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Abstract

This paper presents a survey of the empiricalditee on the effects of climate change and weather
conditions on the transport sector. Despite mixgdesmce on many issues, several patterns can be ob-
served. On a global scale especially shifts inispuiand agricultural production due to increased-te
peratures may lead to shifts in passenger andhtréignsport. The predicted rise in sea levelsthnd
associated increase in frequency and intensitytafrssurges and flooding incidences may further-
more be some of the most worrying consequencebnoéte change, especially for coastal areas. Cli-
mate change related shifts in weather patternsatsayaffect infrastructure disruptions. Clear pate
are that precipitation affects road safety; it @ages accident frequency but decreases accident-sev
ty. Precipitation also increases congestion, eafigailuring peak hours. Furthermore, an increased
frequency of low water levels may considerably éase costs of inland waterway transport. Despite
these valuable insights, the net impact of clindt@nge on generalised costs of the various trahspor
modes are uncertain and ambiguous, with a possigeption for inland waterway transport.
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1. Introduction

Climate change is almost invariably considered ssué of global interest. However, the extent to
which climate change represents a problem issstikavily debated issue; calculations on future-dam
ages associated with climate change, and therelsoejudgments about mitigation and adaptation
costs to be made now, differ widely. For exampie, influential Stern report claims that ‘the betsefi

of strong, early action considerably outweigh thetg’ (see Stern, 2007, p. Il). Specifically, assign

no mitigation efforts, the report estimates thanate change may cause a permanent decrease in an-
nual global GDP of between 5% and 20%, therebyritej justification for large mitigation efforts
right now. Although the report has received widkeraion, substantial criticism has arisen. For in-
stance, Tol (2006) argues that for ‘water, agrio@f health and insurance, the Stern review consis-
tently selects the most pessimistic study in ttexdiure’ (see also Lomborg, 2006). Another point o
criticism comes from Nordhaus (2006), who focuseshe unusually low social discount rate of 0.1%
used in the report. Since a near-zero discountgiaes a large weight to climate change damages in
the distant future, GDP losses are large even wiisant future damages are small. Using a discount
rate that is more generally accepted, Nordhaus shbat the extremely low discount rate used in the
Stern report is the main reason for the unusuatlyd damage estimates.

The Stern (2007) and Intergovernmental Panel oma&é Change (IPCC, 2007a) reports ana-
lyze damages for, among others, the water, aguialjthealth and insurance sectbs.sector that
receives fairly little (explicit) attention, howavaes the transport sector. This is not entirelgpsising,
since to date the consequences of climate chandjelmnging weather conditions for the transport
sector have not received much attention in thealitee. Still, it is widely known that transportssy
tems on the whole perform worse under adverse a&trdnee weather conditions. This is especially
true in densely populated regions, where one siegént may lead to a chain of reactions that influ-
ence large parts of the transport system. Thisrpdugeefore presents an overview of empirical find-
ings on the impact of climate change and weatheditions on the transport sector. It is not exactly

meant as a classic literature survey with a fudlsl methodological assessment of studies, the topic
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is too broad for that. Rather we aim to give anraiesv of empirical insights on various relevant
themes and issues. Of course, the main methodaldg&ues are discussed and obvious shortcomings
or drawbacks are addressed. The paper reflectaragitiy orientation in research and policy in the
field of climate change. Until recently the overihig majority of research outputs in the field was
on mitigation, the central issue being the effentizss and efficiency of measures to reduce the envi
ronmental burden of transport (see, for examplesHer and Button, 2003; IPCC, 2007i)lore re-
cently, policy makers have more or less acceptat ¢artain climate changes cannot be prevented,
and have therefore started to explore potentigbtatian strategies. Of course, adaptation and asitig
tion strategies are interrelated, i.e., increasidgptation opportunities imply decreasing urgercy t
implement mitigation measures, and vice versa.

There are several ways to examine the influencdimfate change on transport. One possible
route would be to compare transport systems betwagions with very different climate conditions,
for example by comparing transport in Spain widngport in Norway. Differences in performance of
road, rail and waterway transport systems give ratication of the potential impacts of climate
change. One of the difficulties of this approacthat differences between countries are the redult
whole range of factors, where in addition to clienatso other factors play a role, such as the lefvel
economic development and physical conditions. Aeoeipproach to analyze the influence of climate
would be to consider seasonal variations in trarispal travel behavior. Variations in travel beloavi
and performance of transport systems between seasonbe partly explained by weather variations.
For freight transport, variations in demand will fedated to seasonal cycles in some sectors, sich a
the agricultural sector. For passenger transpatadéo has to take into account non-weather selasona
effects, such as Christmas holidays and the holaddgndar of schools, which may be partly corre-
lated with weather. A third way to address climaties would be to consider the instantaneous rela-
tionship between weather and travel behavior. ey be expected to lead to clearly visible adjust-
ments, but one should be aware that these areatlypshort term adjustments.

Most of the contributions in this paper addressghort run demand side. Climate and weather

may, however, affect the supply side as well (sgg, Transportation Research Board, 2008). For ex-
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ample, a supply side adjustment could be that &#s@d of infrastructure is such that it copes it
relevant features of weather conditions, such afoeance under extreme weather conditions in
terms of high or low temperatures, heavy rainfall, heavy wind, etc. Supply may also be affected a
short notice, for example when railway companied ainports stop operations due to extreme wind
conditions. Furthermore, most studies on climattw@eather concern passenger transport. This makes
sense, since behavioral reactions tend to be I#éngerin freight transport. However, given the natu
of transport as a derived demand, trade flow padtesill be affected by climate change in the loag r
when climate change affects location patterns otipction and consumption. In a similar vein sea-
sonal variations may occur. Further, freight tramspvill be affected when climate or weather change
lead to changes in generalised costs of transpioegtly or indirectly. For example, extreme weathe
may lead to accidents on roads, implying delayd@th passenger and freight transport.

The remainder of this paper is organized as fdldwirst we discuss the change in climate and
weather conditions that likely are most importatthe transport sector in Section 2. In Sectiavne3
discuss consequences for transport demand on al glodle related to changes in tourism and agricul-
tural production. Section 4 focuses on sea lewsl, storm surge and flooding and their effectson e
pecially transport and transport infrastructuredastal areas around the globe. We then turn tefthe
fects of weather and climate change on infrastreatlisruptions. Section 5 addresses the inland navi
gation sector, Section 6 discusses the existinghtss for rail and air transport, and in Sectiowé&
address road transport. In Section 8 we discuskehavioral responses to changes in weather and rel

ative costs of transport modes in passenger aighfreansport. Section 9 concludes.

2. Climate change

With respect to (the consequences of) climate obhamgny uncertainties exist and the existing climate
models can be criticized on a number of pointsl, #tese models are the current state-of-theaad,

to our knowledge there are few systematic analyfsaspoint to climate developments that are op-
posed or substantially different from the ones joted by the bulk of the models. Although some ex-

treme contrary climate change scenarios exist, #reynot likely and they too are surrounded with
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large uncertainties. In this section and throughbist paper we therefore assume that the general di
rection of climate change as predicted by mostatémmodels across the globe is correct. Note that w
do not in any way state or come to the concludian ¢limate changes as they are reported in contem-
poraneous climate change reports, such as the (P@c) report, are correct.

The main consequences of climate change as peddigt most of the existing climate models
are an increase in global temperatures, changa®aipitation patterns, and sea level rise. In ggne
climate models predict that increases in tempegatull be higher over land areas than over oceans
and seas, higher in interiors of continents tharoiastal areas, and higher when going from thedsop
to the polar region in the Northern Hemisphere @P2007c). The potential consequences of climate
change for precipitation patterns are more comm@ex, depend largely on continental geometry (vi-
cinity of water) but also on the vicinity and shagenountains and on wind flow direction. In gerera
the existing climate models predict that preciptatwill increase in areas adjacent to the Polar Re
gions, and will decrease in areas adjacent tortipécs. Furthermore, tropical precipitation is esteel
to increase especially during the rainy seasornshdblsea level rise in 2100 for the six SRES (Speci
Report on Emissions Scenarios) marker scenariagesabetween 0.18 and 0.59 meter above 1990 le-
vels (IPCC, 2007c).The six SRES marker scenarios do not include iahdit measures for mitigation
of greenhouse gas emissions, e.g., Kyoto measteesod incorporated. Also these estimates do not
include further acceleration in the melting of theeenland and West Atlantic ice shelves. Givenethes
changes, Table 1 lists the effects on climate aaalther conditions that are probably most relevaint f
the transport sector along with the likelihoodtwdit occurrence.

Observe that the consequences for global tempesaaurd sea level rise are almost certain or
very likely. Uncertainty is largest with the respée the consequences for precipitation patterras an
wind strengths, storms and hurricanes. Furtherntbeegffects in the table are qualitative in nagture
the level of uncertainty surrounding climate chaimgzeases substantially when quantitative effects
are considered. Moreover, climate changes andeégeeds to which they will occur are different for
different regions. In Appendix A we list the relewaeffects of climate change for different regions

across the globe. Given these differences in céntdtange it is obvious that impacts of climate
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change on the transport sector will also diffeloasrregions. It should furthermore be noted tha, d
to differences across regions in the vertical maamnof land and coastal erosion, local sea legel ri
can be quite different at different locations, witbvious consequences for changes in flooding proba

bilities.

Table 1. Likelihood of changes in climate and weathost relevant for (US) transport

Change in climate or weather Likelihood
Decreases in very cold days Virtually certain
Increases in Arctic temperatures Virtually certain
Later onset of seasonal freeze and earlier onssasfonal thaw Virtually certain
Increases in very hot days and heat waves Very likely
Sea level rise Virtually certain
Increase in intense precipitation events Very likely
Increases in drought conditions for some regions Likely
Changes in seasonal precipitation and floodingepaxt Likely
Increases in hurricane intensity Likely
Increased intensity of cold-season storms, witheases in winds and Likely

in waves and storm surges

Source: Transportation Research Board (2008), Tafile

3. Extreme events: Sealeve rise, storm surge and flooding

Sea level rise and the associated increase indneguand intensity of storm surges and floodingrinc
dences are perhaps among the most worrying conseegi®f climate change, especially for coastal
areas. With respect to North America the IPCC (2)G@port states that coastal flooding due to sea
level rise and storm surge is one of the most gerifects of climate change, especially along the
Gulf and Atlantic coasts (see Field et al., 20@69me studies even predict that transport infrasirac

in some coastal areas along the Gulf of MexicotaedAtlantic will be permanently inundated some-
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time in the next century (see, e.g., Gornitz, 20Dibigerson, 2005). Below we discuss the extent to
which transport infrastructure is affected by fetsea level rise and flooding, after which we tiarn

an assessment of damages of flooding incidences.

3.1 Transport infrastructure affected by sea level sisé flooding

It is clear that sea level rise, storm surges &matding incidences will become increasingly relevan
for various coastal regions around the globe. &guthat analyze the impact of sea level rise on the
transport system generally (if not all) analyze o$dand elevation data Geographical Information
Systems and show that the effects are likely sntiataFor example, many elements of the transpor-
tation system in the US Metropolitan East Coastoredie at 2-6 meter above the current sea level,
which is well within the range of future storm sengredictions assuming a global sea level rise of 1
meter (Jacob et al., 2001). In a more recent siadpb et al. (2007) estimate that a 1 meter gledal
level rise would increase the frequency of coaddtaim surges and flooding incidences by a factor 2
10, with an average of 3. They show that espectallylowest critical elevations of important infra-
structure elements in the New York metropolitaraaee at risk of being flooded more often and more
intensely’

In ICF (2008) the impact of sea level rise on vasitypes of transportation infrastructure along
the East Coast of the United States is analyzeithgUlgital elevation models they identify “trangpo
tation infrastructure that, without protection, lwigularly be inundated by the ocean or at-rish®f
riodic inundation due to storm surge ...” (ICF, 2008,6). Estimates are made for the years 2025,
2050, 2075 and 2100 using low and high estimategalfal sea level rise from the SRES scenarios.
For reasons of space we only discuss results ehdevel rise of 59 cm in 2100 (see Table 2). Al-
though only small parts of roads and railroadsadiected by regular inundation, this may still l¢ed
large impacts due to network effects. The partthefroad and rail network that are at-risk are more
substantial especially in Washington D.C. Apartrfr¥irginia, the areas of airport property and run-

ways affected are relatively small. The port a@ifscted are substantial, however, except for Wash-



ington D.C. With the total area affected betweeto2d 37%, future operational problems are likely

severe in Maryland, Virginia and North Carolinad adaptation measures are taken.

Table 2. Percentage of transportation at-risk amgacted by regular inundation through storm surge

in four US states, assuming a sea level rise @@ 2100

Washington D.C Maryland Virginia North Carolina
RI® AR RI AR RI AR RI AR
Length
Interstates 0% 5% 0% 0% 0% 1% 0% 0%
Principal Arterials 0% 4% 0% 1% 0% 1% 1% 1%
NHS Minor Arterials 0% 0% 1% 4% 0% 0% 2% 2%

National Highway Syster] 0% 5% 0% 1% 0% 1% 2% 2%

Rails 0% 5% 0% 1% 0% 1% 0% 1%
Area

Ports 0% 0% 20% 12% | 11% 24% | 12% 35%
Airport Property 0% 0% 1% 1% 2% 3% 1% 2%
Airport Runways 0% 0% 0% 0% 2% 3% 0% 2%

%In the table zero percent does not mean that thee effect; this is only due to rounding. Furthe
more, regularly inundated areas and areas at#rsknatually exclusive.

® Regular Inundation

¢ At Risk

Source: Data taken from ICF (2008)

Similar exercises are performed for the Gulf Caagion in the USA (see Kafalenos and Leonard,
2008). Using scenarios of 61 cm and 122 cm relatee level rise they find that the former has the

potential to affect 64 percent of the region’s gadilities, while a 122 cm rise may affect as mash



three-quarters of the region’s port facilities.hdtgh the figures for highways and rails are carsid
bly lower, they are still substantial. Moreover,sgted previously, even when small portions of the
network are affected this may lead to large disomgt at the network level. Given the predicted in-
crease in intensity and number of hurricanes unlilmate change in 2100 the study also analyzes the
vulnerability of the region to storm surges. Theydfthat around 50% to 60% of the roads, 30% to
40% of the railway lines, and 22 to 29 of the aitpare vulnerable to surges of 5.5 to 7 meters.
Moreover, approximately 98% of the ports are vudbér to surges of this magnitude. Although no
damage estimates are given, the potential dismgptmd associated welfare loss are clearly substan-
tial. The vulnerability to sea level rise of es@dlgi port cities is confirmed by OECD research. As-
suming a .5 meter global sea level rise for the 280, and taking into account city-specific exiee
water levels and natural subsidence or uplift, Nilshet al. (2008) analyze the changes in exposure
flooding for 136 large port cities around the gloBabstantial increases for 2070 are found in terims
population and asset value exposed, both for dpvatal developing countries. Although no direct
evidence is provided for the impact of sea lev& n the disruption of port activities, it is cl¢faat
freight transport and freight transport patternssbg may be affected to a substantial extent. $& al
stated by the authors, this warrants more detaiteldmore local research into sea level rise impacts
Shifting our attention more specifically to dev@loy countries, Dasgupta et al. (2007) use data
from various sources to analyze the impact of b toeter sea level rise on 84 developing countries
around the globe. Although they do not explicitisess the impact on transport and transport infra-
structure, they do analyze the amount of urban affeated. This likely gives a reasonable imprassio
of the impact of sea level rise on transport irtftasture’ The average amount of urban area affected
for the 84 countries is 1.02% for a 1 meter seallgse (4.68% for a 5 meter sea level rise). More
teresting are the differences between the 5 regdlmtsare distinguished in the study. High impaet r
gions are Middle East and North Africa (1.94%) &bt Asia (1.71%), and low impact regions are
Latin America and the Caribbean (0.61%), Sub-Sahafeca (0.39%) and South Asia (0.33%). Dis-

parities between specific countries are even larter effects being especially large in Vietham and



Guyana (around 10%), French Guiana and Mauritaari@u6d 8%), and Egypt, Libya, United Arab
Emirates, Tunisia, Suriname and The Bahamas (4-6%).

The costs associated with infrastructure damagéatbre sea level rise, storm surge and flood-
ing can be substantial. Moreover, extreme casds asitiurricanes Katrina and Rita may become fre-
qguent and may have even larger impacts in thedutecause of an increased sea level. In these two
cases cost estimates are large. Grenzeback andalwk(@007) show that the readily available and
reported total costs related to infrastructure dggsacaused by Katrina and Rita amount to around 1.1
billion US Dollar, while a full assessment of dareado rail lines, pipelines, ports, waterways aind a
ports will probably add billions of US Dollars momdoreover, this study focuses on freight transport
and on national and regional transport facilitief/pthereby likely underestimating the total cdsys
a substantial margin. In a broad study by Jacat). €2007), assuming a 1 meter global sea leve] ris
the annualized costs of infrastructure damagestdimoding incidences for the Metropolitan East
Coast in the US are estimated to increase by arf&8ctThis implies that costs will increase from ap
proximately .5 billion US Dollar per year in 2009 1.5 billion US Dollar per year in 2100. This istn
taken into account possible changes in hurricaeguigncy and intensity, which may lead to a more
frequent occurrence of extreme cases such as Hadrid Rita, with associated extremes in costs of

infrastructure damages and mobility effects.

3.2 Network and mobility effects

Next to the costs of flooding that are relatednivaistructure damages, indirect costs due to né&twor

effects, i.e., costs due to delays, detours apdcancellation, may also be substantial. Althougre

is little empirical evidence on this subject, soexeeptions exist. In a study by Centre of Transport

and Navigation (2006) in the Netherlands the ecanarosts associated with changes in traffic and

transport due to a single flooding incident in Tetherlands are estimated. The study analyzes mo-
bility effects based on predictions of a transpmtwork model and is meant as a quick scan in order
to assess the order of magnitude of the effectsirfstance, transport effects of evacuations and ca

lamity tourism are not taken into account. The gtdistinguishes between four transport scenarios,
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which vary with respect to the length of the peraiter the flooding incident and with respect te as
sumptions on certain behavioral assumptions arettstf To arrive at the economic costs associated
with these scenarios, different values of time2@10 Euro) are used for different trip purposes and
extra costs per kilometer (gas, etc.) are calcdlafbe costs vary from € 414 million to € 1.1 loitli
depending on the scenario.

Suarez et al. (2005) also focus on the indirestscof flooding due to mobility effects. They in-
vestigate the impact of climate change on urbamsgrartation in the Boston Metropolitan Area. The
area is interesting because it is situated aloagttast and has numerous river systems. In thg stud
the effects of coastal flooding due to sea levet,riand of riverine flooding due to heavy rainfall
events, on the performance of the urban transpamtaystem are simulated using the Urban Transpor-
tation Modelling System (UTMS). Effects are expessi terms of cancellations of trips and in terms
of delays due to rerouting and changes in congeséissuming a sea level rise of 0.3 cm per yeat, an
an increase in the magnitude of heavy rainfall &/eh0.31% per year, the results show an increase
delays and lost trips of around 80% in 2100 compane2000. Using relatively high values of time
the associated discounted costs are less than Ll@hryS Dollar, leading the authors to argue that
the effects are too insubstantial to warrant lardaptations to infrastructure. On the other hamely t
also note that applying the model to cities thatehaore low-lying areas, such as Tampa, Cincinnati,
and especially New Orleans, may produce more diamedults. Furthermore, the study does not in-
clude costs of infrastructure damages, which &edylisubstantial. Moreover, a sea level rise o0
in 2100 may underestimate actual developments.

The Suarez et al. (2005) study also shows thaeased risk of a flooding incidence may not
only be relevant for coastal regions. Given thggated increases in heavy rainfall events, incislent
such as the flood-producing rainstorms in the Glocaetropolitan area in 1996 may occur more fre-
quently. This particular flood led to substantiainthges to and travel delays on highways and rai-
Iroads. Moreover, around 46,000 commuters were lartalreach Chicago for up to three days, more
than 300 freight trains were delayed or rerouted, multiple bridges collapsed or had to be replaced

The associated costs were estimated at 48 mill®mullar (see Changnon, 1999).
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Clearly the network effects of extreme events sagla flooding incidence may be substantial.
Ex-ante information on which parts of the network most vulnerable to flooding, and which parts
are most critical in terms of mobility effects aadcessibility of crucial facilities such as hoslsitas
essential for decision making on potential adaptesitrategies. There is a growing body of reseerch
this area. In these studies network models arergyneised for issues such as the identification of
critical points in an infrastructure network andigzing the consequences of capacity restrictionks a
failure at specific network nodes (see, for examgdene of the contributions in Murray and Grubesic,
2007 and Gorman, 2005). Ultimately, combining snetwork models with specific insights on cli-
mate change, much like the studies discussed earlihis section, may give a clear picture on the
most vulnerable and crucial parts of the availatdasport infrastructure in a specific area. Desifjn
possible adaptation strategies, such as improvaaglfdefenses or increasing infrastructure resiken

at crucial points, may go from there.

3.3 Discussion

Although predictions of sea level rise differ wigleik is clear that even for moderate levels suli&h
transport damages may arise in many coastal areasdithe globe. These damages not only consist
of damages to infrastructure, also costs relatediark effects (travel delay and rerouting) may be
substantial. In general, the studies that have ble@e in this area estimate the direct effectseaf s
level rise and the indirect effects of sea levet through storm surges on flooding incidencese disf

of climate change on the frequency and intensitstofm surges are left out of the equation. Given t
damages related to Hurricanes such as Rita anéhKatdditional research on this particular issue i
necessary. Also, most studies are done for the &% Eoast; insights for the US West Coast and Eu-
rope are largely missing. Finally, a rather sulisdhdrawback of all studies considered in thistisec

is that they are done for aggregated areas onlyteridlood defenses that are already in placenare
included in the analyses. Although current defemsesost developing countries are limited in scale
and scope, defenses in developing countries, apdcedly those in Europe, are generally well-

developed. Therefore, the insights provided herg have limited value for assessing future flood-
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risk and exposure for specific locations (and lkalso overestimate total exposure and damages due
to climate change). They may, however, give a gamutoximation of future exposure to and damages

from flooding incidences when flood defenses fail.

4, Climate change impact on global transport patterns

4.1 Passenger transport: Patterns in tourism

Climate change may have several consequencesafapiort demand on a global and regional scale.
The potential changes in patterns of tourism argpetial interest. Especially the predicted inazsas
in temperature could have substantial effects amigm and the associated patterns in passenger
transport. Nicholls and Amelung (2008) investigettavhat extent the increase in temperature influ-
ences the touristic attractiveness of countrieSurope. Their analysis shows that during the summer
months Northern parts of Europe become more atteavhile Southern parts become less attractive.
Moreover, the length of the holiday season in Nemihcountries increases. We may therefore expect a
decrease in tourism from North to South, and, éapjeauring the summer months, an increase in
tourism from South to North. However, during spranrgd winter the Southern countries become more
attractive, which may increase tourism to this sagin these periods (see also Amelung and Viner,
2006). Hamilton et al. (2005) make use of data mivals and departures of tourists from 207 coun-
tries. They model the impact of climate change aurism and also find a shift from Southern to
Northern countries (see Bigano et al. ,2006, femgilar analysis and results). Next to the assediat
changes in transport patterns they also find &istigcrease in tourism related vehicle kilomefé€he
underlying reason is that people from the area phaduces most of the tourism kilometers (North-
Western Europe) stay closer to hofne.

Next to tourism during the summer holidays, anodubstantial part of the tourism industry is
related to skiing holidays. The impact of climakage in this respect is clear; the larger theciome
in temperature, the smaller the probability of might snow for skiing purposes. This may lead to a

decrease in skiing holidays and to a shift towdhise areas with higher probabilities of sufficient
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snow, e.g., areas at higher altitudes. ElsasseBénk (2002) analyze the effects of climate change
on the Swiss tourist industry, and show that thensecertainty of skiing areas in Switzerland decreas
es from 85% to 44% (see Harrison et al., 1999 afomnalysis of Scotland). A study by Scott et al.
(2001) uses extensive simulations to model the ainp&climate change on the length of the skiing
season in a popular skiing area in Canada. Assuthimgurrent state of technology with respect to
making artificial snow they calculate that the seawill be 3-17% shorter by 2020, 16-52% shorter
by 2050 and 30-66% shorter by 2080. Also striking the differences in vulnerability between the
different skiing areas. In that respect it is difit to judge to what extent climate change leads de-
crease in skiing related tourism, especially wraking into account the increasing technological po-
tential for making artificial snow. Also uncertamthe extent to which climate change leads toifa sh
to skiing areas at higher altitudes. Another thémae has received little attention so far is theeptal
shift from skiing holidays to other types of holdaduring winter or summer when the availability of

snow during winter months actually becomes a prable

4.2 Freight transport: Shifts in agricultural productio

Regarding the production of goods and services#utor that will probably be affected most is the
agricultural sector. On a global scale especi&iéyihcrease in temperature may have a substamtial i
pact on patterns in production and the associaédns in trade and freight transport. Resultsifeo
broad based research project into the effectsinfaté change on food production on a global scale
show that especially countries at higher longitugd#sbecome more suited for food production (see
Easterling et al., 2007). The climate in countaesower longitudes, among which the largest part o
developing countries, will become substantiallyslsaited, however. This likely results in an inseea

in freight flows from developed to developing caued (see also Fischer et al., 1994, 2002). lifis d
ficult to quantify the effects, however, largelychese of uncertainty in the extent of climate cleang
both globally and regionally, uncertainty in adajata potential and technological change, and uncer-
tainty regarding socio-economic developments. Th# of food production from south to north will

likely also hold at the regional level, e.g., fr@outh- to North-Europe and from South-America to
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North-America. On this level, however, uncertaioty the consequences for transport patterns and
demand are even larger than on a global scale.

In other economic sectors the effects of climdiange will generally be smaller than in the
agricultural sector, although certain patternscégar. In moderate climate zones the demand far ene
gy during the winter months will decline. This mé&gr example, lead to a decrease in demand for oil
and coal in electricity production, having implicets for transport of fuels. In zones with highemt

peratures, on the other hand, demand for elegtfizitcooling will increase during summer months.

5. Inland shipping: Economic loss dueto low water levels

An obvious consequence of increasing temperataresduced ice cover on rivers and lakes in various
regions across the globe, e.g., Great Lakes indzanavers in Russia. Although it is recognized tha
this opens up possibilities for increased transpgrivater, few studies actually assess this paknti
For instance, Lofgren et al. (2000) show that adtpeseffect of climate change may be a substantial
reduction in ice cover on the Great Lakes in Canadathey do not assess the (potential) positive
consequences for the commercial shipping sectar ¢ Permanent International Association for
Navigation Congresses, 2008). Another consequehoei@asing temperatures is the clearing of ice
at and around the North Pole. This may open updssibility for sea transport on the Northwest Pas-
sage during at least several months per year. rdhie may provide opportunities for more efficient
transport between North-America, Europe and RumsthAsia. Some of the existing insights on this
subject are pessimistic about the future potefiatransport along this route. According to Birttha
(2006), those who predict an ice-reduced or ice-Merthwest Passage tend to oversimplify the nature
of the ice regimes in the archipelago, thus exadgey the potential for increased shipping (see als
Griffiths, 2004). A more positive assessment carfduend in a recent study by Somanathan et al.
(2007). They use simulations to analyze the ecooqmiential of the Northwest Passage for transport
from St. John’s Newfoundland to Yokohama assumiegr yound shipping potential. They show the
passage is preferable to other routes even wheanmental capital investment in ships is high. Ex-

tending the route to New York would, however, méfke passage unprofitable in their model. Al-
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though the potential to use the Northwest passpgeaas promising for some transport routes, the
study also shows that economic feasibility of tlesgage depends on many uncertain cost factors.
Moreover, it is uncertain whether year round usafgle passage will be possible in the futlre.

Changes in temperature and precipitation also bameequences for water levels in rivers and
thereby for the inland shipping sector. Specificdbw water levels in rivers may disrupt transpoyt
water in river basins such as the Mississippi &&dRhine where many goods (bulk freight) are trans-
ported by barges. Low water levels will force irdamaterway vessels to use only part of their maxi-
mum capacity, which may considerably increase paration costs’ Not much research has been
done in this area. In an early study Marchand .ef18188) use a hydrologic model to predict changes
in water levels and water level variation due timeke change for the year 2035. By applying an ex-
tensive transport model they subsequently simuhseonsequences of these changes for average an-
nual shipping costs in the Great Lakes — St. Lawegaiver system in Canada. They show that mean
annual shipping costs from 1979 to 2035 may inerdys5% because of low water levels. Moreover,
they find a large increase in the frequency ofexi costs. Results from this 1988 study may be crit
cized because climate change scenarios aroundirti@tvere not as advanced as they are now. In a
recent study on the consequences of climate chiorgehipping in the Great Lakes river system,
Millerd (2005) estimates that increases in avexggrating costs may indeed be substantially higher.
Specifically, using climate change scenarios fad@®and 2050 from the Canadian Centre for Climate
Modelling and Analysis, he estimates that compaoed001 the average operating costs in 2030 in-
crease by 3% to 14% depending on the industridbsewith an average of approximately 8%. Esti-
mates for 2050 range from 6% to 22%, with an avefdl3%"*

Results of a similar exercise for the Middle Mss§ppi River are reported in Olsen et al. (2005).
They estimate losses in shipper savings, defingdeadifference between costs of shipping and costs
of the cheapest transport alternative, due to latemlevels for the period 1933 to 2002. Losses ove
the entire period amount to 77 million US Dollar gear on average. Because of wetter weather con-
ditions the annual losses in the 1968 to 2002 desiere substantially lower (25 million US Dollarrpe

year). Subsequently they simulate the impact ohaie change using synthetic water flows for 2100
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from three GCM climate change scenarios. Sinceetlsesnarios produce very different estimates for
future precipitation patterns and run-off, the tesuary widely. In the first scenario the costsrgase

from 77 to 118 million US Dollar per year, while soenarios 2 and 3 the costs decrease to 10 and 24
million US Dollar per year, respectivel§ The models furthermore differ with respect to tosts of

high water levels, which may lead to temporary utesof the river system for freight transport. The
pattern in the results is exactly opposite thegpatfound for low water levels. Costs for the 1983
2002 period amounted to 12 million US Dollar pearyeCosts for the first climate change scenario de-
crease to 1.5 million US Dollar per year, whiletsdacrease in scenarios 2 and 3 to 27 and 41omilli

US Dollar per year, respectively.

Shifting our attention to Europe, Jonkeren e(2007) analyze freight prices of approximately
2,800 shipping trips on the river Rhine in the pérdanuary 2003 to June 2005. Approximately 70%
of inland shipping in the EU is transported on Riene. Water levels are measured at Kaub, which at
low water levels is the bottleneck for a substamtét of the Rhine markéf.Further, since water le-
vels have no effect on freight prices arrangedugholong-term contracts, only transport enterprises
that operate on the spot market are included ird#taset. Applying regression analysis to explan o
the spot freight prices per ton transported, thdystlearly shows increasing freight prices at dasr
ing water levels. It is estimated that in the perl®86-2004 there has been an annual average gvelfar
loss of € 28 million due to low water levels in tiieer Rhine. The estimated loss in 2003 was aB hig
as € 91 million due to the very dry summer in tyesr. Although these results are based on historica
data they have clear consequences for the inlaigpisy sector under climate change. Climate
change scenarios for Western Europe show thanttideince of low water levels will increase, mak-
ing inland shipping less attractive relative tod-aa rail transport, ceteris paribus, potentiabyising

a modal shift from water transport to rail and rar@chsport.
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6. Rail and air transport

6.1 Rail transport: Infrastructure failure and accident

Studies that investigate the effects of weathaiiorate change on rail transport and infrastructuee
scarce. In Duinmeijer and Bouwknegt (2004) thedmay and distribution of rail infrastructure fail-
ures due to adverse weather conditions in the Matids in 2003 are reported. Weather appears to
cause approximately 5% of all rail infrastructuaéures (i.e., 5% of 8,279 failures in The Netheds

in 2003), which is limited but far from negligibl®ost of the weather-related failures are caused by
high temperatures, icing, storm and lightning. Hegre within the reporting system of Prorail it & a
sumed that when, for instance, temperature is legtwertain values it cannot cause a failure. When
this assumption would be removed, and therefotarés would be reported differently, the number of
failures attributable to adverse weather conditiosld likely double to around 10% (personal com-
munication). A study by Rossetti (2002) shows foat66 out of 5,700 accidents and incidents in the
US between 1993 and 2002 the reported primary oaaseveather, a figure much lower than that for
The Netherlands. Alternatively, when looking at theather conditions at the time of the accident,
snow, fog and rain seem to account for 131, 814dridaccidents, respectively. This would amount to
approximately 10% of all failures, which would bem in accordance with the Dutch situation. The
main causes of weather-related problems in bothtces are, however, very different. Clearly, more
detailed research is needed in this area. In gerdiraate change likely causes an increase in-heat
related disruptions but a decrease in ice-relateaiptions, making the net impact ambiguous and re-

gion-specific.

6.2 Air transport: Delays, cancellations and accidents

For the aviation sector wind speeds are importagabse of their impacts on safety. Extreme wind
speeds imply that aircrafts are not allowed to lanthe designated airport and have to land atnalte

tive airports. This has large cost implicationsthbior the airlines and the travelers. In a similain,
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high winds imply that the departure of aircraftdl Wwe delayed. Wind speeds and their directions als
have implications on the use of runways. Strongsrminds have an impact on the probability of ac-
cidents. For example, one of the larger aviatiaridsmnts at Schiphol airport was due to a landing of
Transavia plane in 1997 with very strong cross wir@bviously, it is important for airports that fsuf
cient runway capacity is available under variousdvdirections. An underestimate of wind speeds
and their directions may mean that wrong decisarestaken on the design of airports in terms of the
capacity and orientation of runways. The NetheaBdreau for Economic Policy Analysis (2002)
has estimated that in the case of Schiphol a ‘wWydrgnfigured system of runways — implying that
the number of hours that the airport cannot be issadnecessarily long — may lead to a negative wel
fare effect in the range of .6 and 2.8 billion Eg@met present value in 2000 Euro for the period22(@0
2040), where the variation depends largely on tha@etlying assumptions with respect to economic
development and global competition. However, wisichdt the only factor. A good example of eco-
nomic loss due to other types of bad weather isFancisco International Airport. A study by Eads
et al. (2000) shows that poor visibility in the suer months and rain storms in the winter months
lead to substantial delays and numerous canceiatiGompared to good weather, cancellations per
day increase by a factor 2-3 when weather is bableérmorning, and by a factor 3-4 when weather is
bad all day. Similar figures hold for the numberdefay minutes per flight operated. Although these
figures are based on fairly simple counts, theyengathered over two entire years, thereby reducing
the probability that the patterns were caused hgrdiactors.

These figures illustrate that the impact of weatten be substantial. However, since the con-
struction of San Francisco Airport differs from ethmajor airports in the United States, cautioreis
quired in generalizing the results. At San Frareithe parallel runways are much closer than atrothe
airports, which is why visibility is required bydhMinistry of Transport and why lack of visibility
leads to capacity restrictions. Most other airpémtshe US do not have this restriction and certain
types of weather have less of an impact therd, @glather plays a crucial role in the US aviatiec-
tor. Kulesa (2002) estimates that weather caus#safCall delays while also being an important con-

tributing factor in 23% of all aviation acciden&milar results are obtained by Changnon (1996) wh
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shows that rain had a substantial increasing effedhe number of departures with a delay of atlea
30 minutes at Chicago O’Hare airport at the enthef1970’s. He also includes figures from the Na-
tional Transportation Safety Board, which confirmatt adverse weather has an increasing effect on
aircraft accidents, especially those with fataditi€otal annual monetary costs associated withhweat
er-related accident damage and injuries, delaysiapsipected operating costs are estimated at$ 3 bi

lion in US aviation (Kulesa, 2002j.
7. Road transport: Traffic safety and travel times

In this section we pay special attention to thea# of weather on road accidents and congestidn an
travel time. Obviously, these relationships areritined, making the relation between weather; traf
fic accidents and congestion an interesting butpterone. Direct empirical evidence on this com-
plex set of relationships is scarce, howe¥evlost studies in this area focus primarily on tlaetial
relationships between weather and accidents anthereand congestion. In the subsections below we

discuss empirical evidence on these partial redatigps and their possible interactions.
7.1 Accident frequency and severity

It is clear that (changes in) weather conditiongehan effect on road safety. Several weather viasab
appear to be important. Stern and Zehavi (199®dtigate the relationship between hot weather and
traffic accidents. They conclude that the risk nfagcident increases with increasing heat-stress co
ditions. The largest increase was found to beénctitegory of single-vehicle accidents (see alsg-Ma
cock, 1995; McDonald, 1984; Welch et al., 1970s®log and wind may have an increasing effect on
the number of accidents (see, e.g., Edwards, 1l966nans et al., 2006). However, by far the most
important variable is precipitation. Empirical estite on the impact of rain and snow on the frequen-
cy and severity of road accidents is abundant. oltin studies employ a wide variety of methods
(least squares, Poisson and negative binomial gsigres, matched-pair approach, mean differences,
wet pavement indices) and display a fairly wideietgrof outcomes in a quantitative sense, most of

them indicate a positive relationship between igaion and frequency of road accidents (see, e.g.
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Brodsky and Hakkert, 1988; Chung et al., 2005; BEd®/al996; Eisenberg, 2004; Jones et al., 1991;
Levine et al., 1995; Satterthwaite, 1976; Shankal.e2004, 1995). Rather extreme increases id roa
accidents and injuries due to precipitation arentbbly Andrey et al. (2003) using data from mid-dize
Canadian cities. On average, precipitation incredse number of accidents by 75% and the number
of related injuries by 45%, with snowfall havingnare substantial effect than rainfdll.

An issue that appears to mediate the impact ofaad snow on road accidents is lagged preci-
pitation. Eisenberg (2004) shows that lagged pi&tipn, i.e., rainfall the day or days before, sub
stantially reduces the impact of precipitation oad safety, implying that rainfall leads to a sgen
increase in the number of fatal accidents afteryasgell. This is most likely caused by the fadtth
precipitation clears the oil that accumulates cadsoduring dry periods, thereby making roads slip-
pery. It is also possible that people adjust tawing behavior slowly, implying relatively riskgriv-
ing behavior in rainy conditions after a dry spgllsimilar lagged precipitation effect is found bg-
vine et al. (1995) and Brodsky and Hakkert (1988).

Although precipitation increases accident freqyericappears to decrease accident severity.
For instance, using negative binomial regressibisgnberg and Warner (2005) estimate the effects of
snowfall on US trafficrash rates between 1975 and 2000. They find tteat slays had more nonfat-
al-injury crashes and property-damage-only cradhasfewer fatal crashes than dry days. Andrey et
al. (2003) also find that the increase in the pbdlg of an injury due to rain and snow is lowéah
the increase in the probability of an accident.URedy Fridstrem (1999, Chapter 6) for Norway show
a similar pattern; snow increases the number ofyrgccidents but decreases the number of falitie
per accident. For rainfall both the number of aenid and the number of fatalities decrease. Finally
Khattak et al. (1998) use an extensive dataset siitfle-vehicle and two-vehicle traffic accidems i
North Carolina in the period 1990 to 1995. Theyneate an ordered probit model in which they dis-
tinguish between four levels of severity, i.e.afdy, severe injury, moderate injury, no injuryhd
dummy variable on adverse weather (rain, snowt,sfeg) has a statistically significant but small
negative impact on accident severity, i.e., acd&lare less severe in adverse weather. The etieats

wet and a snowy or icy road surface are much latgawever. The mediating effect in the observed
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pattern is likely that precipitation, and adverssather in general, reduces traffic speed, therethya-

ing the severity of an accident when it occiirs.
7.2 Congestion, travel time and travel time reliability

Most studies show a (substantial) reduction irfitapeed due to adverse weather, and especialy pr
cipitation. For example, results from a study byrfiteet al. (2000) range from 10% speed reduction
in wet conditions to 25% speed reduction in wet slughy conditions. Hranac et al. (2006) use de-
tailed traffic and weather data from 2002 to 200¢the Baltimore, Seattle and Minneapolis-St. Paul
metropolitan areas. Light rain causes reductiorsee-flow speed and speed-at-capacity around 3%
and 9%, respectively. Reductions generally incregisle rain intensity, with maximum reductions
around 6-9% and 8-14%, respectively. For snow tfeets are larger; light snow causes reductions in
free-flow speed and speed-at-capacity of 5-16%alinMaze et al. (2006) use a dataset including
four years of traffic data from the freeway systienthe Minneapolis/St. Paul metropolitan area and
weather data from three weather stations nearbjrélesvay network. They show that rain, snow and
reduced visibility cause clear reductions in tafpeed; up to 6% for rain, up to 13% for snow, and
up to 12% for reduced visibility.

There are some studies, however, that reporttktigkiferent results. For example, Lamm et al.
(1990) find that there is no effect of wet paverseni traffic speed on rural highways in the New
York state area. An important reason for this teisubrobably that only the speed of cars with a-mi
imum time gap of 6 seconds were used, the foctiseo$tudy being to assess the purely behavioral re-
sponse of drivers to wet pavements. This resulhsde be more general applicable. Ibrahim and Hall
(1994) use a dummy variable technique to analyeeeffects of adverse weather on the speed-flow
and flow-occupancy relationships. Although the ictpaf heavy snow is substantial and causes a re-
duction in free-flow speed of 38-50 km/hour, thepaut of heavy rain on free-flow speed is limited at
5-10 km/hour. Also Unrau and Andrey (2006) find 8main effects at low volumes and large effects
at high volumes. Furthermore, based on data fromtianal transport survey and local weather condi-

tions in the Netherlands for 1996, Sabir et alOg4) employ panel data techniques to estimatefthe e
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fect of adverse weather conditions on traffic spedthough temperature and wind have small or no
effect (see also Maze et al., 2006), the impacnafvfall is notable, with traffic speed reductiafs
around 7 percent. Using generally accepted validéisne the associated welfare loss is estimated at
22 eurocent per commuting trip. Again, the effexdtsain are small, except for trips made durindhrus
hours in congested areas, where speed reductierss@und 10 to 15 percent. The associated welfare
loss is estimated at 88 eurocent per commuting trip

In conclusion, the effects of temperature and wandraffic speed appear to be small or not ex-
istent. Also the effect of rain on free-flow spesggbears to be small, suggesting that the purelg-beh
vioral response of drivers to rain is limited. Likéhe behavioral response is larger for heavy amid
snow. Furthermore, although the estimates fromewsfit studies are difficult to compare in magni-
tude, the impact of rain and especially snow offitrapeed at already congested routes and during
peak hours appear to be substartfial.

Next to having an impact on mean travel time, aslveveather conditions may influence travel
time reliability as well. This is an issue that teeeome increasingly important in transportaticanpl
ning and research during the last two decade$diterature travel time reliability may be measiir
in several ways, e.g., by statistical range metheatsly-trip measures and probabilistic measures.
Studies that analyze the impact of weather onbiitia are scarce, however. An exception is a study
by Tu et al. (2007) for the Netherlands, who analifee impact of rain, snow, ice, fog and storm on
travel time variability, which is measured as tlifedence between the 8Gand 18 percentile of tra-
vel times on a specific rout&hey find that, on average, rain, snow, ice, fod storm increase travel
time variance. It is questionable, however, whettarel time differences at the route level ar@ady
measure of travel time reliability, which is preibly measured at the trip level. It is likely thiais
study simply picks up that part of the car usergedslower under certain circumstances, which would
reflect an individual specific change in travel ¢éimather than a change in travel time reliabiltiear-

ly, additional research is needed.
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7.3 Discussion

Adverse weather conditions, and especially rainsmalv, increase the number of road accidents, but
appear to decrease their severity. They also daafie to slow down, although less so at free-flow
speed, and increase the number and intensity ffit tfams, leading to substantial time losses bgdro
users. Although these insights are clear enougthémselves, the net impact of climate change
through changes in weather conditions on road p@mss ambiguous. Increases in temperature will
decrease the probability of snowfall, thereby §keécreasing congestion and improving traffic safet
However, whereas average rainfall may decreaseerags are likely to increase, ultimately making
the consequences for congestion, traffic jams eaffic safety uncertain, both in terms of direction
and magnitude. Additional insights into the magiéwof the various effects is needed to make more

accurate assessments on these issues.
8. Behavioral responsesin passenger and freight transport

In transport behavioral reactions to adverse weatlay/ occur in various ways. We can order them
according to the well known basic dimensions qf géneration, trip distribution, modal choice, eut
choice, temporal choice, and speed choice (De Dit§zar and Willumsen, 2001). With respect to
the former two it is plausible that under adversstlier conditions certain trips are cancelled, that
shopping occurs nearby rather than further awastr{dution short run) and that average commuting
distance declines (distribution long run). Regagdimode choice decisions car drivers may, for in-
stance, be inclined to shift to public transportewhprecipitation increases congestion on roads.
Another possibility is that people adjust theirteghoice based on expectations about changes in ge
neralised transport costs of route choice alteraatiTravelers may furthermore change their time of
departure, for example postponing a trip untilté@ps raining. The last dimension of change concerns
speed choice. This choice element, already addiésgbe previous section, can be considered as an
instrument for car users to correct for the riskraes that occur under extreme weather conditfons.

Despite the many possible behavioral responsesaloglers to adverse weather, the available empiri-
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cal evidence is relatively limited. Most studiesds on trip generation in road transport and reggrd
bicycle use, mode choice decisions and speed choigad transport. As the latter has already been

addressed in Section 7, below we subsequently s8dtie other issues.

8.1 Traffic volume on roads

Changes in traffic flow and volume reflect changeslemand for transport, changes in route choice
and postponement of trips. Parry (2000) notes dloaing days with snow, inessential journeys are
postponed or curtailed. Although this is generatinfirmed by the available empirical evidence, stu-
dies seem to disagree on the magnitude of thetefiéélassan and Barker (1999) find an average re-
duction of traffic volume in Scotland of approxiraigt 15% when roads are covered with snow and a
reduction of 4.6% on days with the highest rainfiatay and Simmonds (2005) find an overall reduc-
tion in traffic volume in Melbourne of 1.35% on wadys in winter and of 2.11% on wet days in
spring®* Their results also show an overall volume redunctib2-3% for 2-10 mm of rain during day-
time, with reductions in spring somewhat largentttzose in winter. Fridstram (1999, Chapter 4) ana-
lyzes determinants of vehicle kilometers in Norveayl finds a strong seasonal impact. The more mi-
nutes of light per day and the higher the mean hipriémperature, the higher the number of vehicle
kilometers (elasticities are equal to .141 and ,068pectively). The number of days of snowfall per
month has a negative effect on the total numbeebicle kilometers; the elasticity is —.025. Tha-co
sequences of snowfall for specifically freight spart are more substantial; the elasticity is — @&
cause functional forms for the relationships urideestigation are largely unknown but likely non-
linear, Box-Cox parameters were estimated. In ezde the estimated parameter indicates that the
elasticity increases with the initial level of theevant variable, e.g., a one percent increasaonv-
fall frequency causes a more substantial decremsehicle kilometers at higher initial snowfall fre
guencies.

One of the mediating factors in the effect of adeeweather on travel demand may be the pur-
pose of a trip. Some evidence for this is providgdChung et al. (2005), who analyze the impact of

rainfall on travel demand on the Tokyo Metropoliarpressway, using traffic counts and rainfall
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measured on a daily basis for the period 1998 621 2They find that travel demand on weekdays de-
creases on average by 2-4% as rainfall increases Irto 30 millimeter per day. The effects on Sat-
urdays and Sundays are much larger, ranging appedely from 4-14% and from 4-8%, respectively.
Changnon (1996) obtains similar results for thec@ho area, although the data used are less recent.
Using data from three years at the end of the 'H®& finds that rain has a negligible effect @ffic
volume during weekdays (less than 1%), but redtredBc volume by more than 9% during week-
ends.

Some extreme effects can be found in Hanbali amghiinel (1993) who analyze the impact of
winter storms on traffic volume, and find that dhexrease in traffic volume (in %) is large and hear
proportional to the amount of snowfall. Specifigaliraffic flow reduction during weekdays for < 25
mm of snow is 7-17%, for 25-75 mm of snow it isA9%, for 75-150 mm of snow it is 18-43%, for
150-225 mm of snow it is 35-49%, and for 225-375 ofrsnow it is 41-53%. Trip purpose again ap-
pears to be of relevance, traffic volume reductioning peak hours being less than during off-peak
hours, and less during weekdays than during weekek&lsuch, trip purpose and specifically the dis-
tinction between work and business related trarisput leisure transport appears to be an important
segmentation in the transport market.

We conclude that, on the one hand, increasingiénecy of extreme precipitation events under
climate change may substantially decrease the nupfbeips on specific days, especially those for
leisure purposes. On the other hand, increasingagedemperatures and a decrease in average rainfal
(depending partly on the region) will likely inceealeisure trips. Given the relatively limited chas

in averages, these effect are likely small, however

8.2 Bicycle use

There is some evidence that changes in tempergitgeipitation and wind affect utility attached to
bicycle use. Richardson (2000) finds that rain&it both low and very high temperatures decrease
the number of cycling trips. This pattern appearbe fairly general; low temperatures, strong wind

and precipitation have a negative impact on theafigbe bicycle (see, e.g., Emmerson et al., 1998;
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Goetzke and Rave, 2006; Sabir et al., 2008b; Wsreeal., 2007). Bergstrom and Magnusson (2003)
perform a survey among a thousand employees ofrf@jor companies in two Swedish cities. They
find that there is a large decrease in the numbbicgcle trips (-47%) and a large increase inuse
(+27%) for commuting purposes during winter (seso &berg et al., 1996). Moreover, temperature
and precipitation were among the most importanbfacfor those who cycled to work in summer but
not in winter. Although bad weather certainly cauaereduction in the number of people who use the
bike for commuting purposes, there is strong ewdethat recreational cycling is more affected by
bad weather than utilitarian cycling (see Richands2000; Bergstrom and Magnusson, 2003). Whe-
reas most studies use a time series approach eRietid Daniel (2004) perform a cross section com-
parison. They find that wind speed affects bicyde in The Netherlands; municipalities with strong

winds are found to have lower annual bicycle usa timunicipalities with moderate wind speeds.

8.3 Mode choice decisions: Passenger transport

As is clear from previous sections, the net eftdatlimate change on infrastructure disruptiong] an
the associated changes in transport costs, is amisgfor most transport modes. The impact of cli-
mate change on modal choice through infrastrudiiseuptions are therefore equally uncertain and
empirical insights on this particular issue areeabsHowever, there are some insights into shart ru
mode choice decisions under different weather ¢mmdi. Khattak and De Palma (1997) conduct a
stated preference study among Brussels commutéi@9ip, assessing their mode choice decisions un-
der various circumstances. The results show th#t 60the respondents, next to their primary trans-
portation mode, have access to an alternativepgoatation mode, but that only 5% actually switches
between transportation modes according to seaduis. stiggests that changes in weather patterns
from summer to winter have only a small impact codal choice, and specifically points to a limited
substitution between car and public transport. Tisot to say that no behavioral change takeseplac
More than half of the automobile users indicate thay would change mode, departure time or route
under adverse weather conditions, of which changegparture time appears to be the most popular

option. Further analysis suggests that flexibitifythe activity is a very important factor for aactge
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in mode choice. Also worth noting is that the u$eveather forecasts have only a small increasing
and statistically insignificant impact on the prbibi&y of a change in mode choice. A similar patter
emerges from an ordered probit analysis on ‘chamgegparture time due to adverse weather’, with
the added feature that greater flexibility in aafitime and departure at work time has a large @npa
on changing departure tiri&Since the sample used for these ordered probiysesais rather small
(N = 166) and includes car users only (i.e., carisary transport mode), caution is required inege
ralizing the resulté?

Results from a revealed preference study by AatagichHauge (2005) on the impact of weath-
er on travel habits in Bergen (Norway) in 2000 ssgig that the impact of weather on substitution be-
tween public and private transport is relativelyaimThe study also shows that travel distance de-
creases with precipitation, except for trips witlmmuting purposes. Therefore, although precipitatio
has a direct negative effect on the proportion alkimg and biking trips, it has an indirect positigf-
fect because of its decreasing effect on trip diaThe authors conclude that in some cases dite in
rect positive effect outweighs the direct negateffect. However, the study has several important
drawbacks. Among others, it uses daily insteadooirly data on weather conditions, and observations
are from 2.5 months only. Results should therelf@erenterpreted with caution.

Finally, using detailed trip information from a iwatal transport survey and local and hourly
weather conditions, Sabir et al. (2008b) estimateustinomial logit model to analyze the impact of
weather on mode choice in the Netherlands. Thdtsesuggest that strong winds and low tempera-
tures discourage bicycle use and stimulate theofifge car and public transport. The reverse agpear
to be true for high temperatures. Precipitation thasmost substantial impact on bicycle and car use
decreasing bicycle use and substantially increaieguse of the car. Although the results are in-
sightful, a disadvantage of this study is thaarsalysis is based on mode shares, and as sucmaioes
distinguish between transport demand and mode ituthst. Shifts in mode shares are thus inter-

preted as modal shifts, while they may also reftacicellation of certain trips.
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8.4 Mode choice decisions: Freight transport

Similar to the situation in passenger transpod,ithpact of climate change on mode choice decisions
in freight transport through infrastructure distops are uncertain. Empirical insights on this igart

lar issue are therefore also largely absent. Argbi@n is a study by Jonkeren et al. (2008). Cleamat
change is expected to affect inland waterway trarisp most main natural waterways in Europe. For
the river Rhine it is expected that in summer, memmd longer periods with low water levels will oc-
cur, which was shown to increase transport prieggstgn (see Section 5). One possible consequence
of these higher transport prices is a deterioratiotihe competitive position of inland waterwayrsa
port compared to rail and road transport and thasaage in modal split. To study this issue the Jon
keren et al. (2008) study use a GIS based netwodemwhich provides a tool for detailed analydis o
freight transportation over extensive multimodatwegks. They assess the effect of low water levels
on the cost functions of transport operations mba&nd waterway transport in North West Europe un-
der several climate scenarios. Assuming no cliratange consequences for road and rail transport, it
turns out that the modal shift effect is limitechdér the most extreme climate scenario, inland rwate
way transport is estimated to loose about 3.2 oniltions annually in the part of the European inland
waterway transport market considered, which amotm&bout 5% of the current amount transported
by barge in this market. Ultimately, modal shifesppdnd on relative transport costs and more detailed
insights into the climate change consequencesdstsf rail and road transport are needed. Howev-
er, given that the direction of net effects forsddéwo modes is highly uncertain, it is not likéhat,

on average, changes in transport costs will betaotial enough to cause large long run changdsein t

modal split in freight transport.

8.5 Discussion

Although several studies on behavioral responsesiterse weather are available, it is clear that th
impact of weather conditions on destination choroeite choice and departure time are under re-

searched. Also the empirical evidence is scarceynséudies have important drawbacks, and many
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insights are lacking, implying that strong inferes@n behavioral change in transport due to climate
change are not possible at this point in time. l&rrhore, most available studies focus on current
weather conditions. When one is interested in thiergial long run effects of climate change for
transport, the impact of seasonal patterns areapitgbmore relevant. For example, studies thatdry t
gain insight into instantaneous responses to adweesther, e.g., transport demand and mode choice
responses to rain or snow, do not take on boardubstion whether the number of trips is actuadly r
duced, or that people just make the trip at a latee during the day or the week. Clearly more de-
tailed research is needed to obtain the necesssighis into behavioral responses in transportito ¢

mate change related shifts in weather conditions.

9. Summary and conclusions

To date, the consequences of climate change anthevezonditions for the transport sector have re-
ceived relatively little attention in the literagurStill, it is widely known that transport systeorsthe
whole perform worse under adverse and extreme weatinditions. This is especially true in densely
populated regions, such as many coastal areascatbemglobe, where one single event may lead to a
chain of reactions that influence large parts efttlansport system. In this paper we have provésted
overview of empirical findings on the impact ofrolite change and adverse weather on transport. De-
spite mixed evidence on many issues, several pattem be observed.

On a global scale especially the increase in teatpees may influence patterns in tourism and
skiing holidays, with the associated changes isgmager transport. We may also expect global shifts
in agricultural production, with associated chanigeseight transport. The predicted rise in seele
and the associated increase in frequency and ityterfsstorm surges and flooding incidences may
furthermore be some of the most worrying consegerd climate change, especially for coastal
areas. Empirical research for Europe is limited, fesearch for the US East Coast and Gulf area
shows that the effects on transport and transpémdstructure may be substantial. However, because

flood defenses that are already in place are ircluid none of the studies, the insights may have li
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mited value for assessing future flood-risk andoskpe for specific locations, and likely also ogere
timate total exposure and damages due to climategeh

Climate change related shifts in weather patterag also affect infrastructure disruptions. For
road transport most studies focus on traffic sadeky congestion. With respect to traffic safetyfdoy
the most important variable is precipitation, mgistdies finding that precipitation increases aatide
frequency, but decreases accident severity. Théativegl effect in here is likely that precipitatiog-
duces traffic speed, thereby reducing the sevefign accident when it occurs. Furthermore, most
studies show a reduction in traffic speed due ézipitation and especially snow. Interestingly, the
effect is particularly large during peak hours andcongested roads. The few existing insightsdir r
transport show that high temperatures, icing, &armmhg winds, among others, may cause considerable
delays. For the aviation sector, wind speeds, wirettion and visibility have clear effects on $gafe
and delays and cancellations. This has large ngdidations, both for airlines and travelers. Howev
er, implications of climate change on wind speagtsaeispecially on wind directions and developments
with respect to mist, fog and visibility are highlpicertain. Finally, changes in temperature andipre
pitation have consequences for riverine water keMabw water levels will force inland waterway ves-
sels to use only part of their maximum capacityiclvimay considerably increase transportation costs
in the future.

It is clear that changes in weather conditionstdugimate change will affect the competitive
positions of the different transport modes, botthimipassenger and freight transport. However, al-
though the effects on the inland navigation seeitérmost likely be negative, the net impact for sho
transport modes are ambiguous, and like also regpegific. First, we observe opposing effects, e.qg.
with respect to traffic safety and congestion iad¢ransport and infrastructure disruptions in rail
transport, the magnitudes of which are largely wwkm Second, outcomes of the various climate
change models and scenarios and the associategeshianweather conditions display wide variation.
Moreover, insofar as regional climate change ass@sts are available, the differences are large. Fi-
nally, the large majority of the studies on the a&uipof climate and weather focus on instantaneous o

short term impacts. Less attention is paid to ingpatthe seasonal level, or the long run effests a
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they can be detected by comparing regions thattgender different climate conditions. Research
into these directions is recommended to develaplerfview on the consequences of climate change

for the transport sector.
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Appendix A. Regional differencesin climate change

Especially the large uncertainty about changesriular wind flows and shifts in oceanic currents
make that changes in regional temperature andpt&ion patterns, but also changes in frequency
and intensity of tropical storms, are difficultpoedict. Moreover, some regional models are more ex
tensive and detailed than others, and for som@meginore and more reliable historic data are availa
ble than for others. Table Al reports the effettslimate change for various regions across théealo

as predicted by a recent IPCC study (see Chrigtegtsal., 2007).

Table Al. Predicted effects of climate change fmious regions across the globe

Region Climate change effects
Africa = Nearly 1.5 times global mean increase in tempegatur
= Dryer in the Mediterranean and southern Africareasing rainfall in East Afri-
ca.

= Large uncertainty with respect to precipitationt{gans) and with respect to
changes in spatial distribution and frequency apittal cyclones.

Europe = Slightly higher increase in mean temperatures giabal mean.

=  Warming in northern Europe largest in winter, fog Mediterranean largest in
summer.

= Lowest winter temperatures increase more than gedramperatures in north-
ern Europe, highest temperatures increase moregmmer than average tem-
peratures in southern and central Europe.

= Mean precipitation increase in northern Europedsatease in most of the Me-
diterranean area.

= Extremes in precipitation very likely to increaseniorthern Europe.

= Increase in risk of summer drought in central Eerapd Mediterranean.

= Changes in wind strength uncertain, althoughritdse likely that average and
extreme wind speeds will increase.

= Duration of snow season and snow depth very likelyecrease.

Asia = Increase in temperatures higher than global mean.
=  Summer heat spells will be longer, more intensd,raare frequent in East
Asia.
= Most of Asia will experience an increase in preeifppon, either during summer
or winter.
= Increase in frequency of intense precipitation &vénparts of South Asia and
in East Asia.

= Extreme rainfall and winds due to tropical cyclotiksly increase in East,
Southeast and South Asia.

North America | = Slightly higher increase in temperatures than dlobean.

=  Warming largest during winter in northern regiogsd largest during summer
in the Southwest.

= Mean precipitation likely increases in Canada amdheast USA, and likely
decreases in southwest USA.

= Snow season and snow depth very likely decreas®st of North America.
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Central and
South America

Mean increase in temperature by and large sinolgtdbal average.
Precipitation likely to decrease in central America

Large local variation in precipitation in mountairsoareas.

Large uncertainty with respect to annual and sedsuran rainfall in northern
South America.

Australia and
New Zealand

Mean increase in temperature by and large sinolgtdbal average.
Increased frequency of extreme high daily tempeeatiand decrease in the
frequency of cold extremes.

Precipitation likely to decrease in Southern Adgtra winter and spring, like-
wise for Southwest Australia in winter.

Changes in rainfall uncertain in northern and @@rwstralia, although ex-
tremes are very likely to increase.

Precipitation likely to increase in the west of 8muth Island of New Zealand;
Increased risk of drought in southern areas of raliat

Polar regions

Mean warming very likely exceeds global mean, aldrigest in winter and
smallest in summer.

Arctic precipitation increases, likely more in wenthan in summer.

Arctic sea ice likely to decrease in extent andikthéss (uncertain how Arctic
Ocean circulation will change).

Antarctic temperatures and precipitation are likelyncrease.

Uncertainty with respect to frequency of extrenmagerature and rainfall
events in polar regions.

Source: Christensen et al. (2007)
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Endnotes

! It is worth noting that the effects of climate nge on welfare are not necessarily negative; fanmte, higher
temperatures imply lower costs for heating and éigigricultural productivities in moderate and catthes.
The general expectation is that the balance oftwleis negative in countries in warm zones and tp@sin
more moderate zones. Also in the transport sectoixture of negative and positive effects may bpested. In
both cases they may lead to adaptation strategitxe supply and demand side of the markets foispart ser-
vices.

2 A review of approaches to reduce emissions intidresport sector, with a focus on car use, roaigiteand
aviation, is provided in Chapman (2007).

% We have excluded the impact of climate changeciiashges in weather conditions on infrastructurenteai
ance. In our view this is more an engineering itka@ an economic one, although of course econdetision
making is involved in adaptation to possible climahange effects. Some preliminary insights arergin In-
stanes et al. (2005) and Transportation ResearaldB@008, Annex 3-1).

* Thermal expansion accounts for 70% to 75% of tieelipted rise in sea levels. Most of the remairisielue to
the melting of glaciers, ice caps and the Greeniemdheet.

® For more details on flooding frequencies and isitées in 2100 at Newark Airport, Holland TunneFKJ Air-
port, LGA Airport, Lincoln Tunnel and the New YoRassenger Ship Terminal, see Figure 9.6 in Jacab et
(2007).

® In an earlier version of this study the estimatese taken from the Third Assessment Report bylRIGC. As
mentioned before, these estimates do not takeaittount possible melting of the Greenland and \W#dahtic
ice shelves. Low estimates for 2025, 2050, 2075 2&QD are, respectively, 6 cm, 13 cm, 21 cm andr80
High estimates for these years are, respectivebyci®, 17.5 cm, 31 cm and 48.5 cm. In a more regension of
this study the Fourth Assessment report was avaikaid a sea level rise of 59 cm in 2100 was aisluded in
the analyses.

" Note that in this study only the direct effectsefa level rise is incorporated. The indirect eftéctea level rise
through its impact on storm surge levels is omjtteglying that damage figures are underestimates.

8 See Gossling and Hall (2006) for a discussionsnegrtainties in predicting future tourism flows.

® Mulherin et al. (1999) use Monte Carlo simulationpredict time and costs of transport along thetiiNeest
Passage. They show that sea-ice cover conditi@shar most influential parameters in determinimgetiand
costs of shipping along the Northwest route. Mqrectfically, ice-free conditions allowed a shipttansit from
Murmansk to the Bering Strait in 37% of the timguieed under normal conditions, on average. Thiglies
that climate change may present large economicrojptes.

10 Climate model exercises by Lofgren et al. (200@vs that small increases in water levels are abssiple.

1 See Millerd (1996) for an earlier assessment @iitpact of water levels on operating costs ofridlahipping
in the Great Lakes area.

12 Although at first sight these cost figures apfearin an absolute sense, note that this studysdeih only a
small part of the Mississippi related transport kear

13 |ofgren et al. (2000) show that a positive effetctlimate change may be a substantial reductidneircover
on the Great Lakes. They do not assess the (pafeptisitive consequences for the commercial shippector.
4 Approximately 300 million tonnes are transportederothe Rhine each year, of which around 80 million
tonnes pass by Kaub. The study therefore covensndr@7% of the entire Rhine market (see Jonkerai. et
2007).

5 Increases in temperatures lead to a decrease deasity. This may lead to cargo loss, increasegth of
runways and an increase in fuel needed (TRB, 2008).

16 A notable exception is a study by Golob and Re¢R863), who identify relationships between acctdga-
racteristics, traffic and traffic-flow characteitst, and weather and lighting conditions. They fihdt weather
and lighting conditions are related to accidentabieristics directly and indirectly through theipact on traf-
fic characteristics, such as traffic flow and tr@8peed.

" Knapp et al. (2000) analyze the impact of winterras on traffic accidents. They collect data feven inter-
state roadway locations with nearby weather stationowa between 1995 and 1997. In this study ewere
extreme estimates are found, accident frequenaytsriound ten times as large as under normal cstamoes.
A Poisson model analysis furthermore shows a sotigténcrease in accident frequency for increasingwfall
intensities and a small but statistically signifitanpact of storm event duration.

18 Where traffic speed is likely a relevant mediatiagtor in accident severity, traffic volume isdlly more re-
levant in accident probability per time period.
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19 Extremes can be found in Knapp et al. (2000), whalyze the impact of winter storms on traffic ok
They collect data for seven interstate roadwaytlona with nearby weather stations in lowa betw&885 and
1998. Using several criteria (snowfall intensityreathan 0.2 inch or 0.5 centimeter per hour, mimmaf four
hours duration, event did not occur on or near &) they identify 64 winter storm events foraal of 618
hours. The impact for a particular event is measaethe difference between the winter storm etraffic vo-
lume and the comparable average monthly non-stalome for that time period and day of the week.aVer-
age a substantial daily (hourly) volume reducti629% (33%) was found, but variability was largesitg) mul-
tiple regression analysis shows that lower impaotsfound for events of shorter duration, whilehieigimpacts
are found for events with higher average wind speal larger maximum wind gusts.

20 We note that these behavioral adjustments areethét of choices of travelers. There is anothpetyf beha-
vioral change that can take place, namely, dedsasrsuppliers of transport services to adjustiélvel of ser-
vice to the weather conditions.

% Hogema (1996) presents similar findings, with aihns in traffic volume of 2-3% on wet days oppibse
dry days. However, the differences between dryvaetddays were statistically insignificant withouiception.
22|n general the results suggest that people wighatgr flexibility in arrival times at work do nohange their
departure time due to adverse weather becausestmut matter whether they arrive late or not. @reffexibil-
ity in leaving work early does lead to changesepatture times, suggesting that in adverse weathgple who
can will leave home and work earlier to avoid therming and evening peaks.

% De Palma and Rochat (1999) conduct a similar suaneong Geneva commuters. The patterns found lae i
the ones in Khattak and De Palma (1997). Weatlzlisl¢éo changes in mode choice, route choice anardee
time choice, with the latter being most importanirthermore, weather forecasts again did not plsybstantial
role.
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