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Abstract

Climate change has caused unreliable precipitation (P) and temperature (7) changes
influencing global, regional and local water availability, agricultural production hence food
insecurity. Precipitation and temperature are key climatic parameters among others in
estimating potential evapotranspiration (PET). The main goal of this paper was to estimate
long term (1901-2016) potential evapotranspiration time series using seven temperature- and
two temperature and terrestrial radiation-based methods and compare the values estimates
within four counties of Kenya. Data was sought from the World Bank database constructed
based on CRU TS (Climatic Research Unit Timeseries). The estimates were computed and
Thornthwaite method was used as a reference in comparison with the other methods. The
study established that Hamon III and Thornthwaite equations gave lower annual PET
estimates than the other methods. For instance, in Makueni county, the two methods gave
potential ~ evapotranspiration  estimates  ranging  from = 899+49.6 mm/year  to
1131+49.6 mm/year and 918+76.3 mm/year to 1274+76.3 mm/year respectively for the whole
time period. Jensen-Haise and McGuinness-Borden PET estimates were the highest ranging
from 2782+119.9 mm/year to 3343+120.0 mm/year and 2040+70.7 mm/year to
2371£70.7 mm/year in Makueni, respectively. Thornthwaite method depicted an increasing
linear trend in all stations. Further, the Aridity Index (in our case P/PET based on the
Thornthwaite method) varied from one climatic period (30 years) to the other with a large
range of 0.3 to 1.2 in Makueni county. The study also established that Kitui county had the
highest estimate values of PET from all methods used. The study concludes that different
temperature- and temperature and terrestrial radiation-based methods perform differently and
give different PET estimation based on the parameter specific requirement. The study is
suitable in selection and comparisons of best temperature-based, temperature and terrestrial
radiation methods in PET estimation in the tropical, data scarce regions in Kenya.

1. Introduction

Potential evapotranspiration (PET) has varied scholarly definitions based on the context of
use (Lakatos et al., 2020). For instance, Thornthwaite (1948) defined it ’as process of water
transfer from soil to the atmosphere, either directly or indirectly or through plants where the
water required for such processes is fully available’. Therefore, based on any definition, PET
is a very crucial parameter in agriculture, hydrology, global, regional and local hydro-
climatology. As stated by Ryu et al. (2020), evapotranspiration is an important component in
water budget and its acceleration can lead to agricultural drought due to insufficient soil
moisture content which varies depending on soil characteristics. Decreasing precipitation and
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increasing temperature more so in Arid and Semi-Arid lands (ASALs) leads to increased
drought characteristics such as increased drought durations, frequencies and severity
(Musyimi et al.,, 2018). Therefore, estimation of PET is important in solving challenges
brought about by climate change and variability and understanding it, is a prerequisite in
calculation of Aridity Index (41 = P/PET) that is of the average water available in the soil,
defined as the ratio between mean annual precipitation (P) and mean annual potential
evapotranspiration (PET) in different parts of the world and formulation of appropriate
policies in water and agricultural sectors (Xystrakis & Matzarakis, 2011). More detailed PET
estimation requires varied range of meteorological parameters such as air surface temperature,
wind speed, sunshine, extra-terrestrial radiation, vapour pressure among other radiation
components (Ryu et al., 2020; Trajkovic et al., 2020). The complex methods use almost all
meteorological data. They include FAO Penman-Monteith (PM) as used by Allen et al.
(1998), among others. Temperature-based methods have been used in regions of the world
with different climate characteristics. For example, Jensen & Haise (1963) were used in semi-
arid to arid climate of Western USA, while Hargreaves equation was used in semi-arid to arid
climate of California (Samaras et al., 2014). This indicates that suitability and feasibility for
application of simple PET equations differ significantly according to the diversity of climatic
regions (Tukimat et al., 2012).

Legend

= Major Towns
Roads

Primary Road

[ Kenya boundary
Study Area
] wivui
[ Machakos
0 Makueni
I Taita Taveta

Figure 1: Map of Kenya showing study area, four selected counties.

In Kenya, where agriculture is the mainstay of economy and with diverse climatic regions
PET estimation is of key importance. This is because, as suggested by Shilenje et al. (2015),
agriculture is rain-fed and depends purely on precipitation as a major weather variable.
Therefore, this calls for relevant studies on how suitable temperature-based or/and
temperature and terrestrial radiation-methods are in estimating of PET. Various methods have
been used in few studies in some counties in Kenya, for instance Penman-Monteith (PM) in
Muranga county, (Shilenje et al., 2015) and in Lake Victoria Basin (Chumo et al., 2011).
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The main objectives of this study are to estimate i) long term (1901-2016) time series of
potential evapotranspiration (7able 1) and Aridity Index (P/PET), ii) investigate the
temperature and precipitation trends in the four lower eastern counties of Kenya for a period
(1901-2016).

Table 1: Methods for calculation of monthly potential evaporation ( PET;).

Name of the method (citation) Formulae PET; (mm/month)
Temperature based methods
a
Thornthwaite (Thornthwaite, 1948) PET. = 16 - (i) : (ﬁ) (le)
' 12/ \30 I
Blanney-Criddle (Blaney & Criddle,1950) PET; =p-(0.46-T; + 8)
T.
Hamon Basic. (Hamon, 1963) PET; = 29.8 - Hryay " €sqt E+—£7?>2
Hamon I (Lu et al., 2005 PET, = 0.1651 - [216'7'65
amon [ (Lu et al., ) ;= 0. 12 T+ 2732 a
Hamon IT (Oudin et al., 2005) PET. = ( L )2 E (Ti)
i = \12) " "*P\16
2
Hamon III (Rosenberry et al., 2004) PET: = 0.55 - (i) . (@) . 254
' 12 100
McClouds (Irmak et al., 2003) PET;=a-b- (T; — 32)
Temperature and terrestrial radiation-based methods
. . R.,\ T; +5
McGuinnes Bordne’s (Oudin et al., 2005) PET; = ( ) —
A-p 68
. . R, T;
Jensen and Haise (Jensen & Haise, 1963) PET; = n 70

L — day length (hours), N — number of days in the given month, / — annual heat index, o — temperature
dependent exponent (see, Acs et al., 2007), T; —monthly mean temperature (°C), p — mean daily
percentage of annual daytime hours (%), esq+ — saturation water vapour pressure (kPa),
SVD — saturated vapour density at mean T; temperature (gm~3), R, — extraterrestrial radiation
(MJ m?day') from Allen et al. (1998), a=0.01 and h=1.07 — constants, p, — water density
(1000 kg/m®), A — latent heat of vaporization (MJ/kg), Hra., — the number of daylight hours.

2. Geography and Climate of Kenya

Kenya is located along the equator in Eastern Africa (Fig. 1). It lies in latitude 5°N, 5°S and
longitude 34°E, 42°E. It has an area of 582,646 km? with a population of 47,564,296 million
people (KNBS, 2019) and 47 counties. The rainfall pattern and distribution in Kenya depicts
bimodal characteristic. The short rainy season occurs between October November and
December (OND). This is majorly influenced by the (ITCZ) Intertropical Convergence Zone
while the long rainy season occurs between March, April and May (MAM) and it is mostly
under influence from southeast trade winds and the Indian Monsoon winds (Marshall et al.,
2012). The mean annual precipitation is 669 mm, and mean annual temperature is 24.3 °C
(CCKP, 2020). Due to climate change, Kenya has faced various extreme events, which
include droughts, floods, landslides, mudslides, forests fires, which has led to death and
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displacement of people, epidemics, destruction of property, loss of forested land (Huho et al.,
2016).

3. Investigated Area, Dataset

The investigated area was Lower Eastern Kenya. It comprises of Makueni, Machakos, Kitui
and Taita-Taveta Counties (Fig. /). Makueni County is arid and semi-arid, characterized by
severe water scarcity, food insecurity and low adaptive capacity and resilience to climate
change and variability (Muema et al., 2018). Rainfall ranges from 800—1200 mm while the
low-lying areas receive at range of 150—650 mm per year. Kitui County is located on latitude
0°10” and 3°0° South and Longitude 37°50° and 39°0' East. It is also a semi-arid characterized
by unreliable and poorly distributed rainfall with altitude ranging from 400 m and 1830 m
above sea level (Khisa, 2018). Machakos County still falls under arid and semiarid climate,
with elevation ranging from 400 m to 2100 m above sea level (Huho, 2017). Taita-Taveta
County is semi-humid to semi-arid with mean annual rainfall of 650 mm and average
temperatures of 23 °C (GOK, 2013). Data sets in the stations mentioned comprised of
monthly precipitation and temperature over a period of 116 years (1901-2016) and it was
sought from CCKP (2020). This data set is constructed based on global available
observational datasets derived from the Climate Research Unit Time series (CRU-TS).

4. Methodology

Data was analysed using Visual Basic Macro programmes developed in MS Excel. Similar
programming method has also been applied by Sellinger (1996) in estimation of
evapotranspiration using Thornthwaite method. Monthly PET values were calculated from
7 temperature based and 2 temperature and terrestrial radiation-based methods presented in
Table 1. The methods were purposively selected based on the appropriateness of the variables
in the datasets. Thornthwaite equation was used in the study as a reference formula. This was
because it is and has widely been used in the computation of potential evapotranspiration by
many scientists and used as a benchmark for the other methods.

5. Results and Discussions

This section describes trend analysis of temperature and precipitation, compares precipitation
and potential evapotranspiration using various methods and examines mean standard
deviation of temperature, precipitation, potential evapotranspiration and Aridity Index
(P/PET).

5.1 Trend analysis: Annual Temperature and Precipitation

Temperature and precipitation data for 116 years (1901-2016) was analysed first. The annual
temperature decreases for the first two decades in the 20" century after that an increase in the
last decade in the climatic period of 1910-1930. Middle of 1920°s years had similar annual
temperatures as in the present. End of the 1920s there was a dramatical decrease of the annual
temperatures which was similar to the 2™ decades of the 20" century. The reason of large
temperature fluctuation is not well known. From that time forth, the annual temperature
increased (Fig. 2). The trend lines show that temperature is gradually increasing over the
climatic periods except the third decade of the 20™ century. The trend value was 1.9 °C/100-
year of the entire period (1901-2016). This tendency conforms but underestimated by AR4,
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ARS assessment reports and IPCC (2014) which indicate that temperature will increase
globally 0.074 °C per decade for 100 years.

Contrary to the decrease in temperature in the first 20 years in the first climatic period of
the analysis (1901-1930), precipitation analysis shows a variability from year to year in the
four Counties. Results show increasing trend in the climatic period of 1960—-1990. However,
the last climatic period (1991-2016) indicates a decreasing trend (trend line) of precipitation
(Fig. 2). The slightly decreasing trend value was -52 mm/100-year of the entire period. The
absolute maximum annual precipitation for the stations were 1383 mm, 1209 mm, 1296 mm
and 1203 mm for Kitui, Makueni, Voi and Machakos, respectively, while the absolute
minimum annual precipitation was 364 mm, 326 mm, 388 mm and 340 mm for Kitui,
Makueni, Voi and Machakos, respectively. This conforms to the results of Huho (2017) who
suggests that the amount of rainfall received in a given region differs from year-to-year.
Consequently, higher variability dominates the arid and semi-arid climatic regions, which are
characterised by low, unreliable and erratic rainfall amounts.
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Figure 2: Long term trend (1901-2016) of annual temperatures (left) and precipitation (right)
in four Counties of Kenya (CRU TS grid points close to Kitui, Makueni, Machakos and Voi).

5.2 Potential Evapotranspiration Estimations

Potential evapotranspiration (PET) was estimated using seven temperature- and two
temperature/terrestrial radiation-based equations (Fig. 3). These methods are widely and
continuously applied, because temperature records are largely available climatic data for
computation of PET (Shuttleworth, 1993). Results show that Hamon III and Thornthwaite
equations give the lowest values for instance in Makueni County PET estimates ranged from
899 mm/year to 1132 mm/year and 918 mm/year to 1273 mm/year respectively. The methods
are applied in computation of PET because they primarily rely on temperature as a parameter
according to Shaw et al. (2011). This finding conforms with a study carried out by Tukimat et
al. (2012) who found that PET in Muda Irrigation Scheme in Malaysia ranged from
1360 mm/year to 1490 mm/year.

Using Makueni County as a reference, Jensen-Haise and McGuinness equations gave the
highest value estimates of potential evapotranspiration ranging from 2782 mm/year to
3343 mm/year and 2371 mm/year to 2040 mm/year, respectively. The highest values of
potential evapotranspiration estimate in the Jensen-Haise and McGuinness-Borden methods
were attributed to the inclusion of extra-terrestrial radiation variable in computation. The PET
values are also very high, because the climate of the four Counties is arid and semiarid. This
conforms with a study by Shilenje et al. (2015) who stated that PET is higher in the equatorial
and tropical regions and depends moisture availability content and its variability is affected by
diversity of variations of parameters and conditions of meteorological stations.

Kitui had the highest estimate values of PET for the nine methods. These high values were
attributed to higher temperatures in Kitui. This conforms with Fisher et al. (2011), who stated

78



Musyimi, P.K., Székely, B., Weidinger, T.: Long term (1901-2016) temperature based potential
evapotranspiration and aridity index analysis for lower eastern region of Kenya

that the PET values vary from region to region, varied ecosystems and different climates, for
instance, PET values of the Sahara Desert are quite higher than Tundra because it is hotter
than Tundra. Further, comparison of Q2 (Median) among the four stations and the nine
methods were carried out. It was evident that Hamon III method had the lowest Q2 value of
1031 mm/year in Makueni, 1027 mm/year in Voi, 1095 mm/year in Kitui and 859 mm/year in
Machakos. It was closely followed by the Thornthwaite method, which registered
1100 mm/year in Makueni, 1093 mm/year in Voi, 1209 mm/year in Kitui, and 876 mm/year
in Machakos.
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Figure 3: Box plot and whiskers for temperature (°C) and both temperature and temperature and
terrestrial radiation-based methods in the four stations of the four Counties of Kenya
represented with CRU grid points close to Kitui (first), Makueni, Machakos and Voi (last).

In this study, Thornthwaite method was used as the reference method. In relation to the
trend of PET, Makueni County was used as the reference because its centrally located
between Kitui, Machakos and Voi in Taita-Taveta County (Fig. 4). Out of the four Counties
Thornthwaite and Hamon III methods showed the lowest estimates as compared with the
other methods. This conforms with the study by Lang et al. (2017) in Southwestern China.
Long term variations of time series of PET naturally are similar with temperature time series
(compare Figs. 2 and 4).
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Figure 4: Trends of the temperature- and both temperature and terrestrial radiation-based
potential evapotranspiration methods in Makueni County.

79



Musyimi, P.K., Székely, B., Weidinger, T.: Long term (1901-2016) temperature based potential
evapotranspiration and aridity index analysis for lower eastern region of Kenya

5.3. Comparison of PET and P (mm/year) from whole period, last climatic period
(1991-2016) and using 1961-1990 as a reference climatic period in Makueni County

Comparisons between Precipitation (P) and PET values were also analysed using
Thornthwaite method. Analysis shows that PET in mm/year estimates were higher than the
annual precipitation in Makueni County (Fig. 5). Using climatic period from 1961-1990 it
was evident that last period (1991-2016) had high PET values ranging from 1152 mm/year to
1218 mm/year compared with the entire period (1901-2016) which had a range from
1150 mm/year to 1058 mm/year. The reference period PET values ranged from 1095 mm/year
to 1124 mm/year. PET Q2 was also the highest with a value of 1187 mm/year in the last
period as compared to the reference (1111 mm/year) and entire period (1105 mm/year).
Precipitation is slightly low in the entire period with Q2 of 654 mm as compared to the
reference period which has 706 mm while the last period has a Q2 value of 637 mm/year.
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Figure 5: Box plot and whiskers comparing PET and P(mm/year) from whole period, last climatic
period (1991-2016) and using 1961-1990 as a reference in Makueni County.

The interquartile range was high in the reference period with a value of 251 mm/year as
compared to the last and the entire period which had values of 210 mm/year and 202 mm/year
respectively. PET Interquartile range was the lowest at the reference period with a value of
29 mm/year as compared to the last and entire period of study which depicted values of
66 mm/year and 100 mm/year, respectively

5.4 Mean and standard deviation of annual temperature (7), precipitation (P), PET and
Aridity Index (47) in Makueni County

Analysis based on standard deviation (o) from the mean was carried out at an interval of a
decade (10 years) and maintained the 30 years climate normal period as recommended by
World Meteorological organisation (7able 2).

Results show that for temperature, deviation from the mean of 22.6 °C decreased for the
first five climatic periods, remained constant for the three climatic periods and slightly
increased in the last two climatic periods. Using 1961-1990 as the reference period, analysis
shows that annual mean and standard deviation of temperature (7)) and PET decreased slightly
before the reference period and increased slightly after that period. AI decreased and
remained constant with a value of 0.55 after the reference period, while ay; increased slightly
until the reference period and depicted variability after the period. In relation precipitation,
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deviation increased slightly for the first seven climatic periods until 1961-1990 and decreased
slightly for the last climatic periods. Based on Aridity Index, the quotient of (P/PET) the
analysis revealed that there was a slight variation for the four climatic periods. For instance,
from 1901-1930 A/ (Aridity Index) ranged from 0.4—1.0, 1931-1960 range was from 0.4 to
1.0, 1961-1990 the values ranged from 0.3—1.2 and from 1990-2016 the range was from
0.3—1.0. This implies that there was variation in aridity values in the four climatic periods and
the aridity ranges from being semi-arid (0.2—0.5) to humid (> 0.65) according to global aridity
values classification (Middleton & Thomas, 1997).

Table 2: Mean and standard deviation of annual average temperature (T), precipitation (P),
PET and Aridity Index (AI) in Makueni County.

Mean (x) and | 1901~ 1911- | 1921- | 1931- | 1941- | 1951- | 1961- | 1971- | 1981- | 1987-

Standard 1930 | 1940 | 1950 | 1960 | 1970 | 1980 | 1990 | 2000 | 2011 | 2016
Deviation (oy)

T (°C) 219 | 21.8 | 223 |224 |22.7 |22.8 |22.8 |23 233 |23.5
or (°C) 1.0 0.9 0.7 0.5 0.4 0.3 0.3 0.3 0.4 0.4
P (mm) 675 | 671 636 | 636 | 650 |694 |706 |693 |641 653
op (mm) 134 | 154 154 155 | 214 | 211 215 154 183 181

PET (mm) 1038 | 1032 | 1067 | 1077 | 1100 | 1112 | 1111 | 1128 | 1159 | 1179

oppr (Mm) 855 | 814 | 658 473 (329 |28.1 |29.6 |[29.6 |41.8 |43.0

Al (=) 0.66 | 0.66 |0.60 |0.59 |0.63 [0.64 |0.64 |057 |0.55 |0.55

oa (=) 0.15 (0.17 |0.16 |0.16 |0.20 |[0.20 |0.20 |0.13 |0.16 |O0.15

6. Conclusions

In this paper we investigated long term (1901-2016) time series of temperature (7)),
precipitation (P), potential evapotranspiration (PET) and Aridity Index (P/PET). It was
established that

e Different temperature-based methods performed differently and gave different PET
estimation in the four Counties with Hamon III and Thornthwaite equations depicting the
least values. For instance, using climatic period from 1961-1990 as the reference, it was
evident from the analysis that last period (1991-2016) had high Thornthwaite PET values
ranging from 1152 mm/year to 1218 mm/year compared with the entire period
(1901-2016) which had a range from 1150 mm/year to 1058 mm/year.

e Temperature trend analysis value was 1.9 °C/100-year, while precipitation trend value
was —52 mm/100-year in the study area.

e Aridity Index AI decreased slightly until the reference period (1960-1990) and remained
constant with a value of 0.55 after the reference period, while g,;increased slightly until
the reference period and depicted variability after the period.

The study concludes that these results are important to water resource management
authorities at the four Counties and the other County governments and national government in
Kenya, researchers in scarce data regions, development partners in water agencies and
institutions, planners and policy makers at every level of government. The next step of the
investigation will be the construction of 1D evapotranspiration model in monthly scale using
the soil characteristics based on the methodology of Sellinger (1996) and Acs et al. (2007).
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