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work on network coupling or interdependencies and hardly
any on transportation infrastructures. One of the most docu-
mented examples to date is the electrical blackout in Italy in
September 2003: the shutdown of power stations directly led
to the failure of nodes in the Internet communication network,
which in turn caused further breakdown of power stations
[18]. At the theoretical level, the robustness of interdependent
random networks is beginning to be understood [19] but re-
search on real-world applications is lacking. Interdependent
infrastructure networks are complex cyberphysical systems,
and may also be seen as highly optimized tolerant systems
[20]. Understanding the observability and controllability of
complex networks [21] is criticalto ensure their robustness
under perturbations.

On the transportation side, there has been extensive research
on disturbance propagation in the airspace [22]Ð[25], the im-
pact of airline scheduling of aircraft and crew [26] and the
best recovery optimization schemes [27], [28]. Recently, a
shift towards passenger-centric metrics in air transportation,
as opposed to ßight-centric, has been promoted, highlighting
the disproportionate impact of airside disruptions on passenger
door-to-door journeys [29]Ð[31]. Indeed, disrupted passengers,
whose journey was interrupted, only account for 3% of the total
passengers, but suffer 39% of the total passenger delay [32].

The paper is organized as follows. Section II provides a brief
description of the ASIANA crash and the subsequent events at
San Francisco airport. Section III evaluates the direct impact of
the crash on the airside. Section IV presents the effect of the
crash on the ground transportation network, the railway system
BART and the social network Twitter. Section V investigates
future research paths. Section VI draws the conclusions of
this paper.

II. CRASH DESCRIPTION

This section summarizes the events leading to the Asiana
crash at San Francisco airport. The layout of San Francisco
International Airport (SFO) is displayed in Fig. 1. It is the
seventh busiest airport in the United States [33], with about
400,000 movements and 45 million passengers per year.

On July 6th, 2013, the weather was clear, the winds were
light. The instrument landing system vertical guidance (glide
slope) on runway 28L was, as scheduled, out of service.
At 11:28 a.m. PDT, Asiana Airlines Flight 214, a Boeing
777-200 ER aircraft, crashed just short of runway 28LÕs thresh-
old at San Francisco International Airport. The accident in-
vestigation submission by the National Transportation Safety
Board [34] states that Òthe probable cause of this accident was
the ßight crewÕs failure to monitor and maintain a minimum
airspeed during a Þnal approach, resulting in a deviation below
the intended glide path and an impact with terrain.Ó Of the
307 people aboard, 3 died, 181 others were injured. The crash
resulted in a Þve hour total closure (and cancelation/redirection
of all Þghts) of the runways at the airport. By 3:30 p.m. PDT,
runways 19L/1R and 19R/1L were reopened; runway 10L/28R
(parallel to the runway of the accident) remained closed for
more than 24 hours. The accidentrunway, 10R/28L, reopened
on July 12.

Fig. 1. San Francisco Airport Layout.

III. A IRSIDE ANALYSIS

The crash led to the closure of SFO and, even after the airport
reopened, its capacity was reduced by more than 50%. The
crash led to cancelations, diversions and delays at SFO, and
impacted the rest of the airspace with ripple effects. The work
presented is based upon publicly available data from the Bureau
of Transportation Statistics (BTS) that are primarily used to
evaluate airline on-time performance.

A. Impact of the Crash in San Francisco

1) Departures, Arrivals, Cancelations and Diversions at
SFO: Fig. 2 represents the difference between scheduled and
actual operations at SFO from Saturday, July 6th 2013 to
Tuesday, July 8th 2013. The divergence between scheduled and
actual departures, as well as scheduled and actual departures be-
gins immediately after the crash. The airport is closed until the
two shorter runways, perpendicular to the crash runway, reopen
in the afternoon. Departures and arrivals then resume at less
than half the usual pace because of reduced runway capacity
at the airport. The BTS data provides timing information on
the scheduled ßights that were neither diverted nor canceled.
Fig. 2 shows that the trafÞc volume of the remaining schedule
was much smaller than the following days. Summing the results
over four days, more than 660 ßights scheduled to land at SFO
airport had either been canceled or diverted, and more than
580 ßights had been canceled or diverted at departure from SFO.

Fig. 3 displays the temporal evolution of diversions and can-
celations to or from SFO airport from Saturday July 6th 2013
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Fig. 2. Scheduled vs Actual Arrivalsand Departures at SFO airport, July
6th-9th 2013, from BTS data. The crash occurred at 11:28 am, the two
perpendicular runways to 28L reopened at 3:30 pm.

to Tuesday July 9th. First, Fig. 3 shows that diversions mostly
occurred on Saturday as well as on Sunday. There are several
departure diversions, meaning that ßights that departed from
SFO made a stop before reaching their Þnal destination, mostly
on Saturday evening and Sunday morning, when there are fewer
arrival disruptions. The proportion of diversions is high: 17%
of arrival ßights to SFO were diverted on Saturday. Diversions
are rare events, they represent less than 2% of operations in
the US. After Sunday, the number of diversions goes back to
normal, while cancelations remained considerable, impacting
one third of the ßights to and from SFO. Cancelations span the
four days without any noticeablepattern regarding their timing.
A closer look at the spread of cancelations and diversions over
the crash week-end in Table I highlights the impact of the crash.
More than half of the scheduled departures and almost half
the scheduled arrivals were canceled on Saturday; these Þgures
slowly decreased until Tuesday.

Operations were worse on Tuesday, July 9th than on Monday,
July 8th, with more cancelations and new diversions. Moreover,
due to the closure of the crash runway, runway capacity was
still signiÞcantly reduced, leading to many cancelations. There
are very few diversions after Sunday. This is to be expected
since diversions are usually tactical operations. Upon further
investigation of the departure diversions on Saturday evening
and Sunday morning, these diversions impacted medium-haul
ßights only, with a short stop in SLC airport; they reached their
Þnal destination with little delay. The most likely explanation

Fig. 3. Temporal evolution of Cancelations and Diversions at SFO airport, July
6th-9th, from BTS data. The crash occurred at 11:28 am, the two perpendicular
runways to 28L reopened at 3:30 pm. Thecancelations start immediately after
the crash whereas diversions start arriving at other airports after 12:00 pm.

TABLE I
NUMBER OF COMPLETE, CANCELED AND DIVERTED FLIGHTS

TO AND FROM SFO DURING THE ENTIRE CRASH
WEEK-END, FROM BTS DATA

is that these ßights were performed by fairly heavy aircraft.
Because only the two shorter runways were opened until
Sunday afternoon, they probably had to depart with less fuel
than needed for their entire trip and their planned refueling at
another airport appears in the data as a diversion.

The major carrier ßights were diverted to a number of
airports (see Table II). The other Bay Area airports, Oakland
(OAK) and San Jose (SJC) accommodated most ßights, from
Saturday to Tuesday. Nevertheless, several other airports, as far
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Fig. 22. Number of passengers on July6th on between San Francisco and
Oakland airports. The crash occurred at 11:28 am.

started in November 2013. Several websites provide different
tools to access older data, but the amount of accessible data is
limited and each website only provides a variety of aggregated
information. However, a short analysis of several hashtags (key-
word used in tweets) and account names, and their correspond-
ing tweet frequency provides information about the timing of
information provision, the reactivity of several stakeholders and
the spreading of information on the communication network.
Tweets and re-tweets, meaning relaying of tweets by other
users, are illustrated in Fig. 24.

When it comes to timing, tweets provide a means to access
the information available to passengers at speciÞc time stamps.
Such information was otherwise very unlikely to resurface with
usual internet searches because the large news coverage ßooded
the internet with similar summaries of events but little precision
on the timing of events. Regarding the response of emergency
vehicles, the San Francisco Fire Department spokeswoman
stated that: ÒWithin 18 minutes of receiving word of the crash,
Þve ambulances and more than a dozen other rescue vehicles
were at the scene or en route, in addition to airport Þre crews
and crews from San Mateo County and other agencies already
on the sceneÓ [45]. Because of the congestion growth on the
highway, the California Highway Patrol, at 12:39, was advising
road users to avoid I-280 which was congested, as seen in
Fig. 23. San Francisco airport informed passengers at 9:13 pm
on the crash day that the restaurants in the airport would excep-
tionally remain open to accommodate passengers whose ßights
were disrupted or canceled and who were staying overnight in
the airport.

Fig. 23. CHP tweet to avoid US101 and use I280.

Fig. 24. Tweet frequency of the ofÞcial San Francisco Airport account
@FlySFO for the past two years, and for July 2013. (www.tweetstat.com).

To highlight how unusual the Twitter activity became in the
Bay area, the frequency of tweets of several accounts or with
speciÞc hashtags is examined. The ofÞcial Twitter account of
San Francisco Airport, @FlySFO, tweeted more during July
2013 than on any other month in 2012 and 2013, see Fig. 24.
Moreover, zooming in on July 2013, there is a peak of tweets,
replies and retweets on the crash day and the following week.

The crash was such a widely covered event by the media,
that a twitter account was opened by a journalist on the day
following the crash, @SFOcrash. This account tweeted only
July 2013, May and June 2014, as seen in Fig. 25. Zooming
in on July 2013, the plot only starts on July 7th, and shows that
the account tweets correspond mostly to the week following the
crash. While the number of tweets shows that the crash consti-
tutes an outlier in the behavior of certain accounts, it does not
provide an estimate of the impact of these tweets. The number
of retweets gives some idea of information spread on the social
network, yet it does not indicate how many users accessed
or read that information andhow it was used. According to
tweetreach.com, @FlySFO has an estimated reach of 106,388
people.
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Fig. 25. Tweet frequency of the ofÞcial San Francisco Airport account
@FlySFO for the past two years, and for July 2013. (www.tweetstat.com).

As a conclusion, much information has been extracted from
Tweets that would have otherwise been very unlikely to resur-
face with usual internet searches, because the large news cov-
erage added to the internet with similar summaries of events
contain little event timing resolution. Only Twitter was used
for this analysis, because it is openly accessible and offers
wide coverage. The authors are currently exploring the use of
mobile phone data recordings to better understand passenger
ßow movements and provide a complementary view of the
passenger side.

VI. FUTURE WORK

A. Network Coupling

Transportation networks are intrinsically tied or coupled. In
the present study, we consider the air, road and rail transit
networks, plus the internet through TwitterÕs information enve-
lope and contents. It must be noted that these networks exhibit
interdependencies with other networks, such as the power and
communication networks for instance. Networks are usually
studied separately. To the best of the authorsÕ knowledge, this
paper constitutes the Þrst study of interdependencies between
transportation networks.

When studied individually, networks may appear to have
a fairly robust structure towards random failures. However,
when their coupling with other networks is taken into account,
their sensitivity is higher than when studied independently.
However, the coupling between the air transportation network
and the communication network, and between the highway
network and the communication network, can allow authorities
to suggest rerouting options to travelers, therefore mitigating
the effect of the high-trafÞc density. The coupling between net-
works might therefore support increased resilience strategies.

Fig. 26. Propagation of Disturbances in Coupled Networks. [46].

Fig. 27. Data sources available for each network studied.

Fig. 26 shows an example of such snowball effect on interde-
pendent networks: the initial failure on the green network leads
to the failure of another green node. Because these green nodes
are themselves coupled with blue nodes, blue nodes begin to
fail, triggering cascading failures on the blue network. Because
the structure of each network is different and the dynamics on
each do not have the same temporal and spatial characteristics,
the propagation on each is studied separately.

The ASIANA crash is a powerful example of node failure
leading to ripple effects on several networks. An airport is
a node for the air transportation network, the road network
because of easy highway access and the transit network, with
a BART station in the Bay Area. Fig. 27 provides an overview
of the data sources that supported the analysis. When it comes
to interdependencies between transportation networks, the data
analysis shows its existence but the underlying mechanism and
its properties remain to be studied. Passengers constitute, of
course, the transfer ßows at the multimodal nodes between
networks. A combination of data analytics and queuing models
may provide more insight on such coupling mechanisms.

B. Crisis Management and Passenger Reaccommodation

Most stakeholders only have access to a partial view of
the crisis situation and, in most cases, for only one mode of
transport. Following the Asiana crash, if the main stakehold-
ers had had access to real-time data feeds of reliable trafÞc
data via collaborative decision making, it is likely that the



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


