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Abstract

Trends in rainfall at 39 locations of the Nile River Basin (NRB) in Africa were analyzed. Comparison was made between rainfall trend results
from the long-term data and those of short-term series selected over different time periods. The bias on trend results from series of short-term
records was quantified. Homogeneity test was conducted to assess the coherence of the trend directions on a regional basis. Based on an assumed
population (for simplicity) of rainfall data time periods in the range 75—100 years, bias in the short-term trend analysis was noted to reduce by about
10% for every 10% increase in record length. Under some conditions if respected, it was possible to derive trends at stations with short records
based on those at nearby stations with longer term records but in the same region. Using the same data record length and uniform time period at
all the selected stations, an improved regional coherence of rainfall trend results was obtained. In the equatorial region, trend in annual rainfall was
found mainly positive and significant at level oo = 5% in 4 of the 7 stations. Collectively for Sudan, Ethiopia and Egypt, trends in the annual rainfall
were mostly negative and significant at o = 5% in 69% of the 32 stations. Heterogeneity in the trend directions for the entire NRB was confirmed
at o= 1% in 13% of the 39 stations. These findings are vital for water and agricultural management practices.
© 2015 International Association for Hydro-environment Engineering and Research, Asia Pacific Division. Published by Elsevier B.V. All rights
reserved.
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1. Introduction performance of these methods was found between MK and
SMR (Yue et al., 2002a) and MK and CRD (Onyutha, 2015a).
Thus, the MK test was deemed to be representative and thus
adopted for this study. To eliminate autocorrelation which
influence trend analysis, von Storch (1995) suggested a pre-
whitening. Because the von Storch’s approach eliminates a
portion of the trend if present, Yue et al. (2002a) proposed a
Trend-Free Pre-Whitening (TFPW) for the case when both trend
and lag-1 autoregressive process AR(1) exist in a time series.
Some important factors to be considered in trend analysis
include data quality, data record length and selected time
periods, etc (World Meteorological Organization, WMO,
2000). Although the trend from the full time series may be
insignificant, separate analyses done over short time periods
may reveal significant sub-trends which are vital to ascertain
the influence of short-durational climate fluctuations (Onyutha,
2015a). The influence of short-term data on trend analysis may
exist in the form of bias in the trend results. To partly solve this
problem of trend bias due to short-term data at a given station,
Trresponding author. Hydraulics Laboratory, KU Leuven, Kasteelpark 10ng_term ralnfall series from anOth.er nearby Sta.tlon can.be
Arenberg 40, B-3001 Heverlee, Belgium. Tel.: +32 16 32 20 07. used. This solution can be adequately implemented if the region
E-mail address: charles.onyutha@bwk kuleuven.be (C. Onyutha). in which the stations are selected are homogeneous.

The warming and changes in all components of the climate
system can be hypothetically ascribed to the continued increase
in greenhouse gas emissions (Intergovernmental Panel on
Climate Change, [PCC, 2013). Changes in rainfall can be used
to assess the influence of the climate system on hydrology. Some
studies conducted recently to determine changes in hydrological
variables include Mphale et al. (2014), Onyutha (2015a, 2015b),
Shiau and Huang (2015), Stojkovi¢ et al. (2014), and Syafrina
et al. (2014). To detect trends, nonparametric tests are more
often used than the parametric ones due to their suitability for
data with specific distribution properties (e.g. non Gaussian).
Nonparametric trend detection can be carried out using the
Spearman’s rho (SMR) (Lehmann, 1975; Sneyers, 1990;
Spearman, 1904), the Mann—Kendall (MK) (Kendall, 1975;
Mann, 1945), and the Cumulative Rank Difference (CRD)
(Onyutha, 2015a) test. Close agreement with respect to the

http://dx.doi.org/10.1016/j.jher.2015.09.002
1570-6443/© 2015 International Association for Hydro-environment Engineering and Research, Asia Pacific Division. Published by Elsevier B.V. All rights
reserved.

Please cite this article in press as: Charles Onyutha, Hossein Tabari, Meron T. Taye, Gilbert N. Nyandwaro, Patrick Willems, Analyses of rainfall trends in the Nile River Basin, Journal
of Hydro-environment Research (2015), doi: 10.1016/j.jher.2015.09.002

Y. Y, IV, Y IV Y S IV S
S O © O N R W N =

62
63
64
65
66
67
68
69


mailto:charles.onyutha@bwk.kuleuven.be
http://dx.doi.org/10.1016/j.jher.2015.09.002
http://www.sciencedirect.com/science/journal/15706443
http://dx.doi.org/10.1016/j.jher.2015.09.002
http://www.elsevier.com/locate/nmd

16

29

30

31

2 C. Onyutha et al./Journal of Hydro-environment Research Hll (2015) HE-HNE

In this study area, a number of previous change analyses
based on short-term annual rainfall from few meteorological
stations have been mostly limited to sub-basins. Moreover, the
form of changes analyzed in the rainfall of the study area seem
to have mostly been rather decadal or multi-decadal variability
than long-term trend; see among others Onyutha (2015b),
Onyutha and Willems (2015a, 2015b), and Taye and Willems
(2012). Both trend and variability have also occasionally been
analyzed, for instance, by Nyeko-Ogiramoi et al. (2013). The
study by Taye and Willems (2012) on temporal variability of
hydro-climatic extremes using the Quantile Perturbation
Method (QPM) was limited to the upper Blue Nile basin.
Onyutha and Willems (2015b) used the QPM to compute
variability in the annual maxima rainfall at some few locations
in the Lake Victoria basin. Based on observed hydro-
meteorological extremes, the study by Nyeko-Ogiramoi et al.
(2013) which was also limited to the Lake Victoria basin ana-
lyzed trend and variability using the MK test and QPM respec-
tively. In the study by Onyutha and Willems (2015a), station-
based data were used to analyze spatiotemporal variability of
seasonal and annual rainfall totals using the QPM. The limita-
tions of the studies by Nyeko-Ogiramoi et al. (2013), Onyutha
and Willems (2015a, 2015b), and Taye and Willems (2012)
were that they: (1) did not cover sufficient locations of all the
riparian countries of the Nile River Basin (NRB), (2) analyzed
variability using the QPM which considers rainfall intensity
directly (without rescaling), thereby rendering the method sus-
ceptible to possible anomaly exaggeration in case an outlier

exists, (3) did not quantify the uncertainty due to short-data
record lengths on the trend or variability results. To take into
consideration (1)—(2), using country-wide gridded (instead of
station-based) monthly rainfall data, Onyutha (2015b) analyzed
variability in all the riparian countries of the NRB using the
Nonparametric Anomaly Indicator Method (NAIM). The differ-
ence between the QPM and NAIM is that the QPM analyzes
variability in terms of the frequency of extreme events and
perturbation of rainfall extremes, while the NAIM computes
anomalies in the series after applying temporal convolution to
the nonparametrically rescaled data set.

Therefore, to differ from other previous studies such as
Nyeko-Ogiramoi et al. (2013), Onyutha (2015b), Onyutha and
Willems (2015a, 2015b), and Taye and Willems (2012) by
focusing on trend analyses while investigating the possible
bias due to short-term data record lengths, this study was
aimed at: (1) determining how data record length and selected
time period influence trend results, (2) assessing the bias in
trend results due to short-term data length, (3) investigating
the homogeneity of the rainfall trend directions, and (4)
determining rainfall trends at 39 locations across the entire
NRB.

2. Study area and rainfall data

The NRB, which stretches over 35° of latitude in north—
south direction (31°N to 4°S) and over 16° of longitude in
west—east direction (24 to 40°E), has a total catchment area of
about 3 400 000 km? (see Fig. 1). The River Nile which has 11
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Fig. 1. Locations of the selected meteorological stations (see Table 1 for details) in the Nile basin; the background was obtained by surface interpolation (kriging

method) of the Long Term Mean (LTM) of annual rainfall.
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Table 1
Overview of the selected meteorological stations and their annual rainfall properties.
SNo. Rainfall station Country Location Number of Annual rainfall [mm]
FAO ID Name Long. Lat. years C, G K, LTM MAX
1 UGI9KBLO Kabale Uganda 29.98 -1.25 77 0.17 0.49 0.07 1003 1486
2 UGI12NMSG Namasagali Uganda 32.93 1.00 64 0.19 1.89 6.12 1256 2345
3 TZ11GBRO Igabiro Tanzania 31.53 -1.78 52 0.24 0.82 0.80 1198 2012
4 TZ30KBND Kibondo Tanzania 30.68 -3.57 53 0.29 2.47 9.50 1196 2883
5 TZ33SHNW Shanwa Tanzania 33.75 -3.15 55 0.24 0.68 0.28 829 1344
6 TZ14TRMO Tarime Tanzania 34.37 -1.35 43 0.20 1.48 1.94 1475 2322
7 BI39BJMB Bujumbura Burundi 29.32 -3.32 75 0.18 0.27 0.09 251 370
8 SD9ODNGL Dongola Sudan 30.48 19.17 51 1.30 1.58 1.90 17 84
9 SD16LDNO El-Da-Ein Sudan 26.10 11.38 48 0.27 0.17 —-0.03 474 815
10 SD35LFSH El-Fasher Sudan 25.33 13.62 80 0.43 1.22 1.92 261 638
11 SD30LBDO El-Obeid Sudan 30.23 13.17 95 0.32 0.53 0.39 356 719
12 SD28NNHD En-Nahud Sudan 28.43 12.70 86 0.28 0.39 1.00 384 687
13 SD20RRHD Er-Rahad Sudan 30.60 12.70 54 0.31 0.80 3.21 432 909
14 SD32FSHS Fashashoya Sudan 32.50 13.40 43 0.32 0.04 —0.11 297 529
15 SD23GRCL Garcila Sudan 23.12 12.35 44 0.30 1.97 6.75 672 1492
16 SD34HWTO Hawata Sudan 34.60 13.40 48 0.23 —-0.19 1.35 571 953
17 SD22JBLN Jebelein Sudan 32.78 12.57 62 0.29 —-0.50 —0.40 377 554
18 SD56KSSL Kassala Sudan 36.40 15.47 96 0.30 —0.04 —0.18 298 488
19 SD13KBBM Kubbum Sudan 23.77 11.78 43 0.27 —0.01 -0.23 646 1013
20 SD44KTMO Kutum Sudan 24.67 14.20 62 0.40 0.16 0.28 288 589
21 SD24NYLO Nyala Sudan 24.88 12.05 77 0.29 0.11 —-0.30 440 778
22 SD12RNKO Renk Sudan 32.78 11.75 82 0.20 0.35 —-0.09 507 751
23 SD52SHMB Shambat-Obs. Sudan 32.53 15.67 81 0.94 2.99 11.31 167 938
24 SD63SHND Shendi Sudan 33.43 16.70 54 0.74 1.16 2.08 100 371
25 SD45SHWK Showak Sudan 35.85 14.22 40 0.30 -0.22 1.70 473 869
26 SDO1TLDO Talodi Sudan 31.38 10.60 72 0.23 1.12 3.57 791 1565
27 SDOOTLDM Talodi-M. Ag. Sudan 30.50 10.60 44 0.21 0.41 -0.35 774 1158
28 SD36MMKD Umm-Ruwaba Sudan 26.67 13.58 78 0.32 1.93 9.26 365 983
29 SD78W000 Wau Sudan 28.02 7.70 87 0.16 0.26 —0.34 1110 1581
30 SD23ZLNG Zalingei Sudan 23.48 12.90 59 0.23 0.38 0.17 606 980
31 ET19KMBL Combolcha Ethiopia 39.72 11.08 45 0.17 —0.84 0.69 1032 1333
32 ET07DBRM Debremarcos Ethiopia 37.72 10.35 45 0.11 0.82 0.59 1335 1769
33 ET84GMBL Gambela Ethiopia 34.58 8.25 89 0.22 0.00 0.25 1245 1908
34 ET85GR00 Gore Ethiopia 35.55 8.17 51 0.20 1.40 2.15 2163 3558
35 ET89WNIO Wenji Ethiopia 39.25 8.42 44 0.28 —0.76 1.92 787 1181
36 EG32SSWN Asswan Egypt 32.78 23.97 52 1.92 2.15 3.77 1.2 9
37 EG71SYTO Asyut Egypt 31.17 27.20 62 1.95 2.50 5.86 1.9 15
38 EG91HLWN Helwan Egypt 31.33 29.87 85 0.72 1.39 2.07 25.7 91
39 EG62QN00 Qena Egypt 32.72 26.15 52 1.78 2.17 4.11 2.4 18

Long. and Lat.: longitude and latitude in degrees respectively.

riparian countries (Burundi, Rwanda, Uganda, Kenya, Tanza-
nia, South Sudan, Democratic Republic of Congo (previously
known as Zaire), Sudan, Eritrea, Ethiopia, and Egypt) is the
world’s longest river under arid conditions. In the history of
flooding in the NRB, Ethiopia, Tanzania, Kenya, Sudan and
Uganda are the most affected countries in terms of the average
number of flooding occurrences (Kibiiy et al., 2010). Apart
from floods, some areas of the NRB also experience droughts.
Although the equatorial region and the Ethiopian highlands
receive rainfall in excess of 1000 mm, about 28% of the NRB
receives less than 100 mm annually (Onyutha and Willems,
2015a).

Quality controlled long-term monthly rainfall series of
length not less than 40 years used by Onyutha and Willems
(2015a) were adopted for this study. For the details on the data
source, description and analysis, the reader is referred to
Onyutha and Willems (2015a). Filling-in of missing values was

by the inverse distance weighted interpolation as implemented
in Onyutha and Willems (2015a, 2015b) for the rainfall of the
study area.

From the monthly rainfall series, seasonal and annual
rainfall intensity totals were obtained for the trend analyses.
Table 1 shows for all the stations the coordinates, station name
and ID, record length, long—term mean (LTM, mm/year),
maximum total (MAX, mm/year), coefficient of variation (C,),
skewness (Cs) and actual excess kurtosis (K,) of the annual
rainfall time series. Whereas stations 1-7 in Eastern Africa
are in the equatorial region (EQR), 8-39 in Sudan, Egypt
and Sudan (SEE) are more or less in the northern half of the
NRB.

Fig. 2a shows the chronograms indicating years with com-
plete monthly data (after filling-in missing values using the
inverse distance weighted interpolation). The density of data
across the study area over the different years is presented in
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Fig. 2. Rainfall data characterized by: a) record period and b) variation of number of stations with time (the labels of the stations from 1 to 39 are in the order

arranged in Table 1).

Fig. 2b. The percentage of stations (out of a total of 39) with
data was low in the early 1900s, followed by a steady increase
up to about 1955. This shows that from 1900 to 1955, a number
of new meteorological stations were installed. The high number
of rainfall stations with available data over the period 1945 to
1985 was followed by a rapid drop between 1985 and 2000. One
common reason for meteorological stations becoming non
operational is the poor maintenance practice. It is only at station
7 that data were available after the year 2000 up to 2004.
Because the rainfall data are not up to date, the effect of the
recent rainfall variation after 2000 on the long-term trend was
not captured. However, for an insight into the recent rainfall
variation, studies such as Onyutha (2015a, 2015b) which used
country-wide gridded monthly rainfall data from the British
Atmospheric Data Centre can be consulted.

3. Methodology
3.1. Trend detection methods

To detect trend in the rainfall data, the following steps were
taken:

1) checking whether the data had significant AR(1)
process,

2) in case of significant AR(1) process, TFPW was per-
formed and step (1) repeated, and

3) if the AR(1) process was insignificant, the MK test was
conducted and the linear trend slope m computed.

The above steps (1)—(3) are briefly described next in sections
3.1.1-3.1.3.

3.1.1. Mann—Kendall test
The MK (Kendall, 1975; Mann, 1945) test statistic S is
defined as:

S_nzlisgn(xj—xi) (1)

=1 j=itl

where x; and x; are the sequential data values in a sample of
size n, and

1 if (x;—x)>0
sgn(x;—x;)=10 if (x;,—x)=0 ()
-1 if (x;—x)<0

For n>8, Kendall (1975) and Mann (1945) have docu-
mented that S is approximately normally distributed with the
mean E(S) = 0 and variance V(S) given by:

1

V(Ss)= E(n(n—l)(szrs)) 3)

In case of tied ranks, V(S) becomes:

V(S):%[n(n—1)(2n+5)—§w:tk(k—l)(2k+5) @)

k=1

where: w is the number of tied groups, and # is the number of
observations in the &A™ group.

The standardized MK test statistic Zyx which follows the
standard normal distribution with mean of zero and variance of
one is given by:
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i for §>0
JV(S)
Lk = 0 for S=0 (5)
S+1 for S<0

W(S)

A positive (negative) value of S indicates an increasing
(decreasing) trend. The trend is significant if Zk is greater than
the standard normal variate Z,, where 0% is the significance level.

3.1.2. Computation of linear trend slope

Whereas a trend statistic shows the trend direction, the trend
magnitude is in terms of slope m the robust estimate of which is
given by (Sen, 1968; Theil, 1950):

m:Median[x’l_;Cl], Vi< j (6)
j-

where x; and x; are the /™ and /™ observations, respectively.
3.1.3. Pre-whitening procedure

The TFPW procedure (Yue et al., 2002a) follows the proce-
dure described below.

i) By assuming the trend to be linear, m is estimated using
equation (6).

i1) The detrended series Y; is obtained from the given data .X;
by:

Y, = X, —mi )

ii1) The lag-1 serial correlation coefficient 7, of the detrended
series Y; is computed using (Salas et al., 1980):

= ®)

where E(Y;) is the mean of the Yiseries.

iv) Although r| from equation (8) is normally used directly in
the TFPW procedure, in this study following the remark
of Hamed (2009) and the fact that the ordinary least
squares estimates of 7, are negatively biased (Kendall,
1954), bias corrected 7 (#*) based on van Giersbergen
(2005) is calculated using (Hamed, 2009):

o= nt2) ©)
n—4
v) The AR(1) is removed from the ¥; series by:

A A (10)

vi) The linear trend and the residual are combined to form a
blended series Y’to which the trend detection test is
applied:

Y =Y +mi (11)

3.2. Trends in rainfall of annual and seasonal timescales

The MK test was applied to both annual and seasonal rain-
fall. The differences between the trend results from the different
time scales were obtained graphically by plotting the Zvk values
of: (1) one season against those of another, and (2) annual
against those of seasonal rainfall.

3.3. Short versus long-term data in trend analysis

To understand the influence of data availability on trend
analysis, comparison was made between the Zyx values from
the short and long-term data. The full time series at each station
was taken as the long-term data. The record length of the
rainfall full time series at each station was as already shown in
Fig. 2a. From the full time series, short-term data of 20 years’
record length were selected. These short-term data covered the
period 1940-1959 (for the EQR) and 1960-1979 (for SEE). For
the selected period in each region, rainfall data were available at
all the stations. The Zyx values for the shorter-term data were
also graphically compared with those of the full time series.

To examine the differences between the trend results from
the short and long-term data in a temporal way, stations 1, 11,
18 and 33 with rainfall full record lengths above 75 years were
used. These stations cover different types of trends in wet and
dry seasons across the NRB. For each selected station, trends
were assessed in the annual rainfall as well as the March to May
(MAM) and June to September (JJAS) seasonal series. By
employing the concept of sub-trend identification of Onyutha
(2015a), time slices of lengths in the range 20—70 years were
passed through the rainfall time series. For station 18, consider
the data years 1901, 1902,. . .. .. , 1996; if a Block Length (BL)
of, say, 20 years is selected and moved each time by 1 year, the
resulting time slices would cover the periods 1901-1920, 1902—
1921, ...... , 1977-1996, respectively. The results obtained
over the different time slices were used to assess the closeness
between the Zvk values from short (Zsrs) and long-term (Zir)
data records in terms of the bias [%], which represents the mean
error:

B

Bias|%|= %z

i=l1

Zsriy—Zir
Ziy

xmﬂ (12)

where B is the number of sub-series time slices.

Uncertainty bounds were graphically constructed on the
short-term data Zyx values in the form of: (1) 95% confidence
interval, (2) range (the difference between maximum and
minimum Zyk values), and (3) mean * standard deviation of the
Znk values.

3.4. Test of trend homogeneity

The MK test adopted in this study implicitly assumes homo-
geneity between seasons. Although a trend may be apparent for
each season, the overall Zuk, e.g. for annual rainfall, may indi-
cate no trend (van Belle and Hughes, 1984). This can lead to an
ambiguous conclusion on the overall change at a station when
actually trend between seasons is heterogeneous. Thus, appli-
cation of a homogeneity test (van Belle and Hughes, 1984) is

of Hydro-environment Research (2015), doi: 10.1016/j.jher.2015.09.002

Please cite this article in press as: Charles Onyutha, Hossein Tabari, Meron T. Taye, Gilbert N. Nyandwaro, Patrick Willems, Analyses of rainfall trends in the Nile River Basin, Journal

44

9
)

N

[V Y, RV I NV )|
oo

69

83
84
85
86
87
88
89
90

91
92
93
94
95
96
97


http://dx.doi.org/10.1016/j.jher.2015.09.002

11
12
13
14
15
16
17
18
19
20
21
77
23
24
25
26
27
28

29

6 C. Onyutha et al./Journal of Hydro-environment Research Hll (2015) HE-HNE

— 400 = = 14 7 —
e 350 1 a) —Kaba}le —Ngmasagah % 7c) —Qena I <
g —Igabiro —Kibondo s 12 —A 6 5
i : g syut
g 300 Shanwa Tarime —A g
Bujumbura £ 1.0 1 sswan B
250 - = —Helwan
= = 0.8 1 F4 =
2 200 J B z
£ 150 | < | §%0] N
= = =
fé 50 - _“g 0.2 F1 .ug
g 0+ & 0.0 b+ 0 S
JFMAMIJ JASOND JFMAMIJ JASOND
Month [-] Month [-]
=) 400 b) —Dongola —EIl-Da-Ein
g 350 1 —EI-Fasher —EI-Obeid
g 300 - =——En-Nahud ——Er-Rahad
E —Fashashoya —Garcila
£ 250 A —Hawata —Jebelein
2 900 1 —Kassala —Kubbum
g \ —Kutum —Nyala
2 150 A ‘/7\ Renk —Shambat-Obs.
£ 100 4 \\ ——Shendi Showak
3 Talodi Talodi-M.agr.
£ 50 A y: Umm-Ruwaba Wau
§ | — Zalingei Combolcha
0 Debremarcos Gambela
J FMAMIJ JASOND Gore — Wenji

Month[-]

Fig. 3. Long-term mean monthly rainfall for a) the EQR, b) Sudan and Ethiopia, and c) Egypt; for clarity, the dataset for Helwan is presented on the secondary y-axis

in chart (c¢) (Source: Onyutha and Willems, 2015a).

useful to combine data from the different seasons to obtain a
single global trend. The homogeneity of seasonal trends was
evaluated based on the y* test with statistic:

ZZA%[K(Z.)_C]<ZMK>2 (13)

i=l1

2 A2 2 —
Xhumogeneous - Zrotal - Ztrend -

_ 1
Zyg =— Zy (i (14)
qZ (i

where ¢ is the number of seasons at the station under
consideration.

The null hypothesis H, of homogeneous trend in seasons, i.e.
‘the trends are in the same direction’, is used to obtain two
results: (1) If % homogencous €Xceeds the critical value for the chi-
square distribution of (¢ — 1) degree of freedom (df), Ho is
rejected; (2) If Y homogencous dO€S not exceed the critical value for
the chi-square distribution of (¢ — 1) df, the value of ¥ yend is the
chi-square distribution with df'=1 used to test H o, i.e. ‘the
common trend direction is significantly different from zero’.

The van Belle and Hughes test was applied to two cases:
firstly, when the data (full series) of all the meteorological
stations were of unequal record length while covering the dif-
ferent time periods, and secondly, when the data record length
as well as the time period were the same for all the stations
(30-year period, i.e. 1951-1980 over which about 95% of the
stations had data). Comparison was made between the van Belle
and Hughes test results from the first and the second case. This
was to investigate the influence of different data record lengths

on the homogeneity of trend results in a region. The idea is that,
if the rainfall trends are homogenous, an insightful support for
the trend in short-term series can be obtained from the trend in
long-term data at another neighboring station within the same
region.

4. Results and discussions
4.1. Spatial differences in rainfall statistics

Fig. 3 shows long-term mean monthly rainfall pattern for the
selected stations. It is shown that the rainfall in the EQR (sta-
tions 1 to 7) exhibits a bimodal pattern with the main wet season
in MAM and “short rains” in October to December (OND)
(Nicholson, 1996). Two dry seasons exist as well; the main one
is in JJAS and the other from January to February (JF).
Contrastingly, as shown in Fig. 3b, the JJAS period is main wet
season in Sudan and Ethiopia (stations 8 to 35) and “short
rains” are in MAM. There is one long dry season from October
to February (ONDIJF). For Egypt, the mean value of rainfall in
each month is far lower than those in Sudan, Ethiopia and the
EQR (Fig. 3c) (Onyutha and Willems, 2015a). According to
Camberlin (2009), large variations in long-term mean rainfall
statistics across the NRB are due to its great latitudinal and
longitudinal extents.

Fig. 4 shows the annual rainfall time series of some stations
selected for illustration purpose. For the EQR (Fig. 4a—c), there
was the tendency of the annual rainfall at stations 1, 5, and 7 to
increase with time. Contrastingly in Fig. 4d—j, for Sudan
(station 9, 11, 18, 21, 26), Ethiopia (station 33) and Egypt
(station 38), the annual rainfall was decreasing.
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Fig. 4. Linear trends in annual rainfall at selected stations.

4.2. Trend results

Fig. 5 shows trend results for the OND season in the EQR.
The threshold levels for Zyk at a significance level o= 5% is
+1.96 and —1.96. The r, values in Fig. 5b fell within the con-
fidence interval limits; thus the AR(1) process was insignificant
and the OND rainfall trend was analyzed without performing
TFPW. Significant upward trends occurred in the OND rainfall
at stations 1, 5 and 6 (Fig. 5a). However, a decrease (though not
significant) was obtained in rainfall at station 4. The trend
results for annual and seasonal rainfall were summarized in
Table 2.

From Table 2, the annual rainfall showed significant trends
in 56% of the 39 stations. In the EQR (stations 1 to 7), trends
were mainly positive and significant in 57% of the stations.
Positive trends (though not all significant) in the annual rainfall
of the Lake Victoria basin located in the EQR were also found
by Conway and Hulme (1993), Kizza et al. (2009), and

Nyeko-Ogiramoi et al. (2013). In the northern half of the NRB
or SEE (stations 8 to 39), the annual rainfall trends were mainly
negative and significant in 69% of the stations. Slightly-to-
strongly decreasing trends in rainfall in this part of the NRB
were also reported by Conway and Hulme (1993). Furthermore,
Seleshi and Zanke (2004) also documented the evidence of a
significant decline in annual rainfall in the Southwest of
Ethiopia.

For the entire NRB, significant trends at o. = 5% were in 31%
and 46% of the 39 stations for MAM and JJAS season respec-
tively. For the MAM rainfall, significant negative (positive)
trends at oo=5% were found in 8% (23%) of the stations.
Correspondingly, 3% (44%) was obtained for the JJAS rainfall.
Decreasing JJAS rainfall trends significant at o= 5% were
found in 15 (2) stations in Sudan (Ethiopia). Wing et al. (2008)
also found significant decline especially in the JJAS rainfall in
the Southern Blue Nile watersheds located in the southwestern
and central parts of Ethiopia. Decreasing ONDJF rainfall trends
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Fig. 5. Results of (a) MK test, and (b) AR(1) analysis for OND rainfall in the EQR; UL and LL are the upper and lower limits of the confidence interval (CI) at 5%
significance level.

Table 2
Statistical results of trend analysis for annual and seasonal rainfall.
SNo. Station name Annual rainfall MAM season JJAS season JFU-7) or ONDJF®3
ZMK m ZMK m ZMK m ZMK m
1 Kabale 2.25% 1.93 1.31% 0.56 0.58 0.22 —0.03 -0.02
2 Namasagali 3.51 4.44 1.65 1.08 2.09 1.00 2.56 0.75
3 Igabiro 1.66 4.85 2.01 2.59 0.35 0.21 0.49 0.40
4 Kibondo 0.25 0.36 0.80 1.00 1.07* 0.59 -0.08 —-0.10
5 Shanwa 2.35 3.61 0.32 0.31 0.65* 0.08 -0.01 0.02
6 Tarime 2.52% 7.92 0.77 1.38 0.77 0.71 1.82 1.80
7 Bujumbura 1.42 0.29 1.00 0.11 1.08* 0.12 —0.43* -0.06
8 Dongola -1.93 -0.17 0.70 0.00 -2.12 —0.11 0.00 0.00
9 El-Da-Ein -3.55 —4.52 -0.93 -0.18 -2.95 -3.93 -2.10 -0.49
10 El-Fasher —4.25 -1.90 —-0.33 0.00 —4.16 -1.87 —0.47* 0.00
11 El-Obeid -2.11 -0.85 —-0.88 —-0.03 -1.63 -0.69 —0.81 -0.02
12 En-Nahud —1.63* —-0.80 —0.73* —-0.06 -1.20 -0.50 -0.31 0.00
13 Er-Rahad -2.71 -2.89 —2.98 —-0.35 -2.17* -2.30 -2.03 —-0.30
14 Fashashoya -0.98 -1.25 0.20 0.00 —0.85 -0.93 —2.25% -0.12
15 Garcila —4.46 -7.57 —2.04 —0.86 -3.82 —6.38 —0.86 -0.21
16 Hawata -2.37* -3.28 —1.08* —-0.16 -2.15 -2.50 -0.42 0.00
17 Jebelein —4.17 -3.25 -2.52 -0.26 —3.83* -2.79 -1.72% -0.19
18 Kassala —3.45% -1.15 —0.44* -0.02 -3.58 -1.17 1.17 0.00
19 Kubbum -3.21 -7.30 -1.00 -0.37 -3.03 —6.12 -1.76 -0.32
20 Kutum —4.28 -3.46 —2.27 0.00 —4.08 -3.37 0.43 0.00
21 Nyala -5.63 -3.65 -2.32 -0.27 -5.02 -3.09 -1.03 -0.02
22 Renk -1.17 —0.60 -1.33 -0.16 —0.45% —-0.16 -1.04 —0.13
23 Shambat-Obs. -1.36* -0.62 2.01% 0.01 -1.70* —-0.68 -1.31* -0.02
24 Shendi -3.02 —-1.81 -1.50 0.00 -3.21 -1.89 1.25 0.00
25 Showak -0.82 -1.32 2.84 0.50 -1.34 -2.25 2.20 0.28
26 Talodi -2.61 -2.62 —2.68 -0.92 —1.84 -1.56 —0.08 —-0.02
27 Talodi-M. Ag. -3.02 -6.19 —2.40 -1.79 -2.17 -3.28 —0.54 -0.42
28 Umm-Ruwaba -2.35 -1.00 —-0.64 0.00 -1.97 -0.91 -0.82 0.00
29 Wau -0.22 -0.12 -1.15 -0.37 0.37 0.24 —0.84 -0.23
30 Zalingei -3.46 -2.85 —-0.52 -0.11 -3.01* -2.56 -0.93 —-0.08
31 Combolcha —1.60 -2.92 1.42 1.39 -2.20 -3.86 -0.75 —0.40
32 Debremarcos -2.02 -2.62 1.21 1.31 —1.84 -2.45 -1.94 -1.65
33 Gambela —1.64 -1.81 -1.98 —-0.80 -1.34 —-1.13 -0.17 —-0.06
34 Gore —2.82% -8.73 -1.95 -2.34 —2.22% —-5.00 -1.76* -2.41
35 Wenji 0.42 0.76 0.43 0.33 0.06 0.31 0.04 0.12
36 Asswan -1.87 0.00 -1.37 0.00 —0.06 0.00 —0.78 0.00
37 Asyut -1.79 0.00 0.55 0.00 0.16 0.00 -2.12 0.00
38 Helwan —1.80 -0.14 -2.50% -0.01 0.27 0.00 —0.94 —-0.06
39 Qena -1.35 0.00 0.83 0.00 0.20 0.00 -2.12 0.00

The Zyx marked with * is obtained after TFPW procedure from series with AR(1) significant at the 5% level; the values of Zy significant at the 5% level are shown
in bold.
JFU7: JF season of stations 1-7; ONDJF®3%: ONDIJF season of stations 8-39.
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Fig. 6. Spatial variation of rainfall trends at the annual and seasonal scales.

significant at o =5% were found in 2 (3) stations in Egypt
(Sudan). At o= 5%, increasing trend in the JF rainfall of the
EQR was found at one station. The spatial distributions of the
stations with significant trends for annual rainfall as well as the
MAM, JJAS, OND and ONDIJF series are presented in Fig. 6.
Because the JF rainfall trend was significant only at station 2,
no map was presented for this season. It was noted that rainfall
was increasing in some seasons and decreasing in others
(Fig. 7). Moreover, the annual rainfall trends were also different
from those of the seasonal time scales. This means that the
possible drivers of trends in annual and seasonal rainfall may be

different. The causes of rainfall trend may also vary from one
season to another. However, for the EQR (SEE), out of the 4
(17) stations with significant upward (downward) annual rain-
fall trend, 3 (15) also showed similar results in the OND (JJAS)
season. This observation can be confirmed from Fig. 7b and c
for the SEE and EQR respectively where the scatter points
fairly fall along the 45° (bisector) line on the Cartesian coordi-
nates. This suggested that trend in annual rainfall in the EQR
(SEE) is caused by variations in the OND (JJAS) season. Valid-
ity of the trend directions in the different seasons was confirmed
using the homogeneity test as presented next.

4.3. Test of trend homogeneity

Fig. 8 shows homogeneity test results for rainfall trend direc-
tions of the different seasons. This test required two steps;
firstly, based on the number of seasons ¢ = 4 (3) for EQR (SEE),
Yhomogencous Was compared at oo = 1% with its critical value of
11.34 (9.21) (Fig. 8a). The H, was rejected at stations 10, 18,
20, 24 and 25 (i.e. 5 out of 39 or 13% of the stations). This
indicated the presence of significant up or downward trend in
some (if not one) of these seasons. This was confirmed using
trend results (Table 2) for the JJAS rainfall (stations 10, 18, 20
and 24) and MAM series (station 24).

Secondly, using Fig. 8b, by comparing s With its critical
value (6.63 using df =1 at o= 1%), rainfall trend directions in
some (if not all) of the seasons were confirmed to be signifi-
cantly different from zero at stations 2, 9-10, 13, 15, 17, 21,
26-27 and 34 (i.e. 28% or 11 out of the 39stations). This meant
that significant trends would be obtained from annual rainfall
(as confirmed in Table 2) when data from all the seasons at each
of these stations were combined. In each of the remaining
stations (those below the critical value), the common trend
direction was not significant. This explains why, when all the
seasons were combined, the annual rainfall trends for these
stations were insignificant.

Because of the possibility of rainfall from different season to
different trend directions, the ONDJF rainfall (see Table 2) had
positive trend (though not significant at oo = 5%) and while the
JJIAS (MAM) season was characterized by a significant (insig-
nificant) decreasing rainfall. These positive and negative effects
cancel out each other in the trend result from data obtained by
combining the series with opposite trend directions. Conse-
quentially, the overall trend in the annual rainfall at a station is
typical of the net cancellations of the trend effects from the
seasonal series. Revealing this kind of seasonal effects hidden
by the annual scale analysis was deemed valuable for manage-
ment plan of water resources.

Generally for the different seasons, the magnitudes (and
sometimes the signs) of the trends in rainfall varied from one
station (or NRB sub region) to another. This might have been
due to high noise to signal ratio or difference in microclimate
(micro-scale features). Even for a given station, the magnitudes
(and sometimes the signs) of rainfall trends varied from one
season to the next. This suggested that drivers of the rainfall
trends might differ per season and hence trend results as well.
The differences in trend results across sub regions could
have some connection with the influence of regional features
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Fig. 7. Variation of rainfall trends at the annual and seasonal scales; Zyk stands for the standardized MK trend statistic.

(topography, water bodies, land cover etc.) over atmospheric
circulation. As a result, variations in the wet and dry seasons
may become apparent. The highlands which bound the NRB to
the east, from FEritrea to Kenya, restrict penetration of the east-
erlies from the Indian Ocean; an exception is the gap between
the Ethiopian and Kenyan Highlands (Camberlin, 2009). Fur-
thermore, the highlands of the Rift Valley also block the moist,
unstable westerly flow of the Congo air from reaching the
coastal areas (especially of Ethiopia) leading to a complex
pattern of rainfall over the Ethiopian highlands (Nicholson,
1996). Furthermore, the East African Great Lakes tend to
develop their circulation in the form of lake breezes which
interact with slope circulation (Camberlin, 2009). The joint
impact of these lake and upslope breezes is the afternoon con-
vection. Quantifying these regional influences due to topogra-

phy over atmospheric circulation would be important. This,
though not done in this study, can be carried out by regional
climatic modeling while taking into account local topographi-
cal features alongside the three-dimensional lake dynamics.

4.4. Short versus long-term trends

Fig. 9 shows the effect of data record length on the trend
result. Due to non-stationarity in the climate system, the long-
term trend may systematically differ from the short-term trend.
Although short-term data may be used to get an insight into the
evolution of the long-term trend, results from them might some-
times not be representative and conclusive. The power of the
MK test to detect monotonic trends increases as the sample size
(data record length in this case) becomes larger (Yue et al.,
2002b). Apart from the need to use long-term data, the
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uniformity of the data time period for the selected stations also
influences the homogeneity test results.

Fig. 10 shows the uncertainty bounds and bias obtained on
the trend results when data of short-term records are used for
analysis. As the data record length was increased, the 95%
confidence interval (CI) became narrower, the mean of the
short-term data trend results (Zux values) got closer to those of
the long-term series (Fig. 10a—d), and the absolute bias [%]
became smaller (Fig. 10e—h). It was realized that by increasing
the short-term data record length, the rate of decrease in bias
[%] on the trend results were non-uniform. For instance, by
assuming a linear decrease (for simplicity), it was noted that for
every 10% increase in the short-term data record length in
comparison with the full series over the periods of 77, 95, 96
and 89 years at stations 1, 11, 18 and 33, the bias on the trend
result reduced by 8.72, 12.68, 10.62, 8.12%, respectively. This
difference (though not significant) in the bias reduction rates
showed the site to site or regional difference in the rainfall
statistics across the NRB.

One way to obtain an insight into the rainfall trend under
data scarcity is to make use of the possible drivers of the trend
and/or variability. However, the results of such an approach
would be promising if the causes of rainfall trend is well-known
at station-based scale. For the study area, the driving forces of
rainfall trend/variability have been investigated mostly on
rather regional than station-based scale. The regional rainfall
trend/variability in the study area has been found linked to: (1)
the Southern Oscillation Index and/or the El-Nifio Southern
Oscillation (see among others, Abtew et al., 2009; Nicholson
and Entekhabi, 1986), (2) the Atlantic Multidecadal Oscillation

index, Pacific Decadal Oscillation Index, and Indian Ocean
Dipole (Nyeko-Ogiramoi et al., 2013; Onyutha, 2015b; Taye
and Willems, 2012), and (3) the influences of the Oceans
through changes in the Sea Surface Temperatures or Sea Level
Pressures (Lyon and DeWitt, 2012; Onyutha and Willems,
2015a; Tierney et al., 2013). The above drivers of rainfall trend/
variability may be used to get an idea on the directions of trends
within a particular region (not at a station-based level) of the
study area.

Another alternative to support trend results from short-term
rainfall is to use long-term data from a nearby station if avail-
able. This, as will be discussed in section 4.5, also requires the
acceptability of the homogeneity of the trend directions in the
particular region.

4.5. Spatial coherence of trend results

Fig. 11 shows the van Belle and Hughes test results for
short-term data. It is shown in Fig. 11a that Hy (common trend
direction in the different seasons) was rejected only at station 30
(1 out 39 i.e. 2.5%) instead of the13% for the full time series in
Fig. 8a. Moreover, the number of stations with common trend
direction characterizing significant increase in rainfall in the
EQR was reduced from 2 to only 1 out of 7. For the SEE, the
percentage of stations with significant downward trend
increased from 34% to 50%. These results confirm that if all the
stations across the study area have data with similar record
length and time period, an improved coherence of regional trend
results could be obtained. For the study area, the above findings
showed that support for an inference of trend from short-term
rainfall can be moderately acceptable from the result in the
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Fig. 9. Comparison of the trend results for short- and long-term rainfall series of annual and seasonal time scales. The long-term data were the full time series as
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selected. For these 20-year periods, rainfall data were available at all the stations. Zyk stands for the standardized MK trend statistic.

long-term data at another nearby station within the same region,
so long as the same time period from both series is considered.
For illustration, the temporal variation of annual rainfall at
stations 26 and 27 with data over the periods 1916-1987 and
1942-1985, respectively, is shown in Fig. 12. The close agree-
ment between the pattern of variation from the short- and long-
term rainfall data at stations 26 and 27 (Fig. 12), respectively,
can be evident. Over the period 1942-1985, the correlation
between the annual rainfall at the two stations was 0.89 and thus
significant at o= 1%. It is deemed that due to the site to site
difference across the study area, the smaller the distance
between the station with short- and long-term data, the more
reliable the support may be for the inference on trend using
short-term rainfall series.

Fig. 13 and Fig. 14 show the trend evolution in annual
rainfall as well as that for the MAM and JJAS seasons. For a
complete picture of the temporal trend evolution, the Zux
values are plotted against the ending year of the time slices.
Compared with the long-term trend (LTT), different results
were obtained in most periods for the different Block Lengths
(BLs). In some cases, results from short data periods showed
decreasing trends while that of the LTT was an increasing one,
and vice versa. It has been remarked by Camberlin (2009) and
Di Baldassarre et al. (2011) that the trend analyses from
different studies on rainfall over the NRB provide conflicting
evidence, e.g. for Ethiopia. This study confirmed that trend
results depend on the data record length and the time period
selected for analyses.
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the standardized MK trend statistic.

On the long-term, the effects of the temporal oscillations
may cancel out and the overall long-term trend characterizes the
net effect of such cancellations (Onyutha, 2015a). Due to the
temporal oscillations, it was suggested by the WMO (2000) that
climate change detection be investigated using a minimum of
50 years of record. In this study, even when a BL of 70 years
was considered from a 95-year rainfall data, there was still
some difference based on the period over which the window
was passed. As long as we rely on samples, which is always the
case for climatic variables, the trend estimates should not be
expected to be a true value (of course, we cannot know what
the true value is). However, the longer the series, the better the
trend estimates. Therefore, importantly the period referred to as
the so-called ‘long-term’ is so subjective that the question of
what data record length gives bias-free trend results cannot be

clearly answered. This is because it would require specification
of the baseline period to be used for assessing bias in the trend
of the short-term data being analyzed. This baseline period,
which may change over time, can only be set based on a uni-
versally clued-up decision of stakeholders. For instance, the
widely used baseline period 1961-1990 for climate studies was
recently recommended by the WMO (2014) to be shifted
because global warming is increasingly setting a new “normal”
for weather conditions. With respect to the sub-trend identifi-
cation (Onyutha, 2015a) implemented in this study, an idea can
also be obtained on the pattern of the temporal variability in the
series. For instance, in Sudan where stations 11 and 18 were
selected, the drastic and significant decrease in the rainfall in
the late 1960s to mid 1980s can be noticed from Fig. 13b—c for
annual rainfall, Fig. 14b—c for MAM season, and Fig. 14f-g for
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JJAS season. In line with this decrease, Hulme (1992) reported
that the mean annual rainfall in the Sahel region (which spans
across Central Sudan) for the periods 1970s and 1980s declined
by 30%. Contrastingly, for station 1 in the EQR, the period
1960s to 1980s was characterized by increase in its rainfall as
seen from Fig. 13a for annual rainfall, Fig. 14a for MAM
season, and Fig. 14e for JJAS season.

5. Conclusions

In this paper, the following were done: (1) investigation of
how data record length and selected time period influence trend
results, (2) assessment of bias in trend results due to short-term
data record length, (3) investigation of the rainfall trend homo-
geneity by applying the method of van Belle and Hughes (1984),
and (4) determining rainfall trend at 39 locations across the NRB.
The main findings from this study include the following:

1200

1000 -

800 -

600 -

Rainfall intensity [mm/year]

—Statlon 26 coee Statmn27

400 T T T
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Time [year]

Fig. 12. Annual rainfall at two selected nearby stations in Sudan.

a)

b)

Trend results are influenced by the length of the time series
and, the period over which the data are selected for analy-
sis; for instance, the negative trends in the stations in SEE
were due to the significant decrease in rainfall between the
1960s and 1980s. Because of the bias in trend results,
analyses from short-term rainfall data to get an insight into
the evolution of the long-term trend might sometimes not
be representative and conclusive. For the case of the NRB,
by assuming that the rainfall series recorded over 90 years
is adequately long and representative of the population,
reducing the rainfall data record length by 10% leads to an
increase by about 10% as well of the absolute bias on the
trend result. To address the possible problem of bias in the
trend at a station due to short data length, support can be
possibly obtained from another nearby station with long-
term data. To obtain this support, regional homogeneity of
the rainfall trends is required.

It still remains unclear which data record length gives
bias-free trend results, unless a baseline period is specified.
The magnitudes (and sometimes the signs) of the trends in
rainfall varied from season to season, and also from one
station (or sub region) to another. At a given station, trend
from annual rainfall data tended to differ from those of the
seasonal series. Thus, the rainfall trends’ driving forces can
differ at annual and seasonal time scales, as well as
between seasons. For a given time scale (annual or sea-
sonal), using the same data record length and uniform time
period obtained from all the selected stations led to an
improved regional coherence (homogeneity) of trend
results. Trends for the different rainfall seasons were het-
erogeneous in 13% of the 39 stations used in this study.
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This showed that the homogeneity over the different
regions was moderately acceptable for support of trend
from short-term rainfall using result from any other long-
term rainfall data at another nearby meteorological station.

d) Over the period 1940 to 1990, trends in annual rainfall
were positive (negative) in the EQR (SEE). The annual
rainfall trend in the EQR (SEE) was found to be caused
by variations in the OND (JJAS) season.
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