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ABSTRACT: Understanding changes in evaporation rates is expected to be of great importance for water resource planning
and management. This paper examines pan evaporation data as an example of the detection and attribution of trends in
climate variables. Records of pan evaporation (Ep,,), rainfall (R), radiation (Sg), wind speed (Ws), temperature (7,) and
humidity (Ry) for the period 1973-2008 were collected from the International Institute of Tropical Agriculture (IITA)
in Ibadan, Nigeria. Mann—Kendall trend and Sen’s slope tests were performed on the respective meteorological variables
and a variability index (VI) was also computed for these. The results showed that annually E,,,, Sg and Ws significantly
decrease (P < 0.001) while R, T,, and Ry showed insignificant increasing trends in the last four decades. Ep,, and Sg
decrease at the rate of 8.3 mm year—2 and 37.8 MJ m~2 year™!, respectively. Similar to Epan, Sr decreased significantly in
all the months (P < 0.01) and the reduction ranged from 5.1% per decade in March to 9.3% per decade in August. The
result of VI showed that the decrease in Ep,, and other explanatory variables is rather recent. Regression between E,, and
other variables indicates that about 30, 15 and 6% of its variance can be explained by Sg, Ws and VPD (vapour pressure
deficit), respectively. The possible roles of dust-haze known as ‘harmattan’ winds and monsoon clouds in attenuating Sg

and hence reducing E;, are discussed. Copyright © 2011 Royal Meteorological Society

KEY WORDS

climate change; evaporation trends; complementary relationship; global dimming

Received 26 December 2010; Revised 21 March 2011; Accepted 23 May 2011

1. Introduction

A change in the rates of evaporation is expected to be of
great importance for water resource planning and man-
agement, irrigation control and agricultural productivity.
It is important to understand causes of changes in pan
evaporation in order to make more robust predictions
about future changes in the water cycle. Decrease in
pan evaporation and/or potential evaporation, has been
reported since 1950 in many parts of the world. This
trend is contrary to the expectation that global warming
will be accompanied by an increase in terrestrial evapo-
ration, known as the pan evaporation paradox (Brutsaert
and Parlange, 1998; Cohen et al., 2002; Roderick and
Farquhar, 2002; Liu et al., 2004). Based on physical the-
ory expressed in the Penman Equation (Farquhar and
Roderick, 2005), pan evaporation can be directly influ-
enced by net radiation impinging on the pan of water (i.e.
heat input which is mostly determined by solar radiation)
vapour pressure deficit (VPD) of the air passing over the
pan and wind speed. However, average air temperature
has no direct effect but can only indirectly affect evap-
oration by influencing the VPD of the air and the down
welling radiation load on the surface.
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Evidence that pan evaporation rates have decreased
during the past half century was presented by Peterson
et al. (1995) based on measurements from several hun-
dred evaporation pan stations over the United States and
former Soviet Union. Similar trends have been presented
for India (Chattopadhyay and Hulme, 1997), Australia
and New Zealand (Roderick and Farquhar, 2004, 2005),
China (Liu and Zeng, 2004; Liu et al., 2004), Japan
(Asanuma et al., 2004) and Thailand (Tebakari et al.,
2005). Evidence for a decrease of potential evaporation
was also reported from China on the basis of data mea-
sured at 60 climate stations using estimates made with the
Penman equation (Cohen et al., 2002) and more recently
at 150 meteorological stations during 1960-2000 in the
Changjiang (Yangtze River) catchment (Xu et al., 2006).
These reductions in pan evaporation are not universal:
others have reported an increase at some local stations,
for example at Bet Dagan in Israel (Cohen et al., 2002), in
some parts of United States (Brutsaert, 2006), Kazakhstan
(Golubeyv et al., 2001) central China (Liu and Zeng, 2004)
and at a few stations in Australia (Roderick and Farquhar,
2004).

Explanation for the observed widespread decreas-
ing trends in pan evaporation continues to generate
interesting debate. Some researchers argue that the
decrease in pan evaporation is consistent with widespread
decreases in solar irradiance received on the Earth’s
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surface as a result of increasing cloudiness and aerosol
concentrations. The decline in solar irradiance, or global
dimming, is seen as the main cause of the decline in
pan evaporation, and thus evidence of decreasing land-
scape evaporation (Peterson et al., 1995; Cohen et al.,
2002; Roderick and Farquhar, 2002, 2004; Liu et al.,
2004; Xu et al., 2006). Another interpretation, although
not necessarily contradictory, is based on a complemen-
tary relationship hypothesis between actual evaporation
and pan evaporation. From this view, the decrease of
pan evaporation is taken as a sign of increasing terres-
trial evaporation (increased terrestrial evaporation will
increase moist air over the evaporation pan, thus reducing
evaporation from the pan): that is, global climate changes
have led to increases in actual evaporation (Brutsaert and
Parlange, 1998; Lawrimore and Peterson, 2000; Golubev
et al., 2001; Brutsaert, 2006).

As this debate continues, the need for additional data
and analysis to explain the mechanisms behind the widely
observed decline in pan evaporation and its implications
for understanding the influence of climate change on the
global hydrological cycle was advocated (Cohen et al.,
2002; Liu et al., 2004). Whereas most of the contributions
to this debate are from many parts of the globe, little
or nothing was reported from Africa either at local
or regional levels. This may be partly due to lack of
qualitative long-term data sets compared to other regions.
Therefore, the purpose of this analysis of a local series
of pan evaporation measurements and other explanatory
climatic variables is to explore any time trends found in
the light of the hypotheses described above and hence
contribute to the on-going discussion from Nigeria, West
Africa.

2. Datasets and methods

2.1. The study area

Ibadan, a city in southwestern Nigeria, is located about
110 km northeast of Lagos. The city, reputed to be
the largest native city in Black Africa, is located at
latitude 7°22'N and longitude 3°54'E (Sangodoyin, 1992).
Ibadan grew rapidly in the mid-nineteenth century and
her resident population increased from about 1 million
in 1963 to about 3.6 million in 2007. The climate is
generally monsoon with bimodal rainfall pattern. Average
rainfall is about 1300 mm year~! and mean monthly
temperature varied from 24.5°C in August to 28.8°C
in February (Sangodoyin, 1992). The soil type is ferric
luvisols and the vegetation is mild-hot farmland and
settlements (Jagtap and Alabi, 1997).

2.2. Data source

Pan evaporation (Ep,,), rainfall (R), solar radiation (Sr),
wind speed (Ws), minimum and maximum temperature
(T,) and minimum and maximum relative humidity (Ry)
data were obtained from the database of the Interna-
tional Institute of Tropical Agriculture (7°30'N, 3°54'E,
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243 m amsl), Ibadan. Daily data were available for this
location for 36 years (1973-2008). Data collection was
done by IITA trained personnel and weather instrument
installations conform to WMO standard. Agro-ecological
characteristics of the site and instrumentation are pre-
sented in Jagtap and Alabi (1997).

2.3. Data analysis

Variability index (VI) for pan evaporation and other
variables were calculated as the standardized variable
departure (Oguntunde et al., 2006) as:

VI; = (X; —w)/o (D
where VI; is variability index for year i, X; is annual
value of the variable for year i, u and o are the
mean annual value and standard deviation for the period
between 1973 and 2008, respectively. Time series of pan
evaporation and other climatic factors were examined
for trends and slopes on annual and on month-by-month
basis. The Mann—Kendall test, which is often used to test
for trends in hydrological time series (Salmi et al., 2002;
Oguntunde et al., 2006), was used to test for the presence
of trends in the time series of the studied variables. The
Mann-Kendall test statistic S is given by Salmi et al.

(2002) as:
n—1 n
S = Z Z sgn(x; — xi)

k=1 j=k+1

2)

where n is the length of the time series x;...x,, and
sgn(.) is a sign function, x; and x; are values in years j
and k, respectively. The expected value of S equals zero
for series without trend and the variance is computed as:

a2(S) = 11—8 nin —1)2n +5)

q
= = D21, +5)

p=1

3)

Here, g is the number of tied groups and 7, is the
number of data values in pth group. The test statistic Z
is then given as:

S—1

if $>0
Voi(S)
Z= 0 if §=0 )
S+l i s5<0

Vai(S)

As a non-parametric test, no assumptions as to the
underlying distribution of the data are necessary. The
Z statistic is then used to test the null hypothesis, Hy,
that the data are randomly ordered in time, against the
alternative hypothesis, H;, where there is an increasing or
decreasing monotonic trend. To estimate the true slope of
an existing trend Sen’s nonparametric method was used
(Salmi et al., 2002).
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Table I. Summary of climatic variables at Ibadan.

Time series Minimum Maximum Mean SDEV CV (%)
Pan evaporation (mm day~') 3.0 4.8 39 0.4 11.0
Rainfall (mm year™!) 794.3 1655.4 1274.7 2194 17.2
Solar radiation (MJ m~2 day~') 13.3 18.0 15.7 1.4 9.2
Wind speed (km h™!) 1.4 44 34 0.8 24.6
Mean temperature (°C) 259 27.7 26.7 0.3 1.3
Diurnal temperature range (°C) 7.58 10.41 9.12 0.74 8.15
Vapour pressure deficit (kPa) 0.78 1.05 0.91 0.07 7.22
Relative humidity (%) 69.9 78.0 74.5 1.8 2.5

SDEV, standard deviation; CV, coefficient of variance.

Principal component analysis (PCA) was used to
further analyse the data. PCA helps to identify common
modes of variability between variables (Richman, 1986;
Jollife, 1990), and can reduce a large number of inter-
related variables to a few principal components that
capture much of the variance of the original dataset
(Hair et al., 1998). PCA has been widely and successfully
used to help understand, interpret, and reconstruct large,
multivariate climate datasets, both with spatial extent
(Walsh, 1978) and at single sites (Reusch et al., 1999).
Here, PCA was applied to identify the meteorological
variables that are coupled with the pan evaporation.
Statistica software (Statsoft Inc., 2009) using the varimax
rotation option to obtain a clear pattern of loadings was
used for the analysis.

3. Results

3.1.  Annual changes in pan evaporation and other
climatic variables

Summary statistics of the temporal series of Ep,, and
other variables are given in Table I. Pan evaporation
varied with CV of 11.0%, its value ranged from 1096 to
1753 mm year~! with a mean value of 1442 mm year™'.
Rainfall (R) varied between 794 and 1655 mm year—'.
Solar radiation (Sg) varies similarly as R with CV of
9.2% and average value of 15.7 MJ m~2 day~!. Air
temperature, with CV of 1.3% and the least varied of all
climatic series examined, range between 25.9 and 27.7 °C.

Annual time series of Ep,, and other variables are
shown in Figure 1. A summary of the trend estimates are
presented in Table II. The observed slopes for Epaq, Sr,
Ws and VPD are negative, while R, T,, DTR and Ry
showed increasing trends. Ep,, decreased significantly
(P <0.01) at the rate of —0.023 mm day~! year™!
(8.3 mm year~?). Sg similarly showed decreasing trends
at the rate —0.104 MJ m~2 day~! year™! (P < 0.001).
Wind speed was observed to decrease (P < 0.01) with a
change of about —28% over the period examined. How-
ever, R showed a non-significant (P > 0.05) increase of
about 2.0 mm year‘2. Variability indices for Epq, R, Sr
and Ws are presented in Figure 2. The results showed
that 1987 was the wettest year while 1998 was the dri-
est. Similarly, 1983 has the highest positive variability
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while 2004 has the lowest for Ep,,. In addition, 1983
was the windiest year (VI = +1.08) while 2002 was the
least windy (VI = —2.38). The brightest year was 1989
while 2006 was the dimmest.

3.2. Monthly changes in pan evaporation and other
climatic variables

Analysis of each calendar month allows the identification
of time characteristics peculiar to each month, which
may be masked in annual analysis. Table III contains the
Z statistic and the levels of significance of slopes for
Epan, R, Sg Ws, DTR and VPD, respectively. Monthly
average values of Ep,, R, Sg and Wy and their respective
inter-annual rates of change are given in Table IV. DTR
and VPD are omitted in Table IV because there are no
detectable significant changes in most of the months.
E . monotonically decreases in all the months with
a significant change in 8 months between March and
October. However, higher slopes were estimated during
the wet season (April to October). Conversely, monthly
R showed positive trends for 8 months with February,
March, May and October slopes decreasing. However, all
the changes were not statistically significant. On average,
highest monthly rainfall was recorded in July, whereas
September showed an increasing rainfall amount at the
rate of 14.6% per decade. Similar to E;,, solar radiation
decreases in all the months (P < 0.01). The reduction
ranged from 5.1% per decade in March to 9.3% per
decade in August. Wind speed decreased in 11 months
of the year, with only 5 months (June to October) having
trends with significant slopes (P < 0.05), their respective
Ws reduced between 9.5 and 12.2% per decade.

4. Discussion and conclusions

The downward trend of pan evaporation in Ibadan is
similar to findings reported for many other regions. A
decrease of 8.3 mm year~? is lower than 11.4 mm year—>
reported for India (Chattopadhyay and Hulme, 1997) and
higher than the range of 2—4 mm year™2 estimated for
most other countries (Peterson et al., 1995; Roderick and
Farquhar, 2002, 2004; Liu et al., 2004; Xu et al., 2006).
Cohen et al. (2002) have also detected an increase of
3.7 mm year? (2.2% per decade) in a similar analysis

Meteorol. Appl. 19: 464-472 (2012)
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Figure 1. Time series plots and linear trends of (a) pan evaporation, mm dayfl; (b) rainfall, mm yearfl; (c) wind speed, km h~!; (d) solar
radiation, MJ m~2 day~! (e) DTR (diurnal temperature range), °C and (f) VPD (vapour pressure deficit), kPa.

Table II. Mann—Kendall and Sen’s tests summary statistics for Ibadan climatic variables.

Time series Test Z Significance d (/year) % A/36 year % Aldecade
Pan evaporation (mm day~') —2.874 o —0.023 —20.66 —5.74
Rainfall (mm year™!) 0.449 1.998 5.64 1.57
Solar radiation (MJ m~2 day~") —4.863 ok —0.104 —23.78 —6.61
Wind speed (km h~!) —2.656 o —0.027 —27.87 —7.74
Mean temperature (°C) 0.286 0.002 0.23 0.06
Diurnal temperature range (°C) 2.683 o 0.033 13.16 3.66
Vapour pressure deficit (kPa) —0.041 —0.0001 —0.45 —0.12
Relative humidity (%) 0.586 0.016 0.76 0.21

*** Significant at the 0.001 level.

** Significant at the 0.01 level.

d is trend slope (rate of change per year).
A is rate of change per decade.

of local series in Israel. At Ibadan, a significant decrease
in Ep,, was found in 67% of the months (March to
October), with the maximum relative decrease of 10.9%
per decade occurring in July. In a similar study, an

Copyright © 2011 Royal Meteorological Society

increase of Ep,, of about 58% of the months, with the
maximum relative increase of 7% per decade occurring
in November was reported for Bet Dagan in Israel (Cohen
et al., 2002). However, over the Volta basin in West

Meteorol. Appl. 19: 464—-472 (2012)
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Figure 2. Annual and decadal plots of variability index (VI) for pan evaporation (a, b), rainfall (c, d), solar radiation (e, f) and wind speed (g, h).

Africa, an increase in potential evaporation over the last
century (1901-2002) was reported (Oguntunde et al.,
2006).

Rainfall did not show any significant trend for both
annual and monthly series. An annual increase of 1.6%
per decade in R was estimated in the study area. Fol-
lowing the descriptions of other authors Nicholson et al.
(2000) and L’Hote et al. (2002), an apparently random
succession of dry periods, ‘normal’ periods and wet
periods characterized the rainfall series (Figure 2). Previ-
ous studies have reported the absence of any significant
trends in rainfall but the presence of large inter-annual
variability (Liu ef al., 2004; Roderick and Farquhar,
2004; Oguntunde et al., 2006). Monthly and year-to-
year S significantly reduced for the period exam-
ined. This agrees with the widespread decrease, termed
‘global dimming’, which has been reported (Stanhill
and Cohen, 2001). The reduction has been linked to
increased cloudiness and/or aerosol concentration (Stan-
hill and Cohen, 2001; Liu et al., 2004). Average air
temperature at Ibadan was found to increase slightly at
the rate of 0.06% per decade while diurnal temperature

Copyright © 2011 Royal Meteorological Society

range (DTR) increased significantly by 3.7% per decade.
The global average 7, was reported to have increased by
0.01°C year‘1 (Brutsaert, 2006). Increase DTR observed
agrees with the pattern reported for India (Chattopad-
hyay and Hulme, 1997) but contrary to other reports,
e.g. for China (Liu et al., 2004), United States and the
former Soviet Union (Peterson et al., 1995). To eluci-
date better on the observed changes in DTR, minimum
and maximum air temperature were examined. A reduc-
tion in minimum temperature of 0.015°C year~!' and an
increase of 0.019 °C year™! in maximum temperature was
found. These indicate that Ibadan has experienced colder
nights and warmer afternoons in the last four decades.
Relative humidity was fairly constant and this concurs
with result from elsewhere (Roderick and Farquhar, 2002,
2004). Both VPD and wind speed declined with only
Ws showing a highly significant (P < 0.001) trend of
—7.7% per decade. This observation is similar to that of
Xu et al. (2006) but different from many others (Cohen
et al., 2002; Liu et al., 2004).

In agreement with the physical theory, in which
evaporation into the atmosphere is directly sensitive to

Meteorol. Appl. 19: 464-472 (2012)



Trends and variability in pan evaporation and other climatic variables at Ibadan, Nigeria

469

Table III. Mann—Kendall test summary statistics for Ibadan monthly climatological seires.

Month of Pan evaporation Rainfall Solar radiation Wind speed DTR VPD
year (mm day~!) (mm year™!) (MJ m~2 day~ 1) (km h™) C) (kPa)
Test Z Test Z Test Z Test Z Test Z Test Z
January —1.02 0.07 —3.45%* 0.15 1.68 1.65
February —1.74 —0.46 —4.05%* —1.36 1.89 0.86
March —2.86"* —0.56 —2.87** —1.51 1.57 —0.01
April —2.85* 0.04 —4.05%* —-0.78 1.54 —0.80
May —3.50%* —0.16 —3.69** —1.70 2.34* —0.69
June —2.77** 0.83 —3.80%** —2.67* 2.52*% —1.46
July —3.17* 0.48 —3.61** —2.93* 1.98* —1.13
August —3.83%* 0.18 —3.28* —3.45%* 1.54 —2.38*
September —2.06* 1.76 —3.75%* —2.38* 1.08 —1.02
October —2.33* —0.61 —3.42%* —2.47* 1.89 —-0.67
November —0.91 0.38 —3.84%* —1.21 0.56 0.40
December —0.37 0.48 —3.56%* -0.72 0.86 1.62

** Significant at the 0.001 level.
** Significant at the 0.01 level.
* Significant at the 0.05 level.

Table IV. Monthly mean (& standard deviation, d), trend (d) and change per decade (A/decade) for Ibadan climatological seires.

Month?* Pan evaporation Rainfall Solar radiation Wind speed
(mm day~") (mm year™!) (MJ m~2 day~") (km h™1)

Mean + d d % A/ Mean + d ad % A/ Mean £ d ad % A/ Mean £ d ad % A/
(/year) decade (/year) decade (/year) decade (/year) decade
1 44+09 -0.01 =27 52+11.4 0.00 00 148+17 -0.10 —-6.6 3.1+£1.1 0.00 0.6
2 54+£07 -002 —-44 200+£24.6 —-0.06 -—-28 17.0£2.1 —-0.13 —-74 40%+1.0 -0.02 —-49
3 53£07 —-003 —-55 658+£427 —-043 —-65 179+£20 -0.09 -51 454+1.0 —-0.02 —-4.0
4 474+£0.7 —-0.03 —-6.5 120.0£57.3 0.04 03 179+£20 -0.12 -68 42+1.1 -001 -28
5 42406 -0.03 -7.6 150.14+443 —-0.11 -0.8 174+15 —-009 -55 38+1.0 -0.02 -59
6 3.6£06 —-002 —-57 1823+£73.0 1.06 58 16.1+£19 -0.11 —-6.6 35+£1.1 -003 =95
7 28£05 —-0.03 —-109 1852+76.7 0.66 35 133+21 —-011 —-86 36x12 -0.04 -—-119
8 2605 —-0.03 —-103 128.0£85.6 0.20 1.6 123+2.1 -0.12 -93 35+£1.1 -0.05 -13.0
9 30£06 -0.02 —-59 217.8+£93.0 3.18 146 143+£19 -0.12 -83 3.1£1.1 -0.03 -10.8
10 36+05 —-002 —-63 1695+622 —-093 -55 158+19 -0.12 -75 27+£10 -0.03 -—-12.2
11 404+£0.6 —-0.01 =23 2414£28.1 0.02 06 164+19 -0.12 -7.5 26+£09 -001 =52
12 39+£06 -001 -—-13 6.8+ 14.6 0.00 00 148+15 -009 -6.1 27+£08 -001 -24

#Month 1-12 represent January to December.

changes in solar radiation, VPD and wind speed, the
observed decline in pan evaporation here is related to
these factors. A multiple regression analysis between Epqpn
and the three variables indicates that about 30, 15 and 6
of the variance in pan evaporation can be explained by
Sr, Ws and VPD, respectively. This is unlike in China
where Sg accounted for about 64% of the variations in
Epan (Liu et al., 2004). Of all the explanatory variables
considered here, Sg played a major role followed by wind
speed and VPD. The possibility of Wg playing a role
has been previously noted (Roderick and Farquhar, 2004;
Xu et al., 2006). At Bet Dagan (Cohen et al., 2002), the
aerodynamic surface, which is a combination of functions
of wind and VPD, was found to be very important and
dictated the trajectory of Ep,, changes, even when the
irradiance was significantly reducing. In India relative

Copyright © 2011 Royal Meteorological Society

humidity was found to play a major role compared to
irradiance (Chattopadhyay and Hulme, 1997).

The PCA returns four principal factors (Table V). The
principal factor (PF1) shows high loadings (0.62, 0.92
and 0.95) for relative humidity (mean, minimum and
maximum, respectively) and a weak loading (0.2) for
pan evaporation. The principal factors 2 and 3 (PF2 and
PF3) show high loadings for temperature, but negligible
loadings for pan evaporation (Table V). Hence, PF2 and
PF3 are not of interest in this study. The principal factor
4 (PF4) shows high loadings for pan evaporation (0.81)
and solar radiation (0.82): this shows that pan evaporation
and solar radiation are well coupled. The time series of
PF4 with the anomalies of pan evaporation is shown
in Figure 3. Thus, the PCA results further support the

Meteorol. Appl. 19: 464—472 (2012)
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Table V. The principal factors returned by principal component
analysis (PCA) for meteorological variables.

Variable PF1 PF2 PF3 PF4
Rainfall 0.33 —0.28 —-0.04 0.07
Pan evaporation 020 0.04 —0.06 081
Wind speed 029 051 —-0.05 0.31
Solar radiation -0.17 024 030 0.82
Minimum mean temperature 0.09 0.21 094 0.17
Maximum mean temperature —0.01 —-096 0.17 -0.10
Mean temperature 0.06 —-059 079 0.04
Diurnal temperature range —0.07 -082 —-049 -0.18
Minimum relative humidity 092 0.08 -0.02 0.14
Maximum relative humidity 0.63 0.10 043 —-0.28
Mean relative humidity 095 0.11 0.21 —-0.05
Total variance (%) 21 20 20 15

Significant values are in bold face.

notion that changes in pan evaporation at Ibadan are best
explained with variations in solar radiation.

In this study, no data on aerosol concentration or
cloudiness was available for the attribution of the
observed trends in Sg. However, the months from Decem-
ber to February are usually characterized with the ‘har-
mattan’, a hot and highly dust laden wind from the Sahara
Desert. In this period, the dust haze from the Northeastly
Trade Wind tends to prevent all possible solar radiation
from reaching the soil surface (Ogunjobi et al., 2002).
In addition, the monsoon months are generally known
to have low clearness indices and, hence, the annual
increase in these convective clouds could be responsi-
ble for the decreasing Sg during these months. Related
studies at similar tropical sites, Ile-Ife in Nigeria and
Ejura in Ghana, have elucidated on the role of con-
vective clouds in attenuating solar radiation and hence
evaporation during the monsoon months (Jegede, 1997;
Oguntunde and van de Giesen, 2005). Furthermore, the
cause of decreasing Ws may not be easily ascertained
especially as it has not been widely documented, but it
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may be connected with changes in local or mesoscale
circulation occasioned by either climate change or land
cover changes that occurred due to population explosion,
or both.

For further examination of the trends, annual and
decadal variability indices were computed for E,,, and
other climatic variables (Figure 2). One could easily
observe an increase in Ep,,, Sg and Ws in the first
two decades (1973-1989) whereas the actual reduc-
tion in Ep,, started since the 1990s and that of Wg
began around the year 1998. Therefore, the Ep.,, R,
Sgk and Ws series were divided into two periods,
1973-1989 and 1990-2008. The same trend analy-
ses were applied to the two periods separately as
shown in Figure 4. Whereas E,,, was increasing by
3.3% per decade before 1990, it was rapidly increas-
ing by 12.6% per decade since 1990. Average R of
1257 mm year~! was observed in the first period com-
pared to 1290 mm year~! in the second period. Rainfall,
Sr and Wg also showed no significant change between
1973 and 1989 whereas R increased slightly by 4.4%
per decade. However, Sg and Ws decreased signifi-
cantly by 3.4% per decade and 26.2% per decade,
respectively, since the 1990s. It seems that the comple-
mentary relationship hypothesis can only fairly explain
the trends in Ep,;, given the trends and magnitude
of changes in the surfaces concerned. Firstly, for this
hypothesis to hold true between actual evaporation and
pan evaporation, VPD would be expected to have a
positive correlation with Ep,, (Liu et al., 2004), this
was observed in this study. Secondly, within the com-
plementary relationship hypothesis, potential evapora-
tion (pan evaporation) must be negatively correlated to
rainfall. This was also observed to some extent. For
example, when Ep,, increased during 1973-1989, rain-
fall decreased but both reduced during the 1990-1999
decade. In addition, the magnitude of the changes
observed for R was lower compared to that of Epay.
Nevertheless, this increase in R may be attributed to
possible increase in terrestrial evaporation and may as
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Figure 3. The time series of principal factor 4 (PF4, line) with the anomalies of pan evaporation (bars).
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Figure 5. Time series plot of aridity index with estimated linear trend (dashed line).

well be an indication of an accelerating hydrological
cycle in the study area. Therefore, this result agrees more
with others that attributed declining Ep,, with the solar
dimming.

The aridity index (/5) showed a significant decreasing
trend (6.9% per decade). Ibadan is getting wetter as the
15 reduces from about 1.8 in 1983 to less than 1.0 in
the last decade of the time series (Figure 5). Similar
results of less aridity have been reported for many places,
including Australia, to indicate that the Earth’s surface
is getting warmer and wetter (Roderick and Farquhar,
2004). Finally, the analysis of variability and trends of
pan evaporation and other climatological series presented
here showed a significant reduction in Ep,, with slight
increase in rainfall. The implication of this is an overall
reduction in aridity as the supply of water is more capable
of meeting the atmospheric water demand. Hence, this
result has important consequences for plant productivity
and the understanding of how the study area has changed
over time.

Copyright © 2011 Royal Meteorological Society
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Acronyms

CV coefficient of variance

DTR diurnal temperature range
Epan pan evaporation

PCA principal component analysis
R rainfall

Ry humidity
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Sgr radiation

T, temperature

VI variability index

VPD vapour pressure deficit
Ws wind speed
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