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Abstract

The southeastern region of Nigeria is susceptible to flood disasters primarily triggered by extreme precipitation with
localized impacts. This study uses the output of High-Resolution Model Intercomparison Project (HighResMIP) of the
Coupled Model Intercomparison Project Phase 6 (CMIP6) to investigate seasonal dependent changes in precipitation
extremes in the near future (2031-2050) in the Anambra-Imo River Basin, in the southeastern region of Nigeria. Evaluating
the models against observation for the 1995-2014 period, it is found that models reproduced the spatial pattern of the
observed annual precipitation extremes over the river basin. Results show that in the near future, annual precipitation
extremes will be characterized by a robust increase in annual total precipitation amount (PRCPTOT), maximum 5-day
precipitation (RX5day), and heavy precipitation (R10mm). The models project a significant increase in PRCPTOT, RX5day,
R10mm, and wet-day intensity (SDII) for the June—July—August (JJA) and September-October—-November (SON) seasons.
The results demonstrate a robust and higher magnitude increase in precipitation extremes during the SON season.
Specifically, PRCPTOT, RX5day, R10mm and SDI are projected to increase by up to 46 mm, 24 mm, 1.2 days and 2.4 mm/
day, respectively. Whereas during the March-April-May (MAM) season, the HighResMIP suggests that PRCPTOT, R10mm,
and SDII will marginally increase over the eastern part of the Anambra-Imo River Basin. Besides, the December-Janu-
ary-February (DJF) season will be characterized by a marginal increase in the precipitation extremes, especially over
the southern fringes of the river basin. We note that in the near future, precipitation extremes in the river basin will be
characterized by more intense and less frequent precipitation extremes during the JJA and SON, potentially exacerbat-
ing flash flooding in the river basin. Hence, the results of this study may be vital for near-term socio-economic planning
and policy decisions that will minimize the impact of flood disasters in the Anambra-Imo River Basin.
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1 Introduction

Precipitation is a key component of the hydrological cycle, which promotes socioeconomic activities and ecological
stability in the Anambra-Imo River basin [1, 2]. The river basin is located in Nigeria's southeastern area and is distin-
guished by the complexity of its hydrological system [3], climate change has aggravated the basin’s vulnerability
to severe precipitation extremes [4, 5]. Meanwhile, precipitation extremes have maintained their capacity to exert
a severe impact on Nigerian river basins in recent years [5, 6]. Torrential precipitation has caused disastrous floods
that induced significant damage to the river basin, resulting in massive economic losses [5].In this regard, the Nige-
rian Emergency Management Agency estimated that the 2012 flooding claimed over 400 individuals and triggered
a 16 million US dollar damage to the economy, whereas the 2022 flood claimed over 600 people and impacted an
estimated 3.2 million people [7]. Predicting the impact of potential extreme precipitation is critical for effective river
basin management of water resources, infrastructure development, and climate adaptation measures [8-10].

With the increasing concern about the future impact of climate change and its effects on regional hydrology, it
is critical to study the potential changes in precipitation extremes in the Anambra-Imo River Basin. In this context,
the CMIP6-endorsed High-Resolution Model Intercomparison Program (HighResMIP; [11]) offers an effective tool for
investigating the near-term precipitation changes using high-resolution climate projections [12, 13]. The HighResMIP
project attempts to enhance our grasp of climate anomalies through the simulation of more precise and reliable
projections [14]. Given the incorporation of more detailed topography, land surface processes, and atmospheric
dynamics in these models and their high-resolution structure, it presents a special tool for the prediction of regional-
scale extreme precipitation events [11, 15].

Several studies have reported the creditable performance of HighResMIP models in simulating mean precipita-
tion and precipitation extremes in different regions across the world [15-19].However, understanding the potential
near-future changes in precipitation extremes will provide the crucial insight required to assist policymakers in estab-
lishing essential regulations that will forestall the impact of climate change and its implications on the population
[8]. Recent studies have examined the impact of climate change on precipitation extremes in Nigeria [20-23]. For
example, Salihu et al. [22], investigated projected changes in precipitation extremes over Nigeria using CMIP5 models
and found a substantial increase in maximum 5-day rainfall and heavy rainfall days under high emission scenarios.
While Hassan et al. [20], established that mean precipitation will increase by about 2.62%, implying a potential spike
in the dangers associated with flooding, particularly in southern Nigeria. Despite the fact that these studies indicate
an increase in precipitation in the river basin, Shiru et al. [23], found that drought will be frequent in most parts of the
country. At the river basin scale, a consensus on the changes in precipitation extremes has not been reached based
on a multi-model ensemble of high-resolution models. Therefore, this study focuses on the multi-model projection
of near-term seasonal dependent changes in precipitation extremes in the Anambra-Imo River Basin.

The primary objective of this study is to examine the projected near-future changes in extreme precipitation
events using an ensemble of high-resolution models that participated in the HighResMIP project. This study will
provide a comprehensive assessment of the uncertainties associated with future precipitation extremes over the
Anambra-Imo River Basin. The multi-model approach offers insights into the range of possible outcomes, improving
our understanding of the robustness and reliability of the projected changes. The rest of the study is presented as
follows, the observation data, CMIP6-endorsed HighResMIP model data, and methods are discussed in Sect. 2, and
the results and discussions are summarised in Sect. 3. Finally, Sect. 4 highlights our major conclusions.

2 Study area, data, and methods
2.1 Studyarea

Anambra-Imo River basin is located in southeastern Nigeria, within the geographic coordinate of Latitude 5-7°N and
Longitude 6.5-8.5°E. Figure 1. The river basin is comprised of five States namely Anambra, Abia, Ebonyi, Enugu, and
Imo states, with an estimated area of about 28,658.8 km?. The tropical humid climate of southern Nigeria is requlated
by the West African monsoon circulation, which supplies moisture to the region during the summer months [24, 25].
Annual precipitation in the river basin is characterized by a bimodal precipitation pattern due to the reversal of the
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Fig.1 Elevation map of
Anambra-Imo River Basin. The

black lines show the geo-
graphical locations of the five
main sub-regions (Anambra,
Abia, Imo, Enugu, and Ebonyi
States) in the river basin. The
topography is coloured based
on a digital elevation map; —10°N
the green colour indicates
the low-level areas, while the
red colour indicates higher
elevation
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monsoon front [24, 25]. The rainy season starts in March-April with the first peak in June-July and a second peak
in September [6, 26-29]. In the region, annual total precipitation reaches 2800 mm [1, 5], with surplus rains during
the rainy season.

In the region, temperature and humidity remain relatively constant throughout the year in southern Nigeria, and the
highest temperatures occur during the pre-monsoon season. Socio-economic activities are striving in the region, with
massive infrastructural development for the growing population. However, the landscape of the river basin makes it
vulnerable to flood disasters [5, 30] induced by torrential precipitation [6].

2.2 Data and method
2.2.1 Observational and CMIP6 HighResMIP data

Daily precipitation outputs from fifteen High-Resolution Model Intercomparison Project (HighResMIP; [11]) models were
used in this study. The dataset consists of outputs of AMIP-style experiments, namely; highresSST-present and highresSST-
future under the CMIP6 model experiment [31], designed to promote high-resolution simulations. The historical simula-
tions run from 1950 to 2014, whereas the future climate simulations run from 2015 to 2050 period. Notably, near-future
simulations are forced by high emission Shared Socioeconomic Pathway (SSP5-8.5; [32]). In this study, we set the baseline
to cover the 1995-2014 historical period and 2031-2050 for the near-future period. The performance of the models was
evaluated against an ensemble of two high-resolution daily gridded precipitation products from the Climate Hazard
Group InfraRed Precipitation (CHIRPS version 2; [33]) and daily precipitation from Multi-Source Weighted-Ensemble
Precipitation (MSWEP) dataset version 2 [34]. The observational datasets are produced at a higher spatial resolution of
0.05°x0.05° and 0.1°x 0.1° for CHIRPS and MSWEP datasets, respectively. These observational datasets are acclaimed for
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Table 1 Basic description of the 15 CMIP6 HighResMIP models used in this study

S/N Modeling organizations Model name Atmospheric resolution References for
HighResMIP
models

1 Euro-Mediterranean Center on Climate Change (ltaly) CMCC-CM2-HR4 1.00°% 1.00° [38]

2 CMCC-CM2-VHR4 0.25°%0.25°

3 EC-EARTH consortium, (Sweden) EC-Earth3P-HR 0.35°x0.35° [20]

4 Institute of Atmospheric Physics (IAP), Chinese Academy of FGOALS-f3-H 0.25°%0.25° [39]

5 Sciences (CAS), China FGOALS-f3-L 1.00°%1.25°

6 Geophysical Fluid Dynamics Laboratory/NOAA (U.S.) GFDL-CM4C192 0.50°x0.50° [40]

7 The UK Met Office Hadley Centre for Climate Change (UK) HadGEM3-GC31-MM  0.23°%x0.35° [41]

8 Geophysical Fluid Dynamics Laboratory/NOAA (U.S.) HiRAM-SIT-HR 0.25°x0.25° [42]

9 HiRAM-SIT-LR 0.50°%0.50°

10 Max Planck Institute MPI, (Germany) MPI-ESM1-2-HR 0.94°x0.94° [43]

11 MPI-ESM1-2-XR 0.47°x0.47°

12 Meteorological Research Institute (Japan) MRI-AGCM3-2-H 0.56°x0.56° [44]

13 MRI-AGCM3-2-S 0.19°x0.19° [45]

14 Japan Agency for Marine-Earth Science and Technol NICAM16-7S 0.56°x0.56° [46]

15 Ogy (Japan) NICAM16-8S 0.28°x0.28°

their robustness in representing precipitation over West Africa [35-37]. Both observational data and model outputs are
aggregated into the same resolution (0.25°x 0.25°) for easy comparison. An ensemble of both the CHIRPS and MSWEP
datasets was constructed hereafter OBS and used as reference data in this study (Table 1).

2.2.2 Extreme precipitation indices and model validation metrics

This study uses extreme climate indices described by the Expert Team on Climate Change Detection and Indices (ETC-
CDI; [46]) to investigate future changes in precipitation extremes in the River Basin. The extreme precipitation indices
are listed in Table 2 and have been widely applied to study changes in future precipitation extremes around the globe
[6, 8,9, 47-50] In particular, this study uses the indices that mainly represent the intensity and frequency of extreme
precipitation. These indices are employed herein to study the seasonally dependent near-future changes in precipitation
extremes over the Anambra-Imo River Basin.

Furthermore, we used statistical evaluation metrics such as mean bias (MB), the normalized root mean square error
(NRMSE) and the Pattern correla_tign coefficient (PCC). The mean bias for each model is calculated with respect to the
observations as follows; bias = %y) where x and y denote the map of each CMIP6 HighResMIP model and the observed
field, respectively, and the over-bars (7) indicate their means. The MB provides information on the difference in magnitude
between observation and models.

The PCC between the model and observation is defined as follows.

pcC = —! H ﬁ: (xi = %) (v; —y)]

PxPy i=1

Sillmann et al. [51], used the normalized root-mean-square error (NRMSE), among other metrics to evaluate the perfor-
mance of climate models. The NRMSE is also computed for the extreme precipitation indices following the same approach.
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where N is the number of grid cells, x; and y; are the variable values to the ith grid cell of the models and the observed
field, respectively. Whereas the X and y their mean values, ¢, and @, their standard deviations. Both NRMSE and PCC
provide information on the model performance.

2.2.3 Analysis of the projected future changes

The projected near-future changes in precipitation extremes are quantified by the relative change between the projec-
tion (2031-2050) period and the baseline period (1995-2014). The future projections are considered for four seasons to
obtain seasonal-dependent changes in precipitation extremes for the river basin. Moreover, we consider the projected
changes robust when the ratio of the mean to the standard deviation of the climate change signals is equal to or larger
than one. As such, when at least 70% of the models agree to defined metric, we consider the sign of the projected change
in the precipitation extremes robust. We determined statistically significant projected change based on student’s t test
at 95% confidence level.

3 Results and discussions
3.1 Performance of the CMIP6 HighResMIP models in representing observed precipitation extremes

Figure 2 illustrates the spatial distribution of observed annual mean precipitation extremes, multi-model ensemble
mean (MME) of HighResMIP models as well as their mean bias relative to the observation. The observation shows a high
and low magnitude of annual total precipitation (PRCPTOT) over the lower reaches and upper part of the Anambra-Imo
River basin, respectively, during the 1995-2014 period. Similarly, annual heavy precipitation days (R10mm), maximum
5-day precipitation (RX5day), wet-day intensity (SDII), and wet spells (CWD) follow the same pattern in the river basin
(Fig. 2a-e). Conversely, it is found that the dry spell is more prevalent over the part of the river basin encompassing the
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Fig.2 Spatial pattern of Annual (ANN) precipitation extremes, PRCPTOT, RX5day, R10mm, SDIIl, CWD, and CDD. a-f ensemble of both
CHIRPS and MSWEP, observation (OBS), g-1 Multi-model Ensemble Mean (MME), and m-r percentage bias between the MME of HighResMIP
models relative to the OBS for the present-day (1995-2014) period
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northern extremities of Anambra, Enugu, and Ebonyi states (Fig. 2f). Interestingly, the MME reproduced the observed
annual precipitation extremes (Fig. 2g-1), albeit indications that the models overestimated the magnitude of the observed
annual precipitation extremes. The models overestimated RX5day, PRCPTOT, R10mm, CWD, SDII, and CDD (Fig. 2m-r).
Specifically, it is found that the models overestimated PRCPTOT, R10mm, and SDII by 60%, 10%, and 40%, respectively,
whereas the magnitude of the mean bias is about 80% for CWD, RX5day, and CDD during the 1995-2014 period. The fore-
going indicates that biases known to exist in GCMs also persist in the HighResMIP simulation of precipitation extremes.
The biases in the HighResMIP simulated precipitation extremes are perhaps related to the resolution of the models.
Although the HighResMIP is acclaimed for its high resolution, nearly half of the models used in this study have a grid
spacing larger than 0.5°, affecting the model’s performance in the river basin.

Furthermore, we examine the performance of the models by considering the pattern correlation coefficients (PCC)
and normalized root mean square errors (NRMSE) for the 35 grid cells within the river basin (Fig. 3a, b). Results show that
the models creditably reproduced the spatial pattern of the annual precipitation extremes with PCC > 0.8 for MME. Par-
ticularly, FGOALS-f3-L, CMCC-CM2-HR4, HadGEM3-GC31-MM, MPI-ESM1-2-XR, NICAM16-7S, and NICAM16-8S performed
better than other models with PCC > 0.8 for all the extreme precipitation indices. Meanwhile, some of the models show
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Fig. 3 Portrait diagram of spatially averaged of mean annual precipitation extremes relative to observation for the present-day (1995-2014)
period a and b normalized root mean square errors
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lesser performance in reproducing the spatial pattern of SDII over the river basin, with PCC<0.4. It is also found that
the models simulated the climatologies of annual mean precipitation extremes with minimum errors by CMCC-CM2-
HR4, GFDL-CM4C192, HadGEM3-GC31-MM, HiRAM-SIT-HR, MPI-ESM1-2-XR, MPI-ESM1-2-HR, and NICAM16-7S (Fig. 3b).
Meanwhile, the NRMSEs are consistently large for CWD and CDD, this is perhaps linked to the inability of the models in
simulating the number of rainy days [50] and resolving the complex terrain over the Guinea coast [52]. Generally, the
models captured the observed features of annual mean precipitation extremes over the Anambra-Imo river basin during
the 1995-2014 period.

3.2 Annual and seasonal dependent changes in precipitation extremes

Figure 4 depicts the spatial pattern of the projected changes in annual mean precipitation extremes during 2031-2050
compared to 1995-2014. The multi-model projection of near-term precipitation extremes indicates an increase in annual
total precipitation (PRCPTOT), maximum 5-day precipitation (RX5day), and heavy precipitation days (R10mm); the results
further indicate that the high-resolution models project shows a robust increase in extreme precipitation (Fig. 4a, c).
Meanwhile, the HighResMIP models project no increase in annual wet-day intensity (SDII), whereas a non-significant
increase is projected for wet spells over Enugu, Anambra, Ebonyi, and Abia states (Fig. 4d, e). Besides, Fig. 4f shows a
non-significant decrease in dry spells over the river basin. The foregoing indicates that in the near-future, the annual
increase in PRCPTOT is mostly associated with the projected increase in precipitation intensity rather than its frequency.
The projected increase in RX5day is consistent with the results obtained by Salihu et al. [22], for the Guinea Coast
region of Nigeria based on CMIP5 models. Besides, Salihu et al. [22], reported a significant increase in RX5day during
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Fig.4 Spatial pattern of the projected changes in Annual (ANN) precipitation extremes based on the SSP5-8.5 scenario for the near future
(2031-2050) relative to the 1995-2014 period. a PRCPTOT, b RX5day, ¢ R10mm, dSDII, e CWD and f CDD. The black stippling denotes statisti-
cally significant changes at the 95% confidence level, while areas with slanted green boxes indicate where at least 70% of models agree with
the sign of projected future changes
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Fig.5 Spatial pattern of the projected changes in March-April-May (MAM) precipitation extremes based on the SSP5-8.5 scenario for the near
future (2031-2050) relative to the 1995-2014 period. a PRCPTOT, b RX5day, ¢ R10mm, dSDII, e CWD and f CDD. The black stippling denotes statis-
tically significant changes at the 95% confidence level, while areas with slanted green boxes indicate where at least 70% of models agree with the
sign of projected future changes

the present-day period; this suggests that future increases in the precipitation extremes will trigger more disaster flood
disasters in the region. Diba et al. [53], reported that the intensification of precipitation over West Africa is related to the
warm extremes. According to the Clausius—Clapeyron equation, global warming has accelerated the local water cycle
and increased advected moisture, leading to the intensification in precipitation extremes [54].

Next, we discuss the projected changes in precipitation extremes at seasonal timescales. Figure 5 shows the projected
changes in March-April-May (MAM) precipitation extremes over the Anambra-Imo River basin. Figure 5a shows that
the western parts of the river basin, specifically Anambra and Imo states, will experience a non-significant decrease in
PRCPTOT during the spring season while other parts of the river basin will record a non-significant increase in PRCPTOT.
A similar pattern will be recorded for RX5day, R10mm, SDII, and CWD (Fig. 5a—e). However, it should be noted that most
parts of Enugu, Ebonyi, and Abia states will experience an increase in precipitation intensity (Fig. 5¢, d), while a dry spell
will increase during the MAM season (Fig. 5f).

Interestingly, the models project a robust and statistically significant increase in summer (JJA) precipitation extremes
over the river basin (Fig. 6a—d). The increase in summer PRCPTOT is mostly linked to intensity-related extremes viz RX5day
and SDII, especially over Enugu, Ebonyi, and Abia states. Although the projected increase in R10mm and CWD is not
statistically significant, the decrease in CDD suggests that the river basin will experience an increase in intensity and less
frequent summer precipitation extremes. This is consistent with the findings by Dike, Lin and Ibe [6] for the sub-region
in recent decades.
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Fig.6 Spatial pattern of the projected changes in June-July-August (JJA) precipitation extremes based on the SSP5-8.5 scenario for the near
future (2031-2050) relative to the 1995-2014 period. a PRCPTOT, b RX5day, ¢ R10mm, dSDII, e CWD and f CDD. The black stippling denotes statis-
tically significant changes at the 95% confidence level, while areas with slanted green boxes indicate where at least 70% of models agree with the
sign of projected future changes

Furthermore, the spatial distribution of the projected changes in September-October-November shows that in the
near-future, the river basin will experience a greater magnitude of increase in precipitation extremes (Fig. 7). The models
project a wide-spread, robust, and significant increase in PRCPTOT, RX5day, R10mm, and SDII (Fig. 7a—d). Essentially,
the state in the northern fringes of the river basin (Anambra, Enugu, and Ebonyi) will record a notable increase in the
precipitation extremes. The precipitation is projected to increase by up to 46 mm, 1.2 days, 24 mm, and 2.4 mm/day for
PRCPTOT, R10mm, RX5day, and SDI|, respectively. It is noteworthy to state that the projected changes are robust as more
than 70% of the models herein considered agree with the projected significant increase in SON precipitation extremes
over the river basin. This increases the vulnerability of the river basin to flood disasters in the future [7]. Meanwhile, the
projected change in CWD shows a non-homogenous increase (decrease) in wet spells, whereas the projected decrease
in CDD is widespread (Fig. 7e, f). As with the findings for the summer season, the projected increase in the extremes
is also linked to the increase in the intensity and less frequent precipitation extremes [6, 50, 55]. Both the JJA and SON
seasons will experience a significant and severe increase in precipitation extremes, with higher magnitude recorded in
the SON season. Recently, Hassan et al. [20], used the downscaled CMIP5 model to demonstrate that mean precipitation
will increase significantly in July-August-September in most parts of the Niger-Delta region. This indicates that water
vapour will be more abundant during the July—August-September season in the near future. Meanwhile, previous stud-
ies have illustrated that future precipitation in the region will be characterized by intense precipitation extremes and
highlighted the propensity of later wet seasons with more intense precipitation under future climate change [35, 56].
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Fig. 7 Spatial pattern of the projected changes in September-October-November (SON) precipitation extremes based on the SSP5-8.5 sce-
nario for the near future (2031-2050) relative to the 1995-2014 period. a PRCPTOT, b RX5day, ¢ R10mm, dSDII, e CWD and f CDD. The black
stippling denotes statistically significant changes at the 95% confidence level, while areas with slanted green boxes indicate where at least
70% of models agree with the sign of projected future changes

Finally, Fig. 8 shows that during the December-January-February (DJF) season, PRCPTOT, RX5day, R10mm, and CDD
will increase slightly. Specifically, Fig. 8a—c shows that winter PRCPTOT, RX5day, and R10mm will increase in most parts
of the river basin. No notable change is projected for SDII for the DJF season over the river basin (Fig. 8d). However,
RX5day will increase significantly by 10 mm over most parts of Imo state (Fig. 8b), while CWD will increase (decrease)
by 1 day relative to the present-day levels in the southern (northern) parts of the river basin. Remarkably, CDD will
increase slightly in the river basin as well, suggesting that both wet and dry precipitation extremes will increase in
the future during the DJF season (Fig. 8a—f). More so, the increase in the precipitation extremes is projected to extend
to the DJF season, which indicates a wet winter season in the river basin under SSP5-8.5 emission scenario. Studies
have indicated the changes in precipitation seasonality over the region, especially under high-emission scenarios
[35, 56, 571.

Meanwhile, the projected increase in the seasonal precipitation extremes, especially during the JJA, SON, and DJF sea-
sons, contributes significantly to the projected annual precipitation extremes in the near future. The significant increase
in the intensity-related precipitation extremes implies a potential risk of intensified extreme precipitation and the associ-
ated flood disasters [5, 8], which would increase the vulnerability of key socioeconomic sectors, such as agriculture and
water management under SSP5-8.5 emission scenario [12, 48, 58].
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Fig. 8 Spatial pattern of the projected changes in December—January-February (DJF) precipitation extremes based on the SSP5-8.5 sce-
nario for the near future (2031-2050) relative to the 1995-2014 period. a PRCPTOT, b RX5day, ¢ R10mm, dSDII, e CWD and f CDD. The black
stippling denotes statistically significant changes at the 95% confidence level, while areas with slanted green boxes indicate where at least
70% of models agree with the sign of projected future changes

4 Conclusion

This study investigates the projected future changes in seasonal precipitation extremes over Anambra-Imo River
basin in southeastern Nigeria. Firstly, fifteen AMIP-type historical simulations of the CMIP6 HighResMIP were evalu-
ated against an ensemble of two gridded observation products to assess the ability of the models to reproduce
the observed precipitation extremes. The results show that the models reproduced the spatial distribution of the
observed precipitation extremes. Specifically, CMCC-CM2-HR4, FGOALS-f3-L, HadGEM3-GC31-MM, MPI-ESM1-2-XR,
NICAM16-7S, and NICAM16-8S performed better than other models with PCC > 0.8 for all the extreme precipitation
indices. Consistent with the results obtained by Ajibola et al. [17], for the entire West Africa region. Although the
models seemingly overestimated the precipitation extremes, it is also found that the models simulated the clima-
tologies of annual mean precipitation extremes with minimum errors. Specifically, CMCC-CM2-HR4, GFDL-CM4C192,
HadGEM3-GC31-MM, HiRAM-SIT-HR, MPI-ESM1-2-XR, MPI-ESM1-2-HR, and NICAM16-7S simulated the precipitation
extreme with minimal errors. However, the NRMSEs are consistently large for CWD and CDD; this is perhaps linked
to the inability of the models to simulate the number of rainy days over the river basin.

Furthermore, the HighResMIP models project a significant increase in annual total wet-day precipitation (PRCP-
TOT) for 2031-2050 relative to the 1995-2014 period under the SSP5-8.5 emission scenario. The projected increase in
PRCPTOT is mostly linked to the increase in maximum 5-day precipitation (RX5day) and heavy precipitation (R10mm).
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Consistent with the projected increase in these precipitation extremes indices, the future total annual dry spells will
decrease in the river basin. It was also found that during the MAM season, most parts of Enugu, Ebonyi, and Abia will
experience an increase in R10mm and SDII, leading to an increase in MAM PRCPTOT in these aforementioned areas.
However, it should be noted that the projected increase in these extreme precipitation indices is not statistically
significant and has notable uncertainty. Meanwhile, the models project an increase in dry spells during the MAM
season, which indicates a drier spring over the river basin in the near-future.

Nonetheless, the HighResMIP models project a notable increase in summer precipitation extremes. Results fur-
ther demonstrate that summer PRCPTOT, R10mm, RX5day, and SDII will increase in most parts of the river basin,
especially over the northern reaches of the Anambra-Imo River Basin encompassing Enugu, Ebonyi and Abia state.
The spatial distribution of consecutive wet days shows that wet spells will also increase over these areas, whereas
dry spells will decrease. Relatedly, precipitation extremes during the September-October-November (SON) will be
characterized by a similar pattern projected for the summer season but with a higher magnitude. This is an indica-
tion that the river basin will experience an increase in intensity and less frequent summer precipitation extremes
in the near future, especially during the SON season. Similar results have also been obtained for other river basins
worldwide [9, 12, 13]. We note that in the near future, the SON will characterized by a higher magnitude increase
in precipitation extremes, which will potentially exacerbate flash flooding in the river basin during the season. We
highlight the need for a detailed analysis of the potential physical mechanisms driving the projected changes in
the precipitation extremes in the river basin.

For the December-January—February (DJF) season, the models project a marginal increase in winter precipitation
extremes like RX5day and R10mm, with a higher magnitude of RX5day over the Imo state. This suggests that the funda-
mentally dry season will be wetter in the near future. Additionally, the river basin will experience more intense precipita-
tion during the JJA and SON seasons, contributing significantly to the projected increase in annual total precipitation
in the river basin. It is also important to note that in the near future, precipitation extremes in the river basin will be
characterized by more intense and less frequent precipitation extremes, potentially exacerbating flash flooding in the
vulnerable river basin [3]. Notably, we presented the future changes in precipitation extremes in the river basin without
analyzing the mechanism associated with these projected changes. Therefore, further analysis is needed to identify
the circulation features associated with these projected changes. Besides, one notable limitation of this study is the
horizontal resolution of some of the HighResMIP models used in this study. The spatial resolutions of the models are
still coarse, considering the size of the river basin. Therefore, future studies over the river basin should consider higher
resolution regionally downscaled models. Despite these limitations, the inferences drawn from this study will provide a
vital resource needed for near-term socio-economic planning and adaptation measures that will minimize the impact
of flood disasters in the Anambra-Imo River Basin.
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