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Abstract: This paper presents an analysis of future precipitation patterns over the Lake Victoria
Basin using bias-corrected CMIP6 model projections. A mean increase of about 5% in mean annual
(ANN) and seasonal [March-May (MAM), June-August (JJA), and October-December (OND)] pre-
cipitation climatology is expected over the domain by mid-century (2040-2069). The changes inten-
sify towards the end of the century (2070-2099) with an increase in mean precipitation of about 16%
(ANN), 10% (MAM), and 18% (OND) expected, relative to the 1985-2014 baseline period. Addition-
ally, the mean daily precipitation intensity (SDII), the maximum 5-day precipitation values
(RX5Day), and the heavy precipitation events, represented by the width of the right tail distribution
of precipitation (99p-90p) show an increase of 16%, 29%, and 47%, respectively, by the end of the
century. The projected changes have a substantial implication for the region - which is already ex-
periencing conflicts over water and water-related resources.
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1. Introduction

During late 2019 and early 2020, unprecedented high lake water-levels were observed
in Lake Victoria, resulting in massive flooding in the lake-adjacent areas'. The high-water-
levels re-ignited the scientific debate on the impacts of a changing climate on Lake Victo-
ria’s water budget. Indeed, the impacts of a changing climate in East Africa?? on the bio-
diversity of the Lake Victoria Basin (LVB) are already being observed at multiple biologi-
cal levels ranging from genes to biomes. Some of these impacts include enhanced spatio-
temporal precipitation variability, a reduction in biodiversity (including fish), periodical
lake water-level and quality fluctuations, and dwindling crop yields and emergence of
crop diseases in the lake-adjacent farming areas*®. Given that the lake’s fishes, and biodi-
versity in general, are significantly sensitive and vulnerable to climate change, adequate
monitoring and appropriate conservation action are required to minimize the impacts of
climate change on the lake’s biodiversity.

Some work has been done towards understanding precipitation patterns and associ-
ated water-level fluctuations over Lake Victoria and its basin. For instance, the lake is no-
torious with intense lightning and convective storms® and its severe weather and water
currents have been linked to boat accidents causing approximately 5000 deaths on the lake
annually?”8. However, the understanding of weather and climate dynamics in the LVB re-
mains limited due to, in part, the inability of current climate models to adequately resolve
weather and climate dynamics over Lake Victoria®'l. This paper complements earlier
works by using bias-corrected model data from the sixth phase of the Coupled Model
Intercomparison Project (CMIP6)'? to generate the most realistic estimates of future pre-
cipitation patterns over the study domain.

2. Results
2.1. Validation of CMIP6 historical simulations over LVB
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A plot of precipitation climatology over the study domain (Error! Reference source
not found., top panel) shows MAM to be the wettest season followed by OND. Relatively
more precipitation is recorded on Lake Victoria than the onshore areas, with the western
part of the lake showing a wetter regime than the rest of the lake during MAM and OND
seasons. A similar pattern is recorded for the OND season, except with lower precipitation
values than those of the MAM season. The JJA season is relatively dry with most of the
domain recording less than 50 mm/month of precipitation. During this season, the south-
ern part of the domain is drier than the northern part, with precipitation values over parts
of western Kenya (north-east of the study domain) exceeding 150 mm/month. Annually
(ANN), most of the study domain records at least 100 mm/month with areas over the lake
and western Kenya recording the highest values. The highest mean precipitation values
(up to 300 mm/month) are recorded in the MAM season while the least values (less than
50 mm/month) are recorded in JJA.
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Figure 1. Precipitation climatology over the study domain using MSWEP data (top panel), differ-
ences in mean precipitation between an ensemble mean of the top five performing models (mid
panel), and annual cycles for all the three reference datasets and all the 17 model datasets (bottom
panel). All units are in mm/month.

A plot of the precipitation climatology over the study domain showed no discernible
differences between the three reference datasets (Supplementary Information, Fig. S 1).
MSWEP and CHIRPS data showed similar results with GPCC showing marginally wetter
conditions. Hence, MSWEP was chosen as the reference dataset for the model validation
part of the study. Here, models generally showed a dry bias relative to MSWEP data with
biases ranging roughly between -50 and 50 mm/month for most of the models (Error! Ref-
erence source not found., mid panel; Supplementary Information, Fig. S 1 to Fig. S 5). The
greatest biases (below-100 mm/month) were recorded over the western part of Lake Vic-
toria (around 0.5° South and 32.3¢ East). However, the biases recorded for most models
were insignificant (at 99% confidence level) over most of the domain. Further, an ensemble
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mean for the top-five models with the least biases showed a better performance than an
ensemble mean of all the 17 models used in the study. The top five models (CMCC,
CNRM, GFDL, MPI_LR, and NorESM2_LM) were selected for featuring among the top
performers per category (Supplementary Information, Figures S1 - S 5).

Apart from KACE, all other models reproduced the study domain’s annual cycles in
concert with the reference datasets (Error! Reference source not found., bottom panel).
Notably, our results show a departure from the traditional rainy seasons; extending the
MAM season to include February and May (with a peak in April), and the OND season to
begin in September with a peak in November. This observation points to a potential influ-
ence of Lake Victoria which tends to have a different climatology than its neighbouring
areas!>15,

Generally, the bias-corrected CMIP6 model data used in the current study could re-
produce the study domain’s climatology with good skill. The observed minimal biases
were expected due to our study domain’s strong local climate systems and mesoscale con-
vective systems®'®. Additionally, the skill of the current climate models is limited by the
current understanding of the climate system coupled with limitations in computational
technology?.

2.2. Analysis of future precipitation patterns over the Lake Victoria Basin

An analysis of future precipitation patterns over the study domain shows a general
increase in mean precipitation for all the seasons considered (Error! Reference source not
found., top and mid panels). Most of the domain records significant changes in precipita-
tion with more changes likely to occur over Lake Victoria and its surroundings than the
rest of the study domain. More changes are shown for the end of the century compared to
the mid-century period, for all the seasons. All the models agree on the change signal for
ANN (Supplementary Information, Fig. S 6) while 88% of the models agree on the signal
(wet) for OND (Supplementary Information, Fig. S 9). A lower model agreement (70%) is
seen for the MAM season compared to ANN and OND while JJA records a 52% model
agreement (Supplementary Information, Fig. S 8).


https://doi.org/10.20944/preprints202107.0584.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2023

MID - CTL

FUT - CTL

Precipitation {(mm/mon)

d0i:10.20944/preprints202107.0584.v2

ANN MAM JA OND
60
"N N I'~N i~
0 0 S AN
o BB s 40
s s b | .
7 ‘.
2s zs B 1 20
oy
¥s s
SWE E IE ME E TAWE € BT ME BE
r-// ..... 0 0
1™ "™~ -oe
° 0 -20
18 t 18
SRS - S oasedbe '-,_k, X " : A 40
A e PR s s s as . o . rhe A
-; (i b | o 3 {
¥s 4 { s ’
) ne e »e Me »e ne 2e ))"{ l‘.l )5"[ ne e »we »we »e ne 2e »e u‘l »e -so
ANN MAM JJA OND
3 © = B 2 © 3 4 O UKESM1
v 5 v o CMCC
£ : o | o A CNRM
© ' § 4 v d 8 ® 8 - -2 EC
R @ |2 Q : < FGOALS
- o ;F 27 5 © '—';— O IPSL
$ | |3 T i |a D87 o b
© ' i @ a H 2 1 ' Y a TaiESM1
S L , t o ¥ 1|l 2 : limog
: . : 5 o i 1 . & MIROCS
« B -
HIA —|H g
« " - —~ - % Lz, ‘ ~ 4 MPI_LR
:1 o - 5 | §1 dleal ki : MR
i ; ! ~] e ' H = | = = a [ = NESM3
$ L] o |8 | . |84 o y | ] - o NOrESM2_LM
~ w T § 9 |® = NorESM2_MM
5 == 3= - <o == s GFDL
T L T T T T ™ T T T T T L
CTlL MDD  FUT ClL  MD  FUT ClL  MD  FUT ClL MDD  FUT

Figure 2. Changes in mean annual (ANN) and seasonal (MAM, JJA, and OND) precipitation clima-
tology for the period 2040-2069 (MID; top panel) and 2070-2099 (FUT; mid panel) relative to the
1985-2014 period (CTL), using an ensemble mean of the top-five models identified in subsection 3.1.
Stippling shows significant values (at 99% confidence level). Bottom panel presents mean values for
ANN, MAM, JJA, and OND averaged over the study domain for the CTL, MID, and FUT periods,
for all the models. All units are in mm/month.

A look at the precipitation patterns averaged over the study domain (Error! Refer-
ence source not found., bottom panel) showed a general increase in precipitation for
ANN, MAM, and OND. In the 2050s (MID), precipitation over the study domain would
increase by about 5% for ANN, MAM, JJA, and OND, relative to the baseline period (CTL).
More changes would be expected by the end of the century for ANN (16%), MAM (10%),
and OND (18%), respectively. No discernible changes are recorded for JJA.
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Figure 3. As in Error! Reference source not found. but for SDII, Rx5day, and 99p-90p. SDII and 99p-
90p are in mm/day while Rx5day is in mm.

At the daily timescale, all the three statistics analysed in our study (SDII, Rx5day, and
99p-90p) showed a significant increase by both the mid and end of the century period
(Error! Reference source not found., bottom panel). Here, precipitation intensity (SDII)
showed a potential increase of 6% and 16% by mid and end of the century, respectively.
The changes were more pronounced over the eastern part of Lake Victoria and western
Kenya (around 1° South and 34° East). Greater changes (18% and 29% for mid and end
century periods, respectively) were recorded for the maximum 5-day precipitation
(Rx5day). Just like in the SDII case, changes were more pronounced over Lake Victoria
and its environs (centre of study domain). The 99p-90p statistic showed the greatest
changes with a mean increase of about 22% and 47% for mid and end century periods,
respectively. Again, the changes were more pronounced over Lake Victoria and its envi-
rons than the rest of the study domain.

3. Discussion

Our findings indicate that more significant precipitation changes are likely to occur
at the sub-seasonal level compared to the seasonal and annual scales. Given the high sen-
sitivity of our study domain to weather and climate change and variability*#'7, our find-
ings contribute to the scientific evidence that can inform disaster risk reduction and cli-
mate change adaptation strategies for the study domain. Specifically, the projected
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increase in the width of the right tail precipitation distribution (99p-90p) and intensity
(SDII) call for more robust measures to minimize disaster impact in a region where ap-
proximately 5,000 people (mostly fishermen) perish annually on Lake Victoria from ex-
treme weather-related accidents®. The projected increase in precipitation intensity, cou-
pled with an intensification of hazardous thunderstorms over Lake Victoria'®1, call for
adaptive capacity strengthening for fishermen and lake-adjacent communities most of
whom are vulnerable to disaster risk associated with extreme weather and climate
events?.

Moreover, the projected changes are more pronounced over Lake Victoria and its
environs than the rest of the study domain. In a region characterized by perennial
weather-related disasters® and extreme weather events'-?!, the projected changes may
cause further disruption to the wellbeing of the region’s communities and systems. Addi-
tionally, the projected changes have a substantial implication for the study domain, and
the larger Nile Basin Region, which is currently experiencing a rapid population density
increase? coupled with conflicts over water resources??4. Hence, enhanced production
and use of climate services is recommended to minimize the risk posed by the projected
changes and, ultimately, enhance the socio-economic wellbeing of communities in the
LVB. Results from the current study provide a basis for further research to enhance the
understanding of climate change and variability over the LVB and inform adaptive capac-
ity strengthening measures for the region.

4. Methods

The study focussed on Lake Victoria and its immediate adjacent catchment area (Er-
ror! Reference source not found.). The lake is located at an altitude of about 1,135 m above
sea-level, spanning an area of about 68,000 square kilometres?. It is Africa’s largest fresh-
water body and the world’s largest inland fishery supporting at least 40 million inhabit-
ants?®. The lake and its resources fuel East Africa’s economy with the lake’s catchment
providing about 90% of hydropower for Uganda, Burundi, and Rwanda. The lake’s basin
(LVB) is renowned for its richness and endemism in species*?”2. It has massive natural
resources including forests, fisheries, rangelands, and wetlands from which communities
in and around the basin draw their livelihoods. During the dry season over the Ethiopian
highlands from whence the Nile’s main tributary (the Blue Nile) comes, the White Nile,
the only outlet for Lake Victoria, contributes about 70% of all water reaching Egypt®.
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Figure 4. A topographic map of the study domain produced using a 30-meter Digital Elevation
Model the Shuttle Radar Topography Mission (SRTM, ¥) sourced from Unites States Geological
Survey archive (https://earthexplorer.usgs.gov/).

5. Data and methodology

Three gridded data products were used as reference datasets in the current study,
including the Climate Hazards Group InfraRed Precipitation with Station data, version
2.0 (hereinafter CHIRPS). CHIRPS is a quasi-global precipitation dataset available from
1981 to near present, spanning 50 °S — 50 °N and all longitudes. It incorporates climatol-
ogy, in-situ station data, and satellite imagery to form a gridded precipitation time series
at horizontal resolutions®. The current study used the monthly 0.25° by 0.25¢ resolution
dataset.

The second dataset used is the Multi-Source Weighted-Ensemble Precipitation ver-
sion 2.8 (hereinafter MSWEP). MSWEP is a global 3-hour 0.1° resolution precipitation
product that merges gauge, reanalysis, and satellite data to obtain high quality precipita-
tion estimates across the globe®. Lastly, we used the Global Precipitation Climatology
Centre (GPCC) full data monthly product version 2020 (v2020), obtained from the NOAA

PSL, Boulder, Colorado, USA via https://psl.noaa.gov. The full data product is based
on quality-controlled data from 67200 observation stations worldwide. The dataset con-
tains monthly totals on a regular grid with precipitation anomalies at the stations interpo-
lated before being superimposed on the GPCC climatology v2020 in the corresponding
resolution®. These datasets have been validated and used widely over the study do-
main23435,

To assess future precipitation patterns over the study domain, we used 17 bias-cor-
rected general circulation model (GCM) datasets (Table S 1, Supplementary Information)
from the NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-
CMIP6). The NEX-GDDP-CMIP6 datasets are produced using a daily variant of monthly
bias correction/spatial disaggregation method, resulting in a 0.25-degree horizontal prod-
uct’. They are downscaled historical and future (spanning the period 1950-2100) climate
projections based on output from Phase 6 of the Climate Model Intercomparison Project
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(CMIP6)*, including datasets from the ScenarioMIP model runs¥ that are based on the
Shared Socioeconomic Pathways (SSPs)¥. Simulations from the ScenarioMIP provide the
basis for investigating various science and policy questions particularly relevant to sce-
nario-based analysis such as the role of specific forcings®.

First, we assessed the performance of the bias-corrected CMIP6 model simulations in
reproducing precipitation patterns over the study domain, relative to observations. Here,
we computed differences in mean spatial and temporal values between observations and
model simulations. The performance assessment was done for the period 1985-2014, cor-
responding to reference data availability and the historical period of CMIP6 model simu-
lations. Statistical computations were done on the native data grids before bilinearly in-
terpolating the observational datasets (with relatively finer resolutions than CMIP6 model
data) onto CMIP6 model data grids to facilitate comparison®4!.

Secondly, an assessment of future precipitation patterns over the study domain was
done by calculating differences in mean values between the future period and the control
period (1971-1999), using the annual precipitation indices and statistics presented in Error!
Reference source not found.. Here, the periods 2020-2049 and 2070-2099 were used to
represent the “near future (MID)” and “future (FUT)”, respectively.

Table 1. A list of annual precipitation indices and annual precipitation statistics used in the current
study.

Descriptor Acronym Description
Mean precipitation amount on a wet day. Let RR;; be the daily
precipitation amount on wet day w (RR > 1 mm) in period j. If W
represents the number of wet days in j then the simple precipita-
tion intensity index SDII; = sum (RRw) / W

Simple precipita-
tion intensity in- SDIl
dex

Max 5-day pre-

cipitation amount Rx5day Maximum consecutive 5-day precipitation

Calculated as the difference between the 99t and the 90" percen-
tiles (99p—90p), where 90p defined as follows;
for every adjacent sequence t_1, ..., t_n of timesteps of the same
year, 90p is given by
o(t, x) = pt" percentile{i(t’, x), 1 <t’ <t}
Width of the right here computed for the 90" percentile. For this study, 90p repre-
tail distribution of  99p-90p sents the threshold for identifying heavy precipitation events.
precipitation
99p represents very intense precipitation events and is defined as;
for every adjacent sequence t_1, ..., t_n of timesteps of the same
year, 99p is given by
o(t, x) = p™" percentile{i(z’, x), t < t’ <t};
here computed for the 99" percentile
Additionally, we computed mean annual (ANN) and seasonal (MAM, JJA, and

OND) precipitation values over the study domain. We also used the 99p-90p statistic (Er-
ror! Reference source not found.) to represent the right tail of precipitation distribution
over the study domain*. Here, 90p and 99p were calculated by accumulating daily pre-
cipitation values over each grid point with 99p and 90p, representing very intense and
heavy precipitation events, respectively. The percentiles for 99p and 90p were calculated
for all days in the data.
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