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Executive Summary
The accuracy of tidal datum elevations provided by NOAA's VDatum software package (version 3.2)
is investigated for 3 National Park Service (NPS) coastal parks, Fire Island National Seashore (FIIS),
Gateway National Recreation Area (GATE), and Assateague Island National Seashore (ASIS). All
available water level observations that could be referenced to the orthometric datum NAVD88, from
NOAA as well as other sources in the vicinity of the three parks, were used in the comparison. For
observational sites lacking published NOAA values, datum elevations were computed and corrected
to the 1983-2001 National Tidal Datum Epoch (NTDE), the Epoch used for VDatum, using standard
NOAA methodologies. The estimate of the uncertainties in computed datum elevations, arising from
uncertainties in the observations, instrument elevations, and the computation of datums from short
(less than 19 years) records are approximately 0.075 m. The corresponding uncertainty in datum
elevations from VDatum, estimated by NOAA, is approximately 0.10 m.
Comparisons between observed and VDatum elevations were performed for mean high and low
water (MHW and MLW), mean higher high and lower low waters (MHHW and MLLW), as well as
mean sea level (MSL). For 2 of the 3 regions, VDatum estimates for MSL were high in relation to
observed MSL. Mean differences were 0.035 m at GATE and 0.039 m at ASIS and were
significantly different from zero. Root mean square (rms) differences over all tidal datums and all
sites were 0.032 m for FIIS, 0.064 m for GATE, and 0.046 m for ASIS. These rms differences are
smaller than the estimated uncertainties for either VDatum or the observationally-derived datums.
This suggests that the uncertainties themselves are overestimates and/or the VDatum and
observational uncertainties are highly correlated. It also indicates that VDatum is more accurate than
its uncertainty estimates suggest.
For NPS applications in which datum elevations need only be known to an accuracy of 0.05-0.10 m,
VDatum is sufficiently accurate. Although the estimated uncertainty of observationally-derived
datums (using NOAA estimates for NAVD88 errors) is also in this range, the analysis in this report
suggest that this could be an overestimate. Thus, it is likely that observationally-derived datums are
more accurate and that targeted sea level observations can provide more accurate datum elevations
than the existing VDatum. A critical issue, which will require consultation with experts in geodetics,
is how accurately can instrument elevations be determined relative to NAVD88 as it is this
uncertainty that dominates the uncertainty in an observationally-derived datum elevation.
Maps of VDatum-derived tidal datum elevations in the regions with barrier islands separating the
ocean from shallow embayments (FIIS and ASIS) show large differences between ocean side and
bay side levels. For management applications, such as estimating sea level rise inundation risk for a
land based location, users of VDatum elevations on barrier islands must decide whether datum
elevations from the ocean side or the bay side are most relevant. Managers must also be cognizant of
the fact that VDatum elevations and observational datum elevations computed and corrected using
NOAA methodologies are relative to the 1983-2001 NTDE and thus may not be representative of
actual water levels given recent sea level rise.
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1. Introduction
A basic element necessary for maximizing park preparedness for climate change and the impact of
coastal storms is an accurate measure of present sea level with respect to the fixed vertical
orthometric datum (e.g., NAVD88) that is used as the reference for vertical elevation data on land.
Due to spatial variability in the oceanic tidal response and in non-tidal currents, the vertical height of
a particular tidal datum (e.g., Mean Sea Level (MSL) or Mean High Water (MHW)) relative to an
orthometric datum is generally not spatially uniform. A major effort by NOAA's National Ocean
Service (NOS) has provided the VDatum transformation tool (http://vdatum.noaa.gov) that can be
used to convert between various vertical datums, as is necessary for example, in merging bathymetric
data (relative to Mean Lower Low Water (MLLW)) and elevation data (relative to NAVD88 or an
ellipsoidal datum) to produce a topography-bathymetry elevation model. VDatum coverage is
available for each of the three parks, but an open question at present is whether the accuracy of
vertical datum elevation provided by VDatum is sufficient for various management activities in the
parks (e.g. sediment management, salt marsh restoration, and digital elevation model development).
Estimates of the maximum uncertainty in a transformation from an ellipsoidal datum to a tidal datum
have been made on a regional basis by NOAA, and for the regions along the northeast coast these are
in the range of 8-14 cm (NOAA, 2012). However, since these uncertainty estimates pertain to an
entire VDatum region and tidal datum elevations vary spatially, it is not a priori clear how well they
represent uncertainties within the coastal parks, which are geographically small areas within the
VDatum regions. As part of this project, the accuracy of VDatum elevation estimates has been
evaluated by comparing with datum elevations derived from observations at all available tide gauge
locations within and near the three coastal parks (Gateway National Recreation Area (GATE), Fire
Island National Seashore (FIIS), and Assateague Island National Seashore (ASIS)).
In addition to the long-term water level observations at National Water Level Observation Network
(NWLON) tide gauges, the VDatum project has made use of measurements at a number of secondary
tide gauges in constraining model-derived tidal datums in the various VDatum sub-regions. Highly
accurate VDatum elevation estimates (to within the accuracy to which datum elevations are known)
are thus expected at these locations. The assessment of VDatum accuracy away from these locations
can best be accomplished using tide gauge data that has not been used as a model constraint. We
refer to these stations in the following sections as "independent stations", as they provide an
independent check on VDatum accuracy.
During the summer of 2013, a George Melendez Wright Climate Change Intern (Andrew Neil)
identified available water level observations within the targeted coastal parks (database available,
Neil and Babson, 2015). These included, in some cases, NOAA tide gauge data that were used to
constrain the VDatum tidal datums, but additional water level records were identified as well. The
analysis of these records for estimation of tidal datums and the comparison of these results with the
datum estimates provided by VDatum is the focus of this report.
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2. Methods
2.1 Data Sources
For each park, datum elevations (relative to NAVD88) were computed using VDatum (version 3.2)
on a grid, with spacing of 100 m, covering the individual park and its immediate environs. These data
were used to produce maps showing the spatial structure of the vertical elevation of the datums as
well as the mean tidal range (MHW-MLW). Estimates of the uncertainties in tidal datum elevations
provided by VDatum have been provided by NOAA for each VDatum region in the form of
maximum cumulative uncertainty (MCU) (NOAA, 2012). The elevation uncertainty for a particular
tidal datum includes the uncertainties involved in the transformations between various datums (e.g.
NAD83 to NAVD88) as well as the uncertainties in the source data for these datums. Maximum
cumulative uncertainty for a VDatum region is the maximum of the uncertainties associated with a
transformation from the International Terrestrial Reference Frame through NAD83, NAVD88, and
mean sea level to each of the tidal datums. Maximum cumulative uncertainty was estimated as 0.114
m for FIIS, 0.093 m for GATE, and 0.090 m for ASIS (NOAA, 2012).
Within each park, published tidal datum elevations may be available from two different sources: (1)
NOS NWLON sites where datums are computed using a full 19-year sea level record, and (2) NOS
historical sites where short-term (several months to a year) data were obtained in the past and where
datum elevations were subsequently computed using procedures developed by NOS to compute
datums using short time series (NOS, 2003). Datum elevations from these sites were typically used in
the construction of the VDatum solutions so these data were not expected to provide useful
independent checks on the performance of VDatum. As will be seen below this proved to be the case,
as differences between published and VDatum-derived datum elevations were found to be extremely
small.
More useful data, from the standpoint of the evaluation of VDatum, are those from independent
stations where the elevation of the sensor is known relative to NAVD88. Although they are
potentially useful in assessing the tidal range predictions of VDatum, for the analysis presented here
we excluded data from sensors with unknown NAVD88 elevations. Each park had some useful
independent data, but the number of records and their source varied from park to park. Data from
three distinct sensor types were encountered and each required slightly different preprocessing
procedures to produce time series of water surface elevation. The first sensor type is the Microwave
Water Level (MWWL) system used by NOAA/NOS. This system provides direct measurements of
the water surface elevation. The second sensor type, used at United States Geological Survey
(USGS) sites, measures the subsurface pressure at a known elevation relative to atmospheric pressure
(i.e. the pressure relative to the surface). This pressure is converted to a water surface elevation using
an assumed or measured water density with the hydrostatic equation. The third sensor type provides a
measure of the absolute subsurface pressure at a known elevation. This measurement must first be
converted to pressure relative to the surface using measured atmospheric pressure with subsequent
conversion to water surface elevation as described above.
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An important consideration when comparing observational- and VDatum-derived datum elevations
relative to NAVD88 is the uncertainty associated with these estimates. For the observational
estimates, the uncertainty is composed of three components, the uncertainty in the estimate of the
instrument elevation relative to NAVD88, the uncertainty in the water surface elevation
measurement, and the uncertainty in the datum elevation relative to the instrument computed from
records shorter than a tidal epoch. The last of these components, the uncertainty arising from the use
of short data records, has been estimated using the results from Bodnar (1981) as described below
(Section 2.3).
The uncertainty in instrument elevation relative to NAVD88 depends on the particular methodology
used to determine the elevation. Because the data used in this report come from a variety of sources
and because the details of the instrument leveling were not available to us in all cases, for most cases
we use a conservative estimate based on the assumption that elevations were obtained using GPS
techniques. The elevation uncertainty is estimated by quadratically combining the uncertainties in the
transformation from an International Terrestrial Reference Frame (ITRF) to NAVD88 via NAD83
and the inherent uncertainties in NAD83 and NAVD88. This information was obtained from the
NOAA document "Estimation of Vertical Uncertainties in VDatum" (NOAA, 2012) and results in an
estimated uncertainty in elevation of 0.076 m. A small number of stations operated by the United
States Geological Survey reported elevations relative to the NGVD29 datum. Due to the large
estimated uncertainty (0.18 m) in the NGVD29 source data (NOAA, 2012), the estimated uncertainty
in the transformed NAVD88 instrument elevations at these sites is 0.181 m.
The accuracy of water level measurements depends to some extent on the methodology. The MWWL
is accurate to less than 0.01 m except in the presence of large waves (Boon et al., 2012). Based on
published instrument specifications for several of the other instruments used for collection of the data
used in this report (e.g. Onset Hobo, Schlumberger CTD diver, Sea-Bird SeaCAT), these
measurements also appear to be accurate to approximately 0.01 m. We thus use 0.01 m as the
nominal water level measurement accuracy.
2.2 Data Processing
The computation of tidal datums from time series of water surface elevation, typically measured at 6minute intervals, was performed using the NOS standard algorithms as described in NOS
publications (NOS, 2003). These procedures were coded in MATLAB for this project and will be
briefly described here.
The first step of the process is to fill short gaps (less than 4 hours duration) using piecewise cubic
spline interpolation. The next step is the so-called "tabulation" of the tides, whereby the times and
heights of all high and low tides are identified and each tide is characterized as either a "higher" or
"lower" high or low tide. The details of the tabulation procedure (S. Gill, NOS Center for Operational
Oceanographic Products and Services, personal communication) are described in Appendix A. Next
the lunitidal interval, defined as the interval of time between the moon's transit over the Greenwich
meridian and the tide (NOAA, 2000), is determined for each tide. Times of the moon's transit were
obtained from the Multiyear Interactive Computer Almanac (U.S. Naval Observatory, 2005). The
final step in the processing of the raw 6-minute data is the production of an hourly-averaged surface
4

elevation time series by application of a 1-hour running-mean filter and subsequent resampling at a
1-hour interval.
After the detection and tabulation of individual tides and the production of the hourly water level
time series, monthly mean quantities are computed. Monthly mean sea level (MSL) is defined as the
average over the month of the hourly mean sea level. Monthly mean high water intervals (HWI) and
low water intervals (LWI) are respectively calculated as averages of the lunitidal intervals for high
tides and low tides. The monthly mean high water (MHW) and low water (MLW) are computed as
the averages of the heights of all the high tides and all the low tides respectively. Similarly, monthly
mean higher high water (MHHW) and lower low water (MLLW) are respectively averages of tide
heights over all higher high tides and lower low tides. From these values, a number of other
quantities are computed (see Figure 2.1 for a graphical representation):
Mean Tide Level
Diurnal Tide Level
Mean Range
Great Diurnal Range
Diurnal High Water Inequality
Diurnal Low Water Inequality

MTL=0.5*(MHW+MLW)
DTL=0.5*(MHHW+MLLW)
Mn=MHW-MLW
Gt=MHHW-MLLW
DHQ=MHHW-MHW
DLQ=MLW-MLLW

Figure 2.1. Terminology associated with tidal datums.
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2.3 Tidal Datum Computation
Tidal datums are defined as mean values over a specific 19-year period designated as a National
Tidal Datum Epoch (NTDE) (NOS, 2003). The present NTDE is the period from 1983 to 2001. At
long-term NWLON stations, where the required 19-year dataset is available, datums are computed
directly by averaging monthly mean values over the entire NTDE. To derive datum elevations at a
location with a shorter data record (the target station), monthly mean values are compared with
values from a nearby long-term station, denoted as the control station. Published datum elevations
(so-called accepted datums) at the control station are used as baseline elevations. Computed datum
elevation differences between the target and control station, over the time period of the target
observations, are used with the accepted datum elevations at the control site to determine datum
elevations at the target site. For sites along the U.S. East Coast, NOS uses the Modified-Range Ratio
Method (NOS, 2003) for this "simultaneous comparison" procedure. The steps in this procedure are
outlined in Appendix B (see NOS (2003) for more detail and worked examples).
Although present-day tidal datums are computed based on the 1983-2001 NTDE, it should be noted
that the datum correction procedure should largely remove the effect of long-term sea level rise from
datums computed from recent observations. This is because the accepted datums at NWLON control
stations, based on 1983-2001 observations are used as baseline elevations for estimation of datums at
short-term stations. To illustrate how the correction procedure removes long-term sea level rise from
the datum elevations, the equation for the corrected MSL at a target site (see Appendix B) can be
rewritten as:
𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
= 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇
𝐶𝐶 − 〈𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 〉 + 〈𝑀𝑀𝑀𝑀𝑀𝑀 𝑇𝑇 〉,

is the corrected MSL at the target site, 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴
where 𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
𝐶𝐶 is the accepted MSL at the control site
and 〈𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 〉 and 〈𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 〉 are the averaged MSL, over the observational time period, for the control
and target sites respectively. The first two terms on the right hand side of the above equation
represent the correction to the observed MSL value at the target site (the 3rd term on the right hand
side). This correction is the difference between the accepted MSL value at the control site,
representing mean sea level over the NTDE (1983-2001 in the present case), and the average value
over the observational period. If we neglect seasonal or other short-term fluctuations in sea level and
assume that MSL is varying only on long time scales associated with sea level rise, then the
correction is equal to minus the sea level rise. In other words, the amount of sea level change at the
control site between the NTDE and the time of the observations, which is assumed to be equal to the
sea level change at the target site, is subtracted from the observed MSL at the target site. This
corrects the target MSL datum to the time period of the NTDE and thus removes the effect of sea
level change. However, if the sea level change at the target and control sites is not equal, then the
correction will not adjust the target datums to the NTDE levels but will be in error with a magnitude
equal to the difference in sea level change between the two sites. The difference between observed
and corrected datums is important to understand for management applications such as the
determination of the elevation of marsh surfaces relative to tidal datums (in this case it is most
relevant to know where present sea level stands).
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The analysis software developed for this project was tested by applying it to the computation of
datum elevations at a NOAA short-term station where published datum elevations are available. The
published datum elevations for the water level station at Chatham, MA (site number 8447435) are
based on observations from 01 September 2009 to 31 August 2011. Water level observations for this
time period were obtained for the Chatham location and for the water level station at Nantucket
Island (site 8449130), which was the control tide station for the NOAA datum computation at
Chatham. These observations were processed as described above and in Appendix B to tabulate the
tides, compute monthly datum elevations, and to correct the Chatham datums. The computed datum
elevations at Chatham agreed with the published values to within 0.002 m, indicating that the
processing was faithfully replicating the NOAA procedures.
Estimates of datum elevations from short data records using the method of simultaneous comparison
with a control NWLON station are subject to uncertainties or errors that vary inversely with the
record length at the target station (Swanson, 1974). Swanson (1974) quantified the errors for
different record lengths and presented results averaged over different U.S. coastal regions.
Subsequent work by Bodnar (1981) indicated that the variability of the errors could be described as
functions of several easily estimated variables (e.g. distance between target and control sites and tidal
phase difference between the sites). To characterize the computational uncertainties in the datum
elevation estimates in this report, the Bodnar relation for the uncertainty in MHW is used.
In addition to the uncertainties associated with the method of simultaneous comparison, additional
uncertainties in computed datum elevations arise from errors in the observations themselves and in
the measurements of the instrument elevations relative to NAVD88. The overall accuracy of datum
elevations, resulting from the combination of the computational uncertainties and the uncertainties in
instrument elevation and the water level measurements can be expressed as:
2
2
2
∆𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = ±�∆𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
+ ∆𝑧𝑧𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
+ Δ𝑧𝑧𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(1)

where ∆zoverall is the overall accuracy, ∆zcomp is the accuracy of the computation (from the Bodnar
relations), ∆zelev is the accuracy of the instrument elevation, and ∆zmeas is the measurement
uncertainty (0.01 m) Estimates of the overall accuracies will be presented in the individual Results
sections.
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3. Fire Island National Seashore
3.1 Data
Fire Island National Seashore (FIIS) is located on a narrow barrier island separating the Atlantic
Ocean and Great South Bay (GSB). There are a number of water level observation stations, both
historical and presently operating, around the periphery of GSB (Figure 3.1 and Table 3.1). NOAA
historical stations were located at the U.S. Coast Guard Fire Island (USCG-FI) station on the barrier
island and Smith Point Bridge, Patchogue River, and Bayshore, located on the mainland shore of
GSB (Figure 3.1). With the exception of the Patchogue River site, data from these sites were used in
the construction of the local VDatum solution (Yang et al., 2008b). More recently, NOAA reoccupied the USCG-FI station (USCG-FI2 in Table 3.1) for a 4-month period in 2013-2014 and these
data were obtained for this study. The School of Marine and Atmospheric Sciences (SOMAS) at
Stony Brook University operates several stations measuring water quality parameters as well as
subsurface pressure that can be used to compute water surface elevation. Two of these stations
(Bellport and Barrett Beach) had relatively long records at the same location with known instrument
vertical positions relative to NAVD88. A United States Geological Survey (USGS) station at
Lindenhurst, slightly west of GSB, was also used in this study because it had a very long record (60
months) of measured water levels relative to NGVD29 (the reference level was converted to
NAVD88 using an offset computed by VDatum, although the uncertainty in the NAVD88 elevation
is large, as described above, due to the large uncertainty in the NGVD29 source data). Data from the
USCG-FI2 record, the Lindenhurst station, and from the two SOMAS sites are from independent
stations, and thus are valuable for assessing VDatum accuracy.
One of the impacts of Hurricane Sandy, which impacted FIIS in the fall of 2012, was the creation of
a barrier island breach in the eastern portion of the park (Figure 3.1). As of fall 2014, this breach had
a width of approximately 350 m and a cross-sectional area of about 600 m2. Data from Bellport, the
closest SOMAS site to the breach, were available during periods before and after the opening of the
breach (Table 3.1) and these were used to evaluate changes to the tidal regime brought about by the
increased connectivity between GSB and the ocean. Note that the VDatum solution for the region
was completed prior to the creation of the breach and thus represents conditions in the pre-Sandy
period.
3.2 Results
Estimates of datum accuracy when computed from short water surface elevation time series were
computed using the relations in Bodnar (1981) and are shown Table 3.1. The mean of these estimates
is 0.015 m, which we take as ∆zcomp in equation (1) above. For the uncertainty in the instrument
elevation, we use the estimates in Table 3.1, which were derived as discussed in Section 2.1.
Combining these two errors and the measurement uncertainty (0.01 m) using equation (1) results in
an estimate of ∆zoverall= 0.078 m for all sites except Lindenhurst and ∆zoverall= 0.182 m for
Lindenhurst.
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Table 3.1. Water level stations in FIIS region used for analysis. Instrument elevation accuracy (∆zinstr) is
the estimate of the uncertainty in the instrument elevation relative to NAVD88. Computed datum
accuracies (∆zcomp) were estimated, for the 4 present-day sites using the formulae for MHW datum
accuracy in Bodnar (1981) with NWLON station 8518750 (Battery) used as the control station. The station
latitudes and longitudes are given in Appendix C Table 1.
Site

Operator

Bayshore

Inst.
Type

Time
Range(s)

Record
Length
(mon)

NWLON
Control
Stn.

Instrument
Elevation
Accuracy
(m)

Computed
Datum
Accuracy
(m)

Used
for
VDatum

NOAAhistorical

01/01/197912//31/1979

12

S. Hook

0.076

yes

Patchogue

NOAAhistorical

10/01/198909/30/1990

12

Battery

0.076

no

Smith Point

NOAAhistorical

02/01/199001/31/1991

12

Montauk

0.076

yes

U.S. Coast
Guard, Fire
Island
(USCG-FI)

NOAAhistorical

12/198911/1990

12

Battery

0.076

yes

U.S. Coast
Guard, Fire
Island
(USCG-FI-2)

NOAA

MWWL

10/01/201301/24/2014

4

Battery

0.076

0.016

no

Lindenhurst

USGS

Bubbler
system

10/01/200709/30/2012

60

Battery

0.181

0.009

no

Barrett
Beach

SOMAS/SU
NY

SBE-16+

04/16/201407/30/2014

4

Battery

0.076

0.021

no

Bellport (preSandy)

SOMAS/SU
NY

SBE-16+

05/01/201011/10/2012

21

Battery

0.076

0.012

no

Bellport
(post-Sandy)

SOMAS/SU
NY

SBE-16+

01/01/201311/26/2013

11

Battery

0.076

0.013

no

Datum elevation maps of the FIIS region from VDatum (Figures 3.2-3.7) illustrate the significant
difference in tidal water level response between the ocean and GSB. Examination of Figure 3.2
shows that MSL within the Bay stands 0.05-0.10 m higher than in the ocean (the contour interval in
Figure 3.2 is 0.025 m). The mean tidal range (MHW-MLW), shown in Figure 3.3, attenuates rapidly
within Fire Island Inlet from greater than 1 m in the ocean to 0.2-0.3 m throughout most of GSB.
Although MSL is higher within GSB than in the ocean, the large attenuation of the tide in the inlet
results in a lower MHHW and MHW within GSB compared with levels in the ocean (Figures 3.4 and
3.5). Conversely, MLLW and MLW levels within GSB are higher than the values in the ocean
(Figures 3.6 and 3.7). The magnitude of bay-ocean differences in MHHW and MLLW are roughly
0.5 m. As will be seen below, these differences are large compared with the accuracy of VDatum.
For management applications on the barrier island, these results suggest the importance of
understanding whether a particular tidal datum (e.g. MHHW) has been measured or estimated from
VDatum within GSB or the ocean.
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A comparison of datum elevations derived from observations with those from VDatum was
performed at the stations listed in Table 3.1. Datum elevations for the historical sites were obtained
from NOAA/NOS. Although different control NWLON stations were used for these datum
calculations (by NOS), it was decided in this report to use NWLON station 8518750 (Battery, NY) as
the control for all datum calculations performed for the FIIS sites (note that this could not be done for
the historical stations as the data were not available). The empirical estimate of datum accuracy for
the FIIS sites are virtually identical when the NWLON control station is Sandy Hook (NOS station
8531680). However, significant differences in corrected datum elevations are found depending on the
control site used. Table 3.2 presents the statistics of elevation differences between datums computed
using Battery as the control site and those computed using Sandy Hook as control. Mean differences
are all positive by 0.015-0.026 m, and the standard deviations are smaller than the means, indicating
that datum elevations tend to be biased higher when Battery is used as the control station. This bias is
consistent with the fact that the long-term sea level trend at Battery (2.84 mm/y) is less than that at
Sandy Hook (4.08 mm/y) (http://tidesandcurrents.noaa.gov/sltrends/mslUSTrendsTable.htm). Over
the approximately 20 year period from the middle of the present NTDE (1992) to the time of the
observations, the difference in sea level rise between Sandy Hook and Battery, using these trends is
approximately 0.025 m. Corrected datums using Battery as the control site will thus be higher by
approximately this amount. This difference in corrected datum elevations, depending on the control
station used, should be borne in mind when examining the observation/VDatum comparisons.
Table 3.2. Statistics of datum elevation differences using different NWLON control stations averaged over
the 4 non-historical FIIS sites. Elevation differences are defined as the elevation computed using Battery
as the NWLON control minus that computed using Sandy Hook as the NWLON control.
Datum

Mean difference (m)

Difference Std. Deviation (m)

MHHW

0.015

0.006

MHW

0.017

0.006

MSL

0.026

0.007

MLW

0.022

0.010

MLLW

0.020

0.009

The comparison of computed datum elevations and VDatum estimates shows that at the 4
NOAA/NOS historical stations (Bayshore, Patchogue, Smith Point, and USCG-FI) the differences
are small (Figures 3.8-3.11). At Patchogue, Smith Point and USCG-FI, the differences are essentially
zero and at Bayshore there is a mean offset of about 0.020 m with VDatum being low compared to
the published datum elevations. The close agreement of VDatum and observed datum elevations at
these sites is expected as these sites, with the exception of Patchogue, were used in the creation of the
local VDatum solution (Yang, 2008b).
The comparisons at the other sites, the so-called independent stations, give an independent evaluation
of the VDatum accuracies (Figures 3.12-3.15). At the reoccupied USCG-FI station (Figure 3.12),
VDatum elevations agree well with the observed MHHW and MHW datums, but are lower than
observed, by up to 0.04 m, for MSL, MLW, and MLLW. At the other three sites (Figures 3.13-3.15),
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VDatum elevations are higher than all of the observed datums. Difference magnitudes vary
somewhat among the sites. Differences at Lindenhurst are uniformly greater than 0.05 m for all
datums (Figure 3.13), although it should be noted that the data from this site were referenced to
NGVD29 and, as discussed previously, this datum has a large associated uncertainty of 0.18 m
(NOAA, 2012). At Barrett Beach, differences for MLLW and MLW are larger (greater than 0.03 m)
than the differences for MSL, MHW, and MHHW where differences are less than 0.03 m (Figure
3.14). At Bellport, differences of greater than 0.05 m are found for MHHW and MHW, while
differences for MSL, MLW, and MLLW are less than 0.03 m (Figure 3.15).
Maps showing the spatial variability of observed-VDatum differences (Figures 3.17-3.22) indicate
that over most of northern and eastern GSB, VDatum is high relative to the observations at
independent stations (see Table 3.1). In contrast, at the reoccupied USCG-FI station, VDatum
elevations are low compared with observed datum elevations. The pattern of difference in mean tidal
range is more complicated, with tidal range underpredicted by VDatum at Barrett Beach,
overpredicted at USCG-FI and Bellport and the difference nearly zero in western GSB at
Lindenhurst.
The datum comparisons at the independent stations can be combined to provide VDatum error
estimates averaged over the FIIS region. Because of the large uncertainty in instrument elevation at
Lindenhurst, where the water level observations were relative to NGVD29, we remove this station
from the analysis and use only the remaining three stations for this comparison. Table 3.3 gives mean
and root-mean-square (RMS) errors for each datum considered. Mean errors are all negative,
indicating that VDatum elevations are slightly high compared with observed datum elevations. The
RMS error, a measure of the magnitude of the errors regardless of sign, is in the range 0.030-0.035 m
for all datums. This value can be considered to be our best estimate of the uncertainty in VDatum
elevations in the FIIS region.
Table 3.3. Overall averaged datum errors (observed minus VDatum) for the 3 FIIS stations not used in
the creation of the VDatum solution and which did not use NGVD29 as the instrument reference. The
RMS (root-mean-squared) error accounts for the errors regardless of sign.
Error Measure

MHHW
(m)

MHW
(m)

MSL
(m)

MLW
(m)

MLLW
(m)

Mean

-0.023

-0.023

-0.003

-0.004

-0.009

RMS

0.033

0.034

0.031

0.032

0.030

The effect of the breach, created between Barrett Beach and Smith Point during Hurricane Sandy, on
tidal datums within GSB was evaluated using observations from Bellport, where NAVD88
instrument elevations are available for the pre-storm and post-storm periods. Comparison of
computed datum elevations for the pre-Sandy period (Figure 3.15) and the post-Sandy period (Figure
3.16) shows that all computed datum elevations in the post-Sandy period are lower than their
corresponding pre-Sandy values. The difference for MSL is approximately 0.03 m, while MLW and
MHW are lower by approximately 0.03 m and 0.02 m respectively. The tidal range in the post-Sandy
period is thus larger by approximately 0.01 m. These changes are of the expected sign because the
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opening of a breach should make water levels and tidal range in the Bay more similar to the tides in
the ocean. The differences, however, are small, presumably due to the relatively small cross-sectional
area of the breach in comparison to that of the main inlet (Fire Island Inlet just to the west of site
USCG-FI). Although the tidal datums appear to be little changed, comparison of the times of high
and low tides (not shown) indicates that in the post-Sandy period high tides occur 0.5 h earlier and
low tides 0.3 h earlier compared to their pre-Sandy values.

Figure 3.1. Water level stations in the Fire Island National Seashore region. The colors indicate the
operator of the station. The location of the barrier island breach, formed during hurricane Sandy in fall
2012, is denoted by the magenta triangle. The stations along the barrier beach (USCG-FI and Barrett
Beach) are located on the Bay side of the barrier beach. Note that the USCG-FI site was re-occupied in
2013 by NOS.

Figure 3.2. Mean sea level in the FIIS region relative to NAVD88 from VDatum. The black dots show the
locations of the water level stations used in the analysis.
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Figure 3.3. Mean tidal range (MHW-MLW) in the FIIS region from VDatum. The black dots show the
locations of the water level stations used in the analysis.

Figure 3.4. Mean higher high water in the FIIS region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.

Figure 3.5. Mean high water in the FIIS region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.
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Figure 3.6. Mean low water in the FIIS region relative to NAVD88 from VDatum. The black dots show the
locations of the water level stations used in the analysis.

Figure 3.7. Mean lower low water in the FIIS region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.
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Figure 3.8. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA historical Bayshore site. The elevation differences for these datums are
shown in the right panel.

Figure 3.9. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA historical Patchogue site. The elevation differences for these datums are
shown in the right panel.
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Figure 3.10. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Smith Point site. The elevation differences for these datums are
shown in the right panel.

Figure 3.11. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical U.S. Coast Guard, Fire Island site. The elevation differences for
these datums are shown in the right panel.
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Figure 3.12. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the reoccupied NOAA U.S. Coast Guard, Fire Island site. NWLON site Battery
(station 8518750) was used as the control station in the computation of corrected datums. The elevation
differences for these datums are shown in the right panel.

Figure 3.13. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the USGS Lindenhurst site. NWLON site Battery (station 8518750) was used as the
control station in the computation of corrected datums. The elevation differences for these datums are
shown in the right panel.

18

Figure 3.14. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the SOMAS Barrett Beach site. NWLON site Battery (station 8518750) was used as
the control station in the computation of corrected datums. The elevation differences for these datums are
shown in the right panel.

Figure 3.15. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the SOMAS Bellport site during the period before hurricane Sandy. NWLON site
Battery (station 8518750) was used as the control station in the computation of corrected datums. The
elevation differences for these datums are shown in the right panel.
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Figure 3.16. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the SOMAS Bellport site during the period after hurricane Sandy. NWLON site
Battery (station 8518750) was used as the control station in the computation of corrected datums. The
elevation differences for these datums are shown in the right panel.

Figure 3.17. Map view of differences between observed and VDatum MSL, where the colors indicate the
difference.

20

Figure 3.18. Map view of differences between observed and VDatum mean tidal range (MHW-MLW),
where the colors indicate the difference.

Figure 3.19. Map view of differences between observed and VDatum MHHW, where the colors indicate
the difference.

Figure 3.20. Map view of differences between observed and VDatum MHW, where the colors indicate the
difference.
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Figure 3.21. Map view of differences between observed and VDatum MLW, where the colors indicate the
difference.

Figure 3.22. Map view of differences between observed and VDatum MLLW, where the colors indicate
the difference.

3.3 FIIS Summary
VDatum estimates of datum elevations on the GSB side of the barrier island in the FIIS region are
accurate to within 0.030-0.035 m (rms) when compared with observation-based estimates (Table
3.3). Averaged over all independent non-NGVD29 referenced stations, MSL from VDatum is high
relative to the observations by 0.003 m, which is not significantly different from zero given the small
number of stations (3) used in this calculation. The rms differences are small compared to the NOAA
VDatum uncertainty estimate of 0.114 m in this region (NOAA, 2012) and also to the uncertainties in
the observational datum elevations, which are estimated to be approximately 0.078 m. These results,
obtained using independent data with respect to the production of VDatum, indicate that VDatum
may be more accurate than the NOAA uncertainty estimate suggests. The uncertainty estimates for
both VDatum and observational datum elevations include a component due to uncertainty in
NAVD88 itself of 0.05 m (NOAA, 2012). This estimate characterizes the NAVD88 uncertainty over
the entire U.S. and it is possible that this value is an overestimate of the uncertainty over small areas,
such as the local VDatum regions.
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The rms datum differences are also small in relation to the mean tidal range of 0.42 m (averaged over
the independent stations within GSB, not including Lindenhurst). Datum differences, expressed as a
percentage of the tidal range, are 7-9%, suggesting that VDatum can be used with a high degree of
confidence in the FIIS region.
It is noted that VDatum-derived datums exhibit large elevation differences between the ocean and the
bay - a common occurrence in areas where coastal bays/lagoons connect to the ocean via restricted
inlets. This is especially true for MHHW and MLLW, where differences of approximately 0.5 m
were found (Figures 3.4 and 3.7). These differences are approximately a factor of 10 larger than the
estimated accuracy of VDatum datum elevations, so it is obviously crucial to account for this effect
when datum elevations are needed for management applications on the barrier island. For
applications such as sea level rise or storm inundation modeling, a decision must be made as to
whether ocean values or bay values are the most relevant, and this likely will depend on the local
topography in addition to the relative proximity of the location in question to the ocean and bay.
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4. Gateway National Recreation Area
4.1 Data
Gateway National Recreation Area (GATE) comprises a number of properties distributed around the
periphery of Lower New York Bay south of New York Harbor. Water level measurements are
available at several locations in the region, although most are located outside the park boundaries
(Figure 4.1 and Table 4.1). In addition to two NOAA NWLON water level stations at Sandy Hook
and Battery (southern Manhattan), there are several other NOAA historical water level stations with
available observations or computed tidal datum elevations that are useful for the evaluation of
VDatum. These include stations at Keyport in Raritan Bay and Long Branch Pier on the open coast
south of Sandy Hook for which datum elevations based on observations during the 1970's and 1980's
were obtained. In addition, a 2014 deployment of tide gauges by NOAA at Great Kills and the US
Coast Guard Station New York (USCG-NY), both located on the shore of Staten Island, provided 3month water level records from which datum elevations were computed by NOAA-NOS. We note
here that the USCG-NY site is the only GATE site for which the Battery was used as the control
station in the datum correction step (the computation was performed by NOAA-NOS and we had no
control over it). As was shown in section 3.2, the use of Battery as the control station for FIIS
stations produces datum elevations that are 0.01-0.02 m higher than datums computed using Sandy
Hook as the control station.
Water level data were also obtained from the USGS at 4 sites in the GATE vicinity. These include
East Rockaway, Rockaway Inlet, and Jamaica Bay, located on the New York/Long Island coast, and
Keansburg, located in New Jersey on Raritan Bay. These records are relatively long, with 58-60
months of water level data available at each site. We note that data from the 3 USGS stations in New
York (East Rockaway, Rockaway Inlet, and Jamaica Bay) were measured relative to NGVD29 and
that the conversion to NAVD88 reference was performed using the offset computed by VDatum at
the station locations. As described in Section 2.1, because the source data are referenced to
NGVD29, there is a large uncertainty in the instrument elevations relative to NAVD88 at these sites.
Data from the two recent NOAA records and all 4 USGS records were not used in the development
of the regional VDatum solution, and thus are valuable for assessing VDatum accuracy for tidal
datum elevations.
4.2 Results
Estimates of datum accuracy when computed from short water surface elevation time series were
computed using the relations in Bodnar (1981) and are shown Table 4.1. Note that the datum
accuracies for Sandy Hook and Battery are zero by definition since datums at these NWLON sites
are computed using 19-year records, with no need for a control station comparison. The mean of the
remaining accuracies is 0.0095 m, which we take as ∆zcomp in equation (1) above. For the uncertainty
in the instrument elevation relative to NAVD88, ∆zinstr, we use the estimates in Table 4.1, which were
derived as discussed in Section 2.1. Combining these two errors, and the measurement uncertainty
(0.01 m) using equation (1) results in an estimate of ∆zoverall= 0.077 m for all sites except the 3 USGS
sites in New York (East Rockaway, Rockaway Inlet, and Jamaica Bay ) and ∆zoverall= 0.182 m for the
latter USGS sites.
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Table 4.1. Water level stations in GATE region used for analysis. Instrument elevation accuracy (∆zinstr) is
the estimate of the uncertainty in the instrument elevation relative to NAVD88. Computed datum
accuracies (∆zcomp) were estimated using the formulae for MHW datum accuracy in Bodnar (1981) using
the indicated control stations (Note: Datum accuracy for NOAA NWLON stations Sandy Hook and Battery
are zero by definition). The station latitudes and longitudes are given in Appendix C Table 2.
Site

Operator

Inst.
Type

Time
Range(s)

Record
Length
(mon)

NWLON
Control
Stn.

Sandy Hook

NOAA

MWWL

01/01/198312//31/2001

228

Battery

NOAA

MWWL

01/01/198312/31/2001

Keyport

NOAAhistorical

Long Branch
Pier

NOAAhistorical

Instrument
Elevation
Accuracy
(m)

Computed
Datum
Accuracy
(m)

Used for
VDatum

N.A.

0.0

yes

228

N.A.

0.0

yes

03/01/197611/30/1976

9

Sandy
Hook

0.011

yes

01/01/197912/31/1979

84

Sandy
Hook

0.008

yes

01/01/198112/31/1986
Great Kills

NOAA

MWWL

05/01/201407/31/2014

3

Sandy
Hook

0.076

0.010

no

U.S. Coast
Guard, New
York

NOAA

MWWL

05/01/201407/31/2014

3

Battery

0.076

0.010

no

East
Rockaway

USGS

Bubbler
system

10/01/200709/30/2012

58

Sandy
Hook

0.181

0.009

no

Rockaway
Inlet

USGS

Bubbler
system

10/01/200709/30/2012

60

Sandy
Hook

0.181

0.009

no

Jamaica Bay

USGS

Bubbler
system

10/01/200709/30/2012

60

Sandy
Hook

0.181

0.010

no

Keansburg

USGS

Bubbler
system

10/01/200709/30/2012

60

Sandy
Hook

0.076

0.009

no

Datum elevation maps from VDatum (Figures 4.2-4.7) show the spatial variability of modeled datum
elevations over the GATE region. Mean sea level (Figure 4.2) increases by about 0.05 m from the
ocean to East Rockaway Inlet and by about 0.02 m from the ocean to Raritan Bay. Mean tidal range
(Figure 4.3) amplifies moving from the ocean to the inner bays, with oceanic tidal range of
approximately 1.3 m and increasing to about 1.5 m in Raritan Bay and 1.6 m in Jamaica Bay.
Because the increase in tidal range from the ocean to the embayments (0.20-0.30 m) is much larger
than the increase in MSL (0.02-0.05 m), the high tide datum elevations (MHW and MHHW) both
increase from the ocean to the embayments (Figures 4.4 and 4.5). Likewise, low tide datum
elevations (MLW and MLLW) decrease moving from the ocean into the inner bays (Figures 4.6 and
4.7).
Datum elevations from the sites listed in Table 4.1 were compared with those produced by VDatum
at the same locations. Datums from the first 4 stations in Table 4.1 (Sandy Hook, Battery, Keyport,
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and Long Branch Pier) were all used in the development of the regional VDatum fields (Yang et al.,
2008b) and thus it is expected that VDatum will closely match the observed datum elevations at
those locations. Indeed, as Figures 4.8-4.11 show, this is the case, with absolute differences between
observed and VDatum datum elevations less than 0.02 m at these 4 stations.
Comparisons at the other sites, those that were not used in the creation of VDatum, provide an
objective characterization of VDatum accuracy in the GATE region. Examination of Figures 4.124.17 indicates that, although the details differ from site to site, in general datum elevations from
VDatum are high compared to observed datums (differences defined as observed minus VDatum are
negative). At Great Kills, differences in the high water datums and MSL are approximately -0.05 m,
while the low water datum differences approach -0.10 m. Agreement is better at the USCG-NY site,
where the high water datums are high by 0.03-0.04 m and the MSL, MLW, and MLLW differences
are all nearly zero. Relatively large (negative) differences are found at East Rockaway, where high
water datums differ by about 0.13 m, MSL by 0.10 m, and low water datums by about 0.075 m. At
the Rockaway Inlet site, observed high water datums are lower than Vdatum values by about 0.04 m
with larger differences, of the same sign, in the range of 0.05-0.07m found for MSL and the low
water datums. Similar results are also obtained for the Jamaica Bay and Keansburg sites, with high
water differences of 0.01-0.02 m and low water datum differences of 0.09-0.12 m.
The spatial variability of the datum differences is shown in map view in Figures 4.18 - 4.23.
Examination of these maps illustrates more clearly that VDatum elevations are, in general, high
compared to observation-derived datums at the sites not used for VDatum construction. This is less
pronounced at the USCG-NY station, where only the high water datums are significantly high. At all
other sites, VDatum datums are high in comparison with observed values. VDatum tidal range is
lower than the observed range at Jamaica Bay, Rockaway Inlet, Keansburg, and Great Kills, and
higher at East Rockaway and USCG-NY.
The datum comparisons at the independent stations were combined to provide VDatum error
estimates averaged over the GATE region. This was done separately for stations using NAVD88 as
the reference datum and for stations referenced to NGVD29 (Table 4.2). For the NAVD88 stations,
mean datum errors are all negative, indicating that VDatum elevations are high compared with
observed datum elevations. Mean differences are 0.03-0.04 m for high water and MSL datums and
slightly larger, 0.06-0.08 m, for the low water datums. RMS errors are slightly larger for each datum
(due to heavier weighting of the largest differences), with values of 0.03-0.09 m. Mean differences
for the NGVD29 sites are also negative and are slightly larger than for the NAVD88 sites with
magnitudes of 0.05-0.07 m for the high water and MSL datums and 0.07-0.08 m for low water
datums. RMS differences for this group of stations is in the range of 0.07-0.08 m, significantly larger
than the corresponding values for the NAVD88 stations, likely due to the greater elevation
uncertainty associated with NGVD29 as compared to NAVD88. For this reason, we consider the
error measures averaged over the NAVD88 stations to be our best present estimates of the
uncertainties in VDatum elevations in the GATE region. The rms error at these sites, averaged over
all tidal datums, is 0.064 m.
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Table 4.2.Overall averaged datum errors (observed minus VDatum) for GATE stations not used in the
creation of the VDatum solution. The statistics are averaged separately over the stations using NAVD88
as reference (top two lines) and over those using the NGVD29 datum as reference (bottom two lines).
The RMS (root-mean-squared) error accounts for the errors regardless of sign.
Error Measure

MHHW
(m)

MHW
(m)

MSL
(m)

MLW
(m)

MLLW
(m)

Mean

-0.035

-0.033

-0.035

-0.066

-0.071

RMS

0.037

0.035

0.045

0.079

0.088

Mean

-0.061

-0.058

-0.067

-0.075

-0.077

RMS

0.080

0.078

0.072

0.076

0.078

NAVD88 sites

NGVD29 sites

It is difficult to understand the apparent high bias of VDatum relative to the independent
observations. The datums at these sites were all computed using either Sandy Hook or Battery (where
VDatum agrees very well with the observed datums) as control sites. The use of the NOS datum
correction methodology (described in Appendix B) should remove any effects of sea level rise as
long as both target and control station experience the same sea level change, which seems reasonable
given the short distances between the stations. Differences between observed and VDatum elevations
are to be expected due to the uncertainties associated with the datum computation/correction at shortterm stations as well as the determination of instrument elevations at those sites. However, the
differences would be expected to vary randomly, with both negative and positive values occurring.
The fact that 5 or 6 of the 6 independent stations have observed datum elevations that are low
compared to VDatum is statistically unlikely (although not impossible). Four of the independent
stations are USGS stations, which use an observational technique to obtain surface elevation
measurements that is different from NOAA's methodology (see Table 4.1), and there could be a bias
associated with this difference. As noted above, three of the USGS stations (East Rockaway,
Rockaway Inlet, and Jamaica Bay) provided data referenced to NGVD29 and these stations exhibited
larger mean differences than did the NAVD88 sites.
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Figure 4.1. Water level stations in the Gateway National Recreation Area region. The colors indicate the
operator of the station.
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Figure 4.2. Mean sea level in the GATE region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.

Figure 4.3. Mean tidal range (MHW-MLW) in the GATE region from VDatum. The black dots show the
locations of the water level stations used in the analysis.
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Figure 4.4. Mean higher high water in the GATE region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.

Figure 4.5. Mean high water in the GATE region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.
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Figure 4.6. Mean low water in the GATE region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.

Figure 4.7. Mean lower low water in the GATE region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.
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Figure 4.8. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA NWLON Sandy Hook site. The elevation differences for these datums are
shown in the right panel.

Figure 4.9. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA NWLON Battery site. The elevation differences for these datums are shown
in the right panel.
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Figure 4.10. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Keyport site. The elevation differences for these datums are
shown in the right panel.

Figure 4.11. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Long Branch Pier site. The elevation differences for these
datums are shown in the right panel.
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Figure 4.12. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA Great Kills site. The elevation differences for these datums are shown in
the right panel.

Figure 4.13. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA USCG-NY site. The elevation differences for these datums are shown in
the right panel.
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Figure 4.14. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the USGS East Rockaway site. The elevation differences for these datums are
shown in the right panel (note the slightly different scale relative to that used for other stations.

Figure 4.15. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the USGS Rockaway Inlet site. The elevation differences for these datums are
shown in the right panel.
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Figure 4.16. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the USGS Jamaica Bay site. The elevation differences for these datums are shown
in the right panel.

Figure 4.17. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the USGS Keansburg site. The elevation differences for these datums are shown in
the right panel.
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Figure 4.18. Map view of differences between observed and VDatum MSL, where the colors indicate the
difference.

Figure 4.19. Map view of differences between observed and VDatum mean tidal range (MHW-MLW),
where the colors indicate the difference.

38

Figure 4.20. Map view of differences between observed and VDatum MHHW, where the colors indicate
the difference.

Figure 4.21. Map view of differences between observed and VDatum MHW, where the colors indicate the
difference.
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Figure 4.22. Map view of differences between observed and VDatum MLW, where the colors indicate the
difference.

Figure 4.23. Map view of differences between observed and VDatum MLLW, where the colors indicate
the difference.
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4.3 GATE Summary
Comparison of observation-derived datum elevations with those of VDatum indicate that datums
from VDatum are high relative to the observational datums. Averaged over all NAVD88 sites, datum
elevation differences are accurate to 0.03-0.09 m (rms). The rms difference, averaged over all datums
at all sites is 0.064 m. The mean difference for MSL is -0.035m, which is significantly different from
zero and indicates that VDatum is biased high in this region. For the NGVD29 sites, rms differences
are in the range 0.07-0.08 m. Because of the large uncertainty associated with NGVD29 elevations,
we consider the statistics of the NAVD88 sites to be the most relevant for discussion. The differences
at those sites are lower than the 0.093 m VDatum uncertainty estimate in this region (NOAA, 2012)
and roughly equal to the estimated uncertainties in observational datum elevations (0.077 m). Thus
VDatum appears to be at least as accurate as the estimated uncertainties suggest.
Differences between observationally determined and VDatum estimated datums are small in relation
to the tidal range in the GATE region. Averaged over the NAVD88 independent stations, the mean
tidal range is 1.45 m. Datum differences (rms) are thus 2-6% of the tidal range, which suggests that
VDatum will likely be useful for many park management activities.
As mentioned above, the high bias of VDatum elevations relative to the independent observations is
somewhat puzzling and as yet unexplained. It is most likely not a result of computational
methodological differences between those used in our investigation and those used by NOS. We
strove to adhere as closely as possible to NOS methods, and successfully reproduced NOS results at a
test station (Section 2.13). Furthermore, calculation of datums was performed by NOS at two of the
six independent sites (Great Kills and USCG-NY), again suggesting that methodological differences
are not at play here. We also note that, for the USCG-NY station, NOS used the Battery NWLON
station as the control rather than Sandy Hook, which was used for the other 5 independent stations. In
section 3.2, it was shown that, for FIIS sites, use of Battery as the control site resulted in corrected
datums that were higher by 0.01-0.02 m compared to corrected datum levels when Sandy Hook was
the control site. So, the fact that observed datums at USCG-NY are not as low relative to VDatum as
at the other independent sites could be due to the use of Battery as the control.
Tidal datums in the GATE region are, in general, more spatially uniform than in other regions
examined (FIIS and ASIS). Most of the GATE region is relatively deep without major tidal
constrictions where tidal properties change rapidly. Rockaway Inlet, the entrance to Jamaica Bay,
does constrict the tide somewhat, but not nearly to the extent that the inlets in the FIIS and ASIS
regions do. The result of this spatial uniformity in datum elevations is that elevations on the ocean
and bay sides of Sandy Hook do not vary by more than about 0.05-0.10 m, so estimation of flood risk
there can be done without significant error using datum elevations extrapolated from VDatum on
either the bay side or the ocean side.
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5. Assateague Island National Seashore
5.1 Data
Assateague Island National Seashore (ASIS) is located on a barrier island separating Chincoteague
Bay and Sinepuxent Bay and the Atlantic Ocean (Figure 5.1). The bays connect to the ocean through
a narrow inlet to its north, Ocean City Inlet, and through a somewhat wider inlet to its south,
Chincoteague Inlet. There are a number of NOAA water level recording stations in the region,
including the NWLON station at Ocean City Inlet, a newly occupied station at Buntings Bridge, and
several historical stations (Figure 5.1 and Table 5.1). Only those stations with known NAVD88
elevation of the station datum (see Table 5.1) were used for the analysis presented here. Data from all
of the NOAA stations included here, with the exception of the Buntings Bridge observations, were
used in the creation of the VDatum grids covering the ASIS region (Yang et al., 2008a). In addition
to the NOAA sites, the National Park Service (NPS) obtained water level data at 3 sites on the
Maryland/Virginia mainland (Taylor's Landing, Greenbackville, and Trappe Creek) as part of a
GeoCorps summer internship (Pascolini-Campbell, 2012) and at two sites on the barrier island (NPSMarsh 6 and NPS-Marsh 8). None of these data were used in the creation of the local VDatum grids,
therefore they are valuable for the independent assessment of the accuracy of VDatum-derived datum
elevations. Water quality data, including water pressure, are routinely obtained by the Maryland
Department of Natural Resources at several sites in the region. However, because it was determined
that the instrument elevations relative to NAVD88 were not available at these sites, these data were
not used for the present analysis.
The GeoCorps data was obtained using Schlumberger CTD-Diver water pressure sensors, while the
NPS marsh data utilized Hobo loggers. Both of these units measure absolute pressure and thus
require a concurrent measurement of atmospheric pressure in order to compute the subsurface
pressure (pressure due to the water overlying the sensor). For the GeoCorps sites, we obtained
atmospheric pressure observations (sea level pressure) from a local National Weather Service
meteorological station (Ocean City Municipal Airport [station ID KOXB]; see Figure 5.1). For the
NPS sites, measurements from a barometric pressure sensor at NPS-Marsh 6 were used for this
purpose. The subsurface pressure was converted to water surface elevation using the hydrostatic
relationship and an estimate of the water density. Both the CTD-Diver and the Hobo loggers measure
water temperature in addition to pressure. The CTD-Diver also provided conductivity measurements,
which in principle would allow the computation of salinity and water density, but the conductivity
measurements were judged to be unreliable and not used. Instead, a salinity of 30 was assumed for all
sites, with the density computed using this value combined with the measured temperature. The
results below are insensitive to the chosen salinity value. Using a salinity of 25 produces computed
datum elevations only 0.002-0.003 m higher, differences that are negligible in comparison to the
VDatum-observation differences presented below.
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Table 5.1. Water level stations in ASIS region used for analysis. Instrument elevation accuracy (∆zinstr) is
the estimate of the uncertainty in the instrument elevation relative to NAVD88. Computed datum
accuracies (∆zcomp) were estimated using the formulae for MHW datum accuracy in Bodnar (1981) using
the indicated control stations. If the control station is not a NOAA NWLON station with a 19-year data
record, the quoted accuracy also accounts for the uncertainty in the datum elevation at the control site
(denoted by asterisks). The station latitudes and longitudes are given in Appendix C Table 3.
Site

Operator

Inst. Type

Time
Range(s)

Record
Length
(mon)

NWLON
Control
Stn.

Instrument
Elevation
Accuracy
(m)

Computed
Datum
Accuracy
(m)

Used for
VDatum

Ocean City Inlet

NOAA

MWWL

08/01/200203/31/2012

108

Lewes, DE

0.076

0.006

yes

Ocean City
Fishing Pier

NOAAhistorical

11/01/198110/31/1991

120

Lewes,
DE.

0.076

0.006

yes

Keydash

NOAAhistorical

06/01/197705/31/1978

12

Sewells
Point, VA

0.076

0.013

yes

Chincoteague
Coast Guard
Station

NOAAhistorical

02/01/197701/31/1978

12

Ches. Bay
Brdg/Tunn

0.076

0.012

yes

Chincoteague
Channel

NOAAhistorical

06/01/197708/31977

3

Chinco.
CG Station

0.076

0.015*

yes

Buntings Bridge

NOAA

MWWL

03/01/201302/28/2014

12

Ocean City
Inlet

0.076

0.011*

no

NPS-Marsh 6

NPS

Hobo Logger

09/01/201211/30/2014

23

Ocean City
Inlet

0.076

0.011*

no

NPS-Marsh 8

NPS

Hobo Logger

09/01/201211/30/2014

23

Ocean City
Inlet

0.076

0.011*

no

Taylor's Landing

NPSGeoCorps

Schlumberger
Diver

03/01/201206/30/2012

4

Ocean City
Inlet

0.076

0.020*

no

Greenback-ville

NPSGeoCorps

Schlumberger
Diver

03/01/201206/30/2012

4

Ocean City
Inlet

0.076

0.018*

no

Trappe Creek

NPSGeoCorps

Schlumberger
Diver

03/01/201206/30/2012

4

Ocean City
Inlet

0.076

0.021*

no

5.2 Results
Estimates of the accuracy (or uncertainty) of computed datum elevations were made using the
Bodnar (1981) formulae. For those stations with recent observations, the Ocean City Inlet site was
used as the control station in the datum correction step (Table 5.1). However, because the
observations at Ocean City Inlet do not extend far enough back in time to enable a direct calculation
of datum elevations (without need for a control site), there is uncertainty in the computed datums at
this site (given in Table 5.1). For this reason, the datum accuracies given in Table 5.1 for the recent
NPS sites represent a combined uncertainty, due to the uncertainty in the control datums plus the
uncertainty associated with the datum correction (the uncertainties are summed quadratically, which
assumes that they are independent). Datum accuracies (Table 5.1) are less than 0.01 m for the two
Ocean City sites with long records, and in the range 0.010-0.021 m for the other sites. The mean of
these estimates, 0.013 m, is taken to be ∆zcomp, in equation (1). The uncertainties in instrument
elevations, ∆zinstr, given in Table 5.1 are the constant value described in Section 2.1. Using these
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values and the estimated measurement uncertainty of 0.01 m (Section 2.1),, the overall datum
accuracy, estimated using equation (1) is 0.077 m.
An important point should be made regarding the tidal datums at the 5 NOAA sites at the top of
Table 5.1. All of these sites are secondary or tertiary sites, using NOAA/NOS terminology, where
computed tidal datums are corrected based on comparisons with datums at control stations. As shown
in Table 5.1, a number of different control stations were used: (a). Lewes, DE for Ocean City Inlet
and Ocean City Pier, (b). Sewells Point, VA for Keydash, (c). Chesapeake Bay Bridge and Tunnel,
VA for Chincoteague C.G. (d) Chincoteague C.G. for Chincoteague Channel. These stations are
separated by large distances; Lewes is located near the mouth of Delaware Bay and Sewells Point
and Chesapeake Bay Bridge and Tunnel are near the Chesapeake Bay mouth. As was shown in
Section 3.2 for the FIIS region, different results can be obtained at a given station depending on the
choice of control station (for FIIS, the datums differed by 0.01-0.03 m for computations using two
control stations that were only 20 km apart). Thus, given the separation of the different control
stations, it is likely that datum elevations at the 5 NOAA sites have larger uncertainties than the
0.077 m value estimated above (which did not account for the use of different control stations).

Figure 5.1. Water level stations in the Assateague Island National Seashore region. The colors indicate
the operator of the station. The meteorological station from which atmospheric pressure observations
were obtained (Ocean City Municipal Airport) is shown by the black triangle.
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Maps of VDatum-derived datum elevations for the ASIS region (Figures 5.2-5.7) show the large
change in the tidal characteristics between the ocean and the bays inside the barrier island. Mean sea
level (Figure 5.2) within the bay stands 0.025-0.050 m higher than its level in the ocean. The mean
tidal range (Figure 5.3) in the ocean is approximately 1 m, but the tidal range decreases rapidly in the
narrow passages connecting the ocean and bay, with a tidal range of approximately 0.2 m within the
bay. This large variation in tidal range results in large differences in tidal datum elevations across the
narrow barrier island. High tide datums (MHW and MHHW) are higher in the ocean than in the bay
and vice versa for the low tide datums (MLW and MLLW). For instance, MHHW on the ocean side
of Assateague Island is approximately 0.5 m (relative to NAVD88), while its elevation on the bay
side is near zero (Figure 5.4). Likewise, the MLLW elevation on the ocean side is about -0.65 m
compared to its elevation within the bay of approximately -0.20 m (Figure 5.7). These results
indicate, as was the case for FIIS (see section 3), that users of VDatum for locations on the barrier
island must determine for their particular application whether the relevant tidal datums are the ocean
side ones or the bay side ones.
The VDatum maps also suggest the relative spatial uniformity of tidal datums within the central
portion of Chincoteague Bay. In this region, vertical variation of the datums is limited to only a few
centimeters. Large variation in datum elevations occurs in the inlet regions on either end of
Chincoteague Bay where the change from oceanic levels to bay side levels, for example the 0.5 m
lowering of MHHW, occurs within the space of a few kilometers. Mean sea level (MSL), on the
other hand, exhibits significant spatial variability within the bay (Figure 5.2) with MSL from
VDatum dropping about 0.05 m from the southern to the northern ends of Chincoteague Bay.
Comparisons between datum elevations derived from observations and VDatum predictions are
presented on a station-by-station basis in Figures 5.8-5.18 and on a regional basis in Figures 5.195.24. As expected, the differences between observed datums and VDatum predictions are small at the
5 stations that were used for the construction of the VDatum solutions (first 5 stations in Table 5.1).
These stations are all located within or near the inlets on either end of Chincoteague Bay where the
datum elevations are rapidly changing. At the 2 southern sites (Chincoteague Channel and Coast
Guard Station), observation-VDatum differences are negligible, less than 0.01 m in magnitude for all
datums (Figures 5.11 and 5.12). Differences at the Ocean City Pier station, located on the ocean side
of the barrier island are also very small (less than 0.01 m, Figure 5.9). At the remaining 2 sites in this
group, differences are larger but still small, less than 0.02 m for all datums at Keydash and less than
0.04 m at Ocean City Inlet.
At the independent stations, all located around the periphery of Chincoteague Bay away from the
inlet regions, more significant differences between observed and VDatum elevations are found. In
almost all cases at these sites, observationally determined datum elevations are lower than the
corresponding VDatum-derived values. This is especially pronounced at the Taylor's Landing and
Greenbackville sites (Figures 5.16 and 5.17), where all observational datums are lower than VDatum
values by 0.06-0.09 m. At Trappe Creek, also on the western side of Chincoteague Bay, the
agreement is much better, with observational MLW and MLLW lower than VDatum by only 0.010.03 m and MSL and the high water datums within about 0.01 m of the VDatum values (Figure
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5.18). At the NPS Marsh 8 station, located on the bay side of the barrier island, all observational
datums are lower than VDatum estimates, with the discrepancy largest for the low water datums
(0.03-0.04 m). High water datums at this site agree to within 0.015 m (Figure 5.15). The sites at
Buntings Bridge and NPS Marsh 6, also located on the bay side of the barrier island (Figure 5.1), are
less than 1 km apart. At Buntings Bridge (Figure 5.13), observational datums are lower than VDatum
estimates by about 0.04 m for MLW and MLLW while the high water datums (MHW and MHHW)
are lower by less than 0.02 m. Agreement between observations and VDatum is better at NPS Marsh
6 (Figure 5.14), where observational low water datums are low by less than 0.02 m and high water
datums are high by 0.01 m or less. The differences in observationally-derived datum elevations
between Buntings Bridge and NPS Marsh 6 are less than 0.03 m. Given the estimated accuracy of
computed datum elevations (0.077 m), these differences appear to be insignificant.
Maps of datum elevation differences at the observation sites, shown in Figures 5.19-5.24, illustrate
the spatial structure of the differences between observed datum elevations and VDatum estimates.
These figures illustrate, as was noted above, the general agreement in datum elevations near the inlets
and the larger discrepancies at sites far from the inlets. Observed MSL is low everywhere in
Chincoteague Bay and especially so in the southwestern end. Observed tidal range (MHW-MLW) is
larger than VDatum tidal range in the northeastern portion of the bay and lower than VDatum in the
southwest part. Observational high water datums are close to the VDatum values in the northeast and
low relative to VDatum in the southwest. Observed low water datums are low everywhere and
especially so in the southwest part of the bay.
The datum comparisons at the independent stations (last 6 stations in Table 5.1) can be combined to
provide VDatum error estimates averaged over the ASIS region. Table 5.2 gives mean and rootmean-square (RMS) errors for each datum considered. Mean errors are all negative, indicating that
VDatum elevations are slightly high compared with observed datum elevations. The RMS error, a
measure of the magnitude of the errors regardless of sign, is between 0.04 and 0.05 m for all datums.
This value can be considered to be our best estimate of the uncertainty in VDatum elevations in the
ASIS region.
Table 5.2. Overall averaged datum errors (observed minus VDatum) for ASIS stations not used in the
creation of the VDatum solution. The RMS (root-mean-squared) error accounts for the errors regardless
of sign.
Error Measure

MHHW
(m)

MHW
(m)

MSL
(m)

MLW
(m)

MLLW
(m)

Mean

-0.027

-0.028

-0.039

-0.043

-0.043

RMS

0.047

0.043

0.048

0.048

0.048
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Figure 5.2. Mean sea level in the ASIS region relative to NAVD88 from VDatum. The black dots show the
locations of the water level stations used in the analysis.

Figure 5.3. Mean tidal range (MHW-MLW) in the ASIS region from VDatum. The black dots show the
locations of the water level stations used in the analysis.
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Figure 5.4. Mean higher high water in the ASIS region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.

Figure 5.5. Mean high water in the ASIS region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.
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Figure 5.6. Mean low water in the ASIS region relative to NAVD88 from VDatum. The black dots show
the locations of the water level stations used in the analysis.

Figure 5.7. Mean lower low water in the ASIS region relative to NAVD88 from VDatum. The black dots
show the locations of the water level stations used in the analysis.
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Figure 5.8. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA NWLON Ocean City Inlet site. The elevation differences for these datums are
shown in the right panel.

Figure 5.9. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue) and
VDatum (red) for the NOAA historical Ocean City Pier site. The elevation differences for these datums are
shown in the right panel.
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Figure 5.10. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Keydash site. The elevation differences for these datums are
shown in the right panel.

Figure 5.11. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Chincoteague Coast Guard Station site. The elevation
differences for these datums are shown in the right panel.
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Figure 5.12. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA historical Chincoteague Channel site. The elevation differences for these
datums are shown in the right panel.

Figure 5.13. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NOAA Buntings Bridge site. The elevation differences for these datums are
shown in the right panel.
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Figure 5.14. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NPS Marsh 6 site. The elevation differences for these datums are shown in the
right panel.

Figure 5.15. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NPS Marsh 8 site. The elevation differences for these datums are shown in the
right panel.
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Figure 5.16. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NPS GeoCorps Taylor's Landing site. The elevation differences for these
datums are shown in the right panel.

Figure 5.17. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NPS GeoCorps Greenbackville site. The elevation differences for these datums
are shown in the right panel.
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Figure 5.18. Comparison of datum elevations relative to NAVD88 (z = 0) between observations (blue)
and VDatum (red) for the NPS GeoCorps Trappe Creek site. The elevation differences for these datums
are shown in the right panel.

Figure 5.19. Map view of differences between observed and VDatum MSL, where the colors indicate the
difference.
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Figure 5.20. Map view of differences between observed and VDatum mean tidal range (MHW-MLW),
where the colors indicate the difference.

Figure 5.21. Map view of differences between observed and VDatum MHHW, where the colors indicate
the difference.
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Figure 5.22. Map view of differences between observed and VDatum MHw, where the colors indicate the
difference.

Figure 5.23. Map view of differences between observed and VDatum MLW, where the colors indicate the
difference.
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Figure 5.24. Map view of differences between observed and VDatum MLLW, where the colors indicate
the difference.

5.3 ASIS Summary
VDatum estimates of datum elevations on the bay side of the barrier island in the ASIS region are
accurate to within approximately 0.04-0.05 m (rms) when compared with observation-based
estimates at the independent sites (Table 5.2). The rms datum difference, averaged over all sites and
all tidal datums is 0.046m. The mean difference for MSL is -0.039 m (significantly different from
zero), indicating that VDatum is biased high relative to the observations in the ASIS region. The rms
differences are significantly smaller than the uncertainties in the observational estimates, which were
estimated to be 0.077 m, as well as the VDatum uncertainty estimate of 0.090 m. Thus, in the ASIS
region, VDatum appears to be more accurate than the NOAA uncertainty estimate suggests.
Although VDatum, in the ASIS region, performs well in comparison with the uncertainty estimates,
the errors represent a significant fraction of the tidal range. Averaged over the independent stations
(which are all in the low tidal range back bay region), the mean tidal range is 0.185 m. The rms
VDatum errors are thus 23-26% of the tidal range. For management activities such as salt marsh
ditch filling, where monitoring the tidal regime at accuracy of a few centimeters is necessary,
VDatum would be insufficient and installing local water level gauges would be recommended. For
other applications, such as groundwater modeling, where there are larger sources of uncertainty,
VDatum should have sufficient accuracy to be useful.
As was found in the FIIS region, spatial maps of VDatum-derived datums illustrate the large
elevation differences that occur between the ocean and the bay. This is especially true for MHHW
and MLLW, where differences of approximately 0.5 m were found (Figures 5.4 and 5.7). These
59

differences are much larger than the estimated accuracy of VDatum datum elevations, so it is clearly
necessary to account for this when datum elevations are needed for management applications on the
barrier island. In this case, a decision must be made as to whether to use ocean values or bay values,
and this likely will depend on the location in question as well as on the particular application.
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6. Conclusions
Our evaluation of VDatum in three different regions leads to a number of general conclusions. The
first of these is that tidal datum elevations output from VDatum appear to be more accurate than the
uncertainty estimates for VDatum suggest. The maximum cumulative uncertainty (MCU) for tidal
datums in the VDatum regions covering the FIIS, GATE, and ASIS parks is estimated by NOAA to
be 0.114, 0.093, and 0.090 m respectively (NOAA, 2012). If we take 0.010 m as an approximate
value for the MCU for VDatum datum elevations and 0.075 m as the approximate uncertainty in
observationally derived datum elevations (see Sections 3.2, 4.2, and 5.2) and assume that errors in
these sources are uncorrelated, the uncertainty in the difference in datum elevations between VDatum
and the observations would be 0.125 m. Over all three regions analyzed in this report, the rms
observation-VDatum differences, at independent stations referenced to NAVD88, were always less
than 0.07 m and usually much less. The fact that VDatum and the observational datums are in much
better agreement than the combined uncertainty value suggests that the VDatum and observational
datum uncertainties have been overestimated and/or that the individual uncertainties are correlated to
some degree. Resolution of this issue is outside of the scope of this report, but the conclusion that
VDatum is generally more accurate than its uncertainty estimates suggest appears to be robust.
Mean sea level from VDatum is biased high by 0.03-0.04 m in two of the three regions considered
(GATE and ASIS). In the FIIS region, the VDatum MSL was also biased slightly high, but given the
small number of independent stations used, the value was not significantly different from zero. The
high bias of VDatum could be due to a methodological problem in the modeling used for VDatum or
it could be a result of some sort of geodetic bias. The stations used for VDatum creation were
typically older NOAA sites where NAVD88 elevation was determined using survey techniques. At
the independent sites used for our analysis, instrument elevations relative to NAVD88 were typically
measured using GPS-based survey techniques. This methodological difference could possibly give
rise to a bias, although at present this is speculation.
The question of how the National Park Service should proceed in order to meet its tidal datum
requirements depends on how accurately the datum elevations need to be known. In the regions
studied, VDatum appears to be able to provide datum elevations accurate to approximately 0.05 m.
This level of accuracy makes VDatum a highly useful tool for a variety of research, planning and
some resource management applications. This value is smaller than the uncertainty estimated for
observationally derived datums, which is dominated by the uncertainty in NAVD88 elevation and, as
discussed above appears to be an overestimate. If the uncertainties in NAVD88 elevation are ignored,
then observationally derived datums are accurate to approximately 0.02 m (combining instrument
error and the error in datum computation from short time series). Thus, if datum elevations are
required at a greater accuracy than VDatum can provide (e.g. some salt marsh restoration methods or
facility design), long-term installation of a local water level gauge and careful observations of water
level are likely the solution at this time.
It should also be noted that NOAA is presently in the process of improving VDatum predictions and
the estimates of uncertainty by incorporating new water level and geodetic measurements (S. Gill,
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NOS, personal communication). The results from this report are expected to be useful for NOS in
this process. It is expected that future releases of VDatum will provide more accurate datum
elevations as well as more well-constrained uncertainty estimates.

62

References
Bodnar, A. N., 1981. Estimating accuracies of tidal datums from short term observations, draft
report, NOS, NOAA, 32pp.
Boon, J. D, R. M. Heitsenrether, and W. M. Hensley III, 2012. Multi-sensor evaluation of microwave
water level measurement error, Proceedings Oceans 2012 Conference, Hampton Roads, VA,
MTS/IEEE, 8pp., doi:10.1109/OCEANS.2012.6405079.
Gill, S. K. and J. R. Schultz, 2001. Tidal datums and their applications, NOAA Special Publication
NOS CO-OPS 1, National Ocean Service, NOAA, 112pp., available at
http://tidesandcurrents.noaa.gov/publications/tidal_datums_and_their_applications.pdf.
Neil, A., and A. L. Babson. 2015. Database of tidal data coverage in and near Northeast Region
National Parks. Natural Resource Data Series NPS/NER/NRDS—2015/759. National Park
Service, Fort Collins, Colorado.
NOS, 2000. Tide and current glossary, Special Publication 228, National Ocean Service, NOAA, 28
pp. Available at http://tidesandcurrents.noaa.gov/publications/glossary2.pdf (accessed 2 February
2016).
NOS, 2003. Computational techniques for tidal datums handbook, NOAA Special Publication NOS
CO-OPS 2, National Ocean Service, NOAA, 90 pp. Available at
http://tidesandcurrents.noaa.gov/publications/Computational_Techniques_for_Tidal_Datums_ha
ndbook.pdf (accessed 2 February 2016).
NOAA, 2012. Estimation of vertical uncertainties in VDatum. Available at
http://vdatum.noaa.gov/docs/est_uncertainties.html (accessed 2 February 2016).
Pascolini-Campbell, M., 2012. Tidal datums project, summer 2012: Assateague Island National
Seashore, Maryland, GeoCorps Summer Internship 2012, Final Report.
Swanson, R. L., 1974. Variability of tidal datums and accuracy in determining datums from short
series of observations, NOAA Technical Report NOS 64, NOAA, NOS, Rockville MD, 41pp.
U.S. Naval Observatory, 2005. Multiyear Interactive Computer Almanac, 1800-2050: 2.0,
Astronomical Applications Department, U. S. Naval Observatory, Willmann-Bell, Richmond,
VA.
Yang, Z., E. P. Myers, A. M. Wong, and S. A. White, 2008a. VDatum for Chesapeake Bay,
Delaware Bay, and adjacent coastal water areas: Tidal datums and sea surface topography,
NOAA Technical Memorandum, NOS CS 15.
Yang, Z., E. P. Myers, A. M. Wong, and S. A. White, 2008b. VDatum for Great South Bay, New
York Bight, and New York Harbor: Tidal datums, marine grids, and sea surface topography,
NOAA Technical Memorandum, NOS CS 21.
63

Appendix A: Tide Identification and Tabulation Procedure
The procedure for identifying high and low tides in a 6-minute resolution water level record is based
on NOS procedures as described by Stephen Gill of NOS (personal communication). The first step is
to compute sums over half-hour intervals for the entire record. Sums resulting from less than 5 valid
water level values are flagged as invalid. Each half-hour sum is subtracted from the sum from the
next half-hour interval with the sign of the difference indicating whether the tide is rising (difference
is positive) or falling (difference is negative). If either sum is invalid, the difference is denoted as
invalid. If the sign of two consecutive differences changes, indicating that the tide has changed from
rising to falling or the reverse, then a candidate tide (high or low) is indicated within the time
window (1.5 hours). If a candidate tide is found, data within a time window centered on the central
point of the middle half-hour period are analyzed to determine the tide height and time. A time
window of 6.5 hours is used if the difference between the highest and lowest water levels within the
window is less than or equal to 1 meter. Otherwise, a 2.5-hour window is used. The elevations within
the chosen window are fit to a 5th order polynomial and the maximum (for a high tide) or minimum
(for a low tide) value of this function is taken as the height of the tide and its time as the time of
occurrence of that particular tide. This procedure is repeated for all candidate tides. After the heights
and times of all tides have been determined, a screening procedure is applied to eliminate spurious
tides. In this process, all tides occurring within 2 hours of another valid tide are removed and
sequential highs/lows occurring less than 0.5 days after the previous high/low are removed.
After the identification of all tides in a record, the tides are tabulated into lower and higher low and
high tides. For high tides, starting from the beginning of the record, pairs of high tides are compared
and the higher of the two is designated as the higher high, with the other tabulated as the lower high.
The same procedure is followed for low tides.
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Appendix B: Modified Range Ratio Method of Simultaneous
Comparison
The first step in the simultaneous comparison procedure is to obtain published datum elevations (socalled accepted datums) and the water surface elevation time series over the time period of the target
station at the selected control station. Given monthly mean values of MSL, MTL, DTL, Mn, and Gt
at a target station, the first step is to compute monthly mean values of these quantities at the control
station for the same months. For MSL, MTL, and DTL, the monthly differences between target and
control stations are averaged to get mean differences:
∆𝑀𝑀𝑀𝑀𝑀𝑀 = 〈𝑀𝑀𝑀𝑀𝑀𝑀 𝑇𝑇 − 𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 〉

∆𝑀𝑀𝑀𝑀𝑀𝑀 = 〈𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇 − 𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶 〉
∆𝐷𝐷𝐷𝐷𝐷𝐷 = 〈𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇 − 𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶 〉

where the subscripts T and C refer to the target and control stations respectively, and the angle
brackets denote an average over all months. The mean differences are then used with the accepted
datums at the control station to compute corrected datums at the target station:
𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
= 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇
𝐶𝐶 + ∆𝑀𝑀𝑀𝑀𝑀𝑀

𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
= 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇
𝐶𝐶 + ∆𝑀𝑀𝑀𝑀𝑀𝑀
𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
= 𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴
𝑇𝑇
𝐶𝐶 + ∆𝐷𝐷𝐷𝐷𝐷𝐷

where the superscripts Corr and Acc refer to corrected and accepted values.
For the tidal range quantities, Mn and Gt, monthly ratios are computed between target and control
and these are then averaged to get mean range ratios:
𝑅𝑅𝑅𝑅𝑅𝑅 = 〈

𝑀𝑀𝑀𝑀𝑇𝑇
〉
𝑀𝑀𝑀𝑀𝐶𝐶

𝐺𝐺𝐺𝐺𝑇𝑇
〉
𝐺𝐺𝐺𝐺𝐶𝐶
The corrected ranges at the target station are then computed using the mean ratios and the accepted
tidal range values at the control station:
𝑅𝑅𝑅𝑅𝑅𝑅 = 〈

= 𝑀𝑀𝑀𝑀𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑅𝑅𝑅𝑅𝑅𝑅
𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
𝐺𝐺𝐺𝐺𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐺𝐺𝐺𝐺𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴 × 𝑅𝑅𝑅𝑅𝑅𝑅.
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These corrected datums and tidal ranges at the target station are then used to compute corrected
values of MHHW, MLLW, MHW, MLW:
1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
+ 𝐺𝐺𝐺𝐺𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
2
1
+ 𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
𝑇𝑇
2
1
− 𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
𝑇𝑇
2

1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
− 𝐺𝐺𝐺𝐺𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇
2
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Appendix C: Water Level Station Locations
Appendix C Table 1. FIIS water level station locations. Site numbers, if given, are the NOAA or USGS
site identification numbers.
Site

Site Number

Longitude

Latitude

Lindenhurst

01309225

-73.3561

40.6692

Bellport

-72.9320

40.7532

Barrett Beach

-73.0422

40.6739

USCG-FI

8515186

-73.2600

40.6267

USCG-FI-2

8515186

-73.2592

40.6259

Bayshore

8515102

-73.2400

40.7167

Smith Point Bridge

8513825

-72.8683

40.7383

Patchogue River

8514322

-73.0183

40.7500

Appendix C Table 2. GATE water level station locations. Site numbers are the NOAA or USGS site
identification numbers.
Site

Site Number

Longitude

Latitude

Sandy Hook

8531680

-74.0083

40.4667

Battery

8518750

-74.0133

40.7000

Keyport

8531545

-74.1983

40.4400

Long Branch Pier

8531991

-73.9767

40.3033

Great Kills

8519436

-74.1400

40.5433

USCG-NY

8519050

-74.0600

40.6117

East Rockaway

01311145

-73.7378

40.5931

Rockaway Inlet

01311875

-73.8856

40.5736

Jamaica Bay

01311850

-73.7583

40.6172

Keansburg

01407081

-74.1475

40.4492

Appendix C Table 3. ASIS water level station locations. Site numbers, if given, are the NOAA site
identification numbers.
Site

Site Number

Longitude

Latitude

Ocean City Inlet

8570283

-75.0917

38.3283

Ocean City Fishing Pier

8570280

-75.0833

38.3267

Keydash

8570255

-75.0850

38.3417

Chincoteague CG Station

8630249

-75.3833

37.9317

Chincoteague Channel

8630308

-75.4050

37.9067

Buntings Bridge

8570691

-75.1835

38.1390

NPS-Marsh 6

-75.1873

38.1436

NPS-Marsh 8

-75.2220

38.0891

Taylor's Landing

-75.3590

38.0758

Greenbackville

-75.3846

38.0058

Trappe Creek

-75.1908

38.2535
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