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Abstract. Nilometers have been used for gauging the
level of water in the Nile river for more than five mil-
lennia. The written records describing some of these
measurements represent the longest written records for
any hydrological phenomenon. They describe interan-
nual fluctuations in the Nile river flow which are closely
associated with El Nino phenomenon. Here, we use
information about long-term variability in El Nino oc-
currences that has been extracted from the Nilometers
records to test the significance of the recent trend in the
frequency of El Nifio years. We show that the observed
frequency of El Nifio years during the last two decades
is rather high compared to the long-term statistics that
are computed from about a thousand years of Nilome-
ters data; however similar levels of activity have been
observed during the first millennium.

Introduction The observed increase in the fre-
quency of El Nifio years during the last few decades
may be partly caused by the evident increase in the
concentration of greenhouse gases (Trenberth and Hoar,
1996). This hypothesis is consistent with the results of
a recent study (Meehl and Washington, 1996) that sim-
ulated the response of a numerical model describing the
coupled global ocean-atmosphere system to the increase
in the concentration of atmospheric carbon dioxide, and
deserves further investigation. In particular, we need
to evaluate accurately the statistical significance of the
recent trend in El Nifio occurrences. Considerable dif-
ferences exist between the conclusions of the different
studies on the statistical significance of the observed
change in the frequency and duration of El Nino events
during the last two decades (Trenberth and Hoar, 1997;
Harrison and Larkin, 1997; Rajagopalan et al, 1997).
Estimates of the corresponding return periods range
from a few hundreds to a few thousands of years. These
estimates are based on statistical analysis of relatively
short records of El Nifio indices. There is a need for a
consistent analysis on a long-term record of the El Nifio
years in order to determine the statistical significance
of the recent trend in this phenomenon.

Here, we propose to use the history of observations of
water level in the Nile river to test the statistical signif-
icance of the recent trend in the El Nino phenomenon.
The well established association between El Nifio and
the Nile river flow is supported by extensive observa-
tional evidence (Bliss, 1925; Quinn, 1992; Eltahir, 1996;
Aramarasekera et al, 1997; Wang and Eltahir, in press).
It is worth noting that the coherency between the ENSO
index and the Nile flood has a distinguished peak at
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the time scale of 4-5 years, which is close to the ENSO
time scale (see Figure 3c of Wang and Eltahir, in press).
Warming in the equatorial eastern Pacific is associated
with rising motion over the eastern and central Pacific
ocean and sinking motion over most of the remainder of
the tropics, including the sources of the Blue Nile over
the Ethiopian Plateau (Eltahir, 1996; Aramarasekera
et al, 1997). The East African monsoon is the main
rainfall-producing mechanism over the Blue Nile catch-
ment and provides the teleconnection between El Nifio
and the Blue Nile low. During the flood season, from
July to October, most of the water in the main Nile is

supplied by the Blue Nile. Thus, a warm Sea Surface

Temperature (SST) in the Pacific ocean is associated
with anomalous sinking motion over the Indian ocean
and surrounding land regions, less rainfall over Ethiopia
(Wang and Eltahir, in press), and drought conditions in
the river flow of the Blue Nile and that of the main Nile
(Eltahir, 1996; Aramarasekera et al, 1997).

The Nile water is of critical importance to the an-
cient and modern civilizations of Egypt. Nilometers
have been used for gauging the level of water in the Nile
river for more than five millennia. Written records de-
scribing some of these measurements are available for
most of the last fourteen centuries and they perhaps
represent the longest written records for any hydrolog-
ical phenomenon. Quinn (1992) analyzed these records
carefully, with the objective of extending the recorded
history of the El Nifio-Southern Oscillation (ENSO)
phenomenon. He developed an index that is based on
the fluctuations in the Nile water level. Diaz and Pul-
warty (1992) compared this Nile index to other ENSO
indices and confirmed that the compilation of the Nile
flood intensity record by Quinn represents a valuable

. contribution to ENSO studies. This recorded history of

the Nile flood has been used in studying the long-term
natural variability of the El Nifio phenomenon (Ander-
son, 1992). Here, we extend the Nile flood record up to
1997 and use it to study the statistical significance of
the recent trend in this phenomenon.

Naturalization of the Nile Data The interan-
nual fluctuations in the Nile water level during the sum-
mer months should reflect the natural variability in the
East African monsoon and the El Nifio phenomenon.
However, during this century the extent of the human
impact on the natural flow of the Nile river has reached
a point where direct measurements of the river flow may
no longer be indicative of the natural variations in the
monsoon system. In particular, the extraction of water
from the Blue Nile for irrigation purposes in Sudan, and
the construction of the High Aswan dam had noticeable
effects on the observed fluctuations of river flow.

Careful consideration has been given in this study to
the elimination of the effects of the two anthropogenic
factors mentioned above. First, we use two complemen-
tary observational records from two nearby stations:
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Aswan and Dongola, to characterize the recent history
of the Nile flow. Dongola is located on the Nile river at
about 600 kilometers upstream from Aswan. The flow
records at Dongola are useful for characterizing the nat-
ural flow of the Nile after the construction of the High
Aswan dam. Second, we estimate the water extraction
in Sudan. The extraction of water occurred after 1925
when Sennar dam was built to supply water for the
Gezira irrigation scheme. The water extraction can be
estimated by the change, with reference to the period
before 1925, in the difference between the observed flow
at Roseris station and Khartoum station for the period
1912-1997. Both stations are located on the Blue Nile.
Roseris is located near the Sudan/Ethiopia boarder, up-
stream from where the extraction occurred. Khartoum
is located at the confluence of the Blue Nile and the
White Nile, downstream from where the extraction oc-
curred. After estimating the water extraction, the Nile
flood series at both Aswan station and Dongola station
can then be naturalized by adding the water extraction
estimates to the observed series.

Figure 1 shows the resulting naturalized series of the
summer flood at Aswan and Dongola. These two series
are highly correlated, and they collectively describe the
recent history of the Nile river flow for the period 1871-
1997.

El Nifio Index Based on Nilometer Records
The normalized fluctuations of the summer flood for
Aswan and Dongola are presented in Figure 2 in com-
parison to the normalized fluctuations of the SST within
the Pacific Ocean (a standard index of El Nifio). The
SST data used here is from the UKMO global data set.
It has been averaged for the regions 6-2N, 170-90 W;
2N-68, 180-90 W; and 6-10S, 150-110W (same as the
area used by Wright, 1989). The SST records have
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Figure 1. Naturalized flood volume in summer (July
to October) at (a) Aswan for the years 1871-1964; and
(b) Dongola for the years 1912-1997.
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Figure 2. A comparison between two indices of El
Nifio based on SST in the Pacific Ocean (continuous
line) and the summer flood of the Nile river (dashed
line) at (a) Aswan; and (b) Dongola.

also been averaged from September through Novem-
ber, which has the most significant correlation with the
Nile flood (Eltahir, 1996). The coefficient of correla-
tion between Nile flood and SST in the Pacific ocean
is about -0.54. This coefficient is quite significant, es-
pecially if we compare it to the corresponding coeffi-
cient for the correlation between the SST index of El
Nifio and the Southern Oscillation Index (SOI) which
is about - 0.78. However, examination of Figure 2 re-
veals the non-stationary nature of the association be-
tween the Nile floods and ENSO. During the decades
of the 1930s and 1940s, this correlation is less signifi-
cant than in other periods. Hence, we emphasize that
the analysis described in this report assumes that the
correlation between the two phenomena remains always
significant (Allan et al, 1998). We have analyzed the
naturalized series of the Nile river flow for the last 127
years using the same criterion that has been developed
by Quinn (1992). This analysis estimates the order of
El Nifio in each year based on the departure of summer
(July-October) flood volume at Aswan station from the
50-year moving average. Order 1 corresponds to a de-
parture of somewhere between 5.5 km? to 10.9 km3;
order 2 corresponds to a departure between 10.9 km?®
and 16.4 km?; order 3 corresgonds to a departure be-
tween 16.4 km® and 21.8 km?®; order 4 corresponds to
a departure between 21.8 km? and 27.3 km?; order 5
corresponds to a departure larger than 27.3 km3. The
estimated El Nifio order time series is shown in Fig-
ure 3, which reflects the recent increase in frequency of
El Nifio years that has been reported by other studies
(Trenberth and Hoar, 1996).

El Niio is not the only factor that affects the river
flow in the Nile. In fact, it only explains about 30%



ELTAHIR AND WANG: NOLIMETERS, EL NINO, AND CLIMATE VARIABILITY

B ) |

w

N

Order of El Nino

—_

o

1930 1950 1970

Years A.D.

Figure 3. Order of El Nifio years estimated based on
the Nile flow series of Figure 1.
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(based on the correlation coefficient of -0.54) of the vari-
ability in the Nile flood. There must be some other fac-
tors that influence the rainfall generation over the Nile
river watershed. Consequently, certain degree of dis-
crepancy exists between the Nilometer-based El Ninio
record in Figure 3 and the standard El Nifio record
based on the Pacific SST. For example, a weak La Nifia
was observed in 1984, while the Nile flood record sig-
naled a strong El Nino in that year. Discrepancy in El
Nifio strength also exists in some El Nifio years. How-
ever, in general, the Nilometer record still captures most
of the variability of El Nifio phenomena.

In order to study the low frequency variability of any
phenomenon we need to consider records that are long
enough to resolve those low frequencies. Otherwise, we
have to assume that the conditions experienced in the
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Figure 4a. Frequency of El Nifio years based on the
estimation of the El Nifio order by Quinn (1992) for the
period 622-1522 A. D., and based on the El Nifio order
series of Figure 3 for the period 1871-1997 A. D..
Figure 4b. The return period describing the frequency
of El Nifo years.
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short record are representative of longer periods. In
order to avoid such assumptions, we use the recorded
history of the Nile river flow as a long-term record of
the El Nifio phenomenon. By taking this approach,
we gain additional information about the low frequency
variability of this phenomenon at the expense of sac-
rificing some of the accuracy in our estimates of the
frequency of El Nino years. In the following analysis,
the El Nifio order by Quinn (1992) based on Nilome-
ter records are used for the period 622-1522 A.D., and
the El Nifo order series of Figure 3 are used for the
period 1871-1997 A.D.. The Nilometer records between
1522-1870 A.D. have not been included here since for
political reasons those records include several gaps.
Results and Conclusions Figure 4a describes
consistent estimates of the frequency of El Nifio years
that are based on the relatively recent and short record
of observations on the Nile river flow (Figure 3) as well
as long-term Nilometers records. Any year for which the
order of El Nino is greater than zero is identified as an El
Nifo year. The frequency of El Nifio years is computed
using a 21-year moving average. Figure 4b shows the
return period of the El Nifio years, derived empirically
using the frequency record of Figure 4a. In Figure 4c,
the frequency of the El Nifio events are calculated. An

El Nifio event is defined as a continuous series of one -

or more El Nifio years. The 21-year moving average of
the duration of El Nifio events is shown in Figure 4d.
Examination of Figures 4a-d reveals several impor-
tant observations. The long-term variability in the fre-
quency of El Nifio years is the result of two factors: vari-
ability in the frequency of El Nifio events (Figure 4c),
and variability in the average duration of El Nifio events
(Figure 4d). The former reflects changes in the wave-
length of the ENSO phenomenon. The recent increasing
trend in the frequency of El Nifio years is largely due to
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Figure 4c. Frequency of El Nifio events.

Figure 4d. Average duration of El Nifio events.
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an increase in the frequency of El Nifio events. The fre-
quency of El Nifio events within the last two decades is
similar to the observed frequency in the first few decades
of this century. However, the average duration of the re-
cent events is longer than those experienced in the early
decades of this century. As a result, the frequency of
El Nifio years during the last two decades is the highest
for this century. The same frequency is also significantly
high compared to the long-term statistics; however such
a burst of El Nifio years is not entirely unprecedented.
Similar levels of activity were experienced during the
last three centuries of the first millennium.

The information about the long-term variability in
El Nifio years is then used to test the statistical signif-
icance of the recent trend in the frequency of El Nifio
years. The rate of El Nifio years during the last two
decades is about 5 years per decade. The correspond-
ing return period, based on Figure 4b, is about 450
years. According to Figure 4a such a high frequency of
El Nino years was never sustained for more than a few
decades. It remains to be seen if the current episode
of rather frequent El Nifio years will be sustained for
more than a few decades. If that happens, then such
an episode would present a clear sign of a significant
change in the global climate.
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