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Project Summary

The data, maps, and information in the Hudson RisleodDecision Support System version 1 are
provided to illustrate the scale of potential flooding in the Hudson River Valley under multiple sea level
rise and storm scenarios and to assist municgralregional planners.

A unique aspect of the informatioN®S &8 SY 1 SR KSNBAY Aa GKIFIdG AG A& ol &S
modeling that combines tides, storm susysea level rise, and tributary freshwater inputs to the

Hudson QOrton et al.submitted, Orton et al. in preparation The flood zones forgear to 1006year

storm events are created using statistical analysis of data for a set of 881 stevhish includes all of

the various types of storms that could strike the region. The dynamic model is the same one that is used

for the New York Harbor ObservingdaRrediction SysterfiNYHOPSittp://stevens.edu/nyhop3. Note

that tributary floodplains are not included in the modeling and mapjtige flood mapping is only for

GKS 1 dzRa2y wA@SNRa FE22RLIA Ay D

Our modeling andnapping methodology is motivated by the fact that prior research (Orton et al. 2012)
has showrthat it is not appropriate to assume rain and surge agependent. Our work herghows

that a simple assumption that sea level risereasedlood elevatiors equivalentlyin all locations

(dstatic superpositio#) is not accurate at upriver locations, though this assumption is very good from
Poughkeepsie southward. Uncertainties in flood zone areadlaod elevationsare computed in tk
assessment and aresdcribed in this report

Thesea level rise scenarios available within the tool range from 0 to 6 feet aboysaf@mean sea

level of 19832001, a standard sea level used by the National Oceanic and Atmospheric Administration
(NOAA). Current projectioriiom the updated ClimAID repostill show great uncertainty in future

rates of sea level rise, with projections for the year 2100 ranging from 1.25 to 6.2%dekludson

nearest New York City; numbers for the Hudson near the Troy dam are slighahentifiseeHorton et

al. 203); these are the 10tland the 90th percentile values. TBea Level Rise Forecasttion
describesestimates of the year when we expect to see each of sea levels highlighted in the web tool.

The flood events are modelesdith NYHOP® the Hudson River, but mappedt onto the surrounding

floodplain using aimplifieddbathtubé methodology. Water level (also known as still water elevation)

estimates produced by the modeling effort are subtracted from the 202012 New Yorlstate

5SLI NIYSYid 2F 9y @ANRYYSYy i ldatasét id grdeStdNgrokuceifldod @fath 6 b, { 59
estimates(Department of Commerce et al. 201The floodmappingprocedure is described in more

detailin the Flood Scenarios Mapping section of tlejsart.

A set of impact estimates accompany each of the flood scenarios presentedrivagingtool. The
impacts are divided intthree themes:critical infrastructure,socialvulnerability, and natural resilience
features Criticalinfrastructure impactsre estimated at the municipal level and composed of loss
estimates derived fronthe HAZUSVIH 2.2 Flood Modehs well azounts of affected facilities,
landmarks, and physical featuréie socialvulnerability information is summarized at the municipal
and block group levels and was derived frospeialvulnerabilityindex produced from US Census 2010,
and American Community Survey (ACS) detta.information on natural resilience features was


http://stevens.edu/nyhops

produced by calculatinmundated and total land aredsr several variables important for conservation
and storm water amelioratiorEach of these sets of impact estimates are described in more dethi
Impact Estimates section of this report

Flood Scenarios

Hood zonesare mappedalong the Hudson Rivéloodplain,including storm surgeijdes, rainfall
flooding, andseveral scenarios @ka level riseThe user has choices of a range of flood events (by
return period) and sea level rise scenaridetails on modelingstatisticalhazard assessmerdand sea
level rise are given in the subsections below.

A flood event return period (P) represents the expected average time between etlemisverse of

return period (1/P) is the probability that a storm will occur in a given .yEar example,hie 100-year

event is expected to have a 1/100 chance (or 1 percent chance) of happening eacBgeanse this is
anannualLINR o I 0 A f-a 8RNI $F&yinen R2Sa y20 YSIy GKFG A
Although the probability ifow, 10Gyearevents have been known to occur twice in one year, or in-back
to-back years.

Hazard assessment

The general statigtal framework for the study requires four stefi3rton et al.submitted, Orton et al.,

in preparation) (1) historical data review, (2) storalimatology construction, (3) flood modeling, and (4)
statistical analysis. The process is repeated for each sea level scaResiglting data for each location
along the Hudson describe the water level at each return period (or inversely, the probabdi given
water level being reached).

35 6
[ extratropical Il wet extratropical
3l Ml tropical 8 Ml tropical
2.5

water elevation (m navd88)

storm tide (m)
o =%
o [9)] - [9;] N
T T T T
|
960
|
1
|
|
972
J
|
oss [
991

ot = Al ol R o Rt e S oo el AP
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Figure 2: Select modeledynthetic tropical cyclon&ackscoloredby SaffirSimpson category, on a
mapthat includes the landfall gates (black lines; Orton esahmitted). The storms that are shown lead
to storm tides close to the 10@ear event (2.5 2.9m)at NYGndoccu at a rate higher than 0.0001 per
year.

The worst historicalood events aNY(QBattery) and Albany have been a mixtureropical cyclones
(TCs), offshorextratropical cycloneé 9 ¢ / & T S @ 3 and iblandhiet Sxtraropal Eycione

floods WETCs.g.freshets, rairon-snow events)Kigure ). These types of events ark accounted

for in the flood hazard assessment by (a) performing model validation on the worst historical events in
each category and (b) creating a climatology of the possible storms in each.

¢CKS 9¢/ OftAYIFG2t238 A& oam<rge elieiitS withviadagdyahaspher NE (I K
pressure data created for the FEMA (2014) studpbganweather Inc Streamflow inputs to the
Hudson are from historical data.

The WETC storelimatologywas derived by ranking historical streamflows from 12813 at Troy,

New York, and choosing the tdfi events that have occurred thed 02 2 f & $ISEPSYY 6 SNJ (i K NP d:
May, avoiding tropical cyclone eventas with ETCstreamflow inputs to the Hudson are from

historical data.Meteorology was not imposed, dse streamflows dominate the water elevations for

these storms and highesolution meteorological data for the entire period is not available.



For the TC climatology,stof 637 syntheticlTCs was built usingstatisticalmodel (eg. Hall and
Yonekura2013), built withthe statistics of historical North Atlantic TCs (192010. Sample storm

tracks are shown ifigure 2 focusing on storms that led to roughly 196ar floods.We usedsimple

LI NI YSGNRO Sljdzk GA2ya (2 NBsudBréng foriour 8dedd nod@®itcdh NI Q &
et al. submitted Orton et al. in preparationRiver streamflow$or TCavere modeled as described in

the modeling subsection below.

Tides were randomly selected from a time series of tides from 291, with o simulation with
random tide for each TC, one for each WETC 5&gimulations with random tides for each ETC, where
tides are a larger proportion of the total water levdihat is, the ETC storms were run 50 times each,
one time for each random tide snario. Tides were included in the hydrodynamic model, imposed at
the edge of the continental shelf as is done with the NYHOPS forecasting $¢stergas and

Blumberg, 2010)

Distributionsof occurrence ratefor a range of water levelwere constructedrom model results at

each model grid celbeparatelyfor TCs, ETCs, and WETU®ese weraisedto computecurves showing
the probability of a flood exceeding a given water level, also known as a fleegdancecurve. The
probabilities for each typefastorm were merged to form flood exceedance curves for any storm type.
Lastly, for presentation, these datere plotted in terms of return period, which is the inverse of
probability (1/P). These computatiomgere repeated forall grid cells within thenodel domain.

Thisjoint statisticaldynamical framework for assessing the flooding hazard from storm surges with a
hydrodynamic model, using a combination of historical data and synthetic hurricanes, is similar to that
usedfor the FEMARegion I[NY/NJ) flood zone mapping effREMA, 2014) However, the FEMA study
useda simplified 2D storm surge model, and included no freshwater flow from rivers. We improve upon
their method byincluding freshwater inputs to the Hudson ansing SECOM, a modetailed

hydrodynamic model that has beersedand validated for this region for over ten years
(http://stevens.edu/NYHOBSdescribed below

Modeling

The study uses computer modeling instead of historical wiategls for two primary reasongl) to
estimate thewater levelover an entire region, not just at tide gauges, thus overcoming a limitation of
tide-gauge based assessments and (2) to enable the study to account for realistic storm events and
tide/storm cambinations that have not occurred in the limited historical reco&ynthetic events allow
improved estimation of lowprobability events such as tH&0year (%annual chancedr 1000year
(0.1% annual changéood, provided the model is well validatedjainst historical data.

The Stevens ECOM (sECOM) titieeensional hydrodynamic modé@lumberg et al. 1999; Georgas and
Blumberg, 2010has been providing highly accurate storm surge forecasts on its NYHOPS grid
(http://stevens.edu/ NYHOBRSor over a écade, with mean water level errors of 0.10 m since 2007
(Georgas and Blumberg, 2010)15 m for Tropical Storm Irei®rton et al. 2012)and 0.17 m for
Hurricane SandfGeorgas et al. 2014The NYHOPS grid includes ntiid-Atlantic andnortheastern U.S.
coastline from Maryland to Rhode Island and for flood hazard assessment studessted inside a NW


http://stevens.edu/NYHOPS

Atlantic model grid that captures the largeale influence of winds from Nova Scotia to Cape Hatteras
and out toapproximately2000 km dstance offshore. Details of the ocean modeling, including drag
coefficient parameterization, wave model coupling, and tide forcing, are all summarized in Orton et al.
(submitted).

TC streamflow hydrographs were modeled using a statistical Bayesian ap@vtan et al. 2015;

Orton et al. in preparationto create streamflows for five tributaries spaced along the Hudson from
north to south, and across it east west. The chosen tributaries were the Upper Hudson (above lock 1;
11966 krd), Mohawk (8837 ki), Wappinger (469 kfjy Rondout (2849 k), and Croton (935 kA). The
10th, 50th and 90thpercentile streamflow hydrographs were modeled for each TC, totakagly 2000
TC events. Our statistical TC streamflow model builds hydrographs in three iggesak discharge
(Bayesian Simultameis Quantile Regressianth TC attribute} (2) timing of the peak (multivariate
normal distribution); and (3) hydrograph shape (KNN).

For ETCs and WETCs, we used available historical streamflow data along thediddsomber of
tributaries, including the Mohawk,dft Edward, Hackensack, Passaic, Saddle, Raritan, Manalapan,
Esopus, Rondout, Wallkill, Wappinger, Rahway, Cratoth Hoosic Rivers. Where only daily data were
available (typically prior to 1990), the GS peak flow estimates for major flood events were inserted

into the time series on the day of the peak, to avoid underestimating peak flows during the storms. For
all three storm types, ungaged or unmodeled saamedium tributaries (the remainder oftatal of

52 Hudson River aridew York Harbor regidineshwater inputs to the model) are estimated using the
standard NYHOPS system of estimating streamflows based on nearest-sipgithwatersheds and

scaled by watershed ard&eorgas, 2010; Georgas aBldimberg, 2010).

Modeledwater levelsfor 76 historical events were compared with observationsjuantify error.
Comparisons of historical observed and modeled temporal maximum water levels (storniriclede

aset of 12 historical TC events froti783 to present, and the ets of 30 historical ETCs andii4torical
WETCs were modeled with historical tides. For TCs, model mean bias is below 1 cm -amekmmot

square error (RMSE) is3@.m.The ETC validation has a storm tide mean bia8.68 m and aiRMSE of
0.19 m The validation for the WETCs shows a mean bias of +0.06 m and RMSE of BI8& of. the
validation, as well as detaitd the observational data and sources of parametric TC meteorological data
for the Holland and SLOSH models areufised in Orton et afin preparatior).

Sea level rise

Themappig toolpresentsseveralsea level risscenariosas a givenfrom 6 inches to 72 inchegjith no
context oryearestimates of when they might arrivéhe high value of 72 inchapproximatdy matches
the high-end (90" percentile) projections of sea level rise at the y2a00 (71 inches afroy Dam 75
inches atNYC Horton et al. 2014).

We computed he expected arrivatlecadefor each ofthe specific values of sea level riseown in

Table 1 The tablealsopresentsthe uncertainty, as the range decadesvhere there is an 80% chance
of seeing the given sea level rise ocdétor example, the sea level scenario of 12 inches is expected
around the2040s and there is 80% confidencewill occur betweerthe 2020sand 2070s



Table 1:

Expected years for each sea level rise scenario, based on miedieend (10"-percentile) and high
end(90"-percentile)seat SFSt NA &S LINRP2SOlA2ya -DFLmaddbeaklS St N &
datum (centered on 1992)Numbers are based on projections for the Hudson nearest New York City;
projections for the Hudson near the Troy dam are slightly lower, meaning the time of occurrence may be

slightly different.

low-end Median high-end
sea level rise| scenario scenario scenario
Inches Year Year Year
0 1992 1992 1992
6 2030s 2020s 2010s
12 2070s 2040s 2020s
18 >2100 2050s 2030s
24 >2100 2070s 2040s
30 >2100 2080s 2050s
36 >2100 2090s 2060s
48 >2100 >2100 2070s
60 >2100 >2100 2080s
72 >2100 >2100 2090s

To construct the table, we used tmeost recentregional New York State sea level rise projections

the ClimAlDproject (Horton et al. 2014). The projections include ocean thermal expansion, local changes

in ocean height, ice melt from Greenland and Antarctic ice sheets, ice melt from glaciers and ice caps,

AN GAGEFGAZ2Y TS NBGF GA 20 lodsVertical IRnd @dvénmierits) ad l@mdter y 3 S NLINA
storage (Horton et al. 2014).

Thee is a relatively small difference oirches by 2100 in vertical land movements between areas to
the south and nortralong the Hudsoffe.g. NYC is slowly sinkingroy Dan is not Horton et al. 201p
Howeverwe are neglecting this because it is beyond the resources of this study tamtemposehe
spatially varying landscape chanifée use the higher sea level rise numbers for NYC to build Table 1,
conveying the scemi with slightly more rapid sea level rise.

The CIimAID report provides 125", 75", and 90'-percentile projections of sea level, and here we
present lowend, median and higend scenarios, which are 050", and 9-percentile values. The
50" percentile was estimated from the 2%nd 75" percentile values by linear interpolation. To create
thesedecadeestimates, the availabl€limAlDsea level projection and year data were fitted with"& 2
order polynomial, separately for 9 50"-, and 90"-percentile sea level rise scenarios; then, exact
years were taken from the fitted curvels the table, he yearsare rounded to the nearest decade, and



OFaSa ¢KSNBE (KS aO0SylI NAR2 g¢g2dz R 0S NBI CKAR I FiSNJ
projections were not intended to be extrapolated beyond their end date of 2100.

The vertical datum is important for flood mapping. TlenAlDprojections are sea level change over
the 20002004 mean sea level fdfYC so to correct these to the NOAAtdm of 19832001 mean sea
level(with a midpoint of 1992 used iifable ) we add 1.1 inches (10 years of sea level rise at the
historical average rate &YQ.

Results and uncertainty

Each type of storm was separately modeled and flood return peridistically evaluated, including

95% confidence intervals. Monte Carlo methods were used to assess the propagation of model error
through the analysis, and bootstrap methods were used fesampling storms to incorporate the
uncertainty of the limited ET and WETC storm sets (Orton et al. In preparation). Results for TCs, ETCs
and WETCs are shown for various sitdSigure 3
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Figure 3: Samplelbod return period curves fOWETCs at Albany (top)l €s aPoughkeepsiémiddle),
andTCs alNYQbottom), including 95% confidence intervdifote the different yaxis scale for theop
panel.Water levels are relative th K S b Balttery(NyC)L9832001MSLdatum.



Flood exceedance probabilities for eatypeof stormare merged to create the combined flood
exceedance curves, representing the return period for any type of flooding along the H@isibar

data are available for all grid cells within the model domdihe curves show that Albany resudie
dominated by WET(Eigure 4. Poughkeepsie results show a flood hazard that is a mixture of all three
storm typesNY Qesults show a dominance of Tfos the 100year flood and ETCs for the J@ear

flood.

Stilkwater elevations (SWE) are created by interpolating the data showigure 4(black line), for
various return periodsndfor each of thesea level rise scenaridsnal results for the flood zones with
sea level rise are created for each modetigetlland mapped (see next section)

Sea level rise hasreearly linear (static) effect oHudson flood levels from storsurge eventat NYC

(Figure 5. For example, a 3 meter flood with 1 meter of sea level rise results in approximately a 4 meter
water level. That sea level rise would have a static rise effect on flood levels at New York Harbor is
unsurprising, because water depths are deep and thus a small change in depth should have little effect
on storm surges and tides at New York Harbbno gior studieshave shown a nearly static effect in

New York Harbor (Lin et al. 2Q1Qrton et al. 201B). At Poughkeepsie, there is a nearly static effect of
sea level rise, though subtly higher water levels on average versus static. See the Albasipedsult

for an explanation of why this occurs.

However the results at Albany show large deviations from a simple ssaticlevel risapproach(Figure

6), with water levels for WET®eging below the static assumptiandwater levels folETC$®eing above

the static assumptionThe WETC result occurs because a deeper river has less of a frictional effect on a
flood, and therefore the river flood coming down it is more able to escape toward the ocean. That is, the
sea level rise may cause higher water, ibatiso ameliorates the floodwater pulse, and in the end the

total is less than the sum of the two. The ETC result likely ofmuaissimilar reason, though flipped
around¢ ocean tides (and surgaye propagatingver 200 km up the Hudson thughdeepenedwater

due to sea level riseandtherefore have less frictional dampirand are larger once they reach Albany.
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Figure 4: Floodreturn periodcurvesg black lines show the combined flood hazard assessment,
merging exceedance probabilities from TCs, ETCs, and Wa@Cgey areas show 95% confidence


































































