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Summary

Climate episodes, lasting a century or longer, of low and high
annual Nile flood level minima (from 715 to 1470) are defined
by a lowpass filter. Their relation to fluctuations of shorter
or longer periodicity (less than or greater than 25 years) is
deduced from the power spectral density of a hundred year
window moving over the time series. Low flood climate and
enhanced variance of short period fluctuations are signifi-
cantly correlated characterizing reduced persistence of fluc-
tuations during dry climate conditions. There is only a qual-
itative indication of enhanced long period variability (or en-
hanced persistence) during high flood levels.

1. Introduction: The Nile Flood Level Time
Series

The streamflow of rivers is a good indicator of
climate variations, because it provides an integral
measure of the precipitation over the source re-
gions, if other conditions remain unchanged. The
flood levels of the Nile river are one example of
a long time series analysed by hydrologists, cli-
matologists and historians in order to gain infor-
mation about the evolution of the systems in-
volved and their interactions, and also to estimate
future conditions which, in climatological context,
means that the possibility of recurring past events
provides a measure of the expected variability.
A number of these studies are concerned with
the reconstruction of the data from historical
sources: Toussen (1925), for example, compiled a
time series of the Nile flood minima and maxima
from 622 to 1921 A.D. which, since 715, docu-

ments the record of the Roda Nilometer near
Cairo. These data form an almost continuous time
series until 1470 when the first of the larger gaps
occurs. Popper (1951) corrected this time series
taking into account changes in calibration.

Other studies deal with hydrology — related sta-
tistical analyses of the Nile flood time series (Hurst
etal., 1965), the results of which recently appeared
to be of fundamental interest in connection with
fractal processes and chaotic dynamics. The Nile
flood variations have also been analysed by more
standard statistical methods (power spectrum or
cumulative deviations) to identify cycles (Hameed,
1984), to develop hydrological forecast models
based on autoregressive processes with moving
average corrections etc. (Aguada, 1987), and to
define climatic episodes interpreted in terms of
general atmospheric circulation anomalies over
Ethiopia (Riehl etal., 1979), East Africa and Eu-
rope (Hassan, 1981).

From these studies only a brief background will
be given, referring both to the present situation
and to the time span analysed in this study. The
Nile receives the water from the two sources of
the White and the Blue Nile in equatorial Africa
and Ethiopia. The Ethiopian tributaries deliver an
annual mean flow rate of approximately 1600 m?/
s; the flood peak of 5-6 000 m?/s is reached in the
flood season between July and September. There-
after the Nile is mostly fed by the White Nile while
the Ethiopian waters contribute only a quarter to
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the total. The Nile flood maxima from the Blue
Nile are mostly fed by the monsoonal rains in
Ehtiopia associated with the northward shift of
the intertropical convergence zone (ITCZ); the
Nile flood minima originate in tropical East Af-
rica. There is a recently observed coincidence be-
tween low and high Nile flood minima and East
African lake levels (e.g. Lake Victoria); but the
causes of the tropical climate variations are far
from clear. There may be a European teleconnec-
tion: During the warm epoch (before the Little Ice
Age), the Nile floods were relatively high from
1070 to 1180, but low from 1180 to 1350 which
coincides with the minor advance of glaciers. The
period of the Little Ice Age from 1500 to 1700 has
not been analysed here because there are a number
of gaps in the Nile flood record; but there is ev-
idence of low Nile floods occurring in the periods
1470-1500, 1640-1720 and a number of low floods
from 1774-1792. Finally, (recent) fluctuations of
the Nile flood maxima have been related with El
Nifio/Southern Oscillation (ENSO) events, a cli-
mate signal affecting the global atmosphere
(Whetton etal., 1990).

In this note we extend the time series analysed
linking the flood related climate episodes with
shorter period fluctuations during these episodes.
That is, we try to identify a possible connection
between a climate mean state and its related
smaller scale variability due to internal dynamics.
For example, in meteorology larger variances
characterize the weather dynamics of the midla-
titude winter climate whereas variability is reduced
during summer. In this sense we expect that warm
(or wet) climate episodes in the tropics may be
distinguished from cold (or dry) epochs not only
by their means but also by their internal fluctua-
tions. As a first step in this direction we analyse
the continuous part of the annual record of the
Nile flood extrema from 715 to 1470; only the
annual minimum flow data are used, because they
show larger signals (Fig. 1) and they are also con-
sidered to be subject to smaller errors than the
maxima (Aguada, 1984).

2. Climate and Fluctuations of the Nile Flood Min-
ima

Climate: Climate episodes of low and high annual
Nile flood level minima can be deduced after suit-
able time averaging (or filtering) which does not
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Fig. 1. Nile flood level maxima and minima at Roda Island

suppress the long term climate variations. The av-
eraging process used here is a 50-point lowpass
filter (Duchon, 1979) with a cut-off frequency cor-
responding to a 100 year period; this time scale is
chosen to filter out the significant 77 year cycle
which is the longest period of fluctuations anal-
ysed by Hameed (1984). The results (Fig. 2) show
fluctuations between climatic episodes of high and
low flood levels which last between 80 and 170
years. These episodes are similar to those obtained
by Hassan (1981, Table 1) applying the method
of cumulative deviations; only the first major high
and low flood epochs have been classified by a
sequence of minor high and low floods of shorter
duration (20-50 years) which are smoothed by the
lowpass filter during 715 to 930 A.D. These results
are relatively stable if the cut-off is changed by
+ 30 years or if a 100 + 30 year running mean is
applied.

Fluctuations: Internal fluctuations of time-
scales with periods less than 100 years are asso-
ciated with the high and low flood episodes. Such
fluctuations can be visualized by (a sequence of)
variance density distributions (power spectra) of
a 100-year window shifted over the time series in
annual time steps. Plotted in a frequency-time di-
agram, the isolines of variance contributions pro-

Table 1. Major High and low Flood Episodes of the Lowpass
Filtered Levels-of the Nile’s Annual Flow Minima

<760-820 940-1030 1200-1370
820-940 1030-1200 >1370

Major low floods:
Major high floods:
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vide the frequency dependent spectral densities
changing with time and thus lead to a dynamical
spectrum (or spectrogram; Olberg and Rakoczy,
1984). As a spectral estimator, the maximum en-
tropy method is applied with an autoregressive
process of relatively high order, AR(33), to resolve
the low frequency end within the window (as a
rule of thumb: the order of the AR process should
be about 1/3 of the size of the data set). Further-
more, a red noise process, AR(1), is deduced to
define the associated null-hypothesis for the sig-
nificance test (see Appendix). The contour of the
95% level of significance is chosen (and not the
variance density values) to present the behaviour
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Fig. 2. Lowpass filtered minimum flood levels and flood
climate episodes (high/low)

of the (window-related) power spectrum changing
with time. The results are shown in Fig. 3 together
with the overall power spectrum of the total time
series, which may be interpreted as a suitable time
average of the spectrogram (or dynamical maxi-
mum entropy spectrum). The following results are
noted:

(a) Three major continuous outbreaks of longer
period fluctuations (25 < p < 100 years) are sig--
nificant. They occur before 765 and last until 910,
between 1050 and 1150, and from 1350 to 1420
or later; note that + 50 years needs to be added
to extend the limits of the time intervals because
the frequency spectra of the moving hundred year
window are centered at the window-year 50. The
first outbreak shows the fluctuation periods de-
creasing from more than 70 to about 40 years.
This coincides with the sequence of minor high
and low flood level episodes (Hassan, 1981) whose
durations diminish from 50 to 20 years during the
epoch between 700 and 930 A.D.

(b) Enhanced activity of shorter periods (p < 25
years) characterizes the breaks between the spells
of long period fluctuations; the significant peaks
are shown in Fig. 3. These dominate during cli-
mate episodes of low flood levels and show some
variability in the periods (p < 25 years). By visual
inspection the Nile flood climates (Fig. 2) and the
internal fluctuations (Fig. 3) appear to be related:
The major low flood levels are associated with
shorter period fluctuations whereas the opposite
holds for the major high flood levels and the longer
period fluctuations:
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Fig. 3. Dynamical maximum entropy spectrum (spectrogram) composed by power-spectra from 100-year-windows showing
the 95% significance-levél against red noise; the boundary between short and long period fluctuations is indicated at 25 years.
The power spectrum of the total time series is shown for comparison (left)
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Table 2. Qualitative Association Between the Major Climate
Episodes of the Nile Flood Minima and the Fluctuations During
These Episodes

Fluctuations (periods) Short Long

(p <25) (25 < p < 100)
Major low floods strong weak
Major high floods weak strong

The variance contributions of the shorter and
longer period fluctuations within the hundred year
window are shown in Figs. 4a and b. Note that
these time series are obtained from the dynamical
power spectral densities (after Blackman-Tuckey)
within the moving hundred year window, and sub-
sequent integration over the short and the long
period intervals, respectively; the Blackman-

0.45 Semee . L L n L I L

Tyl 8

o
s
{
T

FLOOD LEVEL VARIANCE IN M*
b °
? i

o
o
h
T

0.15 : : .
700 800 900 1000 1100 1200 1300 1400 1500

YEAR

a

0.3 : ,
o
= .25 ! L
= ]
8 ¥
Z 02 L
= i
=
~q
> 0.151 ’ | L
Ej !
z ) /| I
= ! FARSNEA
= 0.1 w b Wil -
~ L oy oy
3 U‘;'l‘ | i \ i
Q i A/ i
= 0.05 ' P 3

Wl -
’
0 ‘
700 800 900 1000 1100 i2C0 1300 1400 1500
YEAR b

Fig. 4. Variances of minimum flood levels contributed by
periods shorter (a) and longer (b) than 25 years

Tuckey power spectra provide good estimates of
the integrated variance contributions whereas the
maximum entropy method provides a high reso-
lution of the frequency estimates of the spectral
peaks. These time-series are used for the following
analysis.

Climate and Fluctuations: The hypothesised
qualitative association between the Nile flood cli-
mate and the fluctuations can be quantified by 4
cross-correlation analysis between the lowpass fil-
tered time series (Fig. 2) and the time series pro-
vided by the variance contributions from the
shorter (p < 25 years) or longer (25 < p < 100)
periods (Figs. 4a, b). The corresponding lag cross-
correlations between the flood climates and its
fluctuations (presented in Fig. 5) only partially
substantiate the qualitative results of Table 2:

(a) The negative lag correlation between flood
level climate and short-period fluctuations is max-
imum at zero lag showing the almost simultaneous
occurrence of low flood minima and enhanced
short period fluctuations (or high levels of the
flood minima and reduced short period variabil-
ity). This correlation reaches the 95% level of sig-
nificance (see Appendix), whereas the lag corre-
lation between flood level minima and long period
fluctuations does not. ‘

(b) The first zero-crossing of the lag-correlation
occurs at about 80 years which gives an estimate
of the characteristic quarter-period of the climate -
episodes to which both the climate means and its
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Fig. 5. Lag cross-correlations between lowpass filtered min-
imum flood levels and variances contributed by short (full)
and long (dashed) periods. The climate leads variances for
positive time lags. The 95% levels of significance are also
plotted
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associated fluctuations contribute. In this sense
both the short period fluctuations and the mean
characterize the flood level climate of the Nile.

3. Discussion

The Nile flood climates of low and high flood level
minima are characterized by episodes of about a
century or longer. They can be related to their
internal fluctuations of shorter (< 25 years) or
longer periodicity (> 25 years) quantified by the
dynamical power spectral densities of a hundred
year window moving over the time series. The
significant correlation (at zero lag) between the
low flood climate and the enhanced short period
fluctuations characterizes reduced persistence of
the fluctuations during dry climate conditions in
tropical Africa. During high flood levels there is
a qualitative but not significant indication of en-
hanced persistence associated with long period in-
ternal variability. A discussion of the mechanisms
is beyond the scope of this note, but the following
aspects should be mentioned: The internal climate
dynamics of the atmosphere (and ocean) may in-
deed be different during wet and dry climatic ep-
isodes affecting tropical Africa. In particular this
may be the case as dry climates are characterized
by a large variance induced by occasional short
interruptions of wet periods. On the other hand,
during wet climate conditions a large water storage
system may respond with a large inertia whereas
dry climates with smaller water reservoirs may be
characterized by short response times. Thus the

internal fluctuations of the climate system during

wet or dry periods need not necessarily be different
in order to generate the hydrological response ob-
served for the Nile flood levels.
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Appendix (Significance Tests)

Dynamical Maximum Entropy Spectrum (Spectrogram): The
red-noise or AR(1)-process fitted to the time series defines
the null-hypothesis, E. Spectral estimates exceeding the value
S = E+u(f*E*2/DOF)” are plotted (Fig. 3) as signifi-
cantly different from a red-noise process at the f = 95% level;
u(f=95%)=1.96 is the 95%-significance limit of the Gaus-

sian distribution with zero mean and unit variance; the de-
grees of freedom, DOF = N/M, where N is the length of the
time series and M is the order of the auto-regressive process
used for the maximum entropy spectral estimate, in this case,
AR(33).

Lag Cross-Correlation: The variance, VAR, of a cross-
correlation estimate, cor{x, y, k) at lag k£ between two un-
correlated time-series, x and y, can be approximated by the
individual lag i auto-correlations, cor (x, #) and cor (y, i), after
Bartlett 1955 (see also Box and Jenkins 1976):

VAR = Zcor(x,)*cor (y,i)/(N—k) fori= — 0,.., + o©

N is the length of the time series. The null-hypothesis that
both time series are uncorrelated, can be rejected on the
B=95% level, if  cor(x,y k) > u(B)*[VAR]”;
u (B = 95%) = 1.96 is the 95%-significance limit of the Gaus-
sian distribution with zero mean and unit variance.
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