Introduction and Motivation

The time series of the Nile flood levels (Popper, 1951) represents a remarkable human
historical record of climate variability for over more than 1000 years, that reflects water intake
from the Blue and the White Nile in Ethiopia and equatorial Africa. Climate researchers have
studied extensively the resulting multi-century, annually resolved records and have
demonstrated the significant association between the rainfall in the catchment area of the Nile
tributaries, the Indian monsoon and ENSO [Walker, 1910; Quinn, 1992; Nicholson and
Entekhabi, 1986; Ropelewski and Halpert, 1987]. A recent weakening of the close relationship
between ENSO and the Indian monsoon [Kumar et al., 1999], however, might foreshadow a
similar weakening of the East-Africa—ENSO correlation. In any case, some regularities in the
Nile River records cannot be explained by the ENSO connection. In particular, North Atlantic
influences over North Africa and the Middle East have been detected in several geologic [Felis
et al., 2004] and historical [Mann, 2002] time series, and may extend all the way into the Nile
River’s source area, further to the south.

The traditional view is that it is the Blue Nile, which originates in the Ethiopian highlands, that
contributes mainly to the floods, while the White Nile, originating from equatorial Africa, is
mainly responsible for the low level [Said, 1993; Hurst, 1952]. The short-term, interannual
fluctuations in the high-level record, however, do reflect also variations in the contributions
from the White Nile (i.e., in the low level) [Hassan, 1981]. Moreover, on longer time scales,
not only the rains of the given season determine the level of Lakes Victoria and Albert, at the
sources of the White Nile, but also the accumulated precipitation of several preceding seasons
[Hurst, 1952]. Examining both the high- and low-water records (see Fig.1 in De Putter et al.
[1998] and Figs 2a,b in this work), it is clear that the variance of the minimum level is much
larger than that of the maximum; furthermore, correlations between ENSO activity and
equatorial Africa are quite comparable to those between ENSO and the Ethiopian highlands
(see Fig. 6.1 in Quinn [1992]). We thus conclude that the time series of the annual difference
between the maxima and minima represents better the Nile floods than the high-level time
series.

We revisit therefore the detection and attribution of regularities in the 1300-yr long Nile River
records. Our work provides five important new results on the interannual, interdecadal and
centennial evolution of climate in northeast Africa over the last millennium-and-a-half: (1) a
complete 1300-yr record of Nile River floods with annual resolution that permits one to study
the evolution of the regularities over the most recent 450 years (A.D. 1471-1922); (i1) more
robust statistical-significance tests; (ii1) an analysis of the net flood record, which we argue is
better represented by the time series of the difference between the high- and low-water records
; (1v) sharper and more reliable determination of climatic-regime transitions; and last, but
certainly not least, (v) evidence for a novel source of interannual climatic variability for
tropical East Africa, namely changes in the North Atlantic ocean circulation. We address these
points by investigating both low- and high-water Nile-river records, and their difference. A
modified singular spectrum analysis algorithm (SSA) is applied to self-consistently fill missing
points with the leading oscillatory modes of the time series.

Spectral Methods

We apply advanced, well-documented spectral methods [Ghil and Vautard, 1991; Allen and
Smith, 1996; Mann and Lees, 1996; Ghil et al. 2002] to estimate the regularities in our data
sets. Our significance tests are carried out with respect to red, rather than white noise; the
former is a more appropriate null hypothesis for the Nile River records, which — like most
climatic and other geophysical time series — have larger power at lower frequencies. The main
methods we used are the Monte Carlo version [Allen and Smith, 1996] of SSA and the robust
MTM version for both line and background estimation [Mann and Lees, 1996], as provided in
version 4.2 of the SSA-MTM Toolkit [Ghil et al.,, 2002] (see also the freeware toolkit
documentation at http://www.atmos.ucla.edu/tcd/ssa/).

SSA i1s a data-adaptive, non-parametric spectral method based on diagonalizing the lag-
covariance matrix of a time series [Colebrook, 1978; Fraedrich, 1986; Vautard and Ghil, 1989].
The eigenvectors of this matrix are the empirical orthogonal functions (EOFs) and projection
onto them yields the corresponding principal components. The entire time series or parts of it
that correspond to trends, oscillatory modes or noise can be reconstructed by using linear
combinations of these principal components and EOFs, which provide the reconstructed

components (RCs) [Ghil and Vautard, 1991; Ghil et al., 2002].

Missing Data Filling by Iterative SSA/MSSA.

Analyzing the full extent of the available water-level records, with the missing points filled in,
allows for greater accuracy and better significance testing in the spectral analysis. It also
improves our knowledge on the evolution of the oscillatory modes over the entire 13 centuries
of record and especially over the last 450 years.

Schoellhamer [2001] first suggested using SSA [Broomhead and King, 1986; Vautard et al.,
1992; Ghil et al., 2002] to obtain spectral estimates from records with a large fraction of
missing data. The method applied here differs from his in two ways: (1) we iteratively produce
estimates of missing data points, which are then used to compute a self-consistent lag-
covariance matrix; and (i1) we use cross-validation to optimize the window width and number
of dominant SSA modes to fill the gaps. For a univariate record, we first center the original
data by computing the unbiased value of the mean and set the missing-data values to zero. At
each subsequent iteration step, new estimates of the record, its lag-covariance matrix, EOFs
and principal components are obtained [Ghil et al., 2002].

For many climatic and geophysical records, a few leading EOFs correspond to the record’s

dominant oscillatory modes, while the rest is noise [Ghil et al., 2002]. Using this idea, we start
the inner-loop iteration with a first EOF, and repeat the SSA algorithm on the new time series,
in which the RC of that EOF alone was used to replace the missing points. Each new
reconstruction of the entire record is tested against the previous reconstruction until a tolerance
is met. Next, outer-loop iterations are performed with two leading EOFs, and so on. The
optimum number of EOFs 1s found by cross-validation: a portion of the available data is
marked as missing, and the estimation error is computed for each EOF being added to the
reconstruction. In practice, this error starts to increase once noise-related EOFs are added. The
full procedure and the tests on synthetic data will appear elsewhere. For a univariate record,
our procedure uses only temporal correlations in the data to fill in the missing points. For a
multivariate record, multi-channel SSA imputation takes advantage of both spatial and
temporal correlations. This provides a substantial improvement in cases like the Rodah Island
records, where data points are often missing in one time series, but not the other.
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Figure 1. SSA (M=40) imputation of a gap (200<t<240) in amplitude- and phase-modulated
signal, contaminated by white noise. Four leading EOFs are optimum number to use in

imputation, based on CVL error.
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Figure 2. We apply MSSA to fill up missing gaps in both low- and high-water records (black
and red lines, respectively). Upper panel is original data and low panel is data with missing
points imputed by MSSA using M=100 years and two channels (low- and high-water). Eight
leading EOFs are optimum for imputation based on CVL error (not shown).

Spectral Analysis

The extended low-water, high-water and difference records, like the short ones, have a very
low-frequency, trend-plus-oscillatory component, captured by the two leading EOFs of an SSA
analysis with a 100-yr window. The nonlinear, data-adaptive upward trend that continues over
the entire extended record might be due to siltation [Popper, 1951]. The very low-frequency
oscillation has the same 256-yr period as in the short records.

Table 1a: Significant oscillatory modes in short records (A.D. 622-1470)

Periods Low High High-Low
40-100yr 64(9.3%) 64(6.9%) 64(6.6%)
20-40yr [32]
12.2 (5.1%), 12.2 (4.7%),
10-20yr 118 3 (6.7%) 18.3 (5.0%)
5-10yr | 6.2 (4.3%) 7.2 (4.4%) 7.3 (4.4%)
0
3.0 (2.9%), 3.6 (3.6%), 2.9 (4.2%),
05yt |3 (3% 2.9 (3.4%),
A0 2.3 (3.1%)

Table 1b: Significant oscillatory modes in extended records (A.D. 622-1922)

Periods Low High High-Low
40-100yr 64(13%) 71(8.6%) 71(8.2%)
20-40yr 23.2 (4.3%)

12.2 (4.3%),

10-20yr [[12], 19.7 (5.9%) 18.3 (4.2%)
. . 0

5-10yr | [6.2] 7.3 (4.0%) 7.3 (4.1%)
4.2 (3.3%), [4.2],
0
0-5yr ;‘2’ gg’z/) 2.9 (3.3%), 2.9 (3.6%),
S0 2.2 (2.9%) 2.2 (2.6%)

Table 1. Results for detrended time series. The main entries give the periods in years: bold
entries without brackets indicate that the mode is significant at the 95% level against a null
hypothesis of red noise, in both SSA and MTM results; entries in square brackets are
significant at this level only in the MTM analysis. Entries in parentheses provide the
percentage of variance captured by the mode with the given period.
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Figure 3. SSA results for the extended Nile time series, arrows mark peaks that are highly
significant in both (at 95%) and MTM.
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Figure 4. SSA reconstruction of the 7.2-yr mode in the extended Nile River records: (a) high-
water, and (b) difference. The amplitude has been normalized by one standard deviation of the
detrended time series; Reconstruction in the large gaps 1s indicated in red.

Discussion and Conclusions

The 7-yr mode in the high-water and difference records, both short and extended, is quite
robust and does not seem to have been previously discussed, aside from a parenthetical
reference to an 8.1-yr peak in the high-water record of [De Putter et al., 1998]. Since the
difference record is representative of net flood conditions, the presence of this peak in it lends
further weight to its interpretation. A 7-8-yr peak exists in instrumental records of North
Atlantic sea surface temperatures [Moron et al., 1998] and sea level pressure [Da Costa et al.,
2002]. Felis et al. [2004] have shown 5—6-yr variability to persist in isotopic coral records
from the northernmost Red Sea (Gulf of Agaba) during the last interglacial, 120kyr ago. Mann
[2002], based on the global temperature reconstructions of [Mann et al., 1998] has found 8-9-
yr variability in an index of Middle-and-Near East temperature, back to 1750 or 1650 A. D.

Our clear and persistent 7-yr peak for the extended Nile River records (A.D. 622—-1922)
demonstrates the extent of North-Atlantic influences over the last millennium-and-a-half and
into Eastern Africa’s tropical regions. The spatio-temporal pattern associated with this peak is
well simulated by a whole hierarchy of ocean models for the North Atlantic’s wind-driven
circulation, with increasingly realistic physics, resolution and geometry [Dijkstra and Ghil,
2004; Simonnet et al., 2004]. Atmospheric circulation patterns over the North Atlantic have
well-known downwind effects, including over the Mediterranean and North Africa [Felis et al.,
2004; Mann, 2002; Matthews, 2004; Hurrel, 1995]. The effects over the source region of the
Nile River, however, are new. It is tempting, moreover, to identify, the 7-yr peak in the Nile
River records with the cycle mentioned in Joseph’s biblical story. Such an identification,
though, has to be taken with a grain of salt: seven is a sacred number in the Hebrew tradition
and its use in the story may designate merely a near-regularity of several years, not a specific,
exact periodicity.
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Figure 5. Temporal evolution of the instantaneous frequencies of the oscillatory pairs that lie
in the low-frequency range (40—100 yr), for the low-water, high-water, and difference records.

The plots are based on multi-scale SSA [Yiou et al., 2000] results with a sliding window of W
=255 yr and M = 85 yr; local SSA analysis is performed in each window of width W, with M
lags, and W = 3M.

Previous studies of various climate proxy and instrumental records reveal oscillatory climate
modes that are consistent with those identified in our analysis, i.e. a 250-yr oscillation [Mann
et al., 1995; Vaquero et al., 1997], as well as 50-70-yr [Mann et al., 1995; Schlesinger and
Ramankutty, 1994] and 15-35-yr periods [Ghil and Vautard, 1991; Moron et al., 1998]. Ghil et
al. [2002] discussed in detail the physical interpretation of interannual and interdecadal climate
modes, in terms of the internal variability of the mid-latitude and global ocean circulation,
wind-driven and thermohaline [Dijkstra and Ghil, 2004; Simonnet et al., 2004]. The
periodicities shared by the present analysis of Nile River records and global or North Atlantic
modes of ocean or coupled ocean—atmosphere variability [Ghil and Vautard, 1991; Dijkstra and
Ghil, 2004; Simonnet et al., 2004] do not demonstrate a causal relationship. Our results
suggest, though, quite strongly that the climate of East Africa has been subject to influences
from the North Atlantic, besides those already documented from the Tropical Pacific [Walker,
1910; Quinn, 1992; Kumar et al. 1999; Nicholson and Entekhabi, 1986] and those of possibly
astronomical origin (Hameed, 1984; De Putter et al., 1984; Mann et al., 1995; Vaquero et al.,
1997]. Moreover, the fairly sharp shifts in the amplitude and period of the interannual and
interdecadal modes over the last millennium-and-a-half support concerns about the possible
effect of climate shifts in the not-so-distant future [Alley et al., 2003].
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