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Mortality tempo effects are proposed in two papers by Bongaarts and Feeney (2002,
2003). The idea derives directly from the idea of fertility tempo effects, which were
introduced by Norman B. Ryder half a century ago and are widely known and accepted.
For recent work and references see Bongaarts and Feeney (1998) and Zeng Yi and Land
(2002).

Given the essential similarity of the ideas, it might be regarded as curious that mortality
tempo effects have only recently been recognized and are not as yet (this based on
discussions with colleagues) generally accepted. The explanation for this may be that
mortality tempo effects have implications that seem to be at variance with established
ways of modeling and analyzing mortality and population dynamics.

This paper develops a discrete approach to describing and analyzing mortality tempo
effects. The continuous mathematics of Bongaarts and Feeney (1998, 2002, 2003) tends
to obscure what are at heart quite simple ideas. The discrete approach is mathematically
undemanding, yet powerful. It is used here, for example, to define age-specific tempo
effects, something that has yet to be done in the continuous formulation.

The focus of this work is the measurement of length of life in empirical populations, but
it is convenient to begin by examining two simple model populations. The relevance of
the models to empirical populations is established in 84, in which it is shown that any
empirical population may be approximated by a suitably constructed model population.

81 The Simplest Case Let calendar years be divided into 0.2 year subintervals and
consider a population in which (1) all births occur at the midpoints of these intervals and
(2) all deaths to any cohort occur at a single exact age. In figure la, age at death is
constant at exact age 60 prior to 1925, rises linearly at the rate of 0.2 years per year from
1925 through 1975, and is constant at exact age 70 from 1975 forward. Because of the
limited graphical resolution available, only select cohort lines are shown.

This Lexis diagram would be an incomplete representation of the population even if all
cohort lines were shown because each cohort line may represent many persons, and
possibly different numbers of persons in different cohorts. The number of persons in each
cohort must be specified exogenously. Mortality tempo results may be derived without
any assumption about the numbers of persons in different cohorts, but simplifications
result if every cohort contains the same number of persons.
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Figure 1a. Lexis Diagram of a Simple Model Population

Figure 1b shows detail in the small rectangle in the vicinity of age 60 and 1925 in figure
1a. Cohort lines are shown in full detail, at 0.2 year intervals. Suppose that each life line
represents 20,000 persons, for a total of 100,000 births annually. Then 100,000 deaths
occur during 1924, when length of life is constant, but only 80,000 deaths occur during
1925 and 1926, during which life times are increasing. This decline in the annual number
of deaths results from the increase in length of life. Since each cohort lives somewhat
longer than the preceding cohort, the intervals between deaths are longer than the
intervals between births. The deaths to the five cohorts that reach age 60 during 1925 are
spread out over a period longer than one year. The deaths of persons in the last of the five
cohorts shown are “bumped” to 1926.

This decline in the annual number of deaths is transitory in the sense that it will disappear
when (if) length of life stops rising (it is conceivable that length of life will rise for ever).
This is illustrated in figure 1c, which shows detail in the small rectangle in the vicinity of
age 70 and 1975 in figure 1a.

During 1974, length of life is still rising. Intervals between deaths are therefore still
longer than intervals between births, and only 80,000 deaths occur during this year. In
1975 and 1976, however, length of life is no longer rising and the number of deaths rises
back to 100,000 per year.
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Figure 1b. Lexis Diagram Detail circa 1925 and Age 60
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Figure 1c. Lexis Diagram Detail circa 1975 and Age 70

Unequal numbers of persons in different birth cohorts would change this example in
detail without affecting the essential message. If annual numbers of births were
increasing exponentially, for example, as they would in a stable population, numbers of
deaths before 1925 and after 1975 would change continuously and the number of births in
the last quarter of the century would be much larger than the number in the first quarter
of the century, but the number of deaths would decline sharply between 1924 and 1925
and rise sharply between 1974 and 1975.
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Consider now the trend of the crude death rate in this population. Prior to 1925,
6,000,000 person years are lived by the population each year: 100,000 person years by
persons aged 0, 1, ..., 58 in completed years at the beginning of the year, 50,000 person
years by persons aged 59 in completed years at the beginning of the year, and 50,000
person years by persons aged O in completed years at the end of the year. Similarly,
7,000,000 person years are lived by the population in 1975 and each later year.

The annual number of deaths to the population is the same before and after the rise in
length of life: 100,000. The net decline in the crude death rate, from 16.7 per thousand to
14.3 per thousand, is due entirely to the increase in its denominator.

The situation is different during the 50 year period when age at death is rising. During
this period annual person years lived by the population increases linearly at the rate of
20,000 person years per year from 6,010,000 in 1925 to 6,990,000 in 1974. The annual
number of deaths is constant at 80,000 per year. The crude death rate falls from 13.3 per
thousand in 1925 to 11.4 per thousand in 1974.

These changes are summarized in figure 2 below. The net change in the crude death rate
is modest (a 14 percent decline) and plausible in relation to the magnitude of the change
in length of life (a 17 percent increase). The rate does not move smoothly from the higher
to the lower level, however, as indicted by the sloping dotted line. Rather it falls abruptly
to a level well below the eventual level at the beginning of the period of increase, only to
rise abruptly to this eventual level at the end of the period of increase.

The net change reflects the increase in the denominator of the rate, which is a direct result
of longer length of life. The pattern of change—the sudden drop and subsequent
recovery— reflects mainly the decrease in the numerator of the rate from 100,000 to
80,000 deaths and the subsequent rise back to 100,000 deaths. During the transition, the
rise in the denominator plays a minor role.
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Figure 2 Trend in the Crude Death Rate with Increasing Length of Life



Note that the crude death rate does not decline linearly during 1925-1975, though no
curvilinearity is visible in the plot, since the denominator of the rate is constant and the
denominator increases linearly.

82 Relationships When cohort size is constant (constant annual births), there is a simple
relationship between the rate of change in age at death and the magnitude of the tempo
effect. To see what the relationship is consider figure 3a, which elaborates figure 1b. At
the rate of increase in age at death illustrated here, 0.2 years per year, deaths of persons
reaching exact age 60 during the last 0.2 year subinterval of the year (note the tick marks
indicating the division of the year into 0.2 year intervals) will be bumped to 1926.
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Figure 3a. Lexis Diagram Detail Illustrating “Bumping” (0.2 year intervals)

The equality of these magnitudes is not coincidental. Observe the small, shaded right
triangle. The length of the right side of this triangle, 0.2 years, equals the annual rate of
increase in length of life. The length of its top side represents the persons whose death
will be bumped into 1926.

If each cohort line in the figure represents the same number of persons, the distribution of
times at which people arrive at exact age 60 is (to within the limits imposed by the length
of the interval between births) uniform. The length of the top side of the shaded triangle
will then give the proportion of these persons whose death will be “bumped” from 1925
to 1926 by the increase in length of life. If r denotes the annual rate of change in age at
death, then, the tempo effect reduces the annual number of deaths by a factor of 1—r.

Of course the finite interval between births results in some “stickiness” in the effects.
With a 0.2 year interval between cohorts, for example, a slightly more or less rapid rate
of increase in length of life would not have any effect on the number of deaths bumped to
the next year. But the choice of the 0.2 year interval is inessential to the logic of the
argument. It simply makes for a clear diagram.

In figure 3b, for example, the interval between cohorts is halved to 0.1 year, so that the
annual number of cohorts is doubled to 10. In figure 3c the interval between cohorts is
halved again to 0.05 years, and the annual number of cohorts doubled correspondingly to
20. The tempo effect is 1—r in each case, and by the same argument given for figure 3a.
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Figure 3c. Lexis Diagram Detail Illustrating “Bumping” (0.05 year intervals)

The uniform births (constant cohort size) assumption is necessary for the 1—r relation to
hold, but tempo effects are general. To calculate their magnitude it is only necessary to
know how many persons reached exact age 60 during the last fifth of the year. This
determines the number of deaths that will be bumped to the following year.

Nor does the logic of the argument depend on what happens before or after a period
during which length of life increases. Observing only the data shown in figures 3a-c, it is
evident that (1) length of life was increasing during this period by 0.2 years per year and
that (2) more deaths would have occurred during the year (20,000 more, given the
uniform births assumption) if this increase in length of life had not occurred. This is a
simple consequence of what Norman B. Ryder once called “the most important fact in
demography: we all get one year older every year.” It is impossible to defer age at death
without also deferring time of death.

83 Age-Specificity It is well known that changes in age distribution during an idealized
demographic transition result in a temporary decline in the crude death rate well below its
long term levels (Feeney and Mason 2001: 63-64). In view of this, the pattern of change
in crude death rates displayed in Figure 2 may be regarded as unsurprising. In this
section, however, we show that the same effect occurs for age-specific death rates.
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Consider a population in which all births occur in bursts at 0.2 year intervals, as before,
but in which all deaths occurring during some base year occur at exactly the midpoint of
a single year of age between 0 and 99 years. Suppose that, at the end of this base year,
age at death within each age group begins to increase linearly at the rate of 0.2 years per
year for all persons, and ceases increasing at the end of the year, resulting in the pattern
of life lines shown in figure 4.

Assume further, for the moment, that annual numbers of births to the population have
been constant, at least from time (t—-1)—(x+2) to time (t+2)—(x-1), and that the

proportion of deaths in any birth cohort that occur at the i-th age at death is constant over
all cohorts. These two assumptions imply that each “dot” in figure 4 represents the same
number of deaths.

Let N, denote the number of persons reaching exact age x during each of the three years
shown, and let D, denote the number of deaths during the first and third years. The
number of deaths during the middle year is 20 percent less than D, . Person years lived at
age x in completed years in the first through the third years are N, —0.5D,, N, —0.4D_,
and N, —0.3D,, respectively, whence the age-specific death rates for the three years are

D, : 08D, , and D, . (1)
N, -05D, ' N, -0.4D, N, —0.3D,

The subtracted terms in the denominators represent person years not lived by the persons
who die at age x in completed years. Because of the rise in age at death, this term declines
each year.

The quantities (1) may be expressed as

1 0.8 1
, , and ,
1/g,-0.5" 1/g, -0.4 1/q, -0.3

@)

where g, denotes D, /N,, the proportion of persons reaching exact age x who die before

reaching exactly age x+1. With high life expectancy at birth, values for young and
middle adult ages will be on the order of 0.01 or 0.001, the value of 1/q, will be 100 to

1,000, and the impact of the subtractions in the denominator will be negligible.

This shows that, for the hypothesized model population, age-specific death rates for all
but the oldest ages will decline by approximately 20 percent between year t—1 and year
t and rise by approximately 25 percent between year t and year t+1. The result is
approximate rather than exact only because of the slight differences in the denominators.
This temporary decline in age-specific death rates is a tempo effect. It results from a
decline in the numerators of the rates rather than from an increase in their denominators.
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Figure 4. Lexis Diagram Detail llustrating Deaths at Multiple Ages

Figure 4 shows length of life increasing at the same rate in each of the three age groups
shown, but this is inessential to the logic of the argument. If the ages of death in the three
age groups increase at different rates, different numbers of deaths will be “bumped” and
the magnitude of the tempo effect will vary from one age group to another. Given the
requisite information, however, these rates and the corresponding numbers of bumped
deaths may be calculated exactly for each age group. In particular, with uniform births,
the number of deaths at age x will be deflated by the factor 1-r,, where r, denotes the

rate of increase in age at death for age x.

We see, then, that tempo effects operate for age-specific death rates exactly as they do for
the crude death rate in the simple case in which all deaths to every cohort occur at a
single exact age. Given sufficiently detailed data, tempo adjustments may be made age-
specifically. The assumption of a constant rate of increase in length of life in adult ages
made in Bongaarts and Feeney (2002, 2003) is a good approximation for high life
expectancy populations, but tempo effects are not restricted to or in any way dependent
on this assumption. They may be observed in any population and at any level of life
expectancy at birth.

84 Approximating Empirical Populations The model populations considered above are
obviously artificial, and have been constructed specifically to reveal the operation of
mortality tempo effects. Is it valid to infer, on the basis of these models, that tempo
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effects occur in empirical populations? It is shown in this section that any empirical
population may be approximated by a model population having all the essential
characteristics of the model populations discussed above. Tempo effects may not be
visible in empirical populations as they are in figure 4, but they occur in the same way,
and may be revealed in the same way, by constructing an approximating model
population. The model construction is as follows.

(1) “Adjust” the time of birth of every member of the population to the nearest multiple
of A years, A>0, with any births occurring exactly half way between two such times
adjusted to the following multiple.

(2) Select an initial birth cohort and an initial set of age intervals and compute the
proportions of deaths that occur in each age interval for this initial cohort.

(3) Define age intervals for each following cohort in such a way that the proportion of
deaths occurring in each age interval for the cohort equals the proportion of deaths in the
corresponding age interval in the first cohort.

(4) “Adjust” the age at death for every person in every cohort to the average age at death
for persons dying in the same “customized” age interval in this cohort.

These four steps define a model population that approximates the empirical population,
but for which (1) all births occur in bursts at A year intervals, (2) all deaths to members
of any cohort occur at one of a fixed number of exact ages (different ages, in general, for
different cohorts), and (3) the proportion of total deaths that occur at the i-th age is the
same for all cohorts. Note that the “customized” age groups of the preceding paragraph
are a temporary “scaffolding” used to construct the model. They make no appearance in
the final result.

Imagine now the Lexis diagram representation of this approximating model population in
the manner of figure 4. If length of life in the empirical population does not change, the
diagram will consist of cohort lines and dots representing deaths, like those in figure 4,
but with all rows of dots falling on horizontal lines. If length of life increases, some or all
of the rows of dots will turn down to higher ages at death. If length of life decreases,
some or all of the rows of dots will turn up to lower ages. It is possible that, for a time,
different rows of dots move in different directions. By construction, however, the rows of
dots can never cross each other because i-th row, numbering from the top, corresponds to
deaths occurring at the i-age age at death within each cohort.

A model population constructed in this way will present a more complex picture than
figures 4 in three respects. First, cohorts sizes will not in general be the same, so the
number of deaths represented by the points for the i-th age at death for different cohorts
will not necessarily be the same. Second, the series of dots for the i-th age at death will in
general move irregularly. Third, when calendar years and single years of age are marked
off, the series of points will not necessarily remain within single years of age during
calendar years.



The first difference complicates the derivation of general formulas, but tempo affects
may be calculated directly, given the requisite data, by the method indicated above. The
second difference may be addressed by making the series of dots piecewise linear. The
third difference requires consideration of “bumping” to the next age group as well as to
the next year.

These differences between empirical populations and the approximating model
populations complicate the calculation of tempo effects, and require unconventionally
detailed data, but they do not affect the essential conclusion that increasing (declining)
length of life results in a temporary decline (increase) in age-specific death rates.

85 Discussion The single age at death example of 81 shows how tempo effects operate.
When length of life increases, intervals between deaths rise above corresponding
intervals between births. The number of deaths occurring during any particular time
period is therefore less than it would have been if the rise in length of life had not
occurred. A modest increase in length of life (0.2 years per year) substantially decreases
the number of deaths (by 20 percent).

This establishes the existence of mortality tempo effects, but the age-specific example of
83 is required to demonstrate their importance. The age-specific example shows that, for
a model population similar to empirical populations, mortality tempo operates in
essentially the same way as in the single age at death example. The procedure of §4 for
approximating empirical populations effectively extends this result to all populations.

It is worth revisiting figure 4 and formula (2) with some specific magnitudes. For United
States females in the year 2000, q, values for ages 40, 50, 60, 70 and 80 were,

respectively, 0.0015, 0.0032, 0.0080, .0200 and 0.0506 (Bell and Miller 2002; the tables
are for the United States Social Security Area). For the first four of these ages, the change
in the denominator between the first and the last year is all but negligible. With
g,, =0.02, for example, the age-specific death rate for age 70 declines from 0.020202 in

the first year to 0.020121 in the last year, a decline of 0.4 percent. Even with gy, =0.05,

the decline is only 1.0 percent. In contrast, the change in the numerator—the tempo
effect—is 20 percent.

It is difficult escape the conclusion that age-specific death rates are a poor indicator of
changing length of life. Length of life over the three year period rises by 0.2 years, for the
age groups shown, and the difference between the age-specific rates in the first and last
year, though variable and increasing with age, is only 1 percent even at age 80 years.
During the middle year, however, the age-specific death rate is 20 percent lower than the
rates in both the first and the third year. An assessment of length of life based on these
rates will evidently be very wide of the mark.

The conclusion, then, seems clear: when length of life is increasing, age-specific death

rates are “too low”, in the sense that they are much lower than they will be when (if)

length of life stops increasing. And if length of life is decreasing, age-specific death rates
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are “too high”, in the sense that they are much higher than they will be when length of
life stops decreasing.

This conclusion has striking implications for population dynamics. In the classical view,
a cessation of change in age-specific death rates signals that change in length of life has
ceased. The result of fixed age-specific death rates from this point in time forward is a
more or less extended period during which the population age distribution moves toward
equilibrium with the age-specific mortality risks.

But if age-specific death rates are “too low” when length of life is increasing, it is
illogical to stipulate that they will remain constant when length of life stops increasing.
Tempo effects imply that age-specific death rates will change when length of life stops
increasing, specifically, that they will rise.

Referring again to figure 4 above, consider what will happen in the future if there is no
further change in length of life. The obvious answer is that the ages at death to the right
of those shown will be the same as the rightmost point in the plot. The point here is not
whether this will happen, but that this is the only thing we can reasonably understand by
“no further change”. But this implies that, for the uniform births case, at least, the
population age distribution will cease to change as soon as the increase in lifetime stops.

86 Conclusion In the classical view, mortality is defined by risks of death, captured
empirically by age-specific death rates. The idea that these rates can be “too low” seems
to undermine concepts and tools for the analysis of mortality that have been established
for well over a century. This is an alarming prospect. Let us strive to assimilate it.

Tempo effects, long recognized and accepted in the study of fertility, appear to be equally
pertinent to the study of mortality, and in fact, to the study of demographic events
generally. If this is so, they are pertinent not only to demographic analysis generally, but
to all disciplines that work with similar concepts, such as biostatistics, failure theory and
multivariate hazards modeling in economics and sociology.

Age-specific death rates (and occurrence-exposure rates generally) embody the principle
of exposure to risk, arguably the most fundamental principle of classical demographic
measurement. The principle is simply that numbers of events must be assessed in relation
to the numbers of persons who might have experienced these events and the length of
time during which they might have experienced these events.

The mortality tempo argument suggests that numbers of events must also be assessed in
relation to changes in the tempo of these events, and that this is conceptually as
fundamental as the principle of exposure to risk. The principle of exposure to risk is
recognized by dividing numbers of events by the appropriate “exposure”. Exposure to
risk deals with denominators. Changes in tempo change the number of events in the
numerators of occurrence-exposure rates and must be controlled for by a suitable “tempo
adjustment”. Tempo effects work on numerators.
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In classical demographic analysis, length of life is a residual quantity: it is what is left
when the various risks of death have played themselves out. This is reflected in the most
fundamental terminology of the subject. We speak first of “mortality”, not of length of
life. (Arguably it should be the other way around.) Deaths and death rates come first.
Length of life comes only later, on incorporating death rates into a life table.

The mathematics of this way of thinking was developed long ago and becomes second
nature to anyone been trained in demography. This way of thinking is nonetheless a
model. It is not the actuality. The actuality consists simply of pairs of numbers giving
time of birth and time of death for all persons in a suitably defined set of persons. The
familiar model provides a very useful way to think about the actuality and to work with
human mortality data. It is not the only model, however, as Euclidian geometry is the
only geometry, and it may not be the only useful model.

Consideration of tempo effects suggests that it may be useful to model length of life more
directly, to develop mathematical models in which “increments to life” rather than “risks
of death” play the fundamental role. We do not have, at present, even a vague notion of
what such models might look like. Developing such models may be a useful next step in
understanding tempo effects and their relation to classical demographic analysis.
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