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Project Summary  
The data, maps, and information in the Hudson River Flood Decision 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 municipal and regional planners.   

A unique aspect of the information pǊŜǎŜƴǘŜŘ ƘŜǊŜƛƴ ƛǎ ǘƘŀǘ ƛǘ ƛǎ ōŀǎŜŘ ƻƴ άŘȅƴŀƳƛŎέ ǿŀǘŜǊ Ŧƭƻǿ 

modeling that combines tides, storm surges, sea level rise, and tributary freshwater inputs to the 

Hudson (Orton et al. submitted, Orton et al. in preparation).  The flood zones for 5-year to 1000-year 

storm events are created using statistical analysis of data for a set of 881 storms ς which 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 Observing and Prediction System (NYHOPS; http://stevens.edu/nyhops).  Note 

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

ǘƘŜ IǳŘǎƻƴ wƛǾŜǊΩǎ ŦƭƻƻŘǇƭŀƛƴΦ 

Our modeling and mapping methodology is motivated by the fact that prior research (Orton et al. 2012) 

has shown that it is not appropriate to assume rain and surge are independent.  Our work here shows 

that a simple assumption that sea level rise increases flood elevations equivalently in all locations 

(άstatic superpositionέ) is not accurate at upriver locations, though this assumption is very good from 

Poughkeepsie southward.  Uncertainties in flood zone areas and flood elevations are computed in the 

assessment and are described in this report. 

The sea level rise scenarios available within the tool range from 0 to 6 feet above the base mean sea 

level of 1983-2001, a standard sea level used by the National Oceanic and Atmospheric Administration 

(NOAA).  Current projections from the updated ClimAID report still show great uncertainty in future 

rates of sea level rise, with projections for the year 2100 ranging from 1.25 to 6.25 feet (for Hudson 

nearest New York City; numbers for the Hudson near the Troy dam are slightly different; see Horton et 

al. 2014); these are the 10th and the 90th percentile values.  The Sea Level Rise Forecast section 

describes estimates of the year when we expect to see each of sea levels highlighted in the web tool. 

The flood events are modeled with NYHOPS in the Hudson River, but mapped out onto the surrounding 

floodplain using a simplified άbathtubέ methodology.   Water level (also known as still water elevation) 

estimates produced by the modeling effort are subtracted from the 2011 - 2012 New York State 

5ŜǇŀǊǘƳŜƴǘ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ /ƻƴǎŜǊǾŀǘƛƻƴΩǎ όb¸{59/ύ [L5!w dataset in order to produce flood depth 

estimates (Department of Commerce et al. 2011). The flood mapping procedure is described in more 

detail in the Flood Scenarios Mapping section of this report. 

A set of impact estimates accompany each of the flood scenarios presented in the mapping tool. The 

impacts are divided into three themes: critical infrastructure, social vulnerability, and natural resilience 

features. Critical infrastructure impacts are estimated at the municipal level and composed of loss 

estimates derived from the HAZUS-MH 2.2 Flood Model, as well as counts of affected facilities, 

landmarks, and physical features. The social vulnerability information is summarized at the municipal 

and block group levels and was derived from a social vulnerability index produced from US Census 2010, 

and American Community Survey (ACS) data. The information on natural resilience features was 

http://stevens.edu/nyhops


 

produced by calculating inundated and total land areas for several variables important for conservation 

and storm water amelioration. Each of these sets of impact estimates are described in more detail in the 

Impact Estimates section of this report.   

Flood Scenarios 
Flood zones are mapped along the Hudson River floodplain, including storm surge, tides, rainfall 

flooding, and several scenarios of sea level rise. The user has choices of a range of flood events (by 

return period) and sea level rise scenario.  Details on modeling, statistical hazard assessment, and sea 

level rise are given in the subsections below.  

A flood event return period (P) represents the expected average time between events; the inverse of 

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

event is expected to have a 1/100 chance (or 1 percent chance) of happening each year.  Because this is 

an annual ǇǊƻōŀōƛƭƛǘȅΣ ŀ άмлл-ȅŜŀǊ ŜǾŜƴǘέ ŘƻŜǎ ƴƻǘ ƳŜŀƴ ǘƘŀǘ ƛǘ ǿƛƭƭ ƻƴƭȅ ƻŎŎǳǊ ƻƴŎŜ ŜǾŜǊȅ млл ȅŜŀǊǎΦ 

Although the probability is low, 100-year events have been known to occur twice in one year, or in back-

to-back years. 

Hazard assessment 
The general statistical framework for the study requires four steps (Orton et al. submitted, Orton et al., 

in preparation): (1) historical data review, (2) storm climatology construction, (3) flood modeling, and (4) 

statistical analysis. The process is repeated for each sea level scenario.  Resulting data for each location 

along the Hudson describe the water level at each return period (or inversely, the probability of a given 

water level being reached). 

 

 

 

 

 

 

 

 

 

Figure 1 :  Historical top-20 flood events from 1931-2012 at NYC (left) and Albany (right). Tropical 

ŎȅŎƭƻƴŜǎ ƛƴŎƭǳŘŜ ǘǊƻǇƛŎŀƭ ǎǘƻǊƳǎ ŀƴŘ ƘǳǊǊƛŎŀƴŜǎΦ 9ȄǘǊŀǘǊƻǇƛŎŀƭ ŎȅŎƭƻƴŜǎ ƛƴŎƭǳŘŜ ƴƻǊΩŜŀǎǘŜǊǎ ŀƴŘ ƻǘƘŜǊ 

types of non-tropical storms.  



 

 

Figure 2 :  Select modeled synthetic tropical cyclone tracks colored by Saffir-Simpson category, on a 

map that includes the landfall gates (black lines; Orton et al. submitted). The storms that are shown lead 

to storm tides close to the 100-year event (2.5 - 2.9m) at NYC and occur at a rate higher than 0.0001 per 

year. 

 

The worst historical flood events at NYC (Battery) and Albany have been a mixture of tropical cyclones 

(TCs), offshore extratropical cyclones ό9¢/ǎΤ ŜΦƎΦ bƻǊΩŜŀǎǘŜǊǎύ, and inland wet extratropical cyclone 

floods (WETCs; e.g. freshets, rain-on-snow events) (Figure 1).  These types of events are all 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. 

¢ƘŜ 9¢/ ŎƭƛƳŀǘƻƭƻƎȅ ƛǎ ол ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǿƻǊǎǘ ƘƛǎǘƻǊƛŎŀƭ ǎǘƻrm surge events, with wind and atmospheric 

pressure data created for the FEMA (2014) study by Oceanweather Inc.  Streamflow inputs to the 

Hudson are from historical data. 

The WETC storm climatology was derived by ranking historical streamflows from 1931-2013 at Troy, 

New York, and choosing the top 41 events that have occurred in the άŎƻƻƭ ǎŜŀǎƻƴ,έ 5ŜŎŜƳōŜǊ ǘƘǊƻǳƎƘ 

May, avoiding tropical cyclone events.  As with ETCs, streamflow inputs to the Hudson are from 

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

these storms and high-resolution meteorological data for the entire period is not available. 



 

For the TC climatology, a set of 637 synthetic TCs was built using a statistical model (e.g. Hall and 

Yonekura, 2013), built with the statistics of historical North Atlantic TCs (1900 - 2010). Sample storm 

tracks are shown in Figure 2, focusing on storms that led to roughly 100-year floods.  We used simple 

ǇŀǊŀƳŜǘǊƛŎ Ŝǉǳŀǘƛƻƴǎ ǘƻ ǊŜǇǊŜǎŜƴǘ ŜŀŎƘ ǎǘƻǊƳΩǎ ǿƛƴŘ ŀƴŘ ǇǊessure forcing for our ocean model (Orton 

et al. submitted; Orton et al. in preparation). River streamflows for TCs were modeled as described in 

the modeling subsection below. 

Tides were randomly selected from a time series of tides from 1900-2013, with one simulation with 

random tide for each TC, one for each WETC, and 50 simulations with random tides for each ETC, where 

tides are a larger proportion of the total water level.  That is, the ETC storms were run 50 times each, 

one time for each random tide scenario.  Tides were included in the hydrodynamic model, imposed at 

the edge of the continental shelf as is done with the NYHOPS forecasting system (Georgas and 

Blumberg, 2010). 

Distributions of occurrence rates for a range of water levels were constructed from model results at 

each model grid cell, separately for TCs, ETCs, and WETCs.  These were used to compute curves showing 

the probability of a flood exceeding a given water level, also known as a flood exceedance curve.  The 

probabilities for each type of storm were merged to form flood exceedance curves for any storm type.  

Lastly, for presentation, these data were plotted in terms of return period, which is the inverse of 

probability (1/P).  These computations were repeated for all grid cells within the model domain.  

This joint statistical-dynamical 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 

used for the FEMA Region II (NY/NJ) flood zone mapping effort (FEMA, 2014).  However, the FEMA study 

used a simplified 2D storm surge model, and included no freshwater flow from rivers.  We improve upon 

their method by including freshwater inputs to the Hudson and using sECOM, a more detailed 

hydrodynamic model that has been used and validated for this region for over ten years 

(http://stevens.edu/NYHOPS), described below.  

Modeling  
The study uses computer modeling instead of historical water levels for two primary reasons: (1) to 

estimate the water level over 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 combinations that have not occurred in the limited historical record.  Synthetic events allow 

improved estimation of low-probability events such as the 100-year (1% annual chance) or 1000-year 

(0.1% annual chance) flood, provided the model is well validated against historical data.  

The Stevens ECOM (sECOM) three-dimensional hydrodynamic model (Blumberg et al. 1999; Georgas and 

Blumberg, 2010) has been providing highly accurate storm surge forecasts on its NYHOPS grid 

(http://stevens.edu/ NYHOPS) for over a decade, with mean water level errors of 0.10 m since 2007 

(Georgas and Blumberg, 2010), 0.15 m for Tropical Storm Irene (Orton et al. 2012), and 0.17 m for 

Hurricane Sandy (Georgas et al. 2014). The NYHOPS grid includes the mid-Atlantic and northeastern U.S. 

coastline from Maryland to Rhode Island and for flood hazard assessment studies is nested inside a NW 

http://stevens.edu/NYHOPS


 

Atlantic model grid that captures the large-scale influence of winds from Nova Scotia to Cape Hatteras 

and out to approximately 2000 km distance 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 approach (Orton et al. 2015a; 

Orton et al. in preparation) to create streamflows for five tributaries spaced along the Hudson from 

north to south, and across it east to west. The chosen tributaries were the Upper Hudson (above lock 1; 

11966 km2), Mohawk (8837 km2), Wappinger (469 km2), Rondout (2849 km2), and Croton (935 km2).  The 

10th, 50th, and 90th-percentile streamflow hydrographs were modeled for each TC, totaling nearly 2000 

TC events. Our statistical TC streamflow model builds hydrographs in three pieces: (1) peak discharge 

(Bayesian Simultaneous Quantile Regression with TC attributes); (2) timing of the peak (multivariate 

normal distribution); and (3) hydrograph shape (KNN). 

For ETCs and WETCs, we used available historical streamflow data along the Hudson and a number of 

tributaries, including the Mohawk, Fort Edward, Hackensack, Passaic, Saddle, Raritan, Manalapan, 

Esopus, Rondout, Wallkill, Wappinger, Rahway, Croton, and Hoosic Rivers. Where only daily data were 

available (typically prior to 1990), the USGS 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 small-to-medium tributaries (the remainder of a total of 

52 Hudson River and New York Harbor region freshwater inputs to the model) are estimated using the 

standard NYHOPS system of estimating streamflows based on nearest similar-sized watersheds and 

scaled by watershed area (Georgas, 2010; Georgas and Blumberg, 2010). 

Modeled water levels for 76 historical events were compared with observations, to quantify error.  

Comparisons of historical observed and modeled temporal maximum water levels (storm tides) include 

a set of 12 historical TC events from 1788 to present, and the sets of 30 historical ETCs and 41 historical 

WETCs were modeled with historical tides. For TCs, model mean bias is below 1 cm and root-mean-

square error (RMSE) is 0.33 m. The ETC validation has a storm tide mean bias of -0.03 m and an RMSE of 

0.19 m.  The validation for the WETCs shows a mean bias of +0.06 m and RMSE of 0.39 m.  Plots of the 

validation, as well as details of the observational data and sources of parametric TC meteorological data 

for the Holland and SLOSH models are discussed in Orton et al. (in preparation).  

Sea level rise 
The mapping tool presents several sea level rise scenarios as a given, from 6 inches to 72 inches, with no 

context or year estimates of when they might arrive. The high value of 72 inches approximately matches 

the high-end (90th percentile) projections of sea level rise at the year 2100 (71 inches at Troy Dam, 75 

inches at NYC; Horton et al. 2014).  

We computed the expected arrival decade for each of the specific values of sea level rise, shown in 

Table 1.  The table also presents the uncertainty, as the range of decades where there is an 80% chance 

of seeing the given sea level rise occur. For example, the sea level scenario of 12 inches is expected 

around the 2040s, and there is 80% confidence it will occur between the 2020s and 2070s.   



 

Table 1:   

Expected years for each sea level rise scenario, based on median, low-end (10th-percentile), and high-

end (90th-percentile) sea ƭŜǾŜƭ ǊƛǎŜ ǇǊƻƧŜŎǘƛƻƴǎ ƻŦ ǎŜŀ ƭŜǾŜƭ ǊƛǎŜ ƻǾŜǊ bh!!Ωǎ мфуо-2001 mean sea level 

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.  

 

sea level rise 
low-end 
scenario 

Median 
scenario 

high-end 
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 the most recent regional New York State sea level rise projections from 

the ClimAID project (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, 

ƎǊŀǾƛǘŀǘƛƻƴŀƭΣ ǊƻǘŀǘƛƻƴŀƭΣ ŀƴŘ ŜƭŀǎǘƛŎ άŦƛƴƎŜǊǇǊƛƴǘǎέ ƻŦ ƛce loss, vertical land movements, and land-water 

storage (Horton et al. 2014).  

There is a relatively small difference of 4 inches by 2100 in vertical land movements between areas to 

the south and north along the Hudson (e.g. NYC is slowly sinking, Troy Dam is not; Horton et al. 2015). 

However, we are neglecting this because it is beyond the resources of this study to map and impose the 

spatially varying landscape change. We use the higher sea level rise numbers for NYC to build Table 1, 

conveying the scenario with slightly more rapid sea level rise. 

 

The ClimAID report provides 10th, 25th, 75th, and 90th-percentile projections of sea level, and here we 

present low-end, median and high-end scenarios, which are 10th, 50th, and 90th-percentile values.  The 

50th percentile was estimated from the 25th and 75th percentile values by linear interpolation.  To create 

these decade estimates, the available ClimAID sea level projection and year data were fitted with a 2nd-

order polynomial, separately for 10th-, 50th-, and 90th-percentile sea level rise scenarios; then, exact 

years were taken from the fitted curves. In the table, the years are rounded to the nearest decade, and 



 

ŎŀǎŜǎ ǿƘŜǊŜ ǘƘŜ ǎŎŜƴŀǊƛƻ ǿƻǳƭŘ ōŜ ǊŜŀŎƘŜŘ ŀŦǘŜǊ нмлл ŀǊŜ ǎƘƻǿƴ ŀǎ άҔнмллέΣ ōŜŎŀǳǎŜ ǘƘŜ ClimAID 

projections were not intended to be extrapolated beyond their end date of 2100.   

The vertical datum is important for flood mapping.  The ClimAID projections are sea level change over 

the 2000-2004 mean sea level for NYC, so to correct these to the NOAA datum of 1983-2001 mean sea 

level (with a mid-point of 1992 used in Table 1) we add 1.1 inches (10 years of sea level rise at the 

historical average rate at NYC).  

 

Results and uncertainty  
Each type of storm was separately modeled and flood return periods statistically 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 for re-sampling storms to incorporate the 

uncertainty of the limited ETC and WETC storm sets (Orton et al. In preparation).  Results for TCs, ETCs 

and WETCs are shown for various sites in Figure 3.  



 

 

Figure 3 :  Sample flood return period curves for WETCs at Albany (top), ETCs at Poughkeepsie (middle), 

and TCs at NYC (bottom), including 95% confidence intervals. Note the different y-axis scale for the top 

panel. Water levels are relative to ǘƘŜ bh!!Ωǎ Battery (NYC) 1983-2001 MSL datum. 

 

Albany WETCs 

Poughkeepsie ETCs 

NYC TCs 



 

Flood exceedance probabilities for each type of storm are merged to create the combined flood 

exceedance curves, representing the return period for any type of flooding along the Hudson. Similar 

data are available for all grid cells within the model domain.  The curves show that Albany results are 

dominated by WETCs (Figure 4).  Poughkeepsie results show a flood hazard that is a mixture of all three 

storm types. NYC results show a dominance of TCs for the 100-year flood, and ETCs for the 10-year 

flood.   

Still-water elevations (SWE) are created by interpolating the data shown in Figure 4 (black line), for 

various return periods and for each of the sea level rise scenarios. Final results for the flood zones with 

sea level rise are created for each model grid cell and mapped (see next section).   

Sea level rise has a nearly linear (static) effect on Hudson flood levels from storm surge events at 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 Harbor.  Two prior studies have shown a nearly static effect in 

New York Harbor (Lin et al. 2012; Orton et al. 2015b).  At Poughkeepsie, there is a nearly static effect of 

sea level rise, though subtly higher water levels on average versus static.  See the Albany results below 

for an explanation of why this occurs. 

However, the results at Albany show large deviations from a simple static sea level rise approach (Figure 

6), with water levels for WETCs being below the static assumption and water levels for ETCs being above 

the static assumption.  The 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, but it also ameliorates the floodwater pulse, and in the end the 

total is less than the sum of the two.  The ETC result likely occurs for a similar reason, though flipped 

around ς ocean tides (and surge) are propagating over 200 km up the Hudson through deepened water 

due to sea level rise, and therefore have less frictional damping and are larger once they reach Albany.    

  



 

 

Figure 4 :  Flood return period curves ς black lines show the combined flood hazard assessment, 

merging exceedance probabilities from TCs, ETCs, and WETCs, and grey areas show 95% confidence 

Albany 

Poughkeepsie 

NYC 












































