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AbstractÐThis paper provides a data set of global and regional passenger tra�c volumes between 1960 and
1990 for the four major motorized modes of transportÐcars, buses, railways, and aircraftÐin eleven world
regions. Based on these data, global long-term trends in motorized tra�c volume and modal split are pro-
jected. The underlying constraints, originally employed in urban tra�c planning and never before applied to
global scenarios, assume that humans invest ®xed budgets of money and time for travel on average. The
paper also discusses implications of rising travel demand on world passenger transport energy use, on the
global automobile motorization rate, and brie¯y deals with the long-term implications of unlimited mobility
growth. # 1998 Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

In 1960, world inhabitants traveled an average of 1820 km by car, bus, railway, or aircraft. Three
decades later, the annual distance traveled has increased to 4390 km. In light of a 75% world
population growth, absolute motorized mobility has risen by a factor greater than 4 (see Appen-
dices for data descriptions). Perhaps most important, no saturation of tra�c volume is evident;
rather, demand for travel continues to rise, based on observed travel growth rates of 4% per year
in the OECD, and rates almost twice as high in the developing world.

Such drastic rises in travel demand increase concerns over transport systems' impact on the
environment. Already, transport sector emissions contribute signi®cantly to major environmental
challenges at local (e.g. deterioration of urban air quality), regional (e.g. acid rain), and global (e.g.
stratospheric ozone depletion and the anthropogenic greenhouse e�ect) levels. This has led to a
globally recognized need for implementing e�ective strategies to reduce transportation systems'
environmental impact. Due to transportation infrastructures' long lifetimes, such strategies require
a reliable projection of motorized mobility well into the future. This paper lays a foundation for
such a project.

In recent years, analysts have followed essentially the same approach to projecting tra�c
volume on national, world regional, and global levels. Although the methods employed vary, sce-
narios are generally based on independent projections of tra�c volume per mode of transport over
time. Typically, each modal projection builds on a di�erent method, and the total tra�c volume
becomes simply an aggregate of the independent estimates for the various modes (Martin and
Shock, 1989; Eckerle et al., 1992; GruÈ bler et al., 1993; Walsh, 1993a,b). Such an approach has
several shortcomings: Independent estimates are inherently static, since no driving force creates
direct competition between modes that provide transport services. In the absence of causal rela-
tionships, such methods fail to explain why one scenario is more likely than others to materialize.
In addition, these methods build on variables subject to signi®cant uncertainty themselves: while
GruÈ bler and Nakicenovic (1991) estimate that the world automobile ¯eet will become saturated at
500 million vehicles in 2010, Walsh (1993b) expects the vehicle count that year to be on the order
of 700 million while continuing to increase. A further drawback of existing methods is that no data
series has existed on which to base projections. In fact, no existing global projection takes into
account the tra�c volumes of all major modes of transport.
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This paper provides the empirical foundation for a new method based on money and time
budgets that eliminates shortcomings of the traditional approach described above. The existence
of causal relationships suggests reversing the traditional approach: motorized mobility (the
aggregate tra�c volume of cars, buses, railways, and aircraft) should be projected in a ®rst step,
and the related modal split computed thereafter. The resulting dynamic model would build on
only two independent variables: population and GDP. This method, suited especially for high
(world-regional) aggregation levels, roots on the ®rst database ever compiled on world-regional,
historical tra�c volumes, by major mode of transport.

The paper is organized into the following sections. Section 2 presents historical data for global
tra�c volume by world region and mode from 1960 to 1990. Section 3 describes the two funda-
mental constraints on travel behavior that determine the dynamics of the model, the basic ele-
ments of which are described in Section 4. Section 5 describes three case studies: the e�ect of rising
regional transportation demand on energy use and carbon dioxide (CO2) emissions; the rate of
global automobile motorization; and the factors contributing to unlimited growth in mobility. The
paper's ®ndings are summarized in Section 6.

2. GROWTH IN WORLD TRAVEL DURING THE PAST THREE DECADES

This paper presents an historical data set of global tra�c volume for the ®rst time (limited time-
series data for tra�c volume by mode of transport had, until now, been compiled for only a
number of OECD countries; see, for example, Schipper, 1995). These data account for the four
major motorized transport modesÐcars, buses, railways, and aircraftÐin 11 world regions.
Although two- and three-wheelers represent an important mode of transport, especially in Asian
regions, these were neglected because of poor data availability; however, this simpli®cation does
not signi®cantly change the results of this research. Appendix A summarizes the data sources and
estimation methods; Appendix B reports tra�c volume and modal split for the years 1960, 1970,
1980, and 1990. The world-regional disaggregation is shown in Fig. 1.

Figure 2 illustrates per capita mobility by region and mode for the 11 world regions and the
world average in 1960 and 1990. During that period, estimated global tra�c volume rose from
approx. 5.5 to 23.3 trillion passenger-km (pkm), due to a 2.4-fold increase in annual distance tra-
veled (from 1820 to 4390 km) and a 75% rise in world population (from 3.03 to 5.29 billion).
Although higher relative growth in per capita mobility occurred in the developing world [culmi-
nating in a factor of 10 in the Other Paci®c Asia (PAS) region, four times the world average],
reducing di�erences among all world regions, per capita mobility is still distributed unevenly
throughout the world.

Generally, inhabitants of regions with the highest per capita incomeÐthe `OECD regions' of
North America (NAM), Western Europe (WEU), and the Paci®c (PAO)Ðtravel most.

Fig. 1. World regions as de®ned in this paper. NAM: North America; LAM: Latin America; WEU: Western Europe; EEU:
Eastern Europe; FSU: Former Soviet Union; MEA: Middle East and North Africa; AFR: Sub-Saharan Africa; CPA:

Centrally Planned Asia and China; SAS: South Asia; PAS: Other Paci®c Asia; PAO: Other Paci®c OECD.
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Correspondingly, travel is lowest in regions having the lowest per capita incomes, such as Centrally
Planned Asia (CPA), Sub-Saharan Africa (AFR), and South Asia (SAS). The three OECD regions,
while accounting for only 16% of the world's population, produce more than half of the global
motorized tra�c volume. Most extreme, in 1990 NAM accounted for merely 5% of world popula-
tion, but its motorized tra�c volume accounted for 27% of global motorized pkm. The average
North American traveled 22,440 km per year by motorized transport compared to only 630 km a
year for someone in CPA (representing 24% of the world population)Ða ratio of 36:1.

Similar disparities exist with respect to modal split. The modal split in highly mobile regions in
1990 was dominated by individual modes (automobiles) and high-speed mass transport systems
(aircraft). By far most related tra�c volume, i.e.Ð75% of global automobile and almost 70% of
air tra�c volumeÐoccurred in the three OECD regions (NAM, PAO, and WEU). Less mobile
regions relied heavily on slow surface mass transport modes, especially buses. (The developing
world accounted for 76% of global bus tra�c volume.) While world railway tra�c volume was
divided more equally among the OECD, the restructuring economies of Eastern Europe (EEU),
the Former Soviet Union (FSU), and the developing regions (about one-third by each), its market
segmentation di�ers substantially. In 1990 ordinary intercity trains accounted for only 26% of
total railway tra�c volume in the PAO region (basically Japan); the remaining share operated
essentially in niche markets such as suburban railways (48%), urban light rail (7%), and high-
speed trains (19%). By contrast, ordinary intercity trains represent more than 99% of the entire
railway tra�c volume in the CPA region and 80% of that in the FSU.

In 1990 some 90%of total world wide passenger travel occurred using surface modes, the remaining
(almost) 10% having been by air travel. Roadways are the world's major travel infrastructure,
accounting for 80% of global tra�c volume. The most intensively used vehicle was the passenger car,
which provided more than half of the global passenger tra�c volume, followed by buses, accounting
for almost 30%. Railways provided about the same volume as aircraft, i.e. almost 10%.

While the world regional per capita tra�c volume shown in Fig. 2 only accounts for motorized
means of transport, non-motorized modes can represent a signi®cant share of total passenger
tra�c volume. This is especially true for developing countries, where the substitution of non-
motorized modes of transport by motorized means has not yet taken place on a large scale. Trips
satis®ed by walking or bicycling account for more than half of all trips made in a number of
Indian cities, and typically range from 60 to 90% of all trips in Chinese cities (TERI, 1993;
Midgley, 1994). In rural areas, where per capita income is generally lower than in cities (thus,
people can rarely a�ord motorized transport), the dominance of non-motorized transport is even
stronger. This dominance of non-motorized travel also applies to the tra�c volume as demon-
strated by a simple estimate. In 1990, inhabitants of the CPA region traveled an average of
630 kmyrÿ1 via motorized modes of transport (Table B1 in Appendix B). Assuming a daily travel
time of one hour per capita, and a mean travel speed of 6 kmhÿ1 for non-motorized and 20 kmhÿ1

for motorized travel, the non-motorized tra�c volume would account for 2000 kmyrÿ1, or 76%,
of total travel.

Fig. 2. Motorized mobility (pkm) per capita, by region and mode in 1960 and 1990. For data sources, see Appendix A.
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In OECD countries, roughly one-third of all trips are made by walking. Since corresponding
trip lengths are generally well below one kilometer, however, the resulting tra�c volume is almost
negligible. Travel surveys suggest that walking accounts for less than 5% of total km in Western
European countries, and merely half a percent in the USA (USDOT, 1992; UKDOT, 1988, 1993;
Kloas et al., 1993).

3. TRAVEL CONSTRAINTS: MONEY AND TIME BUDGETS

J.C.Tanner is considered a pioneer in exploring travel behavior with regard to money and time
budgets. Tanner (1961) suggested a constant budget of generalized costs (the aggregate of money
and monetarized time expenditure on travel) per person, independent of residential density. In
the 1970s, Zahavi argued for constant budgets of both money and time when analyzing US and
European travel surveys. He proposed that urban travellers (people making at least one motorized
trip on the census day) invest somewhat more than one hour per day for transportation, on aver-
age (travel time budget) and ®nance their travel through spending a constant share of household
expenditures (travel money budget). The latter accounts for 3±5% of households relying on public
transport services and 10% of those owning an automobile (Zahavi, 1981).

3.1. Travel money budget
Figure 3 illustrates the travel money budget (TMB) as a function of motorization rate for 12

OECD and three low-income countries. In the OECD, TMB increases from about 5% at a
motorization rate of almost zero passenger cars per 1000 capita (US households without a car
in 1909) to 10±15% at about 200 cars per 1000 capita, and remains approximately constant at
higher ownership rates (TMB should remain at comparable levels when automobile ¯eets saturate,
since an increasing share of travel expense is then dedicated to air travel). Seemingly, an ownership
level of around 200 cars per 1000 capita corresponds to the threshold at which most households
own an automobile (one car per household of ®ve). Di�erent saturation levels can be explained by
relative price di�erences in the economy.

Due to the lack of a continuous time series, the TMBs of the three low-income countries Sri
Lanka, Thailand, and Tunisia are shown only for individual years (lower data points: national
average, higher data points: urban average). Their lower TMB compared to the OECD at a given

Fig. 3. Travel money budget (share of transport expenditures to total expenditures) vs car ownership rate for 12 OECD and
three developing countries. The denominator of the TMB for the developing countries is total expenditure on nondurable
goods and servicesÐnot total consumer expenditure, such as for the OECD data, which overrepresents the rich. Sources:
Eurostat, (1994); Davis, (1994); SB, (1972, 1994); USDOC, (1975); UKCSO, (1994); UKDOT (1988); Deaton, (1985). Time
period of country data: Belgium: 1970±92; France: 1970±92; Denmark: 1966±92; FRG,Greece: 1970±91; Ireland: 1970±89; Italy:
1960±92; Japan: 1970, 1975, 1979±1992; Netherlands: 1969±91; Portugal: 1977±89; Spain: 1980±85; UK: 1965±92; USA:
1909, 1914, 1919, 1921, 1923, 1925, 1927, 1929±40, 1948±92; Tunisia: 1979/80; Sri Lanka: 1980/81; and Thailand: 1975/76.
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motorization rate results from both their high share of non-motorized trips especially in rural
areas, and the concentration of automobiles in cities (see above). Correcting for the asymmetric
distribution of the automobile ¯eet, Fig. 3 shows that the TMB of urban households develops
close to the OECD trajectory (higher data points).

3.2. Travel time budget
People spend somewhat more than one hour per day travelling, on average (travel time budget),

despite widely di�ering transportation infrastructures, geographies, cultures, and per capita
income levels. Figure 4 shows the stability of the travel time budget (TTB) per person with regard
to per capita income for numerous human settlements on all aggregation levels throughout the
world: residents of African villages spend an amount of time travelling that is roughly comparable
to travel times in Latin American metropolitan areas, Singapore, Japan, Australia, Western
Europe, and the USA. Variation of the TTB, while due primarily to di�erent aggregation levels,
i.e. ruralÐurbanÐnational (TTB rises with city size), is also due in part to di�erent age groups,
days considered, and survey methods.

The ultimate reason for TTB stability is unclear. It has been argued that a TTB of around 1 h
capÿ1 dayÿ1 re¯ects a basic human instinct (Marchetti, 1993). In addition to possible anthro-
pogenic roots, time spent travelling is naturally constrained by other time-consuming activities
such as work, sleep, and leisure. If, however, TTB constancy results from time allocations to other
activities, it could be argued that changes in the latter can alter the TTB. For instance, people who
work less could spend more time travelling. Cross-country comparisons, however, show no evi-
dence for such a hypothesis: despite signi®cant di�erences in working time [Japanese spend around
25% more of their time on the job than workers in other OECD countries, such as Germany,
France, the UK, and the US (Maddison, 1991)], the TTB remains approximately equal.

Roth and Zahavi (1981) have shown that TTB per traveler rises with declining income, probably
because the poor have more di�culties adjusting to the TTB of about 1 h capÿ1 dayÿ1, due to their
constrained choices of both residence and transport mode. This observation is consistent with the
income stability of TTB per person, shown in Fig. 4, since fewer low-income people take motorized
trips.

It must be emphasized that both travel money budget and travel time budget are the mean of
their respective distribution function, and thus represent the average of individual behaviors with often
completely di�erent preferences. Hence, disagreement remains among transport analysts concerning

Fig. 4. Travel time budget (h capÿ1 dayÿ1) in numerous cities and countries throughout the world. Sources: Kloas et al.,
(1993); GFV, (1987, 1992); Orfeuil and Salomon, (1993); UKDOT, (1994); DMT, (1993); Szalai et al., (1972); Katiyar and
Ohta, (1993); USDOT, (1992); Malasek, (1995); Vibe, (1993); Riverson and Carapetis, (1991); EIDF, (1994); FORS, (1988);

MetroÄ , (1989); Olszewski et al., (1994); Xiaojiang and Li, (1995).
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the validity of ®xed budgets of travel time and money: while one group of researchers is seeking
stability at very aggregate levels, the other group explores variability at highly disaggregate levels
(Kirby, 1981). Since this paper relates to aggregate data levels, we follow the ®rst group, relying on
stability of both money and time budgets.

4. AGGREGATE TRAFFIC VOLUME AND MODAL SPLIT CHANGES

4.1. Aggregate tra�c volume
We have seen that travel expenses are a ®xed share of personal expenditures, the `travel money

budget.' Thus, growing income results in increasing travel expenditures, and consequently rising
per capita mobilityÐassuming that the savings rate, i.e. the ratio of personal expenditures to per-
sonal income, remains constant.* Figure 5 shows the validity of this relationship for all 11 world
regions and the world as a whole: all world regions follow one growth trajectory despite signi®cant
di�erences in culture, geography, and population density.

In the ®ve world regions NAM, PAO, WEU, EEU, and FSU, per capita tra�c volume has
grown almost in proportion to per capita income. In the three world regions AFR, Middle East
and North Africa (MEA) and Latin America (LAM), per capita GDP losses caused a decrease in
aggregate tra�c volume over the long term. The delayed response to decreasing per capita GDP
can be explained by the fact that existing transport systems, in which investments had already been
made, are used throughout their useful lifetime; part of such systems will not be replaced, due to
lack of funds.

The trajectories of the two world regions SAS and PAS are curved because motorized two-
wheelers and non-motorized forms of transport are excluded from the data set, and bus and car
travel have grown at a high rate (in the CPA region, such development is also visible, albeit at a
much slower rate). A similar substitution process of non-motorized modes by motorized means
has been shown with regard to the replacement of horses by automobiles in the US in the early
20th century (Nakicenovic, 1987). In addition, inhabitants of the PAS and SAS regions experience
a relatively high mobility compared to the world trajectory, given their per capita GDP, due to
comparatively small purchasing power parity adjustments of raw GDP data in market exchange
rates (UN, 1993). Other macroeconomic data sets (Heston et al., 1993) suggest that per capita
tra�c volume of both regions is in line with the world trajectory.

Fig. 5. Motorized mobility (car, bus, rail, and aircraft) per capita by world region vs GDP per capita between 1960 and 1990.

*Note that only a part of the TMB is allocated to mobility; the other share refers to expenditures with regard to quality of
service (travel comfort). Hence, a direct relationship between per capita tra�c volume and per capita GDP also requires
a constant share of TMB to be dedicated to mobility.
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The quantitative relationship between per capita mobility and per capita income can be expres-
sed by

log
pkm

cap
� m�log

GDP

cap
� b �1�

with m being the slope and b the intercept. Hence,

pkm

cap
� GDP

cap

� �m

�b� �2�

In the simplest case, the linear form (m � 1), per capita mobility can be determined by

pkm

cap
� GDP

cap
� PCE

GDP
�TMB��� C �3�

with PCE being personal consumption expenditure, � the inverse unit costs of transport with unit
pkm/$ (depending on a number of variables, such as modal split, cost and fuel e�ciency of
transport modes, and fuel prices), and C a constant, taking into account absolute di�erences in per
capita tra�c volume at a given per capita GDP. The latter result from original settings with regard
to population density and settlement patterns, and travel behavior and variations of the product of
the three factors forming b* that may have occurred before 1960.

The close relationship between per capita income and per capita tra�c volume can be used to
project future levels of per capita mobility as a function of per capita GDP, if the value of the constant
b*, i.e. PCE/GDP.TMB.� and C, are determined by means of a linear regression on the historical
development (m � 1).* Given a global per capita GDP of US$(1980) 3000 in 1990 and an average
annual growth rate of 2% (such as between 1960 and 1990), per capita GDP will be about $(1980)
5400 in 2020. Correspondingly, the 1990 global motorized mobility per capita will double by 2020
(the regression equation being pkm capÿ1=ÿ1248 + 1.83�GDPcapÿ1, R2=0.987). In light of a
world population increasing by 50% through 2020 [both the UN `medium population' projection
and the World Bank forecast a 50% increase from the 1990 world population by 2020 (UN, 1992;
Bos et al., 1992)], absolute motorized tra�c volume will increase by a factor of three. Most of this
growth will occur in the developing worldÐespecially in the Far East (SAS, PAS, and CPA),
where high economic growth rates suggest a signi®cant rise in mobility. Based on an average
growth rate of per capita GDP of 5% per year, per capita mobility of a CPA resident will increase
from 630km in 1990 to 3075km in 2020 (the regression equation being pkmcapÿ1=ÿ31+1.16�GDP
capÿ1, R2=0.970), a 4.9-fold increase; combined with the projected increase in population of 36%
(Bos et al., 1992), aggregate motorized mobility will rise almost seven fold.

4.2. Modal split changes
As shown in Fig. 5, a constant TMB translates increasing per capita GDP into a (roughly pre-

dictable) growth in per capita motorized mobility. In addition to the TMB, the average person has
a ®xed travel time budget, spending somewhat more than one hour a day on travel (see Fig. 4).
Consequently, more distance has to be covered per unit time, i.e. mean travel speeds have to rise.
Since each transport mode operates within a range of speeds, increasing mobility changes the
modal split toward more ¯exible, faster transport systems. Thus, the higher the per capita GDP,
the faster and more ¯exible the transport infrastructure. This relationship is shown in Figs 6±10
for eight world regions and the world for a 31-yr time horizon starting in 1960.

*The underlying rationale for linear regression, i.e. m � 1 and a constant factor b*, is based on the historical development of
the used data set (UN, 1993). There, PCE/GDP decreased slightly with increasing economic development: in the OECD,
from 67% in 1950 to 62% in 1990, and globally, from 63% in 1960 to 61% in 1990. The product TMB.� is assumed to
remain approximately constant as a result of two compensating e�ects: (1) TMB increases to motorization levels of
about 200 cars per 1000 capita and levels o� thereafter, and (2) � decreases with increasing motorization rate, since pkm-
speci®c consumer costs are higher for cars than for buses, and the inverse consumer costs thus result in lower values for
pkm/$. At higher motorization rates, most tra�c volume is covered by passenger cars, and thus lower fares of bus tra�c
weigh less; therefore the inverse unit costs can be expected to level o� as well.
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Figure 6 illustrates the modal split trajectories for the SAS, PAS, and MEA regions. At low
levels of economic development, low-speed collective vehicles account for virtually all transport
services, as seen in the SAS region (railways and buses in 1960). As economic progress occurred,
buses became the primary mode of transport due to their greater accessibility, ¯exibility, and
hence lower travel time. In 1990, individual and high-speed means of transport still accounted for
less than 10% of total pkm, and served only a small share of the population. The PAS region
illustrates that as per capita GDP and hence per capita tra�c volume grow, the share of bus pkm
saturates, due to the more rapidly increasing tra�c volume of higher-speed vehicles, i.e. passenger
cars and aircraft. With further economic growth and rising per capita tra�c volume, automobile
tra�c increasingly replaces that of buses (MEA).

A similar development occurred in the EEU region (Fig. 7). The share of bus and railway tra�c
volume continuously declined due to the rapidly rising share of automobile tra�c, which occurred
despite constrained access to individual modes of transport in the Socialist system; high-speed
transport systems still have a negligible share. In WEU, the share of automobile tra�c volume
peaks at some 70%, due to increasing air tra�c volume. Meanwhile, rail and bus services maintain
a low share in special market niches (mainly high-density population areas). High-speed rail

Fig. 6. Modal split vs GDP per capita between 1960 and 1990 for the three world regions SAS, PAS, and MEA.

Fig. 7. Modal split vs GDP per capita between 1960 and 1990 for the two world regions EEU and WEU.
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transport has been aggregated to air transport due to the similar service levels [in 1990, high-speed
rail accounted for 4.2% of total high-speed transport in WEU (IATA, 1992; UN, 1990, 1991;
CER, 1994)].

Figure 8 shows another similar development for the PAO region (mainly Japan). The modal
share of railway tra�c dropped from 60% in 1960 to some 20% in 1990 [high-speed rail
transport has been aggregated with aircraft: in 1990, high-speed rail accounted for 30% of
total high-speed transport in Japan (IATA, 1992; UN, 1990, 1991; SB, 1992)]. The tra�c volume
of high-speed transport modes has just exceeded that of buses. A further increase in the share of
high-speed transport tra�c volume (resulting from increased per capita tra�c volume, which is in
turn a result of per capita GDP growth) will saturate the share of passenger car tra�c volume.

A more extreme picture exists in NAM, where virtually all passenger tra�c is split between
automobiles and aircraft (Fig. 9). Air tra�c, o�ering still greater mobility through signi®cantly
higher speeds, is strongly increasing its market share at the expense of passenger cars. At one point,
the declining share of automobile tra�c volume will translate into an absolute decline. Such repla-
cement of automobiles by aircraft and high-speed trains, obviously occurring for long-distance

Fig. 8. Modal split vs GDP per capita between 1960 and 1990 for the world region PAO.

Fig. 9. Modal split vs GDP per capita between 1960 and 1990 for the two world regions LAM and NAM.
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travel, results in the fact that the automobile of the 21st century will increasingly operate in niche
markets (i.e. short-distance travel). The same ®gure shows that LAM may develop similarly to
NAM.

While a constant TTB causes shifts towards faster modes of transport as income (and thus the
demand) rises, the speci®c modal shares are also determined by urban land-use characteristics. In
NAM, where population density is low, the share of automobile tra�c volume became saturated
at almost 90% in 1960 (Fig. 9). In the more densely populated WEU region, automobiles achieved
only a 72% share of total tra�c volume (Fig. 7). Correspondingly, in the PAO region which is
dominated by Japan and its high population density, the relative importance of automobile tra�c
volume seems to peak below 60% (Fig. 8). Primarily as a consequence of di�erent types of land-
use, investments in transportation infrastructures also have been di�erent across regions (a high
share of railways in high density PAO and a low share low density in NAM).

Investments in transportation infrastructures also have been di�erent because of the political
system. For instance, in the formerly socialist countries of EEU improving access to public modes
of transport and limiting ownership of private automobiles has allowed a higher share of buses
and railways to accommodate the same per capita tra�c volume as obtains in the automobile-
dominated WEU.* Nevertheless, a similar trend towards faster modes of transport can also be
observed there.

How do world regional modal splits compare to the world as a whole? At ®rst glance, Fig. 10
seems counterintuitive, for two reasons. First, the share of bus tra�c volume seemed to have
replaced that of automobiles, although buses provide lower mobility levels. This contradiction is
resolved if one takes into account the `phase-displacement' among the region's modal splits with
respect to per capita GDP (and time), i.e. a currently stronger increase in global bus tra�c volume
(mainly in the two Asian regions CPA and SAS) compared to the tra�c volume of passenger cars.
This development was favored by the beginning saturation (PAO) and already declining share of
passenger car tra�c volume (WEU, NAM) in the OECD regions (Figs 7±9). Second, aircraft seem
to replace conventional railwaysÐdespite the stepwise sequence of dominating modes observed
in the world regional modal splitsÐbecause of the uniform increase in aircraft and decline in
conventional railways across all world regions.

Fig. 10. World modal split vs GDP per capita between 1960 and 1990 and likely further development until 2020.

*In 1960, WEU inhabitants' per capita tra�c volume was 3090pkm; the associated modal split was 54% cars, 20% buses,
23% railways, and 3% aircraft. Almost the same per capita tra�c volume was achieved in EEU 11 years later, however,
at half the share of passenger cars and a remarkably higher share of low-speed mass transport systems: 27% cars, 34%
buses, 38% railways, and 1% aircraft.
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Figure 10 further extends the likely future global modal split until 2020, based on an average
annual growth rate in per capita GDP of 2%. Since the share of aircraft and railway pkm show the
same development throughout all world regions, they are projected using a simple linear and
hyperbolic ®t, respectively. As a result, air tra�c volume may account for 21% and rail tra�c
volume for merely 5% of world tra�c in 2020. Due to the phase-displacement of automobile and
bus tra�c shares, a comprehensive estimate would have to be based on the modal split in each
world region. Since this requires regional projections of per capita GDP growth rates and tra�c
volume, only a rough estimate is made here. An interregional comparison shows that the share of
bus tra�c may increase in CPA and SAS from some 60 and 75%, respectively, to about 80% of
total pkm in 2020. In all other world regions, the share of bus pkm either saturates (including
FSU, which, like AFR and CPA, is not shown in this paper) or declines. All this suggests that the
global share of bus tra�c volume will gradually decrease. As a ®rst estimate, we assume the share
of bus tra�c to be within two limits, i.e. to remain at the 1990 level of 29% (bus/high) or to
decrease by 10 percentage points (bus/low). Consequently, the share of car tra�c will range from
45% (car/low) to 55% (car/high) of total pkm. Putting this into the perspective of a three-fold
increase in aggregate motorized tra�c volume, automobility will grow by a factor of 2.6±3.2, bus
tra�c by 3.0±2.0, railway tra�c by 1.5, and high-speed tra�c by a factor of 7Ðthis last estimate
substantially exceeding U.S. aircraft manufacturers' forecast of a four-fold increase in global
commercial air tra�c by 2020 (Covert et al., 1992).

5. IMPLICATIONS

5.1. Growth in world passenger transport energy use and CO2 emissions
In 1990, world transport sector ®nal energy use accounted for about 60 EJ (IEA, 1992); some

60% of that amount, i.e. 37 EJ, was consumed by passenger transport.* Any increase in energy
use is determined by four factors: (a) rise in per capita tra�c volume, (b) population growth,
(c) change in modal split, and (d) alterations in energy intensity (MJ pkmÿ1) of the four modes of
transport considered.

5.1.1. Rise in per capita tra�c volume and growth in population. In Section 4.1, global per capita
tra�c volume was projected to double through 2020, given a growth in per capita GDP of 2% per
year. In combination with a 50% growth in world population, passenger transport energy use is
expected to rise by a factor of three.

5.1.2. Changes in modal split. Table 1 reports the 1990 and projected 2020 modal splits. Based on
the indicated modal split change and the (frozen) 1990 energy intensities alone, world passenger
transport energy intensity is expected to increase by 11±20% over the 1990 level (from
1.61MJpkmÿ1 in 1990 to 1.79±1.93MJpkmÿ1 in 2020), depending on the projected modal shares
of cars and buses. Note that this increase is signi®cantly less than the rise in energy use associated
with growing aggregate travel demand. In combination with the three-fold increase in aggregate
travel demand, passenger transport energy use is expected to rise by a factor of 3.3±3.6.

5.1.3. Changes in modal energy intensity. Table 1 also summarizes the estimated 1990 modal
energy intensities and their projected 2020 values.* The 2020 energy intensities of all ground
transport modes are assumed to remain at 1990 levelsÐan optimistic assumption in light of his-
torical development. In fact, in the case of automobiles, fuel e�ciency of OECD countries'
national ¯eets remained approximately constant during the past 20 yr (improvements occurred
only in the US) (Davis, 1994). Since, in addition, passenger load factors continuously declined,

*1990 energy intensities by mode (in MJpkmÿ1) are derived from the world transport sector ®nal energy use as published
by IEA (1992) and the tra�c volume data described in the appendices. Since IEA data on ®nal energy use are aggregates
(passenger and freight) for air, rail, road, and water tra�c, respectively, modal disaggregation was done on the basis of
energy use by mode of transport and major country of the 11 world regions, and a related passenger load factor descri-
bed in Appendix A. Data sources were: Davis (1994); BFS (1992); Shlikhter (1990); Kolar (1993); IPCC (1990, 1995);
EPA (1990); Moreira and Poole (1993); Sathaye and Walsh (1992); DIW (1991); EDMC (1994); APTA (1992a,b); KEEI
(1993); SSB (1993); TERI (1993); IATA (1991).
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energy intensity has increased. Similar patterns can be observed for buses and railways. Hence, a
decline from the 1990 energy intensity to estimated 2020 values is only taken into account for high-
speed transport (essentially aircraft); the assumed reduction of 2%yrÿ1 is in line with historical
developments in aircraft fuel consumption at an approximately constant passenger load factor.
Based on the 2020 modal split, projected energy intensities reduce the mean energy intensity
resulting from the frozen 1990 numbers by about 15%. Combined with the growth in aggregate
transport demand and the projected modal split change, overall world passenger transport sector
energy use is projected to rise by a factor of 2.8±3.1 over the 1990 level.

In 1990, global passenger transport CO2 emissions were about 0.75 billion of carbon (GtC), i.e.
some 60% of total transport sector CO2 emissions (which follows from the IEA energy balances
(IEA, 1992) and the disaggregation of passenger and freight transports, as summarized in *, p. 465).
Provided that re®ned oil will continuously fuel nearly the entire global transportation sector, CO2

emissions will grow in proportion to ®nal energy use, reaching 2.1±2.3 GtC in 2020.
Stabilization of projected 2020 emissions to the 1990 level can be approached through techno-

logical changes (fuel e�ciency improvements and transportation fuels with lower carbon content),
improved transportation system management, or some combination of these. Transportation sys-
tem management improvements range from improving operational conditions (e.g. smoothing
tra�c ¯ows) to reducing transport activity, i.e. vehicle-km traveled, through pricing policies, sub-
stitution of telecommunication for physical trips, etc.

Reducing vehicle fuel consumption solely through improvements in fuel e�ciency would require
passenger transport sector energy intensity to decline by two-thirds, on average. Even under the
hypothetical assumption that the energy intensity of both buses and railways could decline at the
rate assumed for high-speed transport, automobile energy intensity would have to be reduced by
more than one order of magnitude (in light of the continuously declining vehicle occupancy rate)
to achieve the 1990 emission levelÐan infeasible task, even in the industrialized world.

Transport system management strategies would provide multiple bene®ts in addition to the
abatement of greenhouse gas emissions (e.g. relief of congestion and such associated impacts as
toxic emissions, economic costs, and reduced noise), but their CO2 reduction potential is com-
paratively limited, estimated to be 5±10% of the 1987 transport sector emissions in the US (OTA,
1991) andÐdue to the higher population density and the associated larger potential of such mea-
suresÐ5±16% of the 1990 transport sector emissions in West Germany (GEC, 1994). Based on a
roughly 60% share of passenger transport CO2 emissions to total transport sector CO2 emissions,
the two reduction potentials translate into 8±17% as well as 8±27% of passenger transport CO2

emissions in the US and Germany, respectively. These potentials, however, are probably too high
on a global scale, since both the use of public transport modes and vehicle occupancy rates will
still be comparatively high in the developing world (where most of the projected demand will be
generated) by 2020. A reduction of the projected 2020 level by a hypothetical 27%Ðthe highest
reported potentialÐwould still result in emissions being a factor of 2.0±2.3 above the 1990 level.
Thus, transport system management measures alone are far too weak to signi®cantly abate CO2

emissions.
A combination of both radical vehicle fuel-e�ciency improvements and transport system man-

agement measures likewise could not reduce projected 2020 CO2 emissions to the 1990 level. Even

Table 1. World modal shares and ®nal energy intensities (FEI) of vehicle ¯eets in 1990 and projections for 2020. For data
on energy intensities, see footnote on page 11 in text

1990 2020

Modal share (%) FEI (MJpkmÿ1) Modal Share (%) FEI (MJpkmÿ1)

Cars 52 2.10 45±55 2.10
Buses 29 0.65 29±19 0.65
Ordinary railwaysa 9.5 0.40 5 0.40
High-speed transport 9.5 3.00 21 1.65
Total/weighted averages 100 1.61 100 1.50±1.65

aincludes both electricity- and diesel-fueled locomotives. Energy use by electricity-driven traction systems is expressed in
fossil-fuel equivalents with a conversion e�ciency of 35%.
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assuming extreme reductions in automobile, bus, and railway energy intensities by 2%yrÿ1 (such
as observed for aircraft, but never achieved in ¯eets of surface-transport modes), 2020 global
passenger transport CO2 emissions would still rise by 71±100% over the 1990 level. That increase,
which would have to be reduced by transportation system management measures to stabilize
emissions to the 1990 level, far exceeds the above-indicated estimates of their CO2 reduction
potentials. Hence, achieving the 1990 emission level by 2020 requires the introduction of zero-
carbon fuels (e.g. alcohols from biomass, hydrogen/electricity from renewable and/or nuclear
energy sources) well before 2020, on a global scale.

5.2. World motorization rate
Conventional methods for projecting aggregate tra�c volume typically build on independent

estimates by mode of transport; automobile tra�c volume, for example, is generally calculated by
an extrapolated motorization rate (number of automobiles per 1000 capita) multiplied by the
projected population, annual distance traveled, and mean vehicle occupancy rate. By contrast,
the method advanced in this paper allows determination of the motorization rate from output
variables. In the following, such an estimate will be given for the world.

For that purpose, we assume an average 2020 automobile tra�c volume of 30,800 pkm per car,
corresponding to the 1960 ®gure [as shown in Appendix B, the 1960 world automobile tra�c
volume was 3032 billion pkm; dividing by 98.3 million passenger cars (MVMA, 1992) leads to
30,800 pkm per automobile]. This number is higher than the 1990 ®gure of 25,700 pkm per car,
being based on both higher load factors and vehicle-km per automobile; it is therefore consistent
with developing countries' strong increase in automobile tra�c volume. Based on the estimated
per capita aggregate tra�c volume of 68.4 trillion pkm in 2020, an automobile share of 45±55%,
and the assumed tra�c volume per automobile, the global automobile ¯eet would more than
double, from 470 million vehicles in 1990 (including light trucks used for personal travel in the US)
to 1.0±1.2 billion vehicles in 2020. In light of the projected world population growth of 50%, the
motorization rate rises from 89 cars per 1000 capita in 1990 to 126±154 cars in 2020. Figure 11
shows this range to be in line with historical development.

5.3. Toward unlimited mobility growth or saturation of demand
A constant product of the three RHS factors forming the constant b* in eqn (2) translates any

growth in per capita income to an increase in per capita tra�c volume (provided m > 0). Since a
®xed travel time budget requires a proportional increase in mean speed, it induces a continuous
shift toward increasingly rapid modes of transport. Over the longer term, therefore, automobiles
will be unable to reach the mean speeds required: after an initial decrease in automobile tra�c
share, automobile tra�c volume will decline due to strengthening demand for subsonic air tra�c
(while the automobile share declines, automobile tra�c volume will not become insigni®cant).
However, at a su�ciently high per capita travel demand, subsonic air tra�c volume too will
decline, due to large-scale needs for supersonicÐand, later, hypersonicÐtransport. Such tech-
nologies must be available for further progress toward an unlimited per capita travel demand;
without them, world regional demand curves will saturate.

If very high-speed transport systems are introduced, the world would essentially become a glo-
bal city, the subcenters of which are connected by high-speed links. Given historical evidence that
maximal city growth occurs in proportion to the fastest transport mode available to connect two
endpoints of the city diameter within about one hour,* large-scale global commuting would
require travel halfway around the Earth within one hour at a mean speed of 20,000 kmhÿ1.
Although even higher speeds can be achieved in principle, considering basic technological
limitations (e.g. via magnetically levitated trains running in vacuum insulated tunnels), their

*Strong evidence indicates that the mean speed of the dominating transport mode in combinations with the TTB of 1 h
capÿ1 dayÿ1 determines an upper bound of a city's diameter and hence size (Marchetti, 1994). Hadrian's Rome, the city
of Berlin during the early 19th century, and agricultural villages in Greece today have an area of about 20 km2, corre-
sponding to the area of a circle with a diameter of 5 km (the walking distance of which can be covered in an hour).
Correspondingly, at the beginning of the 20th century, the diameter of the city of Berlin grew to 14 kmÐthe distance a
tramway can cover in an hour, on average. Due to automobiles' higher speed, Berlin's diameter grew to 40 km in the
1950's.
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practical application poses a variety of challengesÐsocial, environmental, and engineering (e.g. to
compensate losses in passenger comfort with regard to acceleration and zero-gravity conditions).*

Considerable time will be required, however, to realize large-scale global commuting. Assuming
a world average growth rate in per capita GDP of 2%yrÿ1, a hypothetical adjustment of income
levels across all world regions, and a mean travel time budget of one hour per capita per day,
large-scale global commuting would be possible in almost four centuries (around 390 yr) from
1990, based on the assumption that the world trajectory would converge to the straight line m � 1
in Fig. 4 over the very long term. On a world-regional basis, however, long-distance commuting
could start much earlier across regions with the highest per capita income, and hence, highest per
capita mobility. From today's viewpoint, this would occur within and between the three OECD
regions NAM, PAO, and WEU. Of course, telecommunication might substitute for much travel
long before then.

6. CONCLUSIONS

From a world-regional perspective, demand for motorized mobility follows deterministic pat-
terns. On such high aggregation levels, the development of tra�c volume and modal split can be
described by essentially two travel budgets. Under certain conditions, a constant travel money
budget establishes a direct relationship between economic development and motorized mobility:
per capita tra�c volume grows in proportion to per capita income. A limited travel time budget
requires the rising per capita tra�c volume to be provided by increasingly ¯exible and rapid modes
of transport.

Both budgets further imply thatÐfrom a certain mobility level onÐneither public surface
modes nor automobiles can provide the required mean speed, and hence must be largely replaced
by aircraft and high-speed trains (such a trend is already evident in the region NAM). At a su�-
ciently high per capita tra�c volume, the mean speed of conventional passenger aircraft, in turn,
will also be too low. Further growth in transportation demand therefore requires faster carriers,
i.e. super- and then hypersonic transport. If these infrastructures are not supplied, the ®xed travel
time budget will force per capita tra�c volume to saturate.

Fig. 11. Global motorization rate vs GDP per capita between 1960 and 1990, and the estimated range in 2020 as an output
of this scenario.

*Due to the curvature of the Earth's surface, such high mean speeds would temporarily result in zero-gravity conditions
(determined by the balance of centrifugal and gravitational forces) in passenger cabins. At the Earth's surface, the mean
speed resulting in zero gravity is 28,900 kmhÿ1. Depending on the acceleration/deceleration pro®le, this speed would
even have to be exceeded in order to achieve a mean speed of 24,000 kmhÿ1.
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Globally, per capita tra�c volume is projected to double by 2020, given an annual increase in
GDP per capita of 2%. In light of a world population growing by 50%, global mobility will rise by
a factor of three. Most of that growth will occur in the developing world, especially in Far Eastern
countries that experience the highest rates of economic growth. The total e�ect of threefold
mobility and a more energy-intensive modal split (45±55% car, 29±19% bus, 5% rail, and 21%
high-speed transport) will be increased ®nal energy use in global passenger transport, by a factor
of 2.8±3.1 over the 1990 level, given 2%yrÿ1 reductions in high-speed transport energy intensity.
Stabilization of CO2 emissions at the 1990 level by 2020 can be achieved only by the large-scale
introduction of zero-carbon transportation fuels well before 2020.
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APPENDIX A

A.1. Data descriptions
This Appendix summarizes the data sources and estimation procedures used in this paper. Data were con®rmed with

national statistical abstracts and other available sources wherever possible. Although excellent agreement was found in
most cases, a few discrepancies remained, which were solved in all but a few cases. Minor data inconsistencies of less than
0.5% of world regional tra�c volume (pkm) are not discussed.

A.1.1. Air Tra�c While scheduled pkm were taken from ICAO statistics (UN, 1966, 1970, 1972, 1974, 1977, 1983, 1984,
1990, 1991), those from charter ¯ights are based on IATA statistics (IATA, 1950±1992) and allocated to regions in
proportion to scheduled tra�c. For the FSU region country statistics were used (SCS, 1973, 1977, 1980, 1985, 1988, 1989).

A.1.2. Road Tra�c Road tra�c includes passenger cars and buses. Two- and three-wheelers are excluded from the analysis.
NAM Since data on Canadian road tra�c volume were not available, all ®gures were derived from the US and extra-

polated to Canada on a per capita basis. The error is small, since the US accounts for more than 90% of the NAM popu-
lation during the entire historical time horizon, from 1960 to 1990. US automobile-km were taken from Highway Statistics
(USDOT, 1970,1991) and USDOC (1975). Car occupancy rates were derived from the Nationwide Personal Transportation
Surveys 1977, 1983, and 1990 (Hu and Young, 1994). Since no such ®gures exist before 1977, an occupancy rate of two
people per car was estimated for 1960, as it was reported for Germany (DIW, 1991), a reasonable estimate in light of
occupancy rates of 2.6, measured in Indian cities (TERI, 1993). Data from intermediate years were interpolated. The tra�c
volume of light trucks used for personal transportation was estimated from US travel surveys (Asin, 1983; Klinger and
Kuzmyak, 1986; Hu and Young, 1994); data from intermediate years were interpolated. Bus tra�c volume takes into
account intercity buses (Eno, 1992), urban buses (APTA, 1992a,b), and school buses. Due to the lack of earlier data, pkm of
urban buses before 1978 were estimated using the following equation (pkm=pkm, NoT=given number of trips, d=trip
distance, �=average distance):

pkm �
X
i

NoTi �di � �
X
i

NoTi � ��NoT �A1�

� was assumed to be the mean value of numbers between 1978 and 1990. Vehicle-km of school buses were derived from
Highway Statistics (USDOT, 1970, 1991) and the Transportation Energy Data Book (Davis, 1994). Since the latter source
reports only occupancy rates from 1990 on, they were assumed to be equal to the 1990 number, i.e. 19.4 passengers per bus
(pkmbus-kmÿ1), during the study's whole historical time horizon.

WEUCar and bus pkm are based on theAnnual Bulletin of Transport Statistics for Europe (UN, 1960, 1993), IRF Statistics
(IRF, 1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992), and ECMT Statistics (ECMT, 1989). In addition, German, Swiss, and
British transport data were taken from national statistics (DIW, 1991; BFS, 1992; UKDOT, 1977, 1983, 1985, 1993).

EEU Automobile pkm estimates were based on country-speci®c vehicle-km per car, the passenger car population, and an
occupancy rate decreasing from 2.5 in 1960 to 2.0 in 1990 (the latter corresponding to the passenger load factor reported for
West Germany at a comparable motorization rate). Hungarian and Polish vehicle-km data were available from UN (1960,
1993); IRF, (1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992); those of other EEU countries were estimated to be 10,000km
per car and year, such as in the FSU (see below). In the case of Former Yugoslavia, UN and IRF statistics could be used
directly. Bus passenger-km were derived from the Annual Bulletin of Transport Statistics for Europe (UN, 1960, 1993); IRF
(1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992); ECMT (1989). Data exclude Albania.

FSU Data for tra�c of privately owned passenger cars were based on the number of private vehicles, an average annual
distance traveled of 10,000 km (IEA, 1990), and a car occupancy rate decreasing from 2.5 to 2.0 people per car between
1960 and 1990. The passenger car population from 1970 on was taken from the statistical yearbook (SCS, 1973, 1977, 1980,
1985, 1988, 1989). For the prior decade, a linear increase from zero to the 1970 value was assumed. The SCS statistics also
provided ®gures for pkm from taxis and company vehicles. Bus pkm were derived from the Annual Bulletin of Transport
Statistics for Europe (UN, 1960, 1993).

CPA Due to lack of data, Chinese road tra�c data were extrapolated on a per capita basis to the whole CPA region
(China accounts for more than 90% of the CPA population during the 31-yr time horizon). All data were taken from the
Chinese Statistical Yearbook (SSB, 1993). Figures for urban bus transport are based on the Chinese urban bus ¯eet between
1960 and 1990 and the number of passengers per bus in 1990. The automobile tra�c volume results from the number of
private automobiles, an annual distance traveled of 29,000 km per vehicle and an occupancy rate of 2.5 persons per car.
Hong Kong data were treated separately (IRF, 1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992).

SAS As was done for CPA, Indian road transport data were extrapolated to the whole SAS region (India accounts for
more than 75% of the SAS population during the 31-yr time horizon). The primary data source was the TERI Energy Data
Directory and Yearbook (TERI, 1994). Data were available for the years 1961, 1970, 1975, and 1980-85; intermediate years
were interpolated. 1960 and 1985-90 data were extrapolated, based on the number of transport means for each category,
assuming constant vehicle-km and occupancy rate per car and bus, respectively.

PAO Australian and New Zealand road tra�c data are based on IRF statistics (IRF, 1965, 1970, 1973, 1976, 1980, 1985,
1990, 1992). While missing pkm for intermediate years were interpolated, those before or after a series of given data were
estimated based on the number of registered vehicles. The vehicle population was taken from IRF (1965, 1970, 1973, 1976,
1980, 1985, 1990, 1992); MVMA (1980, 1983, 1987, 1990, 1992, 1994). Japanese tra�c data are taken from Japanese
Statistical Yearbooks (SB, 1972, 1992).

LAM, MEA, and AFR Tra�c volumes in these three regions were estimated based on the number of registered vehicles
(IRF, 1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992; MVMA, 1980, 1983, 1987, 1990, 1992, 1994) Mitchell (1993), average
vehicle occupancy rate, and the annual distance traveled per vehicleÐthe latter being a function of motorization rate. With
increasing levels of passenger car ownership, annual vehicle-km per car decrease, saturating between 10,000 and 16,000km.
The decline results from the fact that the ®rst cars entering a market are bought due to strong need; further vehicles
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represent also additional household cars that are driven less. Fig. A1 shows such a curve for Japan and Germany for
ownership rates ranging from 1 to 150 cars per 1000 capita (SB, 1972, 1992; DIW, 1991);* saturation occurs at about
10,000 km per car in Japan and 13,000km in Germany.

Due to a lower population density and a lack of competing rail infrastructure relative to Japan, the German curve was
taken as the basis for estimating annual vehicle-km per car in the LAM, MEA, and AFR regions. This assumption is sup-
ported by data points for passenger cars operating in Israel, which ®t well with German numbers at motorization rates
between 100 and 200 cars per 1000 capita (CBSI, 1993). The average occupancy rate, selected to be 2.5 people per passenger
car throughout the entire time horizon, is consistent with load factors measured in Indian urban tra�c (TERI, 1993). Due
to its higher motorization rate, the average automobile occupancy rate in LAM was assumed to decrease to 2 people per car
during the 31-yr time horizon.

Table A1 indicates motorization rate and annual distance traveled per car as a result of the Fig. A1 curve in 1960 and
1990, for the three regions LAM, MEA, and AFR.

Similarly, the tra�c volume of buses was estimated from the product of registered buses, annual distance traveled per
bus, and an average occupancy rate. As with passenger car tra�c volume, the number of registered buses was taken from
IRF (1965, 1970, 1973, 1976, 1980, 1985, 1990, 1992); MVMA (1980, 1983, 1987, 1990, 1992, 1994). The annual distance
traveled per bus was derived from survey data published by the International Union of Public Transport (UITP, 1964,
1968, 1975, 1979, 1985, 1986). The same statistics served as the basis for estimating bus occupancy rates. In both cases, it
was assumed that intercity buses show characteristics identical to urban buses. Table A2 illustrates the main ®gures used.

PAS The tra�c volumes of both passenger cars and buses are based on individual tra�c data series for the six countries
Indonesia, South Korea, Malaysia, Philippines, Taiwan, and Thailand, representing 90% of the PAS population. The main
sources for the number of registered vehicles are Statistical Abstracts of Indonesia (BPS, 1986, 1993), South Korea (NSOK,
1978, 1984, 1994), Malaysia (DOS, 1986, 1994), the Philippines (NSOP, 1980, 1986, 1988, 1989, 1990, 1992), Taiwan
(CEPD, 1987; SBW, 1986), and Thailand (NSOT, 1970, 1971, 1981, 1984, 1993). In addition, IRF (1965, 1970, 1973, 1976,
1980, 1990, 1992); MVMA (1980, 1983, 1987, 1990, 1992, 1994) statistics were used. In contrast to the LAM, MEA, and
AFR regions, the annual distance traveled per passenger car was derived from the Japanese development illustrated in
Fig. A1, because Korean data essentially con®rm lower mileage per automobile. Due to the low motorization rate between
1960 and 1990 (ranging from 2 to 27 cars per 1000 capita), the vehicle occupancy rate was estimated on a country basis to
decrease from 2.7 to 2.3 people per car, comparable to Indian urban transport (TERI, 1993).

The bus tra�c volumes in Korea and Taiwan were obtained from Korean National Yearbooks and the Taiwanese Year-
books (both cited above). Special attention was given to the distinction between normal-sized buses and minibuses. The

*These were the only reliable data available. Corresponding US statistics date from 1936 (USDOC, 1975); at that time,
however, the motorization rate was already 189 cars per 1000 capita.

Fig. A1. Vehicle-km per car, depending on automobile motorization rate, in Japan, Germany, and Israel. The plotted
curves (R2 � 0:947 for Japan and 0.819 for Germany) are of the type y � exp�ÿx� � C.

Table A1. Motorization rate, occupancy rate, and annual distance traveled (ADT) per car in the LAM, MEA, and AFR
regions in 1960 and 1990

Motorization rate
(Cars/1000cap)

Occupancy rate
(pkm Car-kmÿ1)

ADT
(km)

Latin America (LAM) 11±86 2.5±2.0 18850±15850
Middle East and North Africa (MEA) 6±36 2.5 19300±17400
Sub-Saharan Africa (AFR) 6±13 2.5 19300±18800
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latter continuously increased their market share until they currently account for about 85% of total registered buses. The
distinction is signi®cant: Due to the lower carrying capacity and annual distance traveled of minibuses, occupancy rate and
average mileage per registered bus continuously decreased since 1960. The registered number of di�erent bus sizes was
merely reported in the Thai andÐto some extentÐPhilippine statistical abstracts; thus, the annual shares of normal and
minibuses in Indonesia and Malaysia were estimated based on the development in Thailand. The estimate of annual dis-
tance traveled per bus type and corresponding load factors are based on UITP statistics (1975, 1979, 1985/86). Again, it was
assumed that intercity bus characteristics (in terms of annual distance traveled per bus and bus occupancy rate) are identical
to urban buses. Table A3 summarizes the major parameters.

Estimates were con®rmed with other sources. Tra�c measurements for rural roads on Jawa (Indonesia) in 1989, as well
as two travel surveys during 1972 and 1985 for Jakarta (VWS Karlsruhe, 1991, 1992), served as independent means for data
checking; Korean data were checked with KEEI (1995).

A.1.3. Suburban and intercity railways The major information sources were UN Statistical Yearbooks (UN, 1972, 1974,
1977, 1983, 1984, 1990, 1991) and the Annual Bulletin of Transport Statistics for Europe (UN, 1960, 1993).

NAM US intercity railway pkm are based on ENO (1992), and commuter railway tra�c is based on APTA (1992a,b).
Canadian railway passenger-km were taken from UN Statistical Yearbooks (UN, 1972, 1974, 1977, 1983, 1984, 1990, 1991).

WEU, EEU, and FSU Railway pkm, which are based on UN (1960, 1993), include high-speed rail transport in the WEU
regions. Since the tra�c volume of high-speed-rail is not explicitly indicated, its share was calculated from CER (1994).

MEA Primary railway pkm sources are Mitchell (1982) and UN Statistical Yearbooks (UN, 1972, 1974, 1977, 1983, 1984,
1990, 1991). Compiled country statistics were also used (SBW, 1989a,b, 1990, 1993). The data contain one inconsistency:
Pkm in Sudan were zero between 1960 and 1980, but the 1981 ®gure was 5.5% of regional pkm. Since no other data source
was available, this inconsistency was left.

AFR Primary sources of railway pkm are Mitchell (1982), UN Statistical Yearbooks (UN, 1972, 1974, 1977, 1983, 1984,
1990, 1991) and FOS (1987). In addition, compiled country statistics were used (SBW, 1990a,b, 1991a,b, 1992a,b, 1993).
More than half of all pkm in the AFR region relate to South Africa. Since the passenger tra�c volume of South African
railways was not available until 1984, it was estimated on the basis of eqn (A1). The number of trips was taken from SBW
(1968, 1974, 1981, 1985); average distance traveled was assumed to be identical to the 1985 number of 35 km (by far, most
of the pkm were related to commuting from suburbs to city centers). Some data inconsistencies could not be resolved, i.e.
Swaziland: ®rst reported pkm in 1981 (2.7% of total); Tanzania: ®rst reported pkm in 1981 (1.7% of total); Uganda: ®rst
reported pkm in 1981 (0.6% of total). Moreover, no numbers were available for pkm in Mauritania.

CPA The primary sources for railway pkm were the Chinese Statistical Yearbook (SSB, 1993) and UN Statistical Year-
books (UN, 1972, 1974, 1977, 1983, 1984, 1990, 1991). In addition, compiled country statistics were used (SBW, 1991, 1992,
1993).

LAM, SAS, and PAS The primary sources for railway pkm were Mitchell (1993) and UN Statistical Yearbooks (UN,
1972, 1974, 1977, 1983, 1984, 1990, 1991). In addition, compiled country statistics were used (SBW, 1989, 1990, 1991,
1992a,b,c).

PAO Australian railway passenger-km data were taken from IRF statistics (IRF, 1965, 1970, 1973, 1976, 1980, 1985,
1990, 1992) for the years 1963±1968 and 1988 after cross-checking with Australian Statistical Yearbooks (ABS, 1965, 1970,
1975, 1980, 1985, 1990, 1992). While railway pkm from intermediate years were interpolated, the 1989 and 1990 ®gures were
assumed to be identical to the 1988 tra�c volume. New Zealand's railway tra�c volume was taken from UN Statistical
Yearbooks (UN, 1972, 1974, 1977, 1983, 1984, 1990, 1991). Japan's railway pkm data were taken from Japanese Statistical
Yearbooks (SB, 1972, 1992).

A.1.4. Urban Railways (light and heavy rail) Data on tramways and subways were generally derived from statistical
abstracts, UITP Handbooks of Public Transport (UITP, 1964, 1968, 1975, 1979, 1985, 1986), and data collected by Newman
and Kenworthy (1991). Since the latter two references merely publish data for individual years, data for missing years were
interpolated. In a number of cases, no data were available between 1983 and 1990. In such cases, tra�c volume was
assumed to remain at the 1983 level through 1990, which may sometimes result in slight underestimations. Most travel data
are published in terms of passengers carried. To obtain pkm, such data are multiplied by an average travel distance [see eqn
(A1))]. Whereas mean travel distances are most often available for subways, they were assumed to be 3.5 km for tramways

Table A3. Estimates of occupancy rate and annual distance traveled (ADT) per vehicle in 1960 and 1990 in the PAS region

Occupancy rate
(pkm veh-kmÿ1)

ADT
(km)

Normal-sized bus 40 70,000
Minibus 10 25,000
Jeepney (Philippines) 10 15,000

Table A2. Estimates of occupancy rate and annual distance traveled (ADT) per bus in 1960 and 1990 in the LAM, MEA,
and AFR regions

Occupancy rate
(pkm bus-kmÿ1)

ADT (km)

Latin America (LAM) 35±30 60,000
Middle East and North Africa (MEA) 40 60,000
Sub-Saharan Africa (AFR) 40 60,000

474 A. Schafer



unless individual numbers were given. Due to the negligible tra�c share of tramways, the error associated with the
uncertainty of this default mean distance is negligible itself.

NAM. Data were taken from US APTA (1992a,b) and extrapolated to the NAM region on a per capita basis. Passenger-
km were estimated from 1960 to 1978 according to eqn (A1).

LAM Urban rail primarily includes subways operating in Argentina, Brazil, Chile, Mexico, and Venezuela. Tramways
operating in a few Mexican cities are also included. Besides statistical yearbooks of Mexico (INEGI, 1993) and Venezuela
(OCEI, 1992), the major sources of information were the UITP Handbooks of Public Transport (UITP, 1975, 1979, 1985,
1986).

WEU. Statistical abstracts for the WEU region include those of Portugal (INEP, 1981, 1991, 1993), Spain (INEE, 1961,
1971, 1981, 1991, 1993), Belgium (INS, 1961, 1966, 1975, 1977, 1979, 1981, 1986, 1991), France (INSEE, 1981, 1991, 1993),
the Netherlands (CBS, 1964), Austria (OÄ SZ, 1961, 1991), and the German Democratic Republic (SA, 1977, 1990). In
addition, national transport statistics were used from Switzerland (BFS, 1992), Germany (DIW, 1991), and Great Britain
(UKDOT, 1977, 1983, 1985, 1993). Additional data sources were UITP (1964), 1968, 1975, 1979, 1985, 1986); Newman and
Kenworthy (1991).

EEU Statistical abstracts for the EEU region include those of former Czechoslovakia (FSO, 1965, 1970, 1975, 1977, 1980,
1982, 1985a, 1991), Poland (CSOP, 1967, 1975, 1980, 1983, 1992), Hungary (HCSO, 1961, 1966, 1971, 1975, 1980, 1981,
1986, 1987, 1990), Bulgaria (NSI, 1974, 1991, 1993), Romania (NCS, 1976, 1994), and former Yugoslavia (FSOY, 1993).
Additional data were derived from historical statistics of former Czechoslovakia (FSO, 1985b) and from UITP Handbooks
of Public Transport (UITP, 1964, 1968, 1975, 1979, 1985, 1986).

FSU Urban tram and subway tra�c were taken from SCS (1973, 1977, 1980, 1985, 1988, 1989). Tra�c volume between
1960 and 1980 was estimated according to eqn (A1).

MEA, AFR, CPA, and SAS As suggested by UITP (1975, 1979, 1985, 1986), the tra�c volume of urban rail measured
during di�erent years proved to be negligible compared to intercity and suburban railway tra�c.

PAS The tra�c volume of Korean subways was taken from NSOK (1978, 1984, 1994); that of Manila's elevated rail was
taken from NCSB (1988, 1989, 1990, 1992).

PAO The tra�c volume of urban railways was derived from Japanese Statistical Yearbooks (SB, 1972, 1992) and the
UITP Handbooks of Public Transport (UITP, 1964, 1968, 1975, 1979, 1985, 1986).

APPENDIX B

Historical development of aggregate tra�c volume and modal split
Tables B1 and B2 report the historical development of aggregate tra�c volume and modal split for both the 11 world

regions and the world.

(Tables B1 and B2 overleaf )
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