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This study presents past and projected temporal changes in mean temperature and rainfall
around the Marsabit Forest Reserve (MFR), a sub-humid montane forest in Kenya. Rainfall
data for the period 1961e2014 and temperature data for the period 1972e2011 were acquired from the Marsabit meteorological station. Future projections (2006e2100) were
based on data from ﬁve models that participated in the Coupled Model Intercomparison
Project Phase 5 (CMIP5) under Representative Concentration Pathways (RCPs) 4.5 and 8.5.
Climate simulations for the 2071e2100 period were compared to the 1961e1990 IPCC
baseline period to establish signiﬁcant change. The MFR recorded a mean rainfall of
784 mm which declined annually at a rate of 6 mm over the period of the study. The long
rains (MarcheMay) recorded a mean of 379 mm and decreased annually by 10 mm while
the short rains (OctobereDecember) recorded a mean of 269 mm and decreased annually
by 2 mm between 1961 and 2014, with no statistically signiﬁcant trend (p > 0.05).
The model ensemble reproduced the MFR bimodal rainfall pattern, but overestimated the
short rains at 333 mm, compared to the actual mean of 269 mm, and underestimated the
long rains at 331 mm, compared to the actual mean of 379 mm. The model ensemble
simulated a historical mean rainfall of 651 mm compared to the actual mean of 784 mm.
Annual rainfall is projected to increase under both scenarios with higher increases during
the OND season compared to the MAM season and under RCP8.5 than under RCP4.5. The
mean rainfall in the baseline year was 859 mm while the mean rainfall in the projection
period for the RCP4.5 and RCP8.5 scenarios is expected to be 1022 (þ19%) and 1105
(þ28.7%) mm, respectively; signiﬁcant enough to be characterized as climate change.
Temperatures are projected to increase at a rate of 0.2  C and 0.5  C per decade under
RCP4.5 and RCP8.5, respectively. Between 2071 and 2100, the MFR is projected to have
warmed by between 1.2e1.7  C and 3.2e4.8  C under RCP4.5 and RCP8.5, respectively.
Extreme rainfall events are projected to increase under the RCP4.5 scenario (severe wetting 13.1%, severe drying 3%) and the RCP8.5 scenario (severe wetting 20.1%, severe drying
3%) compared to the baseline period (severe wetting 6.1%). Our results conform to the ‘East
African climate paradox’, where the observed rainfall trends were declining compared to
the scenario simulations projecting a wetting anomaly as local temperatures rise. Further
studies to better understand the cause of the poor rainfall simulation in the general circulation models (GCMs) in the MFR and the larger East African region will be necessary.
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1. Introduction
Global climate is changing as a consequence of the increasing levels of atmospheric carbon dioxide concentration and the
related rise in global mean temperatures (Allen et al., 2014) with widespread impacts on human and natural systems
particularly in the 21st century (IPCC, 2014b). Adapting to climatic variability and change is one of the challenges that African
countries face in the 21st century. This challenge is particularly critical given the potential negative impacts of climate change
on ecosystem goods and service provision, e.g. water supply, food production, pasture production, and fuelwood.
Kenya has experienced increasing temperature trends over vast regions of the country, rising by an average of 0.21  C per
decade between 1960 and 2006 (UNDP, 2010). The Government of Kenya (2010) reported that Kenya's average annual
temperatures increased by 1  C between 1960 and 2003, with the drier parts increasing by 1.5  C over the same period,
attributing the temperature increment to global warming and climate change as a consequence of increased greenhouse gas
concentration in the atmosphere. An analysis of temperatures based on seasons reveals that the rise in temperatures over the
northern parts of the country was relatively higher than in other parts, especially from October to February, ranging between
0.4 and 1.5  C (GOK, 2009). This was coupled with a decreasing trend in annual rainfall due to a general decline of rainfall in
the main rainfall season of MarcheMay over most areas (GOK, 2009).
According to projections by Glew et al. (2010), climate change in northern Kenya will likely increase incidences of drought,
increase surface temperatures, reduce agricultural productivity and increase water scarcity. This, he argued, will exacerbate
conﬂicts and deepen the region's vulnerability to poverty by lowering the productivity of rangelands that the community
depends on for livestock production.
Marsabit County in the northern region of Kenya is vulnerable to climate change and variability because of its location in
the arid and semi-arid (ASAL) climate zone as compared to other regions in the country. The County Government of Marsabit
in their Integrated Development Plan (2013e2017) cited climate change, especially around the Marsabit Forest Reserve (MFR),
as a threat to the socio-economic development of the local community. They attributed this change to increased global
greenhouse gases (GHGs) and the destruction of the forest, with signiﬁcant impacts on rainfall patterns affecting agricultural
productivity, water availability, and quality pasture.
The MFR is a dry tropical forest in northern Kenya harbouring a diverse range of ecosystems providing ecosystem goods
and services critical to the people of Marsabit town (Kenya Wildlife Service, 2016). While there is sustained destruction of the
forest through illegal extractive activities from forest adjacent dwellers (Muhati et al., 2018), the effects of a changing climate
as observed by the County Government of Marsabit portends the biggest challenge in sustaining ecosystem services in the
future. Various authors have studied past climatic trends in MFR. Mulinya (2017), in a study on climatic patterns in MFR
between 1960 and 2010, established an insigniﬁcant decline in annual rainfall by 5 mm, with an annual increase in mean
maximum and minimum temperature by approximately 0.01  C and 0.05  C, respectively, between 1992 and 2010. CuniSanchez et al. (2018), in a study on climate change and pastoralists perceptions and adaptation between (1920e2015),
established a statistically insigniﬁcant decrease in annual rainfall in the past three decades, with the number of years with
annual rainfall below the average increasing for the past three decades. With regards to temperature, they reported no
signiﬁcant trend in annual mean, maximum, and minimum temperature or increase in annual temperature range or
seasonality.
General circulation models (GCM) can be used to estimate the future evolution of climate; however, their coarse resolution
(200e300 km) limits the direct use of their outputs in impact models which use a ﬁner resolution of between 10 and 50 km
(Yang et al., 2010). Dynamically downscaled GCM projections are suitable tools for providing high-resolution data used in the
regional and local assessment of climate extremes (Shiferaw, 2018). The Coupled Model Intercomparison Project Phase 5
(CMIP5) is driven by a new set of atmospheric composition forcings, i.e. the ‘historical forcing’ for current and future climate
scenarios called Representative Concentration Pathways (RCPs) (IPCC, 2014a). Each pathway embodies a set of internally
consistent socioeconomic assumptions that result in four levels of radiative forcing: RCP2.6, RCP4.5, RCP6, and RCP8.5, that
shouldn't be exceeded by 2100. These scenarios provide a picture of how the future climate will respond to the ongoing
increase of GHG concentrations in the atmosphere. The Coordinated Regional Climate Downscaling Experiment (CORDEX)
program, initiated by the World Climate Research Program (WCRP), generates high-resolution regional climate projections
that can be used for assessment of the future impacts of climate change on extremes at regional scales (Teichmann et al.,
2013).
Various authors using RCM and/or GCM datasets have projected increased surface temperatures and wetting for the East
African region (e.g. Williams and Funk, 2010; Otieno and Anyah, 2013; Teichmann et al., 2013; Niang et al., 2014; Rowel et al.,
2015; Souverijns et al., 2016; Ongoma et al., 2017; Shiferaw, 2018). Their results conclude that rainfall and temperature will
increase in the 21st century relative to the 20th century. For temperature, the change is likely to reach þ0.2 and þ 0.5  C per
decade between 2006 and 2100 under the RCP4.5 and RCP8.5 scenarios, respectively. The highest warming is projected to
occur in western Tanzania and northern Kenya. Similarly, rainfall is projected to increase with higher rates under the RCP8.5
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scenario than under the RCP4.5 scenario. A higher percentage change is projected during the OctobereDecember season (7.7
and 13.1%) than the MarcheMay season (7.4 and 10.3%) for the RCP4.5 and RCP8.5 scenarios, respectively. While studies have
been conducted on past climatic variability in the MFR, no studies on future rainfall and temperature projections using the
CMIP5 dataset have been done. As the County Government of Marsabit strives to expand agriculture, provide alternative
sources of energy other than fuelwood, and improve freshwater supply from the MFR, it is essential that reliable climate
change scenarios are made available for systematic evaluation of all plausible options.
Towards this end, the general objective of this study was to establish the projected changes in mean temperature and
annual and seasonal rainfall in MFR between 2006 and 2100 using a dynamically downscaled GCM ensemble using the CMIP5
dataset. The following research questions were formulated to address the objectives of the study (i) What are the past climatic
trends in the MFR based on historical data and how do they compare with the historical CMIP5 model simulations? (ii) What
are the projected changes in mean temperature, annual and seasonal rainfall in the 21st century using the CMIP5 models
under the RCP4.5 and RCP8.5 scenarios in the MFR?
This information is important to the County Government of Marsabit, the Kenya Wildlife Service and the Kenya Forest
Service, and the local communities for planning and adaptation to the anticipated impacts of climate change around the MFR.
This information will be useful in the formulation of appropriate response mechanisms to climate variability and change. The
results of the study will also be useful for a comparative analysis of future climate assessments, impacts, and adaptations
within the country and the region as well. Our study limited itself to establishing past and projected trends in rainfall and
temperature and as such does not identify causal factors for the observed changes.

2. Materials and methods
2.1. Study site
The MFR is a dense dry forest system in Eastern Africa unique for its ecological and socio-economical functions critical to
the wellbeing of the local communities (Muhati et al., 2018). It is located 560 km from Kenya's capital city, Nairobi, between
latitudes 01150 N and 04º270 N and longitudes 36º030 E and 38º590 E (Fig. 1). It is the only government gazetted forest in
Marsabit County, established under Notice 936 in 1948 (Synott, 1979) by the Government of Kenya. The MFR covers
approximately an area of 157 square kilometers with the peak at 1836 m above the sea level and has two crater lakes, i.e. Lake

Fig. 1. Map showing the location of the study area in Kenya and the Marsabit County setting (Source: Muhati et al., 2018).
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Paradise and Sokote Dika (Kenya Wildlife Service, 2016). The MFR experiences a bimodal rainfall pattern with annual rainfall
totals ranging between 600 and 1000 mm per year (Cuni-Sanchez et al., 2016). The long rains MarcheMay (MAM) and short
rains OctobereDecember (OND) are brought by southeasterly winds. The temperatures in the hot season average 30e35  C
with the highest temperatures experienced in February. The lowest temperatures range from 22 to 25  C and are experienced
in March and July (Cuni-Sanchez et al., 2016). The evergreen forest is dominated by Cassipourea malosana, Podocarpus gracilior,
Olea Africana, Juniperus procera and, Croton megalocarpus tree species. Common large mammalian herbivores include African
elephants (Loxodonta africana), giraffes (Giraffa camelopardalis), elands (Taurotragus oryx), burchell's zebras (Equus burchelli),
and grant's gazelles (Gazella granti) (Kenya Wildlife Service, 2016).
Pastoralism is the main economic activity in the study area, accounting for 80% of the economic activities. Crop cultivation
is also practiced in areas with fertile volcanic soils and sufﬁcient rainfall on the eastern side of the mountain in the Songa area
(Mulinya, 2017). The drainage systems in the study area are mainly concentrated to the east and southeast of the forest and
are composed of seasonal boulder streambeds (Kenya Wildlife Service, 2016).
The principal water source for Marsabit town is the Bakuli weirs located in the MFR which, do not provide adequate water
for the needs of the local community. Other water sources that supplement the Bakuli weirs include Burji springs, Songa
Gabela springs, and Bungale springs, also located in the MFR (Kenya Wildlife Service, 2016). The MFR provides ecosystem
goods, such as food, water, fuelwood, pasture, and medicinal plants, and regulating services, such as natural hazard regulation, carbon storage, water puriﬁcation and climate regulation, that are critical to the livelihoods of the people of the
Marsabit town (Kenya Wildlife Service, 2016; Cuni-Sanchez et al., 2016; Muhati et al., 2018). Due to the sustained land use
land cover changes coupled with a changing climate, the role that the MFR plays in the provision of ecosystem goods and
services is under threat (Cuni-Sanchez et al., 2016; Muhati et al., 2018).
3. Methodology
3.1. Data acquisition
Rainfall and temperature daily data for the periods 1961e2014 and 1974e2011 respectively were obtained from the Kenya
Meteorological Department, Nairobi, and the Marsabit Meteorological Station. Climatic data for past simulations (1951e2005)
and future projections (2006e2100) for RCP4.5 and RCP8.5 emission scenarios were obtained by averaging ﬁve GCMs that
participated in the Coupled Model Intercomparison Project Phase 5 (CMIP5). These models were CNRM-CM5, MIROC5, CSIROMk3.6.0, CanESM2, and CESM1-CAM5. The use of the multi-model ensemble means, as argued by Endris et al. (2013), outperforms the results of individual models. The models were selected based on their use in an earlier study simulating rainfall
in Equatorial East Africa by Ongoma et al. (2018). Details of the countries and institutes where these GCMs are run can be
found on this page: http://www.cordex.org/; http://cmip-pcmdi.llnl.gov/cmip5/availability.html. These GCMs were downscaled using the RCA version 4, a Regional Circulation Model (RCM) from the Swedish Meteorological and Hydrological
Institute (SMHI) for the African domain, i.e. Coordinated Regional climate Downscaling Experiment (CORDEX-Africa) at a
resolution of 0.44 .

3.2. Data analysis
3.2.1. Climatic trends
Temperature data was ﬁrst computed as an average of the maximum and minimum daily temperatures, i.e. (Tavg) ¼
(Tmax þ Tmin)/2. Annual and decadal temperature analysis was then done to establish past trends. Rainfall seasonal analysis
data was divided into two climatic seasons (Gabr and Rao, 1981), namely long rains (MAM) and short rains (OND). For decadal
analysis, the data was divided into ten-year periods with rainfall and temperature data analysed to detect trends in the time
series. Linear equations were used to determine the rate of change in annual rainfall and temperature data against time in
years. The Mann-Kendall test was used to establish the statistical signiﬁcance of the observed and projected trends in rainfall
and temperature data. The standardised precipitation index (SPI) (Table 1), a method used to quantify precipitation deﬁcit

Table 1
SPI classiﬁcation used in this study Source: (Mckee et al.,
1993).
SPI value

Interpretation

2.0
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0e1.49
1.5e1.99
2.0

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry
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(Mckee et al., 1993), was used to analyse the drought severity during the study period. The SPI was calculated by dividing the
difference between normalised seasonal precipitation and its long-term seasonal mean by the standard deviation, as follows:

SPI ¼ P  pi=s

(1)

Where
P¼ Seasonal precipitation value
pi ¼ Long term seasonal mean precipitation. s ¼ Standard deviation
The Mann-Whitney test at the 5% signiﬁcance level was used to detect future climatic change in rainfall and temperature
patterns between the years 1961e1990 and 2071e2100 under the RCP4.5 and RCP8.5 scenarios. For future climate projections, the bias correction approach by Lenderink et al. (2007) was used, where correction factors were derived by
comparing the RCM output with observed weather variables in the control period and then applied to RCM output for future
climate. The Excel programme 2010 and the R software version 2.1.0 were used for data analysis on climatic trends.

4. Results
4.1. Annual rainfall trends
The historical rainfall trends showed three wet periods in the years 1961 (1818 mm); 1982 (1469 mm); and 1997
(1764 mm) (Fig. 2). There were nine dry periods in the years 1973 (304 mm); 1974 (317 mm); 1976 (352 mm); 1980 (365 mm);
1991 (409 mm); 1996 (320 mm); 2000 (126 mm); 2009 (413 mm) and 2010 (397 mm). The mean rainfall (784 mm) declined
at an annual rate of 6 mm (p > 0.05) between 1960 and 2013. The model ensemble simulated an observed mean rainfall of
651 mm compared to the actual mean of 784 mm.

Observed rainfall
RCP 4.5
RCP 8.5
Modelled historical mean rainfall
Linear (Observed rainfall)
Linear (RCP 4.5 )
Linear (RCP 8.5 )

2000
1800
1600

Annual rainfall

1400
1200
1000
800
600
400

200

1960
1964
1968
1972
1976
1980
1984
1988
1992
1996
2000
2004
2008
2012
2016
2020
2024
2028
2032
2036
2040
2044
2048
2052
2056
2060
2064
2068
2072
2076
2080
2084
2088
2092
2096
2100

0

Year
Fig. 2. Observed and modelled annual rainfall (mm) for the period 1960e2013 and 2006e2100 respectively in the MFR under the RCP4.5 and RCP8.5 scenarios.
Blue dotted line refers to reducing observed annual rainfall trend (6 mm) not signiﬁcant, p > 0.05. The red dotted line refers to an increasing annual rainfall
trend (þ2 mm) under the RCP4.5 scenario not signiﬁcant p > 0.05 while the green dotted line refers to an increasing annual rainfall trend (þ3 mm) under RCP8.5
scenario p > 0.05. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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The mean rainfall at the IPCC baseline year 1990 was 858 mm while the mean rainfall between 2071 and 2100 for RCP4.5
and RCP8.5 is projected to be 1022 mm (þ19%) and 1105 (þ28.7%), respectively. The Mann-Whitney test returned a signiﬁcant
difference between these two periods (p < 0.05) with the signiﬁcance higher under the RCP8.5 scenario. Future rainfall
projections under RCP4.5 and 8.5 scenarios indicate an annual increase of 2 mm and 3 mm, respectively, with the MannKendall test returning no signiﬁcant trend (p > 0.05). Relative to 2005, it is projected that by 2100 rainfall will have
increased by 23.7% and 36.2% under the RCP4.5 and RCP8.5 scenarios, respectively. Under the RCP4.5 scenario, the highest
wetting is projected to occur in the 2060s (1063 mm), 2080s (1003 mm) and 2090s decades (1132 mm). The highest wetting
under the RCP8.5 scenario is expected in the 2050s (1087 mm), 2070s (1130 mm) and 2080s (1186 mm), with reduced
precipitation by 2100.
4.2. Rainfall anomalies
The observed and modelled standardised precipitation anomalies (Fig. 3) showed both negative and positive trends with a
drying anomaly apparent between 1971 and 1976 and between 1991 and 2009. The number of years with a drying anomaly
(SPI  0) has increased in frequency in the last 30 years, with 13 of the 26 years occurring between 1991 and 2010. Ten years
between 1973 and 2009 were categorised as moderately dry to severely dry, with the year 2000 being the driest (Table 2).
Similarly, seven years between 1961 and 1997 recorded moderately wet to extremely wet rainfall conditions, with 1997
being the wettest (Fig. 3, Table 2). The other 29 years received near-normal rainfall during the study period.
The historical simulated rainfall fairly reproduced the SPI with slight underprediction of the moderately wet, near normal,
moderately dry categories (Table 2 & Table 3). Under the RCP4.5 scenario, 19 years between 2006 and 2097 are projected to
receive moderately wet to extremely wet rainfall seasons (Fig. 3 & Table 4). In the same scenario, 19 years between 2008 and
2100 are projected to be moderately dry to severely dry, with 57 years projected to receive near-normal rainfall.
Under the RCP8.5 scenario, 17 years between 2015 and 2100 are projected to receive moderately wet to extremely wet
rainfall (Fig. 3, Table 5). In the same scenario, 14 years between 2011 and 2099 are projected to be moderately to extremely dry
with sixty-three years projected to receive near-normal rainfall. Modelled rainfall anomalies are projected to tend towards a
wetting anomaly from 2024 to 2040 for the RCP4.5 and RCP8.5 respectively (Fig. 3). Extreme rainfall events are projected to
increase in frequency under the RCP4.5 (severe wetting (13.1%), severe drying (3%) and the RCP8.5 (severe wetting 20.1%),
severe drying, 3%) relative to the baseline period (severe wetting 6.1%).
4.3. Seasonal rainfall
The observed long rains (MAM) decreased annually by 10 mm, while the short rains (OND) decreased annually by 2 mm,
between 1960 and 2014, with no statistical signiﬁcance trend (p > 0.05). The observed MAM mean rainfall was 379 mm

4

Standardized rainfall anomalies

3

Observed rainfall

RCP 4.5

RCP 8.5

Linear (Observed rainfall)

Linear (RCP 4.5)

Linear (RCP 8.5)

2

1
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-2
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2096
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-3

Years
Fig. 3. Observed (red), modelled RCP4.5 (black) RCP8.5 (green) rainfall anomalies for the MFR between 1960 and 2100. The observed rainfall anomalies project a
drying trend (0.02) (dotted red line) between 1960 and 2013 while both RCP4.5 (dotted grey line) and RCP8.5 (dotted yellow line) project a wetting anomaly
(þ0.01). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Table 2
Probability of occurrence SPI classiﬁcation under observed rainfall.
SPI value

Category

No of times in 46 years (1960e2005)

Percentage occurrence

Severity of events

2.0
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0e1.49
1.5e1.99
2.0

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

2
1
4
29
9
1
0

4.3
2.2
8.7
63
19.6
2.2
0

1
1
1
1
1
1
0

in
in
in
in
in
in
in

23 years
46 years
11.5 years
1.6 years
5.1 years
46 years
46 years

compared to the simulated MAM rainfall at 333 mm. The historical OND rainfall was 269 mm compared to 331 mm for the
historically simulated. Between 2006 and 2100 it is projected that the MAM rainfall under the RCP4.5 scenario will increase
annually by < 1 mm, while the OND rainfall will increase by 1 mm, with the ManneKendall trend test returning no statistically signiﬁcant trend (p > 0.05) (Figs. 4 and 5). Under the RCP8.5 scenario, it is projected that the MAM rainfall between
2006 and 2100 will increase annually by <1 mm) (p > 0.05) while the OND rainfall is projected to increase by 2 mm, with the
ManneKendall trend test returning a statistically signiﬁcant trend (p < 0.05). Under the RCP4.5 scenario, the mean MAM and
OND rainfall between 2006 and 2100 is projected at 368 mm and 337 mm, respectively, while for the RCP8.5 scenario it is
projected at 359 mm and 369 mm, respectively. There was no signiﬁcant difference in the mean MAM and OND rainfall
between the baseline period (1990) and 2071e2100 in the RCP4.5 scenario (p > 0.05). In contrast, there was a signiﬁcant
difference in the mean MAM and OND rainfall between the baseline period (1990) and 2071e2100 in the RCP8.5 scenario
(p < 0.05).

4.4. Temperature trends
The MFR recorded a mean surface temperature of 20.35  C which increased annually at a rate of 0.02  C, translating to a
mean temperature increase of 0.84  C between 1974 and 2011 (Fig. 6). The Mann-Kendall trend test returned a signiﬁcant
increase in the annual temperature trend during the study period (p < 0.05). The model ensemble estimated the historical
mean temperature at 20.33  C compared to an observed mean temperature of 20.35  C. There was a decline in the decadal rate
of warming in the 1970s and 1980s, at 0.05  C and 0.03  C respectively, which signiﬁcantly increased by þ0.01  C in the
1990s and þ0.07  C in the 2000s. Future temperature projections from the model ensemble show a temperature increase up
to the end of the century. Annual temperature trends between the years 2006e2100 under the RCP4.5 and RCP8.5 scenarios
are projected to signiﬁcantly increase by an average of þ0.02  C and þ0.05  C, respectively (p < 0.05). The mean decadal
warming is projected to increase by þ0.2  C and þ0.5  C decade1 between 2006 and 2100 in the RCP4.5 and RCP8.5 scenarios, respectively. In the RCP4.5 scenario, the highest rate of decadal warming is projected to occur in the
2071e2080 decade at (þ0.09  C) while the lowest is projected in the 2011e2020 decade at (0.03  C). Under the RCP8.5
scenario, the highest rate of decadal warming is projected to occur in 2031e2040 and 2061e2070 decade at (þ0.01  C) while
the lowest is projected in the 2021e2030 decade at (0.04  C). Under the RCP4.5 and RCP8.5 scenarios, the mean warming
over MFR during the last half of the 21st century (2071e2100) is projected to range between 1.2e1.7  C and 3.2e4.8  C,
respectively, with the Mann-Whitney test returning a signiﬁcant difference between these two periods (p < 0.05).
The temperature projections under RCP4.5 show a progressive warming trend between 2006 and 2050 which then cools
off from 2051 to 2060 (0.01  C), 2061e2070 (þ0  C), with warming resuming between 2071 and 2090 (þ0.2  C), which then
cools off in 2100. The hottest decade in this scenario is projected to be 2081e2090 at 21.95  C, while the coolest decade is
projected as 2011e2020 at 20.44  C. In contrast, the temperature projections in the RCP8.5 scenario show consistent temperature increase throughout the decades. The hottest decade is projected to be 2091e2100 at 25.4  C while the coolest
decade is 2011e2020 at 21.34  C.

5. Discussion
5.1. Historical rainfall trends
The observed rainfall anomaly (Fig. 3) showing both negative and positive trends suggest variable precipitation over time
and may be attributed to the wetting and drying trends in the MFR over time. The results revealed that 78.3% of the study
period was dominated by wet periods of different intensities between near normal to extremely wet conditions. The seven
years between 1961 and 1997 (1961, 1963, 1967, 1981, 1982, 1985, 1997) that recorded SPIs that were moderately wet to
~ o events, characterized by disruption in the global weather patterns with exextremely wet may be associated with El Nin
~ o events were experienced in
tremes in weather and climate such as ﬂoods, droughts, cold and hot spells, among others. El Nin
Kenya in the years 1961e1962, 1963, 1982e1983, 1997e1998, 2006e2007 and recently in 2015e2016 (Anyah and Semazzi,
2007; Williams and Funk, 2010).
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Table 3
Probability of occurrence SPI classiﬁcation under simulated rainfall.
SPI value

Category

No of times in 46 years (1960e2005)

Percentage occurrence

Severity of events

2.0
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0e1.49
1.5e1.99
2.0

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

2
1
2
33
7
1
0

4.3
2.2
4.3
71.7
15.2
2.2
0

1
1
1
1
1
1
0

in
in
in
in
in
in
in

23 years
46 years
23 years
1.4 years
6.6 years
46 years
46 years

Table 4
Probability of occurrence SPI classiﬁcation under RCP4.5
SPI value

Category

No of times in 94 years (2006e2100)

Percentage occurrence

Severity of events

2.0
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0e1.49
1.5e1.99
2.0

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

2
5
11
57
17
1
1

2.1
5.3
11.7
60.6
18.1
1.1
1.1

1
1
1
1
1
1
1

in 47 years
in 18.8 years
in 8.5 years
in1.6 years
in 5.5 years
in 94 years
in 94 years

Table 5
Probability of occurrence SPI classiﬁcation under RCP8.5
SPI value

Category

No of times in 94 years (2006e2100)

Percentage occurrence

Severity of events

2.0
1.5 to 1.99
1.0 to 1.49
0.99 to 0.99
1.0e1.49
1.5e1.99
2.0

Extremely wet
Severely wet
Moderately wet
Near normal
Moderately dry
Severely dry
Extremely dry

3
4
11
63
9
4
1

3.2
3.2
11.7
67
9.6
4.3
1.1

1
1
1
1
1
1
1

in
in
in
in
in
in
in

31.3 years
31.3 years
8.5 years
1.5 years
10.4 years
23.5 years
94 years

The increased frequency in the number of years with a drying anomaly (SPI  0) in the last 30 years, i.e. thirteen out of the
twenty-six years occurring between 1991 and 2010, suggests that the rainfall patterns in MFR were shifting over time, a
feature associated with climate change (IPCC, 2014a). The results also established that 21.7% of the study period was
dominated by dry periods of different intensities, between moderately dry to extremely dry conditions. The years with a
drying anomaly between 1973 and 2009 (1973, 1974, 1976, 1980, 1991, 1996, 1999, 2000, 2008, 2009) coincided with some of
the nationwide drought events in the years 1973e74, 1976, 1980, 1991e1992, 1995/1996, 1999/2000, 2006e2009, causing
socioeconomic and environmental devastation (Balint et al., 2013). Seven out of the eleven years that had a drying anomaly
occurred between 1990 and 2010, signalling an increased frequency in the last 30 years relative to the pre-IPCC baseline year,
which is attributed to climate change.
Drought according to Balint et al. (2013) is an extended period of freshwater unavailability in an ecosystem due to below
average spatial and temporal rainfall distribution. The higher frequency of the drying anomaly in the MFR occurring post the
IPCC baseline year may be attributed to global warming and climate change, which is expected to escalate the frequency and
intensity of extreme weather events like droughts and ﬂoods in the African continent (Allen et al., 2014). Our results were
consistent with ﬁndings by Opiyo (2014), who reported a similar drought trend in the arid and semi-arid lands of Kenya.
Ongoma and Chen (2017) also concluded that droughts have become more common, especially in the tropics and sub-tropics
since 1970, with signiﬁcant socioeconomic and environmental consequences.
The negative rainfall anomalies observed in MFR from the early 1990s to today support earlier observations made by CuniSanchez et al. (2018), who established a statistically insigniﬁcant decrease in annual rainfall in the past three decades in MFR.
The current study established a reduction in the MAM and OND rainfall, with the reduction rates of the MAM rainfall higher
than that of the OND rainfall. The higher reduction in MAM, the main agricultural season in MFR, is worrying considering the
local communities practice rain-fed small-scale agriculture that is not mechanised or adapted to climatic variability. Our
ﬁndings were also in agreement with Ongoma and Chen (2017), who established reduced rainfall over East Africa from mid1960s to the late 2000s, with a signiﬁcant reduction of rainfall in the MAM season.
The difference in both annual and seasonal rainfall trends between 1961 and 2014 suggests that rainfall patterns in the
MFR were shifting, with reduced rainfall over time, a feature associated with climate change (IPCC, 2014a). Various authors
have interpreted the cause of the depressed rainfall in the last three decades in East Africa differently. Williams and Funk
(2010) ascribed the drying to enhanced warming of the Indian Oceans sea surface temperatures due to anthropogenic
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Fig. 4. Observed and modelled long (MAM) and short (OND) rains for the period of 1960e2013 and 2006e2100, respectively, for the MFR under the RCP4.5
scenario. The red dotted line refers to a decreasing annual trend (2 mm) for observed long rains (p > 0.05) while the yellow dotted line refers to an increasing
annual trend (<1 mm) for the long rains under the RCP4.5 scenario p > 0.05. The blue dotted line refers to increasing short rain trend (þ1 mm) under RCP4.5
scenario p > 0.05. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Observed and modelled long (MAM) and short (OND) rains for the period of 1960e2013 and 2006e2100, respectively, over the MFR under the RCP8.5
scenario. The red dotted line refers to an annual reducing trend (3 mm) for observed short rains, p > 0.05. Blue dotted line refers to an increasing annual trend
(þ2 mm) for the short rains under the RCP8.5 scenario (p < 0.05) while the yellow dotted line refers to the increasing annual trend (<1 mm) for the long rains
under the RCP8.5 scenario (p > 0.05). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Observed and modelled mean temperature for the periods 1974e2011 and 2006e2100 in the MFR under the RCP4.5 and RCP8.5 scenarios. The blue dotted
line refers to the annual warming trend (þ0.02  C) under the RCP4.5 scenario (p < 0.05). The green dotted line refers to the annual warming trend (þ0.05  C)
under the RCP8.5 scenario (p < 0.05). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

forcings. Liu et al. (2013) and Tierney et al. (2015), in a global study, argued that increased GHG concentration increased
average global surface temperatures, which weakens the sea surface temperature gradient, producing less rainfall, especially
over the tropics. Yang et al. (2014) argued that the drying trend was because of decadal rainfall variability and not anthropogenic forcings.

5.2. Rainfall projections under RCP4.5 and RCP8.5 scenarios
The results from the historically simulated annual rainfall trends suggest that the model ensemble fairly reproduced the
correct amplitudes compared to the observed patterns, albeit modestly projecting the peaks (Fig. 2). This was evidenced by
the ensemble correctly capturing the annual rainfall trends in the MFR and projecting a drying anomaly from the 1970s which
was more pronounced in the 1990s. As shown in Figs. 4 and 5, the model ensemble also fairly simulated the observed annual
rainfall cycle with the expected bimodal regime in the MAM and OND seasons; a climatic regime typical of the Greater Horn of
Africa (Anyah and Semazzi, 2007) referred to as the long and short rainfall seasons respectively. The model ensemble underestimation of the annual rainfall compared to the observed mean suggested that future rainfall projection will likely be
steeper than will be simulated. Based on the results, the MFR is expected to experience a general increase in annual and
decadal rainfall (wetting anomaly), higher during OND than MAM, under both the RCP4.5 and RCP8.5 scenarios. The 23.7%
and 36.2% increase in rainfall in the RCP4.5 and RCP8.5 scenarios in the MFR conform to those of past studies, e.g. Gosling et al.
(2011) and Ongoma et al. (2017) who in various model ensembles projected a 20% increase in precipitation by 2100 over East
Africa, particularly in Kenya. The IPCC (2014a) also concluded that Eastern Africa would experience a small increase in the
OND rainfall of between 5 and 10%, which is attributed to climate change.
The observation of increases in the OND and MAM rainfall, with higher increases in the OND season and in the RCP8.5
scenario than the RCP4.5 scenario, according to Ongoma et al. (2017) may be linked to higher warming rates over the western
Indian Ocean than over the eastern Indian Ocean, increasing the chances of positive Indian Ocean Dipole occurrence. This,
they argued, has a greater inﬂuence on the OND rainfall than the MAM season. Similar to other regional studies (Gosling et al.,
2011; Rowel et al., 2015; Ongoma et al., 2017), our results project that between 2006 and 2100 annual rainfall trends in the
MFR will increase, in contrast to the reducing trends in the observed rainfall patterns. Yang et al. (2015) argue that this is
because of biases in the GCM model ensemble simulating rainfall and tropical responses to rising GHGs. Rowell et al. (2015)
concluded that it was due to the possible interaction of anthropogenic aerosol emissions with climate, natural variability and
sea surface temperatures, acting singularly or in concert in altering the East African rainfall regime. Wang et al. (2018)
concluded that the observations might be due to a mismatch of timescales, between decadal scale variability and longerterm climate changes in East Africa due to GHG emissions. Similar to our ﬁndings, Wang et al. (2018) further concluded
that the long rains would recover from their recent decline and register positive annual increments.
The signiﬁcant difference in mean rainfall between the IPCC baseline year (1990) and the projection period 2071e2100 for
both the RCP4.5 and RCP8.5 scenarios suggests that climate change will have taken effect in the MFR. The model ensemble's
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fair simulation of the historical SPI suggests the probability of an accurate projection of the extreme weather events in the
future. In that regard, the projected increase in the frequency of occurrence of extreme rainfall events in the RCP4.5 and
RCP8.5 scenarios relative to 1990 suggests that climate change will have taken effect on the weather patterns in the MFR. This
observation, according to Niang et al. (2014) and IPCC (2014a), can be ascribed to climate change, which is expected to increase the frequency and intensity of extreme events in East Africa under both RCP4.5 and RCP8.5. The IPCC (2014a) predicts
with 66% certainty that droughts will become more frequent, longer and more intense by the end of the century, with
increased temperatures amid a changing atmospheric circulation of water. The IPCC (2014a) further predicts with 90% certainty a likelihood of increased frequency of heavy rainfall over tropical regions with other parts of the world getting drier.
In observational data, rainfall in the MFR during the MAM season is higher than during the OND season. However, the
model ensemble in our study projected a higher OND rainfall under the RCP8.5 scenario compared to the MAM rainfall.
Considering the model ensemble overestimated and underestimated the OND and the MAM rainfall in the historical simulation, respectively, it is thus plausible to suggest that the projected MAM rainfall in the MFR under both scenarios will be
slightly higher than projected. Similarly, it is also plausible that the actual OND rainfall under both scenarios will likely be
lower than projected. This observation has also been attributed to difﬁculties in simulating the atmosphere-oceanemonsoon
interaction over East Africa by the CMIP models (Rowel et al., 2015; Klein et al., 2016; Ongoma et al., 2017). As such, these
projections should be inferred with a measure of caution. While the projected MAM rainfall increase between 2006 and 2100
is expected to be insigniﬁcant between 2071 and 2100 relative to 1990 for both the RCP4.5 and RCP8.5 scenarios, the general
increase in rainfall during MAM the main planting season in the MFR, should it occur, will be a boon for farmers considering
the observed drying anomaly currently taking place.
5.3. Historical temperature trends
The historical temperature trends presented in Fig. 6 suggest an increasing trend in the MFR over the study period. The
signiﬁcant difference in the mean temperature trends suggests that warming is taking place in the MFR and was most
pronounced from the early 1990s. This was evident by the decline in the decadal rate of warming in the 1970s and 1980s at
0.05  C and 0.03  C respectively, which then increased signiﬁcantly in the 1990s and 2000s by þ0.013  C and þ0.07  C
respectively. This observation is further corroborated by seventeen of the twenty-one years that recorded temperatures
higher than the MFR mean occurring between 1990 and 2011. The 0.84  C mean temperature increase over the study period
was in agreement with observations by the Government of Kenya (2010), who concluded that Kenya's average annual
temperatures increased by 1  C between 1960 and 2003. This overall temperature increase, according to Allen et al. (2014)
and Ongoma and Chen (2017), may be attributed to the ongoing global warming. This, they argued, coupled with other
mesoscale factors, such as land use and land cover changes, was responsible for the global average temperature increase
between 1951 and 2010.
Our observations also agree with IPCC (2014a), which concluded that the warmest 30-year period in more than the past
1000 years might have been observed between 1983 and 2012, attributing it to global warming. The mean warming in the
MFR by 0.84  C during the period of our study is comparable to IPCC (2014b), which concluded that global average temperatures showed a warming of 0.85  C over the period 1880e2012, with the average of the period 1850e1900 and
2003e2012 being 0.78  C. The study area generally experienced moderate temperatures, ranging between 19.6  C in 1974 to
21.2  C in 2011, with a mean surface temperature of 20.35  C over the study period. Relative to the northern parts of Kenya,
which average a mean temperature of 28.6  C (Government of Kenya, 2010), the MFR mean temperature was generally lower.
This observation suggests that the forest has a cooling effect on the microclimate of the area.
5.4. Temperature projections under RCP4.5 and RCP8.5 scenarios
The model ensemble fairly estimated the historical mean temperature at 20.33  C relative to the observed mean of
20.35  C, with a þ0.02  C annual temperature increase similar to the observed rate. This observation suggests that the
projected temperature increase is likely to take effect as modelled. With a 0.02  C projected annual temperature increase in
the RCP4.5 scenario, temperatures in the MFR are expected to increase by 1.88  C by the year 2100. Similarly, with a projected
0.05  C temperature increase in the RCP8.5 scenario, the MFR is expected to have warmed by 4.8  C by the year 2100. A similar
observation was made by the Government of Kenya (2010), which projected that the country's temperature would increase by
between 1.0 and 3.5  C by 2050e2060 and by about 4  C by the year 2100. The IPCC (2014a) suggested that a temperature rise
of between 1 and 2.5  C will have severe effects, including reduced crop yields and crop failure in tropical areas, precipitating
a hunger crisis, and the spread of diseases sensitive to climate, such as malaria and water-borne diseases. This temperature
risk will also increase the risk of extinction of plant and animal species that will have failed to adapt to the temperature
changes by between 20 and 30%. These results, therefore, project worrying times for the MFR, which is critical for the provision of ES, mainly water, pasture and fuelwood, essential for community livelihoods (Muhati et al., 2018). Our results also
conform to Ongoma and Chen (2017), who in an East African study projected a warming of between 1.7e2.8  C and 2.2e5.4  C
in the RCP4.5 and RCP8.5 scenarios, respectively, with the highest warming expected in central to western Tanzania and
northern Kenya. The projected mean decadal warming of þ0.2  C and þ0.5  C per decade between 2006 and 2100 in the
RCP4.5 and RCP8.5 scenarios, respectively, are in support of Otieno et al., (2014) and Ongoma et al. (2017), who projected a
likely temperature increase at a rate of between þ0.2 and þ 0.5  C per decade under the RCP4.5 and RCP8.5 scenarios over
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East Africa. The observed cooling of temperature trends in the 2050s in RCP4.5 compared to RCP8.5 suggests the likelihood of
scenario uncertainty over model uncertainty, as observed by Hawkins and Sutton (2011).
The signiﬁcant difference between the mean temperatures in the IPCC baseline year (1990) compared to the 2071e2100
projection period in both the RCP4.5 and RCP8.5 scenarios suggests that climate change will have taken effect in the MFR.
These observations agree with those of IPCC (2014a) and Engelbrecht et al. (2015), who reported a likely increase in temperature by over 1.5  C under the RCP4.5 scenario and by over 2  C under the high emission scenario in the African tropics
during the 2071e2100 period. While our study did not investigate the causes of the observed and projected warming in the
MFR, this overall temperature increase, according to IPCC (2014a) and Ongoma and Chen (2017), can be attributed to the
increase in anthropogenic GHG emissions coupled with their anthropogenic drivers. These anthropogenic forcings, they
concluded, contributed to a global mean surface warming likely to be in the range of between 0.5 and 1.3  C over the period
1951e2010.
6. Conclusions and recommendation
Our study examined historically and projected rainfall and temperature trends over the MFR between the years
1960e2005 and 2006e2100 under the RCP4.5 and RCP8.5 scenarios. Overall, future scenarios predict that both the mean
rainfall and temperature will have increased in the 21st century relative to the 20th century. Between 1960 and 2015, there
was a mean reduction in the historical rainfall by 28 mm, with a decrease in the MAM and OND rainfall by 47 mm and 7 mm
respectively. The model ensemble fairly reproduced the MFR bimodal rainfall pattern but tended to overestimate and underestimate rainfall in the OND and MAM seasons by 23% and 13.9%, respectively. Relative to 2005, it is projected that by 2100
rainfall will have increased by 23.7% and 36.2% under the RCP4.5 and RCP8.5 scenarios, respectively. The mean rainfall between 2071 and 2100 for the RCP4.5 and RCP8.5 scenarios relative to the IPCC baseline year (1990) is projected to increase
signiﬁcantly by 19% and 28.7% respectively, and can be characterized as climate change.
The MFR recorded a mean surface temperature of 20.35  C and was warming annually at a rate of 0.02  C with a mean
increase of 0.84  C between 1974 and 2011. Temperatures are projected to increase at a rate of þ0.2  C and þ0.5  C per decade
under RCP4.5 and RCP8.5 scenarios, respectively. By the end of the century (2071e2100), it is projected that signiﬁcant
climate change will have occurred in the MFR, with the mean increase in surface temperature relative to the 1990 baseline
year ranging between 1.2e1.7  C and 3.2e4.8  C in the RCP4.5 and RCP8.5 scenarios, respectively. Extreme rainfall events are
projected to increase under RCP4.5 (severe wetting 13.1%, severe drying 3%) and the RCP8.5 (severe wetting 20.1%, severe
drying, 3%) compared to the baseline period. Our results conformed to the “East African climate paradox” as alluded by Rowel
et al. 2015, where the observed rainfall trends exhibited a drying anomaly compared to the scenario simulation which
projects a wetting anomaly.
This paradox we concluded may be due to biases in the model ensemble in simulating rainfall and tropical responses to the
rising GHGs. In this regard, caution should be exercised when interpreting these results for short-term and medium-term
planning purposes in the development of policies to mitigate climatic change and adaptation mechanism for the communities around the MFR. Conclusive studies to shed more light on the poor performance of the GCM ensemble in the simulation
of projected rainfall patterns vis a vis observed drying trends in the MFR and the larger Great Horn of Africa region need to be
undertaken.
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