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ABSTRACT

This paper supplements an earlier article by Nof and Paldor that offered a possible explanation for the biblical
crossing of the Red Sea in terms of natural phenomena. In that article, it was suggested that sustained winds
(of 20 m s™') could have caused a receding of the shoreline (of the Gulf of Suez) of more than a kilometer
from its original prewind position. Such a wind would also be associated with a sea level drop of more than 2.5
m that would expose a swath of Red Sea bottom and make a crossing possible. The present article puts this
nonlinear theory on firmer ground by providing a statistical analysis of the actual wind pattern in the area.

The authors used the Weibull distribution, the known duration of typical storms in the area, and direct
measurements in the region. On the basis of the Weibull distribution applied to winds in the part of the Indian
Ocean adjacent to the Red Sea, it is argued that the likelihood of a storm sustaining winds of 20 m s™! and
lasting, as required, for the entire night is roughly once every 2000 years. Direct measurements along the Gulf
of Suez suggest, on the other hand, a somewhat lower probability—once every 2400 years or so. When the
application of the direct measurement calculation is restricted to a specific time of the year, such as the spring,
when the crossing presumably occurred and when the area is usually more stormy than the rest of the year, the
likelihood of the event increases to once every 1400 years. However, the relatively high likelihood associated
with the last calculation is at least partially a result of the fact that one of the stations was situated in the
mountains a few hundred meters above sea level. When this station is excluded from the computation, the
likelihood of the storm occurring in April decreases to once every 2400 years.

Given the sensitivity of the above predictions to the distribution of the measured values and the fact that
both the Weibull distribution method and the direct measurement prediction are based on two quite different
datasets, the agreement between our predictions is considered to be good. It implies that the overall likelihood
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of the event is once in a period of O(1000 yr).

1. Introduction

Recently, Nof and Paldor (1992, hereafter NP) pro-
posed an oceanographic explanation for the biblical
parting of the Red Sea. The essence of the proposed
nonlinear process is that, owing to the unique geometry
of the Gulf of Suez (long, narrow, and shallow), a
northwesterly wind of 20 m s~! blowing for 10-14 h
is sufficient to cause a sea level drop of about 2.5 m.
Such a drop could presumably expose an underwater
ridge, making a passage on “dry land” possible. The
present article represents an attempt to determine the
likelithood of such an event.

a. Background

The purpose of both our earlier study and the present
one is not to prove (or disprove) that a crossing and
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exodus did in fact occur, but rather to examine whether
or not a crossing phenomenon is plausible from a
physical point of view. Similarly, our aim is not to
address all the details of the biblical description, because
some aspects of the Exodus are clearly impossible from
a natural point of view.

For instance, it has been argued that an exodus of
millions of people could not have been feasible because
of the harsh climate in the area. Consequently, it has
been suggested that a migration of perhaps a few
hundred people (or a few thousand people) is a more
reasonable estimate. Naturally, counterarguments have
been put forward stating that several thousand years
ago the climate was much more accommodating than
it is today, and this could have enabled large groups
to survive in the area. Our current understanding of
climatic change suggests, however, that even though
the past climate was indeed more accommodating than
it is today, the climatic changes that have occurred
during the last few thousand years are relatively small
and are not sufficient to have produced a fundamentally
different climate (e.g., see Lamb 1972). As mentioned,
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such aspects are not addressed here, and we accept the
biblical account as a possible “qualitative” description
of an event. Namely, in our opinion, it is quite possible
that an event resembling the biblical story did in fact
occur.

For clarity, we will briefly review the results of NP.
Our wind setdown model of the Gulf of Suez (Fig. 1)
consists of a long and narrow channel with a linearly
sloping bottom (Fig. 2) connected to an infinitely deep
basin that represents the Red Sea proper. We have
shown in NP that the oceanic response to wind action
is governed by the following nonlinear balance equa-
tion:
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(1.1)
where g is the gravitational acceleration, H the undis-
turbed depth [H = H(x)], £ the free surface vertical
displacement { measured upward from the undisturbed
depth; i.e. z = 0), 7, the stress induced by the wind
(in the x direction), and p,, the density of the water.
The nonlinearity of (1.1) results from the fact that, in
the vicinity of the receding zone, £ ~ O(H); along the
receding point itself H + £ = 0 so that d&/dx goes to
infinity there.

We have also shown that even though (1.1) is highly
nonlinear, it has the exact solution
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which satisfies the boundary condition £ =0 atx = L
as required. As expected, 9£/dx = oo (i.e., dx/3E —
0) along the receding line, creating a “wall” of water.

This exact nonlinear solution enabled us to compute
the desired receding distance R and the associated sea
level drop for given geometry, D/L, and wind stress
7/p.. We then argued that the ancient Gulf of Suez
might have included a ridge (Fig. 3) that under similar
conditions could have been exposed, making a crossing
possible.

b. Purpose of the present study

Nof and Paldor (1992) left a number of important
questions unanswered. The most important aspect ig-
nored was the wind data statistics analysis. Specifically,
it has not been demonstrated how often a wind of 20
m s~ ! lasting for 10-14 h s likely to blow over the Gulf
of Suez. By and large, this was because the only reliable
detailed wind dataset for the area that we knew of was
contained in an Israeli government report that was
classified at the time. Fortunately, since the publication
of NP two years ago, portions of wind data reports
have been declassified, making our present study pos-
sible.
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F1G. 1. The Gulf of Suez and the adjacent Red Sea proper.

Nevertheless, we were able to employ two different
techniques (one is based on the so-called Weibull dis-
tribution and the other on direct measurements) and
come up with similar answers (sections 2 and 3) in-
dicating that, despite the loose-handed use of the sta-
tistics, our conclusions are probably valid. Note that
we are mainly interested in determining the order of
magnitude of the period between two consecutive
storms, and we are not seeking more exact estimates.
Both the term probability and the term likelihood are
used throughout the article. The terms are not inter-
changeable—the term probability is used with regard
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FIG. 2. Schematic diagram of the conceptual wind-crossing model.
The gulf is taken to be a long and narrow channel with a linearly
sloping bottom. Short, thick arrows represent the wind stress at the
surface, 7. The variable H(x) is the undisturbed water depth, D the
maximum depth, 2w the width, L the length, and R the receding
distance. Reproduced from Nof and Paldor (1992).

to the chance that a given storm would occur, whereas
the term likelihood is used in reference to the time in-
terval between two such consecutive storms. Our anal-
ysis demonstrates that the likelihood of the kind of
event that we are proposing is once in a period of
O(1000 yr).

Another aspect considered in the present article is
the relationship between the Nof and Paldor nonlinear
mechanism and the linear study of Dayan (1978),
which was previously unknown to us and was brought
to our attention after the publication of our paper (sec-
tion 4). Dayan employs a mechanism that involves a
particular combination of wind and biweekly tides to
produce the desired sea level drop. As we will see, be-
cause of this particular combination, the likelihood of
such an event is much smaller than ours. Dayan did
not publish his results in a scientific journal of natural
sciences, but rather in a scholarly journal of biblical
studies (in Hebrew, later translated into Spanish ) that

NOF AND PALDOR

1019

is not usually accessible to natural scientists in the West.
Consequently, neither we nor Har-el (1983, 1987) nor
Goedicke (1992) (all of whom dealt extensively with
the question of the Exodus) were aware of it. Similarly,
Dayan himself was not aware of either Bartlett (1879)
or Hellstrom [1924 (later translated into English in
1950)], both of whom attempted to explain the cross-
ing in terms of natural phenomena long before he did.

We will see that the likelihood of Dayan’s mecha-
nism is no more than once in 30 000-60 000 years,
implying that, although the mechanism is certainly
possible, it is less appealing than the NP mechanism
in the sense that the NP mechanism is more likely to
have indeed happened at least once during the past
3500 years.

2. Weibull statistics of wind speed

Determining the occurrence likelihood of a given
storm (i.e., a storm that is consistently stronger than
a threshold value for a particular duration) requires
knowledge of the wind statistics in the area. If the storm
in question is likely to appear within a period shorter
than that of an existing wind record (e.g., suppose that
a given storm is likely to happen once a year and we
have a 10-yr record), then the prediction procedure is
relatively simple. The computation becomes consid-
erably more complicated, however, when the expected
period of the storm (i.e., the time expected to elapse
between two consecutive storms) is much greater than
the existing record (e.g., suppose that a given storm is
likely to appear once every thousand years and we have
a record of only a few hundred years).

In our case, we require a wind of 20 m s~!, blowing
during the night from the north-northwest and lasting
anywhere from 10 to, say, 14 h; we have a record of a

Wind forces sea
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FIG. 3. Schematic diagram of an assumed underwater ridge exposed
by wind action. Owing to various geographical changes that have
occurred during the last several thousand years (including the con-
struction of the Suez Canal), it is currently difficult to identify such
a ridge. Bartlett (1879) and later Dayan ( 1978) suggest, however,
that such ridges are common on the northern edge of the guif.
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few years (Manes et al. 1980). It is expected that over
the Gulf of Suez our desired storm will not happen
every year or even every 10 years, so that our case
belongs to the second, more complicated, predictive
category. To compute the likelihood of our setdown
storm, we will use the so-called Weibull distribution,
which enables one to make predictions extending be-
yond the recording period. We will begin by introduc-
ing the properties of this statistical distribution.

a. The Weibull wind speed distribution

Recall that any wind speed measurement can be
plotted against relative frequency, and that as the wind
speed intervals are made smaller and smaller, the plot
becomes the probability density function (PDF). The
PDF is usually obtained by fitting a curve to the wind
data. Usually, a Gaussian or Rayleigh distribution is
used, but for wind data, the Weibull distribution is a
better choice because it takes into account the fact that
the winds are usually not isotropic but rather have pre-
ferred directions (e.g., see Conradsen et al. 1984; Pavia
and O’Brien 1986). The Weibull distribution is a gen-
eral model that includes the Gaussian and Rayleigh
distributions as special cases. For a variable ¥ with two
parameters A and C, the Weibull PDF is given by

C V C-1 C
f(V;A,C)=Z(§) exp[—(g)], (2.1)

where V= 0,4 > 0,and C> 0.

Here, V is the wind speed, 4 is a scaling wind speed
parameter, and C is a dimensionless parameter deter-
mining the shape of the distribution (Fig. 4a). For C
> 1 the distribution has a maximum away from the
vertical axis; for C = 2 it is precisely the Rayleigh dis-
tribution; and for C = 3.6 it yields an approximation
to the Gaussian distribution. For our predictive storm,
we will use the cumulative distribution function
(CDF), which is the integrated version of (2.1) and is
given by

|4 C
FV,4,Cy=1— exp[—(;) ] (2.2)

b. Application of the Weibull distribution to the Red
Sea

The nearest part of the World Ocean for which the
Weibull constants have been computed (from long and
reliable wind records) is the northwestern Indian Ocean
(Pavia and O’Brien 1986). A reasonable choice for the
parameters 4 and C from the Pavia and O’Brien (1986)
computations is 7.5 m s~! and 1.75, respectively (see
their Figs. 10 and 11). For this choice (Fig. 4b), (2.2)
gives the likelihood of 20 m s™! as 0.38%.

Note that the computed Weibull distributions are
based on measurements averaged over 3-h intervals.
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FIG. 4. (a) The shape of the probability density function (PDF)
for different values of the Weibull parameter C (ranging from 0.4 to
4.0). (b) The PDF and the cumulative distribution function (CDF)
for the specific values of C and A4 determined from Pavia and O’Brien
(1986). :

This implies that the probability of, say, a 12-h storm
is somewhere between 0.0038 and (0.0038)*. The large
probability (0.38 X 1072) corresponds to a situation






