 respectively, are shown in Figure 1.
The bathymetry study reveals a certain relation between lake surface area and volume. By
combining this with the DAHITI time series it is possible to construct a time series for the
lake volume as well.

The moisture tracking model WAM2layers was forced with ERA5 hourly data (ERAS5,
2017; Hersbach, 2023). We used the following input variables: total precipitation, evapo-
ration, surface pressure, total column of water, specific humidity, and u and v component
of wind. We downloaded the data on the domain 40° S to 40° N, 0°to 100° E between 1981
and 2021 . The model level data comprises 22 model levels and a grid size of 0.5° x 0.5°.

Sea surface temperature (SST) is used in this research to assess the impact on different
moisture sources. The European Center for Medium-Range Weather Forecasts provides the
Ocean Reanalysis System 5 (Copernicus, 2021). It combines model data with observations
globally covering 1979 to present at a resolution of 0.25° x 0.25°.
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2.3 Lake characteristics and precipitation regime

Here, we validate the change point in precipitation regime, that was found in 2010 by
earlier studies (Herrnegger et al., 2021). The detection method for validating change points
we us is the Ruptures package introduced by Truong et al. (2020). The algorithm takes
a time series signal as input, where the goal is to find t he o ptimal s egmentation. It uses
a built-in cost function. The cost function represents the criterion used to measure the
quality of a segmentation or breakpoint. We used the L2 cost function, also known as the
squared error cost function. The minimum size of the segment is set to 10 years under the
assumption that only 1 breakpoint is present in the data. A recursive algorithm finds the
optimal segmentation. The algorithm calculates the minimum cost for all possible segments
up to that time. The algorithm backtracks to recover the years of the point of change once
the optimal segmentation is found.

The relation between different variablesis tested by t he Pearson correlation at signif-
icance p < 0.05. To test if a change point is significant t he M ann-Whitney U (MW) test
(McKnight & Najab, 2010) at significance p < 0.05isu sed. T he M W t est, a lso known
as the Wilcoxon rank-sum test, does not assume a normal distribution and is suitable for
smaller data sets. It also assumes two sub-samples were extracted from a larger sample of
the same population. If the segmentation is proven significant, t he first year after the year
of change is called a change point. Liang et al. (2011) applied the method to find jumps in
precipitation time series in the northeast of China and Keim and Muller (1992) investigated
whether local heavy rainfall regimes had changed through the analysis of annual maximum
storm series.

2.4 Moisture tracking and climatic drivers

We used the WAM2layers offline Eulerian moisture tracking model to track precipitation
10 days backward in time (R. Van der Ent et al., 2022). Precipitation is considered in the
region 0.7°S to 0.2° S and 35.7° E to 36.3° S, representing the Lake Nakuru catchment. The
model solves the water balance equation (Findell et al., 2019) for an upper and lower layer.
Here, the water balance for tagged water in the lower layer is given by:

g, 5 >
85 lower + (Sg lowcru) + a(Sg lowcrv)
ot or dy

=Ey—Pytl,, [LST_I] (1)

With atmospheric water storage (S) computed from specific humidity and total column
water data, tagged water (g), time (t), wind components (u and v), surface precipitation
(P), surface evaporation (E), and vertical exchange (F). Vertical exchange captures mois-
ture exchanges due to vertical wind, rainfall and rainfall re-evaporation in the atmosphere,
convection, and turbulence (Van der Ent et al., 2014). A similar equation applies to the
upper layer.

A distinction was made between continental and oceanic evaporative contribution to
the precipitation in the catchment. The oceanic contribution was divided into ocean regions
that are relevant to the time of year and moisture trajectory. In defining the ocean regions,
distinctions were made between the coastal moisture sources, off the coast evaporation in
the western Indian ocean, and evaporation further east in the Indian Ocean contributing
to precipitation in the catchment. In this way, it is possible to identify the evaporative
contribution of oceanic regions and examine possible changes. We confine our study to
investigating which moisture source changes occurred in the months of April and September,
which were the two months with the largest changes.
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Figure 2. (a) Precipitation time series for the Lake Nakuru Catchment including lake surface

area and volume. The change point is observed at 2010 for 9 out of 14 weather stations, lake

precipitation and catchment precipitation. Table S2 supports the change point and significance.
(b) Baseline climatology of catchment precipitation, established by averaging precipitation for each
month and distinguish the time periods 1981 to 2009 and 2010 to 2021. Table S3 lists the monthly

mean catchment precipitation including change point analysis.

3 Results
3.1 Lake and precipitation interaction

Figure 2a shows that both catchment precipitation and lake precipitation experienced a
significant change point in 2010 as they increase 18 % and 25 %, from 849 to 1005 mm/year,
and from 871 to 1091 mm/year, respectively. For individual weather stations this was true
for nine out of fourteen stations (see Figure 1). The surface area and volume of the lake
indicate an abrupt change in its time-series at 2010, suggesting a relation with the change
point in precipitation.

January shows a decrease in precipitation while September exhibits the largest change
(Figure 2b). The months April and September are responsible for 46 % of the total increase
in annual catchment precipitation and exhibit an increase in precipitation of 27 % (434
mm/month) and 64 % (+38 mm/month) after the change point. Prior to 2010, September
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had one of the lowest precipitation amounts, whereas in the recent period it experienced
the third-highest. Notably, a change point in catchment precipitation is observed for the
months September and October (see Table S3).

April, May, and September experience the highest precipitation per month after the
change point year 2010 and also have the highest lake volume growth per month (Figure
2b). Three months, February, March, and October, experience on average a decline in lake
volume.

Regarding monthly precipitation and lake volume change, a high positive correlation
of 0.82 (p=0.00) is found in April, while a correlation of 0.26 (p=0.39) is observed in May.
September precipitation demonstrates a correlation of 0.53 (p=0.06) (Table S4). April and
September were investigated further as they have increased the most in absolute and rela-
tive terms regarding precipitation. These months also experienced the largest lake volume
increases.

3.2 Shifts in evaporative contribution
3.2.1 April

Figure 3 shows the moisture source shift for April and September comparing prior
and post 2010. In the month of April, continental evaporation contributes about 22 % (29
mm/month) on average to the total precipitation in the catchment before 2010 whereas
after 2010 this is 24 % (46 mm/month). This is an increase of 56 % (17 mm/month) on
average per year, while April precipitation in general only increased 27 %. This change in
relative continental evaporative contribution is not marked as a change point. The Pearson
correlation of precipitation to relative continental evaporative contribution intensified after
the change point from 0.52 (p=0.004) to 0.78 (p=0.003) post change point. Figure S1
visualizes the overall moisture source for April.

Prior to 2010 the mean oceanic moisture contribution for April is 63 % (77 mm/month)
and 64 % (93 mm/month) after 2010. This comes down to a mean absolute increase of
21% (16 mm/month). Notably, continental evaporative contribution extends more inland
as the oceanic evaporation contribution intensifies along the coast between Madagascar and
Mozambique, as well as a shift in evaporative contribution to the south to the East of
Madagascar (see Figure S2). Regarding the center of mass, a shift is observed to the coast
and to the south (see Figure 3).

April evaporative contribution is distributed over the full Indian Ocean extending to the
East of India (see Figure S1). The defined oceanic regions are listed in Table 1 and visualized
in Figure S3. Three coastal regions and three oceanic regions are defined. Oceanic region 2,
5 and 6, are the most significant when it comes to evaporative contribution. After 2010, the
relative contribution of oceanic regions 1, 2, 4, and 5 to oceanic evaporation has decreased,
while the contribution of regions 3 and 6 has increased from 6 % to 9% and 18 % to 21 %
respectively. This indicates that the importance of regions near and north of the equator
have reduced in evaporative contribution, while regions south of the equator have become
more significant. Despite an overall increase in precipitation in April of 23 %, regions 1, 4,
and 5 have decreased in absolute terms. Meanwhile, sea regions 2, 3, and 6 have experienced
an absolute increase.

To gain further insight into the dynamics of wet and dry April months, three extreme
low and high precipitation months were investigated for their moisture sources. The three
driest years include 1996, 2011, and 2021, with 44 mm/month of precipitation on average.
The three wettest April include 1988, 2018 and 2020, with 297 mm /month of precipitation on
average (see Table 1). While the increment in precipitation average is 575 %, the increment
in the absolute continental evaporative contribution is over 1250 %. On average the three
driest years have continental contributions of 16 % (7 mm/month) opposed to 31% (95
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Figure 3. Difference of the mean SST for the months April (a, b) and September (c, d) both
spatially (a, c) and longitudinal averaged decadal SST anomaly with respect to the baseline 1981 to
1989. Figure a and ¢ present the 50 % of tracked moisture contour lines (averaged) and the center
of mass (individual years) of the moisture sources of each year over the same time period. [9.5/12

publication units]

mm/month) in the three wettest years. In the driest and wettest months, the relative
contribution of sea region 6 increased massively from 19% to 22 %. All other regions have
decreased in relative contribution.

3.2.2 September

Before 2010, in the month of September 28 % (17 mm/month) of the precipitation can
be attributed to continental evaporation. Continental evaporative contribution increased to
30% (29 mm/month) on average per month after 2010. This represents a 12 mm/month
increase or a 67 % relative increase. This change in relative continental evaporative con-
tribution is not marked as a change point. The correlation of precipitation to relative
continental evaporative contribution reduced after the change point from 0.65 (p=0.000) to



Table 1. Absolute and relative contribution prior and post 2010, as well as the three driest
and three wettest months of April and September. Percentages are with respect to total KMD
precipitation in the catchment. The ’other’ category represents evaporative contributions outside
the analyzed domain. A visualization of the oceanic regions is provided in Figure S5

Source region 1981 — 2009 2010 — 2021 Driest Wettest
April (1996, 2011, 2021) (1988, 2018, 2020)

Oceanic evaporative
contribution

1. Coastal north [%)] 4.3 24 5.2 24
1. Coastal north [mm/month)] 4.7 3.7 2.1 7.1
2. Coastal equatorial [%] 16.8 16.2 19.7 14.2
2. Coastal equatorial [mm/month] 20.1 23.0 8.6 43.6
3. Coastal south [%)] 6.1 8.9 8.2 3.7
3. Coastal south [mm/month] 74 13.1 3.4 11.1
4. Oceanic north [%)] 5.3 3.5 3.5 3.2
4. Oceanic north [mm/month] 6.0 5.6 1.6 9.1
5. Oceanic equatorial [%)] 13.0 11.9 14.9 11.7
5. Oceanic equatorial [mm/month] 16.7 16.1 6.9 33.5
6. Oceanic south [%)] 18.0 20.8 18.6 21.8
6. Oceanic south [mm/month] 22.5 31.6 8.1 69.7

Continental evaporative .

contribution %] 21.9 24.0 16.4 30.6

Continental evaporative .

contribution [mm/month]| 204 459 Tl 947

Other [%] 14.6 12.3 13.2 12

Other [mm/month] 18.8 19.3 5.9 28.2

September (1997, 2002, 2006) (2013, 2017, 2021)

Oceanic evaporative

contribution
1. Coastal equatorial [%] 9.8 8.9 9.5 9.1
1. Coastal equatorial [mm)] 5.6 8.7 2.2 12.8
2. Coastal south [%] 4.4 4.9 4.1 5.1
2. Coastal south [mm/month] 2.6 4.9 1.0 7.1
3. Oceanic north Madagascar [%)] 12.0 10.6 13.8 10.6
3. Oceanic north Madagascar [mm/month] 6.7 10.3 3.0 14.9
4. Oceanic east Madagascar [%)] 30.7 28.0 36.8 28.8
4. Oceanic east Madagascar [mm/month] 17.5 27.6 8.1 40.9
5. Oceanic far east [%)] 13.1 8.7 16.1 11.6
5. Oceanic far east [mm/month] 7.1 8.8 3.4 16.6

(,ontl.nent_al ez’aporatlve 276 29.8 174 28.4

contribution [%)]

Continental evaporative )

contribution [mm/month]| 174 291 41 405

Other [%] 3.6 93 25 6.7

Other [mm/month] 2.1 7.9 0.5 9.2
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0.48 (p=0.12). Oceanic evaporation contributes to 70 % (40 mm/month) prior to 2010 and
61 % (60 mm/month) post 2010, representing a 20 mm,/month difference and 50 % increase.
Figure S4 visualizes the overall moisture source for September.

Continental evaporation became more intense around the West of the catchment region
and there is a high concentration of evaporative contribution around the catchment that con-
tributes to the precipitation. Regarding oceanic moisture, intensification is o bserved along
the coast between Madagascar and Mozambique. An extension of evaporative contribution
is observed towards the South and East in the Indian Ocean (see Figure S5).

For September five regions can be distinguished as oceanic moisture sources, as listed in
Table 1 and visualized in Figure S3. It becomes evident that the oceanic region 4 evaporative
contribution is highest with 31 % before 2010 and 28 % after. After 2010, the distribution
has slightly shifted, with, most notably, the reduction in percentage contribution of region
5 from 13% to 9% and the increase of oceanic region 2 from 4% to 5%. As September
precipitation generally increases after the change point, the evaporative contribution for all
sea regions increases as well. The absolute increase is most profound in sea region 4 from
18 mm/month to 28 mm/month representing a 56 % increase.

The three lowest and highest precipitation months for September are investigated as
well for their moisture sources and evaporative contribution. The three driest years include
1997, 2002, and 2006, with 22 mm/month on average. The three wettest September months
include 2013, 2017 and 2021, with 142 mm/month on average (see Table 1). The precip-
itation increment is 545 % while continental evaporative contribution represents a 890 %
increment. The three driest years have an continental evaporative contribution of 17 % (4
mm/month) opposed to 28 % (41 mm/month) in the three wettest years. All regions, except
for region 2, show a decrease in their relative contribution.

3.3 Sea surface temperature

SST is an important metric for the rate of evaporation from the sea surface. The
spatial plots in Figure 3 reveal a more positive SST anomaly in the southern Indian Ocean
compared to the northern Indian Ocean. When we compare the areas for which 50 % of
the evaporated moisture has been tracked, we notice that the location of the evaporative
contribution has shifted towards the area where SST have increased most. This concerns
especially the region between Mozambique and Madagascar, and east of Madagascar.

The decadal SST anomaly reveals that SST has mainly risen in two most recent decades.
Between 1989 and 1999, April SST remained stable below the equator, while increasing
0.2°C above the equator. SST below the equator declined by 0.1°C to 0.3°C for the month
September. Regarding 2000 to 2009, SST has increased mainly at 30°S with up to 0.35°C
for the month April and an increasing SST from the equator towards the north between 0°C
and 0.4°C. The moisture source for September precipitation does not reach North of the
equator. South of the equator SST increased between 0.1°C and 0.2°C. The main increase
in SST happened in the most recent decade from 2010 to 2021 where SST in April reached
0.2°C to 0.4°C warming. The positive SST anomaly for September shifts over 0.4°C from
30°S to 20° S of over 0.4°C. The main increase in SST for both months happened between
10° S and 30°S. For the April and September precipitation to ocean region SST Pearson
correlation see Table S5 to S6.

4 Discussion

The precipitation regime after 2010 shows distinct behavior as it shows a uni-modal
rather than the bi-modal annual precipitation cycle before 2010. The long rainy season from
March to May is very strong, whereas the short rains season from October to December does
not show a second major jump. The change point in 2010 indicates a change in precipitation
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regime for the catchment with April and September precipitation surging the most. Cook
and Vizy (2013) suggested that as a result of climate change the short rains season could
be lengthened. The increase in September to third highest precipitation month, preceding
the actual short rainy season, corroborates this.

The catchment represents a higher than expected relative continental evaporative con-
tribution. Keys et al. (2022) found that on average 85% of Kenya’s annual precipitation
consists of moisture from oceanic evaporation and 15 % from continental evaporation. This
study found that continental evaporation can have a significantly 1 arger c ontribution of
about 29% in the month of April and 32% for September precipitation. Extremes are
found with continental contributions of over 40 %.

In case of a warming world, Findell et al. (2019) found that the ratio between oceanic
and continental evaporation would become larger, making oceanic evaporation more im-
portant for land precipitation in general. We found that continental evaporation became
relatively more important compared to oceanic evaporation. This could be explained by the
absolute increase in evaporative contribution from the ocean. As a result, more water is
available for continental evaporation.

Regarding SST, the main focus was on the trend rather than a change point. No change
points were found, but an increasing SST trend has been observed. This is in line with several
studies suggesting a future warming of the Indian Ocean (Sharma et al., 2023; Roxy et al.,
2020), a possible increase in extreme precipitation over Kenya (Endris et al., 2019), and
the relation between Indian Ocean temperatures and East African rainfall (Ummenhofer et
al., 2009). Given the results of this study, it is likely that as a result of changing SST, the
resulting moisture source shift to a warmer parts of the Indian Ocean and the implication
on precipitation, lake Nakuru water levels could potentially experience more lake water level
rise phenomena in the future.

This method of investigating precipitation variability and evaporative contributions
of the moisture sources produces interesting insights into the changing climatology of the
catchment and could be applied to more catchments in the Rift Valley to investigate possible
similarities and differences. T he s tudy e mployed a n ovel m ethod t o i nvestigate changes
in the precipitation regimes on a small scale by combining moisture source, evaporative
contribution, and SST. It would be stimulating to investigate other climate entities like
wind patterns, ocean flow, and E1 Nino.

5 Conclusions

The objective of this research was to gain insights into the main drivers responsible
for the rising water levels of Lake Nakuru. Specifically, t he aim w as t ot est t he premise
that increased precipitation in the catchment was caused by a change in moisture source,
especially the evaporative contribution and sea surface temperature as climatic drivers. We
have investigated the spatial and temporal variability of precipitation in the lake Nakuru
catchment by validating change points and relating this variability to lake levels. The
origin and underlying causes for this variability in precipitation were evaluated by applying
moisture tracking with the WAM2layers model to identify moisture sources and changes in
evaporative contributions.

Change points in precipitation were confirmed in catchment and lake precipitation for
the majority of weather stations in 2010. Notably, this change point coincides with the rise
in lake volume from 2010 onward (see Figure 2). Catchment precipitation has increased
with about 19 % while several weather stations show more precipitation of up to 48 %. The
months of April and September together contribute 46 % of the total annual increase in
precipitation over the catchment, which is further substantiated by the change point in
September precipitation.
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345 Moisture tracking revealed that over time, the western Indian Ocean region East of

346 Madagascar became an increasingly important moisture source for precipitation in both
47 April and September (see Figure 3). This was tied to a more than average SST increase
348 in this specific r egion. We also found t hat m oisture w as p roduced m ore 1 ocally a fter the

349 change point with also an increased continental evaporation contribution.

350 In conclusion, the results of this study strongly suggest that the rise of water levels
351 of Lake Nakuru and associated floodingislikely tob e a ttributed t o i ncreased precipita-

352 tion, especially in April and September. Utilizing an atmospheric moisture tracking model,

353 our study revealed that this transformation in precipitation regime is associated with a
354 southward shift in moisture sources. More moisture is now coming from the southern In-

355 dian Ocean, where substantial increases in sea surface temperatures and evaporation are
356 observed.

357 Open Research Section

358 Kenya Meteorological Department precipitation data can be requested through https://
359 meteo.go.ke/resources/data-request. Time series of lake characteristics can be ob-

360 tained through https://dahiti.dgfi.tum.de/en/13220/surface-area/. The code for
361 WAM2layers moisture tracking model is provided at https://github.com/WAM2layers/
362 WAM2layers. ERAS reanalysis data on hourly basis can be downloaded from https://cds

363 .climate.copernicus.eu/cdsapp#!/dataset/reanalysis-erab-single-levels?tab=overview.
364 Sea surface temperature data can be retrieved via https://cds.climate.copernicus.eu/

365 cdsapp#!/dataset/reanalysis-orasb7tab=overview.
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The research relies on precipitation data from the Kenya Meteorological Department
(KMD) collected between 1981 and 2021. The data cover fourteen weather stations sit-
uated across the catchment area, and there are no apparent gaps in the data. The data
is processed with the Thiessen polygon method to extract mean catchment precipitation.
Two datasets are used to understand lake behavior: the Database for Hydrological Time
Series of Inland Waters (DAHITI) and a bathymetry study conducted by Jomo Kenyatta
University of Agriculture and Technology (JKUAT). DAHITI provides surface area time
series data, while the bathymetry study informs the relationship between lake volume
and surface area. The two data sets are combined to obtain the volume time series of
the lake. The research employs the WAM?2layers moisture tracking model, which requires
input data on surface and model-level variables. ERA5 hourly data, covering a specific
geographical domain and time period, is used for this purpose. Sea surface temperature
data from the European Center for Medium-Range Weather Forecasts are utilized to as-
sess the influence of different moisture sources. These data cover a global range and is

extracted for 1981 to 2021.



X-3

Table S1. Fourteen weather stations from the Kenya Meteorological Department from 1981

to 2021. The area weight is determined with the Thiessen polygon method in QGIS.

Station Latitude [S] Longitude [E] Elevation [m amsl] Mean rainfall [mm/year] Area weight [%)]

Pts2 -0.4433 35.8903 2600 1123 5.2
Pts3 -0.3616 35.9595 2166 987 7.2
Pts4 -0.4521 35.9584 2380 979 6.1
Ptsb -0.5569 35.9432 2756 1050 8.3
Pts6 -0.3032 36.0432 1817 905 8.6
Pts7 -0.4002 36.0436 1951 915 7.3
Pts8 -0.5017 36.0482 2022 815 8.5
Pts9 -0.6143 36.0497 2564 810 11.3
Pts10 -0.2811 36.1231 1860 901 12.0
Pts11 -0.3991 36.1489 1845 1004 6.5
Pts12 -0.5172 36.1505 1838 719 7.9
Pts13 -0.6374 36.1596 2305 845 6.0
Pts14 -0.6253 36.2014 2352 912 2.7
Pts15 -0.4102 36.1805 1893 835 2.3

Table S2. Change point detection results for weather stations 2 to 15, lake precipitation,
and catchment precipitation. Eight out of fourteen weather stations experience a significant
change point at 2010. Lake precipitation experiences a significant change point at 2010, however

for the catchment precipitation average precipitation does not reach below 0.05 significance level.

Time series Elevation [m] P_pre2010 mm] P_post2010 [mm]| Change [mm| Change [%] Change Point Significance
Pts2 2600 1040.21 1322.67 282.46 27.15% 2010 0.0007
Pts3 2166 916.82 1157.42 240.6 26.24% 2010 0.0040
Pts4 2380 925.79 1106.96 181.17 19.57% - 0.0882
Ptsb 2756 1011.53 1142.85 131.32 12.98% - 0.1479
Pts6 1817 855.01 1024.64 169.63 19.84% 2010 0.0195
Pts7 1951 869.65 1024.82 155.17 17.84% - 0.0605
Pts8 2022 816.97 811.48 -5.49 -0.67% - 0.5191
Pts9 2564 813.22 802.75 -10.47 -1.29% - 0.4307
Pts10 1860 850.42 1021.58 171.16 20.13% 2010 0.0211
Pts11 1845 895.9 1266.31 370.41 41.35% 2010 0.0000
Pts12 1838 680.91 811.63 130.72 19.20% 2010 0.0122
Pts13 2305 786.5 985.07 198.57 25.25% 2010 0.0048
Pts14 2352 800.04 1182.03 381.99 47.75% 2010 0.0000
Pts15 1893 773.08 986.56 213.48 27.61% 2010 0.0008

Lake_Precipitation 1868 871.26 1090.65 219.39 25.18% 2010 0.0068

Catchment_Precipitation 2168 849.11 1005.05 145.51 18.37% 2010 0.0434



Table S3. Change point detection results for monthly mean catchment precipitation. Septem-

ber and October experience a significant change point at 2010.

Time series P_pre2010 P_post2010 Change [mm] Change [%] Percent of total change (%) Change Point Significance

Jan 36.27 28.67 -7.60 -20.96% -5.22% 0.4307
Feb 30.97 30.48 -0.49 -1.59% -0.34% - 1

Mar 65.90 74.65 8.75 13.28% 6.02% - 0.7635
Apr 125.47 159.13 33.66 26.83% 23.13% - 0.3667
May 94.50 117.57 23.07 24.41% 15.85% - 0.1400
Jun 71.53 77.85 6.31 8.82% 4.34% - 0.6569
Jul 72.44 86.28 13.84 19.11% 9.51% - 0.2343
Aug 91.77 93.60 1.83 2.00% 1.26% - 0.57633
Sep 58.65 96.46 37.81 64.46% 25.98% 2010 0.0036
Oct 66.67 87.81 21.14 31.71% 14.53% 2010 0.0328
Nov 82.34 84.02 1.68 2.04% 1.15% - 0.9657
Dec 52.61 68.56 15.96 30.33% 10.96% - 0.4476

Table S4.  Monthly precipitation and total monthly volume change accompanied by their

Pearson correlation for the years 2009 to 2021.

Precipitation Accumulated contribution

Month fmm /month] to the total volume [km’] Pearson correlation [-] p-value [-]
Jan 27 0.004 0.24 0.42
Feb 29 -0.024 0.67 0.01
Mar 70 -0.012 0.48 0.09
Apr 152 0.062 0.82 0.00
May 118 0.062 0.26 0.39
Jun 74 0.033 0.63 0.02
Jul 81 0.034 0.13 0.67
Aug 89 0.045 0.48 0.09
Sep 92 0.053 0.53 0.06
Oct 85 -0.010 -0.03 0.92
Nov 81 0.022 0.65 0.02

Dec 73 0.030 0.41 0.17



Table S5.

Correlation of April SST from regions with April precipitation over a one year,

three year, six year, and nine year mean

. Correlation  Prior 2010 Post 2010  Correlation Prior 2010 Post 2010  Correlation  Prior 2010 Post 2010 Correlation Prior 2010 Post 2010
Region . P o . ) N
1 year 1 year 1 year 3 year 3 year 3 year 6 year 6 year 6 year 9 year 9 year 9 year

1 0.19 0.26 -0.08 0.10 -0.05 -0.09 0.02 -0.33  0.72 (p=0.01) -0.19 -0.59 (p=0.00) 0.42

2 -0.06 -0.02 -0.42 0.03 -0.06 -0.00 0.15 -0.01  0.66 (p=0.02) -0.04 -0.23 0.34

3 0.21 0.17 0.15  0.38 (p=0.02) 0.21 0.39 033 (p=0.05) -0.15  0.88 (p=0.00) 0.30 -0.31 0.88 (p=0.00)
4 0.32 (p=0.04) 0.34 0.15 0.22 0.07 -0.04 0.17 -0.41  0.93 (p=0.00) 0.01 -0.63 (p=0.00) 0.76 (p=0.00)
5 -0.05 -0.01 -0.56 0.20 -0.19 -0.00 0.28 -0.27  0.86 (p=0.00) 0.21 -0.38 0.84 (p=0.00)
6 0.22 0.16 015 0.35 (p=0.03)  0.25 0.18 042 (p=0.01) -0.11  0.89 (p=0.00) 0.35 (p=0.05) 02 0.87 (p=0.00)
All 0.18 0.21 -0.10 0.26 0.05 0.10 0.26 -0.25 0.90 0.11 -0.47 0.82
Table S6. Correlation of September SST from regions with September precipitation over a

one year, three year, six year, and nine year rolling mean period

. Correlation  Prior 2010 Post 2010 Correlation  Prior 2010 Post 2010 Correlation  Prior 2010 Post 2010 Correlation Prior 2010 Post 2010
Region . N
1 year 1 year 1 year 3 year 3 year 3 year 6 year 6 year 6 year 9 year 9 year 9 year

1 0.11 -0.15 -0.12 0.60 (p=0.00) 0.09 0.61 (p=0.04) 0.65 (p=0.00)  -0.32 0.21 0.71 (p=0.00) -0.51 (p=0.02) 0.65 (p=0.02)
2 -0.04 -0.04  -0.72 (p=0.01) 0.19 -0.20 -0.44 0.38 (p=0.02)  -0.38 -0.02 0.49 (p=0.00) -0.57 (p=0.01) 0.21

3 0.15 -0.08 0.02 0.57 (p=0.00) 0.18 0.16 0.63 (p=0.00)  -0.30 -0.41 0.70 (p=0.00) -0.42 0.34

4 0.17 -0.13 -0.20 0.60 (p=0.00) 0.06 0.05 0.73 (p=0.00)  -0.14 0.54 0.81 (p=0.00) -0.16 0.87 (p=0.00)
5 0.37 (p=0.02)  -0.00 -0.12 0.67 (p=0.00) 0.05 -0.11 0.83 (p=0.00)  -0.05  0.78 (p=0.00) 0.88 (p=0.00) -0.12 0.90 (p=0.00)
All 0.18 -0.11 -0.33 0.60 (p=0.00) 0.04 0.04 0.70 (p=0.00)  -0.27 0.47 0.76 (p=0.00) -0.40 0.87 (p=0.00)
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Figure S1. Moisture source for the month of April on average between 1981 and 2021
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Figure S2. April evaporative contribution difference between 1981 to 2009 and 2010 to 2021
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Figure S3.
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ure source for the month of September on average between 1981 and 2021
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Figure S5. September evaporative contribution difference between 1981 to 2009 and 2010 to

2021
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