
Exercise: Hypocenter in Spherical Coordinates

Albert Tarantola

An earthquake occurred at time t = 0 at an unknown location {r,Λ, ϕ}
below the surface of an spherical planet whose radius is R0 = 6400 km . In
that planet the velocity of the seismic waves is constant, v = 5 km/s (so the
seismic rays are straight lines). The seismic waves produced by the earthquake
have been recorded at six seismic stations (located inside very deep wells) whose
geographic coordinates (radius, latitude, and longitude) are

R1 = 6300 km ; λ1 = 0.14 rad ; φ1 = 1.00 rad

R2 = 6200 km ; λ2 = 0.12 rad ; φ2 = 1.05 rad

R3 = 6100 km ; λ3 = 0.10 rad ; φ3 = 1.10 rad

R4 = 6150 km ; λ4 = 0.24 rad ; φ4 = 1.00 rad

R5 = 6250 km ; λ5 = 0.22 rad ; φ5 = 1.05 rad

R6 = 6350 km ; λ6 = 0.20 rad ; φ6 = 1.10 rad

The observed arrival times for the seismic waves at these stations are

t1obs = 1678. s , t2obs = 1541. s , t3obs = 1682. s ,

t4obs = 1438. s , t5obs = 1481. s , t6obs = 1478. s .

with uncertainties (one standard deviation) of 50 s (assume a Gaussian proba-
bility distribution for these uncertainties).
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Figure 1: Computation of the distance between two points.

Question #1: Estimate the epicentral coordinates {Λ, ϕ} of the earth-
quake (we are not much interested on its radial coordinate r ). Note that, as



the seismic rays are straight lines, the computation of travel times is trivial (see
figure 1) if using as an intermediary the Cartesian coordinates (these are only
an intermediary step in the computation of travel times, we wish to estimate
the geographical coordinates of the epicenter). Represent the (2D) volumetric
probability for the epicentral coordinates of the earthquake (try to make a nice
plot, choosing a simple projection of the Northern hemisphere).

Comments: A volumetric probability f(r,Λ, ϕ) is integrated via

P [A] =
∫∫∫

A

dV f(r,Λ, ϕ) ,

where the volume element, in geographical coordinates, is

dV = r2 cos Λ dr dΛ dϕ .

Be careful when you will need to define a two-dimensional marginal. Also,
please note that the numerical integrals you may need to perform for evaluating
the (2D) volumetric probability for the epicentral coordinates may take much
computer time.

Question #2: How would you compute the probability that the epicenter
is at a distance from the Noth pole of less than 10 degrees? (You may just give
the formula, or you can also compute the probability value, if your computer is
fast enough).

Question #3: Instead of using our notion of volumetric probability, people
introduce the probability density f(r,Λ, ϕ) , that is integrated via

P [A] =
∫
dr

∫
dΛ

∫
dϕ︸ ︷︷ ︸

A

f(r,Λ, ϕ) .

How would differ the probability density for the epicentral coordinates of the
earthquake from the (2D) volumetric probability already represented? Please
comment.
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Figure 2: The (2D) volumetric probability for the epicenter of the earthquake.
An equi-area projection –centered at the North Pole– is used (areas are pre-
served, angles are not). Only the Northern hemisphere is represented.
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Figure 3: Same as figure 2, excepted that the probability density is represented
(instead of the volumetric probability).
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