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Executive Summary 

Understanding trends in sea level, as well as the relationship between global and local sea level, 

provides critical information about the impacts of the Earth's climate on our oceans and 

atmosphere.  Changes in sea level are directly linked to a number of atmospheric and oceanic 

processes.  Changes in global temperatures, hydrologic cycles, coverage of glaciers and ice 

sheets, and storm frequency and intensity are examples of known effects of a changing climate, 

all of which are directly related to, and captured in, long-term sea level records.  Sea levels 

provide an important key to understanding the impact of climate change, not just along our 

coasts, but around the world.  By combining local rates of relative sea level change for a specific 

area based on observations with projections of global sea level rise (IPCC 2007), coastal 

managers and engineers can begin to analyze and plan for the impacts of sea level rise for long-

range planning.   

This document is intended to provide technical guidance to agencies, practitioners, and coastal 

decision-makers seeking to use and/or collect geospatial data to assist with sea level change 

assessments and mapping products.  There is a lot of information available today regarding sea 

level change and navigating this information can be challenging.  This document seeks to clarify 

existing data and information and provide guidance on how to understand and apply this 

information to analysis and planning applications by directing readers to specific resources for 

various applications. 

There is no single approach to sea level change mapping and assessment.  The specific data and 

information requirements of any user are unique depending on their application, location, and 

need.  It is important to understand what to look for and what questions to ask when applying 

existing information or collecting new data. 

The discussion in this document is structured around four key questions to address the required 

technical considerations: 

 What is sea level change and how is it measured? 

 What are the considerations for sea level applications with respect to data standards? 

 How can users understand and apply geospatial data and information to support sea level 

rise mapping and assessment and aid in coastal decision making? 

 What are the limitations and gaps with respect to sea level measurement, and what are the 

implications of those gaps? 

The document is divided into eight distinct chapters to assist readers in quickly locating the most 

relevant information: 

 The Introduction and General Information chapters pose the key questions to ask when 

approaching mapping/analysis amidst sea level change, and provide background 

information on past and projected sea level trends. 
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 Chapter 2 provides details about the definition of sea level change, the status of sea level 

research and data today, how to use this information, and how geospatial data are related 

to sea level applications. 

 Chapter 3 discusses existing types and sources of geospatial data available for sea level 

mapping projects. 

 Chapter 4 addresses more specific types of data sets, how to acquire them, and how they 

can serve multiple uses. 

 Chapter 5 provides details on error and uncertainty within the data, and how to use 

specialized tools such as VDatum, as well as how to integrate data products for maximum 

utility.  

 Chapter 6 outlines the array of applications for sea level change data, including various 

models (DEM), and using those applications to measure and quantify changes in sea 

levels, as well as ecosystems and wetlands. 

 Chapter 7 presents case studies that deal with extreme events and anomalies and offers 

insights from workshops and conferences. 

 Chapter 8 offers a wide range of additional resources for the user who wishes to delve 

deeper into the subject of sea level change. 

In summary, this document amasses the most up-to-date and useful information from NOAA and 

others to provide the user with access to a wide range of potential solutions to assist with 

planning for sea level change. 
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Chapter 1.0 Introduction 

This document is designed to support the climate community in conducting sea level rise 

assessments, as well as communities involved in coastal development and restoration, habitat 

assessment and protection, coastal hazard planning and mitigation, and more.  Critical products 

affected by sea level considerations include: navigational, National Shoreline and National 

reference system, marine boundaries, integrated bathymetric/topographic (bathy/topo) models, 

and other geospatial products and tools that support a variety of practical application and 

research projects. With this resource, users can assess the utility of existing data and inform the 

acquisition of new data against standards of the National Oceanic and Atmospheric 

Administration (NOAA).  The document provides links to NOAA standards for bathymetry, 

topography, and vertical control as defined by NOAAôs National Ocean Service (NOS).  

Four NOAA NOS Program Offices collaborated to produce this document: the Center for 

Operational Oceanographic Products and Services (CO-OPS), the Coastal Services Center 

(CSC), the Office of Coast Survey (OCS), and the National Geodetic Survey (NGS). 

Approach 

This technical document pulls from and links together existing standards and documents and 

incorporates additional appropriate documents and reference material.  The document provides a 

series of technical references with executive summary-level syntheses to link them together and 

facilitate their use.  The references include elements of bathymetry, topography, and vertical 

control as they relate to sea level measurement, mapping, assessment, and the impacts of sea 

level change.  

Key Questions 

The discussion is structured around four key questions to address the required technical 

considerations: 

 What is sea level change and how is it measured? 

 What are the considerations for sea level applications with respect to data standards? 

 How can users understand and apply geospatial data and information to support sea level 

rise mapping and assessment and aid in coastal decision making? 

 What are the limitations and gaps with respect to sea level measurement, and what are the 

implications of those gaps? 
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Chapter 2.0 General Information 

The purpose of this chapter is to provide fundamental background in understanding sea level 

change, appropriate terminology for describing sea level variations at local and global scales, and 

basic concepts of reference datums critical for assessing impacts of sea level change.  Some 

considerations of accuracy and for datum transformation are also included to lay the foundation 

for subsequent chapters. 

2.1 What is Sea Level Change? 

2.1.1 Global and Relative Sea Level Change 

The level of the sea observed along the coast changes in response to a wide variety of 

astronomical, meteorological, climatological, geophysical, and oceanographic forcing 

mechanisms.  From the highest frequency wind waves and sea swell to tsunamis and local 

seiches, to the daily tides, to monthly, seasonal, and annual variations, to decadal and multi-

decadal variations, and finally, to changes over hundreds of millions of years, sea level is 

constantly changing at any given location. 

For purposes of this document, the time scales of concern with respect to sea level change 

include the monthly through the multi-decadal time frames.  Multi -decadal change in sea level is 

often described as indicated by long-term sea level trends or shorter time periods, or monthly sea 

level anomalies, both of which are discussed in this document.  Sea level change has geospatial 

and temporal variations such that sea level can be rising or falling depending upon location and 

time scale.  Therefore, this document focuses on sea level change in general, rather than sea level 

rise, which is a specific type of sea level change. 

In addition, there is a subtle, but significant distinction to make when discussing sea level change 

and the context for which estimation of the change is required.  This distinction is one between 

global sea level change and relative sea level change (Williams et al. 2009).   

 Global (Eustatic) sea level change is often caused by the global change in the volume of 

water in the worldôs oceans in response to three climatological processes: 1) ocean mass 

change associated with long-term forcing of the ice ages ultimately caused by small 

variations in the orbit of the earth around the sun; 2) density changes from total salinity; 

and most recently 3) heat content of the worldôs ocean, which recent literature suggests 

may be potentially accelerating due to global warming.  Global sea level change can also 

be caused by basin changes, through such processes as seafloor spreading.  Thus global 

sea level, also sometimes referred to as global mean sea level, is the average height of all 

the worldôs oceans
1
.  Global sea level rise is a specific type of global sea level change 

                                                 

 
1
 Note that rates of global sea level change vary per region as discussed in later sections of Chapter 2.   
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that climate models are forecasting to occur at an accelerated rate and is the topic of 

much of the discussion in this document. 

 Relative sea level change is the local change in sea level relative to the elevation of the 

land at a specific point on the coast.  Relative sea level change is a combination of both 

global and local sea level change due to changes in estuarine and shelf hydrodynamics, 

regional oceanographic circulation patterns, hydrologic cycles (river flow) and local 

and/or regional vertical land motion (subsidence or uplift).  Thus, relative sea level 

change is variable along the coast depending upon the local and regional factors 

previously described.  Relative sea level rise is a specific type of sea level change that 

affects many applications, since the contribution to the local relative rate of rise from 

global sea level rise is expected to increase.  Some areas, as discussed later in this 

chapter, are experiencing relative sea level fall, which can also have ecological and 

societal impacts.  Some localized areas exhibit a more dramatic relative sea level change 

trend than is generally observed globally unless data are filtered to account for local 

geophysical anomalies. 

2.1.2 Geologic History of Sea Level  

Figure 2.1 shows large variations in global mean sea level elevation over the last 400,000 years 

resulting from four natural glacial and interglacial cycles.  Global mean sea level was 

approximately 4 meters (m) to 6 m higher than it was during the last interglacial warm period 

125,000 years ago and 120 m lower during the last Ice Age, approximately 21,000 years ago.  

 
Figure 2.1.  Global sea level change from 400,000 years ago to the present (Williams et al. 2009). 

The generalized plot in figure 2.2 illustrates the rise in global mean sea level at variable rates 

over the last 18,000 years as the Earth moved from a glacial period to the present interglacial 

warm period.  The rise was rapid but highly variable, slowing about 3,000 years ago.  Recent 

acceleration is not noticeable at this scale.  All human development has occurred in the last 3,000 

years, when the average rate of global sea level rise has been relatively flat.  We are not used to 

witnessing significant changes in rates of global sea level rise, but these changes necessitate 

adaptation and mitigation planning. 
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Figure 2.2.  The rise in global mean sea level over 

the last 18,000 years (Williams et al. 2009). 

2.1.3 Present Day Global Sea Level 

Figure 2.3, taken from the Intergovernmental Panel on Climate Changeôs (IPCC) 2007 report, 

shows annual averages of global mean sea level in millimeters (mm).  The red curve shows sea 

level variation from tide gauge observations since 1870 (updated from Church and White 2006); 

the blue curve displays adjusted tide gauge data from Holgate and Woodworth (2004), and the 

black curve is based on satellite observations from Leuliette et al. (2004).  The red and blue 

curves represent deviations from their averages for 1961 to 1990, and the black curve is a 

deviation from the average of the red curve for the period 1993 to 2001.  Vertical error bars show 

90% confidence intervals for the data points.  The estimated trend over the past century, based on 

analyses of tide gauge records around the globe, is 1.7 mm/yr - 1.8 mm/yr.   
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Figure 2.3.  Global mean sea level change since 1860 (Williams et al. 2009). 

2.1.4 The Latest 16-Year Trends in Global Mean Sea Level from Satellite 
Altimetry 

Figure 2.4 shows an estimate of the present trend in global sea level rise based on a series of 

overlapping satellite altimeter missions performed since 1992, capturing a rate of 3.0 mm/yr for 

the global oceans (http://ibis.grdl.noaa.gov/SAT/SLC/index.php), implying an acceleration of the 

rates compared to the last century.  A description of sea level measurements from altimetry is 

found in subsequent sections (section 3.1). 

 

Figure 2.4.  The estimated rate of global sea level rise since 1992 

using satellite altimeter data. 

Figure 2.5 illustrates the significant geospatial variability of the global sea level trends around 

the world (http://ibis.grdl.noaa.gov/SAT/SLC/index.php).  Although the composite global trend 

in sea level change is 3.0 mm/yr from 1993 to the present, regional trends show variations from 
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over 10 mm/yr to less than ī10 mm/yr.  It is important to understand this regional variability in 

the global signal when estimating local and regional rates.  These regional patterns and the 

limited duration of the time series may reflect decadal variability rather than long-term trends.  

Note, for instance, the obvious geographic pattern similar to that observed during normal to La 

Niña conditions.  See section 3.1 for additional discussion on how satellite altimeters measure 

sea level.  

 

Figure 2.5.  Regional rates of sea level change from overlapping satellite altimeter missions. 

2.1.5 Projected Acceleration in Global Mean Sea Level 

Figure 2.6 shows a plot of the recent rise in global sea level and the estimated acceleration in the 

rate of global sea level rise from several future sea level projections to the year 2100 based on 

various computer models.  The blue shaded area represents the sea level rise projection by Meehl 

et al. (2007), which corresponds to the A1B emissions scenario and is part of the basis for the 

IPCC (2007) estimates.  The higher gray-and-dashed-line projections are from Rahmstorf (2007) 

and consider the factors used in the IPCC estimates, but they also include effects of potential 

increased ice flow rates and associated melting of ice sheets in Greenland and Antarctica. 
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Figure 2.6.  Observed and projected sea level rise since the late 1800s 

(Williams et al. 2009). 

2.1.6 Present-Day Trends in Relative Mean Sea Level 

Rates of relative sea level change are highly variable along the coasts because they are the 

combination of many effects (in addition to those from global sea level change) and have 

significant contributions from local and regional rates of vertical land motion.  Local trends in 

relative sea level are estimated using long-term tide gauge records (Zervas 2009).  A discussion 

of tide gauge data used for local mean sea level determination is found in section 3.1.3.  The 

important point is that tide gauges measure variations of the water relative to the land, thus 

providing key information on the land-water interface required for many applications.  Although 

tide gauge records are considered key data sources for developing sea level trends world-wide, 

special consideration must be given to gauge zeros, datums, and the fact that gauges are typically 

connected directly to land and land-based monumentation.  The records alone cannot distinguish 

among components whether changes are due to global sea level change or land movement but do 

provide rates of actual change relative to the land.  Figure 2.7 shows NOAAôs Sea Levels Online 

website, depicting the relative sea level trends around the globe based on tide gauge records 

(http://tidesandcurrents.noaa.gov/sltrends/index.shtml).  The various lengths, colors, and 

directions of the arrows illustrate the variability of the sea level trends around the globe.  

Extreme rates of relative sea level rise are found in the northern Gulf of Mexico due to regional 

and local land subsidence.  Extreme rates of relative sea level fall are found in the Gulf of 

Alaska, where there is local rebound of the land due to loss of the land-based glaciers and/or 

uplift response to plate tectonics (including large earthquakes). 
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Figure 2.7.  Relative sea level trends around the globe computed from tide gauge records.  

NOAA website at:  http://tidesandcurrents.noaa.gov/sltrends/index.shtml. 

Figure 2.8 provides an example of a long-term tide gauge record and the computed relative mean 

sea level trends for San Francisco, CA, which is the longest continuously-operating tide gauge in 

the U.S.  Note that the 95% confidence interval trend lines are also depicted.  Trend calculations 

are decoupled for discrete events such as major earthquakes and station relocations so that the 

observations prior to the specific disturbance are not computed into the long-term trend. 

 
Figure 2.8.  The long-term relative mean sea level trend for San Francisco. 
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Relative mean sea level trends are typically computed at a tide gauge using the longest record 

available without known discontinuities.  For climate applications, the variability of sea level 

trends is also of interest, and the records are being analyzed for evidence of acceleration of the 

trends.  Figure 2.9 shows the variability of overlapping 50-year trends for the record at San 

Francisco.  Using this methodology, the latest 50-year segment was centered 25 years ago; 

however, the nature of the variability is still of interest. 

 
Figure 2.9.  The variability of relative mean sea level trends over a long period 

record using over lapping 50-year segments. 

2.1.7 Annual and Decadal Sea Level Variations 

Understanding annual and decadal sea level variations can also be important for context and 

correct application to a particular coastal zone project.  Several factors affect the water level 

measured at a tide station over various time scales.  For shorter time scales, these include local 

and regional wind stress, changes in barometric pressure, and astronomical tidal forcing.  At 

seasonal time scales, the larger-scale seasonal changes in atmospheric pressure, wind, river 

discharge, water density, and seasonal changes in circulation patterns have a greater impact.  It is 

important to distinguish which factors are contributing to the sea level trends and account for 

those that are seasonal, tidal, or meteorological.  Whereas some signals, such as astronomical 

tide, can be eliminated from the long-term record, others are not as easy to distinguish and 

remove properly.  Depending on the region of study, there may be greater impacts on water level 

from physical forcing than the astronomical tide.  Some areas are more significantly affected by 

wind-driven circulation and storm surge, which are harder to predict or account for.  On a longer 

time scale, sea level observations also exhibit interannual and decadal variations, which are often 

difficult to remove because they can be intertwined with seasonal variations as well as ocean-

atmospheric interactions.  However, if a sea level series from which a trend is being computed 

begins or ends in a significant crest or trough of an interannual ñeventò (e.g., El Niño Southern 
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Oscillation, ENSO), calculated trends can become biased.  Interannual and decadal trends are 

typically not removed from monthly mean sea level records (monthly averages of hourly sea 

level heights), but should be recognized, and short-term records should be avoided, as they do 

not sufficiently capture long-term trends and therefore create bias (Parker 1992).  The 

relationship between water level and atmospheric processes makes sea level records an important 

part of understanding global teleconnections.  The NOAA Sea Levels Online website 

(http://tidesandcurrents.noaa.gov/sltrends/index.shtml) is also a source for annual and decadal 

variation information using long-term tide gauge records.  For example, figure 2.10 shows the 

average annual variability in monthly mean sea level (computed over the period of record, 1897-

2006) using San Francisco with high sea levels in January, February, August, September, and 

October of each year. 

 
Figure 2.10.  Average annual variation in monthly mean sea level at San Francisco. 

Figure 2.11 shows the interannual variability in mean sea level for San Francisco.  This analysis 

first subtracts the annual seasonal cycle from the record and removes the linear sea level trend so 

that the resulting sea levels can be examined for anomalous time periods.  The anomalously high 

sea levels are found during the El Niño periods (e.g., 1982-1983 and 1997-1998). 
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Figure 2.11.  The interannual variation in monthly mean sea level at San Francisco 

2.2 Considerations for Sea Level Applications 

2.2.1 Datums 

Tidal Datums and the National Tidal Datum Epoch (NTDE) 

Generally, a datum is a base elevation used as a reference from which to reckon heights or 

depths.  A tidal datum is a standard elevation defined by a certain phase of the tide.  Tidal 

datums are used as references to measure local sea levels near the tide gauge at which the 

measurements were collected and should not be extended into areas with differing oceanographic 

characteristics without substantiating measurements.  So that they may be recovered when 

needed, such datums are referenced to fixed monuments known as bench marks near the tide 

gauge.  Tidal datums are also the basis for establishing marine boundaries, delineating privately-

owned land, state-owned land, territorial sea, exclusive economic zone, and high seas 

boundaries. 

Tidal datums are based on averaged stages of the tide, such as mean high water (MHW) and 

mean lower low water (MLLW).  To minimize all the significant daily, monthly, and yearly sea 

level variations, a tidal datum such as MHW is defined as the average of all the high water 

elevations tabulated over an 18.6-year period (rounded to 19 years to obtain closure on the 

annual cycle).  The 19-year period encompasses all significant variations in the mean range of 

tides due to variations in lunar and solar orbits, including the 18.6-year regression of the moonôs 

nodes.  It also averages out most meteorological effects on water level, which could bias a tidal 

datum computed from a shorter length data time series.  The National Tidal Datum Epoch 

(NTDE) is a specific 19-year period defined by NOAA.  Water level observations obtained 

during this cycle are used to calculate official tidal datums.  The present Epoch is the 1983-2001 

NTDE.  Figure 2.12 shows the accepted 1983-2001 NTDE tidal datum elevations relative to an 
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arbitrary station datum at San Francisco, CA.  This Web-based presentation also includes the 

elevation of the geodetic North American Vertical Datum of 1988 (NAVD 88) relative to the 

same station datum and includes the tabulated highest and lowest tides of record.  NOAA 

reference manuals on applications of tidal datums (NOAA 2001) and computation of tidal 

datums from short series of measurements (NOAA 2003) provide more detail.  See also 

http://tidesandcurrents.noaa.gov/ for products and information. 

 
Figure 2.12.  Accepted 1983-2001 NTDE datums for San Francisco, CA.  From: 

http://tidesandcurrents.noaa.gov/.  NAVD refers to the North American Vertical Datum of 1988. 

NOAAôs Center for Operational Oceanographic Products and Services (CO-OPS) periodically 

updates the Nationôs tidal datum elevations to new NTDE periods.  The most recent such update 

was in April 2003 in which the 1983-2001 NTDE superseded the 1960-1978 NTDE.  The NOS 

policy is to revise the NTDE every 20-25 years to account for changes in relative mean sea level 

due to global sea level change and long-term local and regional vertical land mass movements.  

The new NTDE calculations provide the most accurate up-to-date tidal datum information 

required to support essential Federal, state, and private sector coastal zone management projects 
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including navigation safety, storm surge monitoring, coastal engineering, ecosystem research, 

hazard mitigation, and other critical issues confronting coastal communities.  Previous tidal 

epochs were determined for the periods 1924-1942, 1941-1959, and 1960-1978 (figure 2.13).  

New NTDEs are adopted so that all tidal datums throughout the United States are based on one 

(and most recent) specific common reference period.  The NDTEs do not need to be consecutive 

19-year periods without gaps.  The change in relative mean sea level drives the timing.  The 

latest NTDE update was officially announced in the Federal Register on May 28, 2003 (volume 

68, Number 102).   

It should be noted, however, that in areas experiencing high rates of relative sea level change, 

datums must be updated more frequently than the national NTDE.  NOAA has adopted a 

ñModified Tidal Datum Epochò procedure for updating datums in areas of rapid sea level change 

due to rapid subsidence and uplift.  Instead of using a full 19 years of monthly mean sea level, 

datums computed from the modified epoch are based on the most recent 5 years of data and are 

not the same as the standard NTDE datums.  However, the procedure still adheres to the NTDE 

concept, since the monthly mean ranges of tide are computed using the full 19 years of data.  

Long-term variations in monthly mean sea level are due to oceanographic change and vertical 

land motion, while variations in range of tide are due to the changing moonôs declination and 

nodal cycle.  Special care must be taken in describing these areas on a station-by-station basis 

and care must be taken in the use of them for controlling the development of 19-year equivalent 

datums at nearby short-term stations.  Example areas where the Modified Tidal Datum Epoch is 

used are in southeast Alaska, where recent glacial melt has resulted in rapid local land rebound 

or uplift and relative sea level fall, and in the Louisiana Mississippi Delta area, where regional 

and local land subsidence have resulted in rapid sea level rise.  Rates of relative sea level change 

in these areas are typically greater than 7-8 mm/yr. 

 
Figure 2.13.  History of updates to the National Tidal Datum Epoch due to sea level change. 



 

15 

Geodesy and Geodetic Datums 

Geodesy is the branch of applied mathematics concerned with determination of the size and 

shape of the Earth, its gravity field, the precise determination of positions on the Earthôs surface 

and the measurement of geodynamic phenomena, such as the motion of the magnetic poles, tides 

and tectonic plate motion.  The National Geodetic Survey (NGS) defines a geodetic datum as: ñA 

set of constants used for calculating the coordinates of points on the Earth.ò  Generally, a datum 

is a reference from which measurements are made (such as a surface of zero elevation for 

referencing heights or the origin and orientation of a Cartesian coordinate frame used to 

reference Cartesian coordinates, as well as latitudes and longitudes, if an ellipsoid model is also 

included).  Traditionally, horizontal datum describes a datum in which latitude and longitude are 

referenced.  A vertical datum references elevations or heights. 

Types of Vertical Datums: 

There are three primary types of vertical datums in use in United States.  These are orthometric, 

ellipsoidal, and dynamic.  Other types of datums (such as ñnormalò and ñnormal orthometricò) 

also exist in other countries, but will not be discussed further.  Dynamic datums are generally 

used only in large landlocked bodies of water (such as the Great Lakes) but do not have a 

significant role in this document and will not be further discussed.  The remaining two, 

orthometric and ellipsoidal, are outlined in the following paragraphs. 

However, before proceeding, a primer on certain terminology is helpful. 

Geoid: The geoid is the surface of constant gravity potential which best fits (in the least squares 

sense) global mean sea level.  By this definition, at any given point in time, which represents a 

given distribution of mass on Earth (and in the Universe), there is one and only one geoid. 

Ellipsoid:  Usually meaning an ñellipsoid of revolution,ò it is a three-dimensional surface that 

would be described by the rotation of an ellipse about its semi-minor axis.  An ellipsoid, being an 

arbitrary shape (defined by only 2 variables) is non-unique, and various groups have adopted 

different ellipsoids of reference for various reasons. 

Plumb Line:  A curved line in space that is always tangent to the local direction of gravity.  It is 

also perpendicular to any surface of constant gravity potential (an equipotential surface) through 

which it passes. 

Ellipsoidal Normal:   A straight line perpendicular to the surface of an ellipsoid. 

Geoid Undulation:  The distance along the ellipsoidal normal from a chosen ellipsoid to the 

geoid.  If the reference ellipsoid is chosen so as to ñfit the geoidò, the magnitude of geoid 

undulations ranges from approximately ī100 to +100 meters (m), globally.   
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Orthometric Datums 

Orthometric datums are used for referencing orthometric heights.  An orthometric height is the 

distance between the geoid and a point on the Earthôs surface (measured along the plumb line).  

In general, orthometric heights are impossible to determine through a direct measurement, since 

this would require full knowledge of both the plumb line and the geoid, which are generally 

within Earthôs crust.  As such, a variety of approximations are used estimate orthometric heights.  

One of the most common is called a ñHelmert orthometric heightò and relies solely on surface 

leveling measurements and surface gravity measurements.   

Also, orthometric heights are colloquially, but incorrectly, called heights above mean sea level 

(MSL).  Oceanographic MSL, however, departs from the geoid through both periodic effects 

(such as tides) and non-periodic effects (such as western boundary currents).  Furthermore, MSL 

is defined over the surface of the oceans only, whereas the geoid is a continuous surface, 

approximating the oceanôs surface over the oceans, but slicing under the continents at land areas.  

As such, heights ñabove mean sea levelò are meaningless over land.  North American Datum of 

1988 (NAVD 88): The current official vertical datum for all surveying and mapping activities of 

the Federal government.  The datum is defined as the surface of equal gravity potential to which 

orthometric heights shall refer in North America, and which is 6.271 m (along the plumb line) 

below the geodetic mark at ñFather Point/Rimouskiò (PID TY5255 in the NGS Integrated 

Database).  However, it is realized (i.e., its primary method of access is) through over 500,000 

geodetic bench marks across North America with published Helmert orthometric heights, most 

of which were originally computed from a minimally constrained adjustment of leveling and 

gravity data, holding the geopotential value at ñFather Point/Rimouskiò fixed. 

National Geodetic Vertical Datum of 1929 (NGVD29) 

The predecessor of NAVD 88, the National Geodetic Vertical Datum of 1929 (NGVD29) served 

as the official vertical datum for all surveying and mapping activities of the Federal Government 

for the U.S. until it was superseded.  It was defined as the surface of equal gravity potential, to 

which orthometric heights shall refer in North America, and which is 0.000 m above mean sea 

level at 26 chosen tide gauges on the East and West Coasts of the United States and Canada 

(below the geodetic mark at ñFather Point/Rimouskiò (PID TY5255 in the NGS Integrated 

Database).  However, it was  realized (i.e., its primary method of access was) through the 

National network of geodetic bench marks across North America with published normal 

orthometric heights, most of which were originally computed from a constrained adjustment of 

leveling data, holding the mean sea level heights at 29 tide gauges as fixed to be zero in NGVD 

29.  A superseded synonym for NGVD29 was Sea-level Datum of 1929.  

Both NAVD 88 and NGVD29 were ñfixedò and did not take into account the changing stands of 

sea level or vertical land motion (except in sporadic cases of re-leveling).  Because there are 

many variables affecting sea level, and because the geodetic datum represents a best fit over a 

broad area, the relationship between the geodetic datum and local mean sea level is not 

consistent from one location to another in either time or space.  
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Ellipsoidal Datums/Geometric Reference Frames 

Ellipsoidal datums (or, more recently ñgeometric reference framesò) have become important with 

the development of GPS.  They often include an origin and orientation of a Cartesian coordinate 

system, overlain with an ellipsoid that approximates the geoid.  Ellipsoidal heights are the 

distances along the ellipsoidal normal to a point on the Earthôs surface.  While GPS is a purely 

Cartesian (i.e., XYZ) system, the introduction of a simple ellipsoid model allows for the fast 

determination of latitude, longitude, and ellipsoid height indirectly from GPS observations.  

There are various geometric reference frames in use, but for scientific applications, especially 

sea level change, the International Terrestrial Reference Frame (ITRF) is preferred.  The ITRF is 

a regularly updated (e.g. ITRF2000, ITRF2005, ITRF2008) realization of the International 

Terrestrial Reference System (ITRS), produced under the auspices of the International Earth 

Rotation and Reference Frame Service (IERS).  Each ITRF is purely Cartesian, therefore any 

convenient ellipsoid may be superimposed to convert to latitude, longitude, and ellipsoid height.  

The convention most frequently used is the ellipsoid known as GRS-80 

(http://www.ncgs.state.nc.us/pdf/FAQs_for_NAD_83_NSRS2007.pdf).   

It is critical to understand the geometric reference frame in use, as its origins and varied 

ellipsoids will directly impact height measurements, such as those used in SLC detection.  For 

example, the official geometric reference frame (still frequently called a horizontal datum) for 

the U.S. is NAD83, whose origin is known to be offset from ITRF2008 by approximately 2.2 m.   

National Reference Systems 

The NGS defines, maintains, and provides access to the National Spatial Reference System 

(NSRS) that is a nationally consistent coordinate system for determining latitude, longitude, 

height, scale, gravity, and Earth orientation parameters. See: 

http://www.ngs.noaa.gov/INFO/OnePagers/NSRSOnePager.pdf. 

The NSRS also tracks how these parameters change with time.  The major components of NSRS 

are: 

 A consistent, accurate, and up-to-date National Shoreline  

 The National CORS, a set of GNSS Continuously Operating Reference Stations meeting 

NOAA geodetic standards for installation, operation, and data distribution 

 A network of passive control monuments including the Federal Base Network (FBN), the 

Cooperative Base Network (CBN), and the User Densification Network (UDN) 

 A set of accurate models describing dynamic geophysical processes affecting spatial 

measurements 

2.2.2 Datum Transformations 

There are numerous horizontal and vertical datums used for a variety of geospatial applications. 

Topographic maps (e.g., from USGS) generally have elevations referenced to orthometric 

datums, either the NAVD 88 or to the older NGVD29.  Source engineering documents and maps 
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model) to deliver the transformations.  VDatum offers point location and batch file output, which 

can be put into a gridded model output or a GIS file thus providing interpolated information 

away from the observation locations. 

The decision to use either a transformation tool or a more direct measurement depends upon the 

application and the desired accuracy.  The published point elevations from NGS for geodetic 

datums at bench marks and from CO-OPS at tide stations offer the most accurate elevations.  

Performing a new static GPS survey, leveling between existing bench marks in the survey area, 

establishing a new tide station and computing new tidal datums, or performing a new 

bathymetric or shoreline survey may be the only ways to meet the most stringent accuracy 

requirements for a local project.  That decision interplay between transformation models and 

observations requires understanding of project accuracy requirements, as well as uncertainties 

and limitations of the interpolation and transformation tools being used.  A discussion of datum 

uncertainties and datum transformation uncertainties can be found on the NOAA VDatum 

website at http://vdatum.noaa.gov/docs/est_uncertainties.html. 

2.3 Accuracy Needed For Various Sea Level Applications  

The best way to address accuracy very much depends upon the application.  How are the data to 

be used and in what context?  In most instances, the user must determine the total accuracy 

requirements of the final product and how certain he or she needs to be to make a decision or 

assume a significant amount of risk in final statements and conclusions? 

There are a few basic statements on accuracy of relative sea level trends that can be made, 

however.  For instance, the accuracy of relative sea level trends computed from tide gauge 

records is highly dependent upon the record length as detailed by Zervas (2009).  Figure 2.14 

shows the relationship of the 95% confidence level (an expression of uncertainty) in a sea level 

trend with record length.  The confidence limits of a 20-year record have almost a 3.0 mm/yr 

uncertainty, while a trend from a 40-year record has only a 1.0 mm/yr uncertainty.  For most 

applications, the uncertainty of the trend is much less than the value of the actual trend itself.  

NOAA publishes relative trends in mean sea level for only those stations with greater than 30 

years of record.   
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Figure 2.14. A 95% confidence interval for linear mean sea level 

trend versus series length (Zervas 2009). 

If it is found that shorter record lengths are required, then the trend must always be presented 

with an estimate of its uncertainty.  When trends among a region are compared, the trends from 

greater than 30 years of record should be used.  When comparing trends using shorter record 

lengths, it is important to use trends determined from simultaneous time periods. 

There are also some basic statements that can be made on the accuracy required for topographic 

elevations when merging them with sea level rise trends or scenarios.   CCSP 4.1 (Gesch et al. 

2009) found that in many instances, users showing impacts of sea level rise on elevation surfaces 

were overextending their findings because they ignored the underlying accuracy of the source 

elevation data and reported results in increments that could not be supported by the data.  Some 

of the CCSP4.1 findings were:  

The accuracy with which coastal elevations have been mapped directly affects the 

reliability and usefulness of sea level rise impact assessments.  Although previous 

studies have raised awareness of the problem of mapping and quantifying sea 

level rise impacts, the usefulness and applicability of many results are hindered by 

the coarse resolution of available input data.  In addition, the uncertainty of 

elevation data is often neglected. 

Existing studies of sea level rise vulnerability based on currently available 

elevation data do not provide the degree of confidence that is optimal for local 

decision making. 

There are important technical considerations that need to be incorporated to 

improve future sea level change impact assessments, especially those with a goal 

of producing vulnerability maps and statistical summaries that rely on the analysis 

of elevation data.  The primary aspect of these improvements focuses on using 
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high-resolution, high-accuracy elevation data, and consideration and application 

of elevation uncertainty information in development of vulnerability maps and 

area statistics.  

Studies that use elevation data as an input for vulnerability maps and/or statistics 

need to have a clear statement of the absolute vertical accuracy.  There are 

existing national standards for quantifying and reporting elevation data accuracy. 

Figure 2.15 provides CCSP4.1 guidance on the minimum sea level rise increment supportable by 

various accuracies of source elevation data.  Topographic lidar data are being increasingly used; 

however, 15.0 cm Root Mean Square Error (RMSE) accuracy is often ignored when applying it 

to various incremental rates of sea level rise or for any inundation mapping purposes. 

 
Figure 2.15.  Table 2.4 from Gesch et al. (2009). 

Figure 2.16 further explains the on-the-ground difference various uncertainties in source 

elevation can make.  The more accurate lidar-derived DEM (±0.3 m at 95% confidence) results 

in a delineation of the inundation zone with much less uncertainty than when the less accurate 

topographic map-derived DEM (±2.2 m at 95% confidence) is used.  Depending on the slope of 

the topography, that uncertainty can translate into a significant horizontal distance.  Care must be 

taken not to overstate the resolution of area impacts of inundation for given sources of data. 

 
Figure 2.16.  How a sea level rise of 1 m is mapped onto the land surface 

using two digital elevation models with differing vertical accuracies, from 

figure 2.2 in Gesch et al. (2009).  
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2.4 Use of Sea Level Rise Information 

Understanding trends in sea level, as well as the relationship between global and local sea level, 

provides critical information about the impacts of the Earth's climate on our oceans and 

atmosphere.  Changes in sea level are directly linked to a number of atmospheric and oceanic 

processes.  Changes in global temperatures, hydrologic cycles, coverage of glaciers and ice 

sheets, and storm frequency and intensity are examples of known effects of a changing climate, 

all of which are directly related to, and captured in, long-term sea level records.  Sea levels 

provide an important key to understanding the impact of climate change, not just along our coasts, 

but around the world.  By combining local rates of relative sea level change for a specific area 

based on observations with projections of global sea level rise (IPCC 2007), coastal managers and 

engineers can begin to analyze the impacts of sea level rise for long-range planning.   

The sea level change information, along with the fundamental water level and geodetic data 

sources described in this document, can be used to: 

1) Obtain a basic understanding of how sea level rise affects the physical environment: 

 Shoreline change and erosion or deposition (sediment transport) 

 Coastal flooding impacts of coupling with storm events (frequency and duration) 

 Coastal wetland sustainability 

 Effects on coastal habitats 

 Local and regional vertical land motion 

 Adequacy/accuracy of existing navigational charts  

 Proper use of historical nautical charts, which are compiled from various surveys, 

typically conducted over several decades. 

2) Understand potential societal impacts of sea level rise, such as: 

 Shore protection and retreat 

 Impacts on population, land use planning and infrastructure 

 Public access 

 Floodplain management and coastal zone management 

3) Perform vulnerability studies and risk assessments on impacts of sea level rise, for example: 

 USGS/Coastal Vulnerability Index Maps (Theiler et al. 2009)   

 EPA/Coastal Elevations at Risk Maps (EPA 2009) 

 U.S. Army Corps of Engineers (USACE)/ Engineering Planning and Design Guidance 

(USACE 2009) 

 DOT/Impacts on Transportation Infrastructure (DOT 2008) 

4) Perform basic research in estimating global sea level rise (Douglas et al. 2001 and Church and 

White 2006). 
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The present relative mean sea level trends derived from tide gauge records are often used as 

baseline rates for addressing future impacts as if there would be no acceleration in present day 

rates of global sea level rise. 

The global climate models (IPCC 2000) are used to project the increased elevation in global 

mean sea level by a certain time (2100) and do not use estimates of changing rates.  The USACE 

(2009) estimates the change in the rates of global sea level rise using a mathematical curve for 

practical application to get interim values. 

Sea level change information in the form of existing trends, projected trends, existing and 

projected extremes, and the nature of the time and spatial variability of the information can be 

used in a variety of applications.  Chapter 6 describes many of these applications in more detail. 

2.5 Projection of Future Sea Level Trends 

2.5.1 Background Discussion 

If the period of interest in projected sea level change is only from one to five years from now 

(2010), then the linear trends in relative mean sea level computed from tide station records 

probably suffice as a baseline estimate for most applications (see other chapters of this 

document).  Climate models project accelerated contributions to global warming and global sea 

level rise from 10 years out to the end of the century.  If projections for longer time scales are 

required, then information from the ongoing climate research needs to be applied and integrated 

with actual present day trends.   

Projection of future global sea level change is dependent upon climate change models that 

predict the impacts of various scenarios for greenhouse gas emissions.  The series of efforts 

underway by Intergovernmental Panel on Climate Change (IPCC) provides the latest scientific 

consensus on impacts of global warming.  The latest report (IPCC 2007) made projections of sea 

level rise for various climate model scenarios.  Ongoing research in climate modeling and in 

global sea level rise has continued since the 2007 report and will be included in the next IPCC 

assessment.  A table from the IPCC (2007) report (figure 2.17) shows the relationship of 

projected average surface warming and sea level rise from 1980-1999 to 2090-2099 for various 

climate model scenarios.  The table also shows a range of temperature change scenarios resulting 

in several sea level rise scenarios, from 0.18 m to 0.59 m by 2100.  Note that the uncertainty in 

the model results is expressed by a range of values for each scenario. 
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Figure 2.17.  Projected temperature change and global sea level rise by 2100 from IPCC (2007). 

The IPCC is careful to caveat these results and explain their limitations.  The results do not 

contain full effects of ice sheet flow because published peer reviewed literature was not available 

at the time of the report.  Thus, the upper values for each scenario are not necessarily the upper 

bounds for potential sea level rise.  A significant amount of research to determine rates of sheet 

flow that would increase the ocean volume is ongoing, and the next IPCC report could be 

expected to have new rates that explicitly include such effects.  In the mean time, researchers 

have published their individual estimates of sea level rise that include increased contribution 

from melting of the land-based ice masses.  For instance, Rahmstorf (2007) used results from the 

IPCC 2007, as well as increased rates of melting of the ice sheets in Greenland and Antarctica, to 

show their effect in comparison to the published IPCC results (figure 2.18).  Upper bounds 

scenarios for sea level rise by 2100 are over 1 m. 
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Figure 2.18.  Composite of sea level rise scenarios from IPCC 2007 and Rahmstorf 

(2007).  Blue curve is the A1B scenario from IPCC 2007, and the grey curve is from 

Rahmstorf after including accelerated ice flow (Williams et al. 2009). 

Also important to note is that IPCC (2007) did not include graphics of sea level rise showing 

exponential curves of sea level rise until 2100.  They simply provide values at 2100 with no 

values implied or inferred before that time.  The report did indicate that the climate models, not 

the time resolution of the impacts, allowed for inferring such a curve.  There is no scientific basis 

for inferring an exponential function with the curvatures shown.  Figure 2.19 uses curves for 

graphical comparison and visual understanding to make a point.  Users should interpolate values 

with caution and allow for uncertainty.  The U.S. Army Corps of Engineers (USACE, 2009) 

issued an interim guidance document for incorporating projected sea level change into 

engineering planning and design.  That document uses sea level rise scenario curves established 

in a National Research Council (NRC) report several years ago (NRC 1987) as a best estimate 

for practical application to their requirements for planning and design. 

2.5.2 Integration of Projections and Scenarios 

The USACE guidance document (previously referenced) uses the present local rate of sea level 

change from the tide station network as an initialization point to estimate future sea level rise 

using the formulas describing each curve.  USACE uses a curve equation modified from NRC 

(1987) to account for a more recent estimate of global sea level rise, even with the caveats 

described earlier, because most coastal engineering project lifetimes are 50 years in length, and 

interim information is required prior to 2100, which is all that IPCC (2007) provides.  Figure 

2.19 compares the NRC modified curves to two of the IPCC 2007 scenarios.  The modified 

NRC-III curve approximates the updated curves suggested by Rahmstorf (2007) in figure 2.18 

and the text in USACE (2009) describing the equations is excerpted as follows: 
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For many applications, the time dimension may not be required.  In these instances, a value of 

projected sea level rise is used to demonstrate a particular effect, such as an inundation map.  

This value could help to answer questions of potential risk, for instance, ñWill my sewage 

treatment plant infrastructure become inundated if there is a 0.5 m sea level rise?ò 

Notably, all of the climate models project global sea level to rise over the next century, with 

some projections with very high increases of over 1.0 m.  There is a considerable amount of 

recent research examining historical tide gauge records for evidence of acceleration in sea level 

rise and in reconciling the altimeter trends with global trends determined from tide gauges.  This 

has proven difficult because water level records from tide gauges capture variability from many 

different types and geographic scales of physical oceanographic and meteorological forcing with 

a wide variety of overlapping time dimensions (Church and White 2006).  For local application, 

assumptions on the local and regional rates of vertical land movement need to be made.  

Typically, regional land motion rates change slowly and can be assumed to be linear over 

century time scales; however, the local rates may change significantly over time if due to local 

ground water or oil withdrawal or after major earthquakes.. 

Long-term tide gauge records have been used over the last few decades to estimate rates of 20
th
 

century sea level rise, primarily based on the historical tide gauge data (Douglas 2001).  Tide 

gauges measure the height of the sea surface relative to coastal land-based bench marks. 

However, these measurements include a signal from large spatial-scale secular trends in glacial 

isostatic adjustment (GIA) and possibly also regional and local tectonic motions.  To estimate the 

change in eustatic sea level (i.e., changes in the volume of the ocean), the tide gauge records 

must be corrected for ongoing GIA and tectonic motions.  This correction uses geological data to 

infer long-term motions or geophysical models to estimate the GIA.  Selected tide gauges with 

the best long-term records located on fairly stable landforms are used.  The global distribution of 

these records is significantly biased toward the northern hemisphere, however.  Once adjusted 

for vertical land motion, the residual trends are compiled to produce a composite estimate of 

global sea level rise.  Rates using this methodology are approximately 1.8 mm/yr for the 

twentieth century. 

Snay et al. (2009) uses local rates of local vertical land motion as estimated from Continuously 

Operating Reference Stations (CORS), which is a nationwide network of GPS stations.  Using 

CORS located near tide stations, the report cites a composite trend of approximately 1.8 mm/yr 

as well.  The CORS data suffer from relatively short record lengths (less than 10 years for most), 

as the GPS technology is relatively new.   

2.6 Relevance of Geospatial Data to Sea Level Applications 

Geospatial data are especially relevant to sea level applications for describing impacts of sea 

level rise in a visual and practical sense.  The time series plots of variations in sea level from tide 

gauges and altimeter systems provide valuable information but do not immediately provide the 

ñso what.ò  The examples shown in previous sections of the CCSP4.1 report attempt to explain 

this ñso what.ò  Amounts and impacts of sea level change need to be put in terms that the users 
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can understand and put into the context of their ñlanguage.ò  Thus, for the USACE, as described 

earlier, sea level projection curves were developed with a mathematical description for practical 

application to engineering planning life cycles.  CCSP4.1 attempts to provide information on 

potential risk to the population and the economy.  Maps with sea level scenarios and 

visualizations are among the most effective ways to communicate risk.  However, having the 

best possible baseline and source data and having accurate geospatial information to show their 

distribution are extremely important.  Having an inaccurate depiction for the sake of an attention-

getting show is dangerous and bad science.  Realistic geospatial depictions can still be attention-

getting, along with a clear statement of the uncertainty bounds and caveats of the material. 

In particular, the geospatial information of the following parameters could be required for many 

sea level applications: 

 Water level data and datum elevations, water level extremes, and derived sea level trends 

 Geodetic data, geoid, ellipsoid, orthometric elevations, gravity, topography 

 Vertical land motion, subsidence, uplift 

 Other geophysical data, such as hydrology and river flow/stage 

 Coastal water temperature and density  

 Coastal meteorological data 

 Bathymetry 

In addition to fundamental point sources of this information listed above, gridded geospatial data 

fields are extremely useful but typically require modeling of the parameters, as is explained for 

transformation tools such as VDatum. 
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Chapter 3.0 Existing Data and Access 

As outlined in chapters 1 and 2, sea level change (SLC) mapping and assessment projects rely on 

a wide variety of datasets that reflect existing physical conditions, as well as projections of future 

conditions and impacts.  This chapter focuses on geospatial data needed to accurately determine 

SLC impacts, including references to existing data sources and further technical guidance.  

3.1 Important Types of Geospatial Data Used for Sea Level Change 
Mapping and Assessment Projects 

The primary datasets needed to accurately map and assess the impacts of SLC can be broadly 

grouped into the following types (summarized from NRC 2009): 

Base Surface Elevation 

Two types of base surfaces are important to sea level change projects: land surface elevation 

(topography) and its underwater equivalent (bathymetry).  Topography is expressed as the height 

of a location above the geodetic datum and is in most cases a positive value.  Bathymetry is 

expressed as the depth of the land surface below rivers, lakes, and oceans; positive depth implies 

negative elevation.  Subsequent sections in this chapter provide more detail on the different types 

of topographic and bathymetric data (including shorelines), as well as where to access them. 

Water Surface Elevation 

SLC projects are concerned with examining the impacts of differing water levels on the base 

surface.  Therefore, the final primary data type needed is information about water bodies, 

particularly the location of the air/water boundary surface relative to the base surface elevations.  

At a coastal tide gauge, this data type is ñsea levelò for mapping and assessment purposes.  The 

height of water surfaces is measured with stream and tide gauges.  The location and elevation of 

the gauges themselves must be determined accurately to correctly relate water surface 

measurements to other elevations.  Later sections provide more detail on accurately measuring 

water surface heights.  

Elevation Reference 

Before elevation can be measured or the data used in engineering analysis, a measurement 

system must be established.  The location of ñzeroò elevation (in other words, a vertical datum) 

and a method of measuring heights relative to that zero elevation must be established on the 

Earth, where it can be used for all types of height measurements.  Chapter 2.2.1 describes the 

three different types of vertical datums in use, while this chapter (section 3.1.3) explains the 

types of data that contribute to establishing and monitoring these datums.  More information on 

how to select an appropriate reference frame for SLC projects is available in chapter 6.4. 
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While not a stand-alone dataset, metadata are vital to ensuring the accuracy and utility of SLC 

mapping and assessment products.  A key way to locate and discover the origin and quality of a 

particular dataset is to refer to its metadataðthat is, data about the data.  Metadata should be 

regarded as a critical component of any dataset.  Generally, metadata contains the datasetôs 

definition, structure, and administration of data files, with all contents provided in context to 

facilitate data use and archive.  For geospatial datasets, metadata should contain information 

sufficient to answer the following questions:   

 Who created the data? 

 Who maintains it? 

 When were the data collected? When were they published? 

 Where is the geographic location? 

 What is the content of the data? The structure? 

 Why were the data created? 

 How were they produced (data acquisition and processing methodologies)? 

 Where are the data stored? 

 What are the vertical and horizontal datums/reference systems? 

 How are accuracy, precision, and uncertainty (total propagated error for vertical and 

horizontal) defined? 

Before investing significant time and effort in obtaining or applying dataset that pertains to SLC, 

users should critically review the metadata.  If metadata are incomplete or absent, or there is no 

readily apparent way to collect the missing information from the data originator(s), users may 

reconsider use of that dataset or qualify their project results accordingly.   

3.1.1 Base Surface Elevation: Topographic Data and How Shorelines Are 
Related To Topographic Datasets 

Topography is defined as the general shape or form of the land surface, determined by analyzing 

the elevation of the land.  Topography specifi cally involves recording the relief or terrain, which 

is the three-dimensional quality of the surface, and identifying specific landforms.  This involves 

generation of elevation data in electronic form, including graphic representation of landforms on 

a map by a variety of techniques, including contour lines and relief shading.   

Topography is a crucial dataset for determining the impacts of sea level change because the 

shape of the physical landscape influences the direction that water flows over it, where it 

accumulates, and how and where it drains.  The accuracy with which coastal topography has 

been mapped directly affects the reliability and usefulness of SLC impact assessments (CCSP 

2009), and is the most important factor in determining accuracy of flood maps (NRC 2009).  In 

coastal areas characterized by flat topography, small changes in sea level cause greater changes 

in the extent of areas inundated by sea level rise or exposed by sea level fall.   

As the boundary between water and dry land, shorelines are an important component of SLC 

projects.  Changes in shoreline position are, in large measure, driven by changes in water levels 
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(see section 3.1.3 for further explanation), and shoreline movement is one of the effects of SLC 

that is most readily understandable and easy to communicate to a wide range of audiences.  

Because delineation of shorelines is often done through analysis of elevation data (topographic 

or bathymetric, sometimes both), information about shorelines is provided in the context of 

topographic data throughout this document. 

Topographic Data Types 

Topographic data are available in several different forms (raw points, rasters, triangular irregular 

networks, contours, regularly gridded digital elevation models) and can be collected using 

different sensors and methods.  Among the more common sources of topographic data are:  

Land Survey (captures centimeter-scale elevation changes) 

Land surveying is the technique and science of accurately determining the terrestrial or three-

dimensional position of points and the distances and angles between them.  These points are 

usually on the surface of the Earth, and they are often used to establish land maps and boundaries 

for ownership or governmental purposes.  Land surveying involves using traditional surveying 

equipment such as levels and theodolites.  More recent instruments include total stations that 

combine leveling, ranging, and angle measurement.  Today, most survey-grade equipment uses 

Global Positioning System (GPS) data in a kinematic differential mode to obtain relative 

ellipsoidal or orthometric heights precise to 30 mm-40 mm (root mean square error or RMSE), in 

areas of a few tens of kilometers in radius.  GPS is the most accurate way to obtain heights but 

can only be done one point at a time, which is very labor intensive and costly. 

Aerial Image (Photogrammetry) (10 cm) 

Stereo aerial imagery is and has commonly been used to derive elevations for use in generating 

digital elevation models (chapter 5.3).  The technique provides accurate information and is used 

extensively in highway and road projects.  However, it is less cost effective when working on 

larger areas, and its accuracy suffers in areas of dense vegetation.  This method can yield 

elevations with vertical accuracy on the order of 10 cm (RMSE). 

Topographic Lidar (10 cm) 

Lidar (light detection and ranging) is an active sensor, similar to radar, which transmits laser 

pulses to a target and records the time it takes for the pulse to return to the sensor receiver.  This 

technology is currently being used for high-resolution topographic mapping by mounting a lidar 

sensor, integrated with GPS and inertial measurement unit (IMU) technology, to the bottom of 

aircraft and measuring the pulse return rate to determine surface elevations.  Lidar yields vertical 

accuracy of 10 cm (RMSE). 
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or cliff lines; beach scarps; berm crests; the high water line (HWL), interpreted as the wet/dry 

line from the last high tide; coastal structures, such as seawalls or bulkheads; in addition to 

datum-based shorelines (e.g., Boak and Turner 2005; Crowell et al. 1991; Leatherman 2003; 

Moore 2000; Moore et al. 2006; Morton 1991; Morton and Speed 1998; Pajak and Leatherman 

2002).   

Historically, the shoreline depicted on NOS topographic sheets (T-Sheets) was an interpreted 

HWL (Boak and Turner 2005; NRC 2004; Moore et al. 2006).  After the 1930s, the component of 

the U.S. Coast and Geodetic Survey that later became the NOS/NGS Remote Sensing Division 

adopted procedures for shoreline mapping from tide-coordinated aerial photography (Smith 

1981).  The current procedures are designed to produce lines representing the intersection of the 

land (at the specific time of data acquisition) and the water surfaces of the mean high water 

(MHW) and mean lower low water (MLLW) tidal datums (NRC 2004).  These procedures entail 

compiling the land/water interface in stereo photography flown within a time window calculated 

from the predicted or observed (via water level stations) time of MHW or MLLW plus or minus a 

specified vertical tolerance, which is a function of the tidal range (Graham et al. 2003).  However, 

consideration must also be given to the effects of the vertical profile of the beach or shoreline, 

which will impact the horizontal shoreline accuracy. 

While the photogrammetric procedures remain NGSô primary methodology for mapping the 

National Shoreline, over the course of the past decade NGS has worked with numerous partners 

to develop, test, and refine new airborne light detection and ranging (lidar) shoreline mapping 

procedures.  One of the main benefits of using lidar is that the tide-coordination requirements are 

not as intensive during survey as with the photogrammetric procedure; it is typically only 

necessary to acquire the data below a certain stage of the tide, rather than within a very narrow 

tide window.  Thus, the efficiency of data acquisition is increased greatly.  Furthermore, the 

lidar-based procedures assist in eliminating some of the subjectivity associated with the manual 

photogrammetric compilation methods and providing multi-use data that can benefit other 

coastal projects and programs (Scott et al. 2009; White 2007).  It should be noted that lidar still 

requires tide control; however, with advanced acquisition of water level data and the 

development of an ellipsoid to tidal datum transformation (such as VDatum) prior to lidar 

survey, the tide requirements are often addressed prior to survey data collection.  

Other Shoreline Sources 

While the National Shoreline serves as a nationally consistent dataset that is used for a variety of 

applications, anyone with access to the necessary computing technology (e.g., Geographic 

Information System [GIS] software) and suitable source data (e.g., high-resolution topographic 

and bathymetric data, aerial imagery, GPS-aided surveying data) can ñmapò a shoreline.  The 

graphic in figure 3.1 shows one such example.  Shorelines may be made publicly available by a 

wide range of sources, such as academic/research institutions, government agencies, or private 

consultants.  When considering such data for use in an SLC mapping project, it is vitally 

important to obtain the accompanying metadata.  The metadata provides information on how the 
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shoreline was developed, by whom, when, and most importantly, what elevation the line 

represents (e.g., HWL).   

 
Figure 3.1.  This image shows high-resolution lidar data with an extracted shoreline in blue. As opposed to aerial 

photography, where a shoreline would be derived based on visual identity of a feature (such as the wet/dry line), 

lidar data provides the advantage of deriving a true datum-based shoreline (such as the mean high water line or 

specific elevation contours).  Note: To derive a true-datum-based line, accurate, consistent geospatial determinations 

of ellipsoid to reference datums must be derived across the extents of the survey.   

3.1.2 Base Surface Elevation: Bathymetric Data 

Bathymetry is the general configuration of the seafloor represented by depth data, or the 

underwater equivalent of topographic data.  Nautical charts from hydrographic surveys support 

safety of surface or subsurface navigation and usually show seafloor relief or terrain as contour 

lines (called depth contours or isobaths) and selected depths (soundings), and also provide 

surface navigational information.  Bathymetric maps (a more general term where navigational 

safety is not necessarily a concern) may also use a Digital Terrain Model (DTM) and artificial 

illumination techniques to illustrate the depths being portrayed. 

Bathymetric data are crucial in determining SLC impacts for several reasons.  First, the shape 

and depth of the seafloor influence how water moves onto the topographic surface.  For example, 

coastal areas with a flatter, shallower continental shelf experience higher tidal ranges due to 

SLC.  Coastal areas with concave shorelines and shallow bathymetry are more vulnerable to 

higher storm surges as well; with SLC, the areas vulnerable to high surges may change over 

time.  Bathymetry also directly influences wave patterns, which can cause increased wave energy 

on certain portions of the coast, leading to enhanced coastal erosion.  Last, bathymetric data are 

needed to examine the effects of dropping water levels.  For example, if sea level falls (as is 

expected for the Great Lakes), bathymetric information is needed to identify the future location 

and configuration of the shoreline.  

Common bathymetric data types include the following:   

Lead Line Surveying 

Early techniques used pre-measured heavy rope or cable lowered over a ship's side.  The greatest 

limitation of this technique is that it measures the depth only a single point at a time, and so is 



 

37 

inefficient.  It is also subject to movements of the ship and currents moving the line out of true 

plumb and therefore is inaccurate. 

Sound Navigation and Ranging (SONAR) 

The data used to make bathymetric maps today typically come from an echosounder (sonar) 

mounted beneath or over the side of a boat, ñpingingò a beam of sound downward at the seafloor 

or from remote sensing lidar or Laser Detection and Ranging (ladar) systems.  The amount of 

time it takes for the sound or light to travel through the water, bounce off the seafloor, and return 

to the sounder is what the equipment uses to calculate the distance to the seafloor.  

Single-Beam SONAR collects discrete points along track lines.  The data coverage is 

sparse and requires a greater degree of interpolation between transects.  Since the early 

1930s and more commonly from the 1940s onward, the occasional pings of a single-beam 

sounder might be averaged to create a map. 

Multibeam SONAR collects continuous point data throughout survey area.  The data 

coverage is greater than single-beam and has higher resolution.  The coverage is limited in 

shallow waters.  Multi -beam collection features hundreds of narrow adjacent beams 

arranged in a fan-like swath of perhaps 90 degrees to 170 degrees across.  The tightly 

packed array of narrow individual beams provides high angular resolution and accuracy. 

The wide swath, which is depth dependent, generally allows a boat to map more seafloor 

in less time than a single-beam echosounder by making fewer passes.  

A number of different outputs are currently generated, including a subset of the original 

measurements that satisfy some conditions (e.g., most representative likely soundings, shallowest 

in a region, etc.) or integrated DTMs (e.g., a regular or irregular grid of points connected into a 

surface).  Historically, selection of measurements was more common in hydrographic 

applications, while DTM construction was used for engineering surveys, geology, flow modeling, 

etc.  Since 2003-2005, DTMs have become more accepted in hydrographic practice. 

Bathymetric Lidar  

Bathymetric lidar systems operate in a manner similar to their topographic lidar counterpart, with 

one notable exception.  Bathymetric systems transmit two light waves, one in the infrared and 

one in the green spectrum, and are capable of detecting two returns that delineate the water 

surface and seabed.  The infrared band is quickly absorbed and is therefore used to detect the 

water surface, while the green band is used as the optimum light frequency to achieve maximum 

penetration in shallow water.  Lidar bathymetry systems operate at a much slower rate, currently 

around 1000 soundings per second, due to the requirements for a much longer laser pulse and 

higher power.  Bathymetric lidar mapping can be conducted in clear water in depths up to 50 m.  

This is a function of water clarity, and performance will decrease with increased water turbidity. 

Satellite Altimetry  

Satellites are also used to measure deep-sea bathymetry.  Satellite radar data are used to model 

deep-sea topography of the ocean bottom by detecting the subtle variations in sea level caused by 

the gravitational pull of undersea mountains, ridges, and other masses, and inferring the size and 
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location of these features. Sea level is generally higher over sea mounts and ridges than abyssal 

plains and trenches. 

Users obtaining historical nautical chart products must not only be aware of the various 

technologies used to obtain bathymetric soundings, but must also be aware of the various 

reference datum changes over time.  For instance, as noted in previous sections, tidal datum 

NTDE periods are updated over time to account for sea level change, and soundings taken during 

one period may have a different NTDE reference than later soundings.  In addition, formal datum 

changes have taken place, for instance the change from mean low water (MLW) to mean lower 

low water (MLLW) back for the East Coast in the 1980s.  Thus, depending upon the accuracy 

desired, users cannot assume the depths from a particular nautical chart were taken at the same 

time using the same technologies and reference datum. 

3.1.3 Water Surface Elevation 

Measurement of Water Levels and Determination of Sea Level Trends 

Water level measurements for most coastal applications are made at a water level station.  They 

are typically called tide stations when located in an area in which the tide dominates the daily 

rise and fall of the water level and simply called water level stations when located in non-tidal 

areas such as the Great Lakes.   

For application to climate studies and research, especially in estimating relative mean sea level 

trends, long-term continuous measurements are required.  The networks should have 

characteristics of a true ñend-to-endò system that includes data collection through data delivery 

to and application by the user community.  To ensure this application, NOAA long-term water 

level networks have been configured to ensure long-term sustained measurements. 

Water level stations consist of a water level sensor(s), any required ancillary sensors (i.e., water 

density to correct pressure sensor data), a data collection platform (DCP), a data transmission 

system (satellite radio, line-of-sight radio, telephone, internal recording device), and a network of 

local reference points (bench marks) surveyed into the water level sensor (leveled in).  Backup 

sensors and DCPs are also used.  NOAA water level stations collect and distribute 6-minute 

interval water level elevations relative to documented reference zeros (arbitrary station datum) or 

datum elevations (such as MLLW or NAVD 88) (NOAA 2001).  NOAA water level stations also 

have geodetic datum connection to geodetic reference systems using either direct leveling to 

geodetic marks or static GPS surveys. 

Starting in the early 1990s, the Next Generation Water Level Measurement System replaced the 

older technology systems that largely went unchanged since the mid-1800s 

(http://celebrating200years.noaa.gov/transformations/tides/welcome.html#is).  Water level 

measurement sensor systems were changed from the float/wire stilling well systems to newly-

engineered air acoustic and pressure systems that reduced known error sources of the old 

systems.  The new system configuration underwent extensive laboratory and field testing prior to 
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implementation and side-by-side operation with the old systems prior to their independent 

operation.  This testing ensured continuity of the long-term tidal record.  The new water level 

sensors are directly leveled to local survey marks, so local observers are no longer needed to 

manually observe and record independent tide staff readings for controlling the automatic tide 

gauge.  The new systems contain an electronic data acquisition system.  Instead of paper tape, 

the data are now stored in computer memory chips.  These systems were designed to operate 

unattended for a full year without requiring maintenance.  Additionally, the systems collect a 

wide variety of environmental measurements, such as wind speed, air /water temperature, 

barometric pressure, and conductivity.  Figure 3.2 shows a schematic of a NGWLMS station.    

Figure 3.2.  Schematic of a modern water level station 

Another major advancement with this system is the method for sending water level data to 

NOAA headquarters for processing.  Instead of mailing a data tape once a month, data are 

transmitted over the Geostationary Operational Environmental Satellite (GOES) system every  

6 minutes.  Headquarters automatically receives the satellite transmissions just minutes after it is 

transmitted from the gauge.  Data quality control and processing are automated, eliminating the 

manually intensive and time-consuming review of strip charts and the punch paper tapes that 

required conversion to digital format.  

For information on how other countries measure sea level, the Intergovernmental Oceanographic 

Commission (IOC) Manual on Sea Level Measurement and Interpretation (IOC 2006) reviews 

several different types of water level sensors and their configurations, including the new 

technology radar gauges and GPS buoy technology, in a series of manuals and discusses the 

requirements of long-term sustained measurements of sea level.  Figure 3.3 shows new NOAA 

tide station installations in the Gulf of Mexico, specifically hardened and configured to withstand 

storm surges and high winds during storm events, thus ensuring long-term sustained operation 

without major gaps in data.  These stations contain backup sensors and data collection modes, 

local networks of bench marks that are leveled to every year, and have ongoing sensor 

calibration checks and active continuous data quality control. 
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Figure 3.3.  NOAA tide station installations at (left) Calcasieu Pass, LA and (right) Corpus Christi, TX 

hardened to withstand major storm surge for continuous long-term operation. 

Use of Water-Level Measurements to Determine Relative Sea Level Trends 

Relative sea level trends are computed from carefully compiled observations at long-term tide 

stations.  Monthly mean sea level values are computed from the observed hourly heights over 

each calendar month.  Time series of monthly mean sea levels are created, quality controlled, and 

referenced to a documented reference datum for the entire time series.   

The monthly data can also be used to obtain the average seasonal cycle for each station 

represented as 12 mean values.  The residual time series after the trend has been removed 

contains valuable information about the correlation of the interannual variability between 

stations, which is better defined by a monthly residual series than by an annual residual series.  

Trends derived from monthly mean sea level (MSL) data also have smaller standard errors as 

was shown in Zervas (2009).   The NOAA sea level trends are computed using the methodology 

found in section 3.2.3 on derivation of MSL trends found in Zervas (2009).  The least squares 

solution incorporates knowledge of the average seasonal cycle.   

A simple least squares linear regression gives an accurate MSL trend but can substantially 

underestimate the standard error or uncertainty of that trend.  The reason is that, for sea level 

data, the residual time series is serially auto-correlated even after the average seasonal cycle is 

removed.  Each month is partially correlated with the value of the previous month and the value 

of the following month.  There are actually fewer independent points contributing to the standard 

error of a linear regression, which assumes a series of independent data.  Therefore, following 

Zervas (2009), the monthly MSL data are characterized as an auto-regressive process of order 1. 

This is the recommended treatment for computing relative sea level trends from long-term 

monthly mean sea level data form tide gauge observations. 

Calcasieu Pass, LA Corpus Christi, TX  
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Each calculated linear trend has an associated 95% confidence interval that is primarily 

dependent on the year range of data for each station.  A derived inverse power relationship 

indicates that 50-60 years of data are required to obtain a trend with a 95% confidence interval of 

±0.5 mm/yr.  This dependence on record length is caused by the interannual variability in the 

observations. 

Figure 3.4, the calculated trend for San Diego California, shows the monthly mean sea level 

without the regular seasonal fluctuations due to coastal ocean temperatures, salinities, winds, 

atmospheric pressures, and ocean currents.  The long-term linear trend is also shown, including 

its 95% confidence interval.  The plotted values are relative to the most recent NTDE mean sea 

level (1983-2001). 

 
Figure 3.4.  The relative mean sea level trend for San Diego, CA 

Use of Satellite Data to Determine Sea Level Trends 

Whereas tide stations provide point coverage of relative sea level variability over long time 

periods, they must be combined in a global network mode with appropriate corrections for vertical 

land motion in order to generate spatial estimates of global sea level variations (Douglas 2001).  

Satellite altimetry provides significant spatial coverage of the worldôs oceans due to the satellite 

orbital confirmations and repeat cycles.  Continuous coverage of the oceans in the latitude band 

±66 degrees has been in place since the launch of the TOPEX/Poseidon mission in late 1992, using 

overlapping missions with the Jason series of altimeter missions.  For climate applications, the 

overriding drawback is the relatively short duration of the continuous, uninterrupted altimeter 

record (17 years), which is much shorter than the tide gauge records that go back a century or more 
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and the record length is somewhat close to known major decadal cycles such as ENSO, thus 

making it difficult to estimate long-term global trends in sea level. 

As shown in figure 3.5, satellite altimeters basically determine the distance from the satellite to a 

target surface by measuring the satellite-to-surface round-trip time of a radar pulse.  The satellite 

orbits must be accurately tracked and the satellite position is determined relative to an arbitrary 

reference surface, an ellipsoid.  The sea surface height is the range from the sea surface to a 

reference ellipsoid.  The magnitude and shape of the echoes (or waveforms) also contain 

information about the characteristics of the surface that caused the reflection.  The best results are 

obtained over the ocean, which is spatially homogeneous and has a surface that conforms to known 

statistics.  Surfaces that are not homogeneous, which contain discontinuities or significant slopes, 

such as some ice, rivers or land surfaces, make accurate interpretation more difficult.  The 

TOPEX/Poseidon and Jason altimeters used 10-day repeat cycles, thus giving time series 

measurements at every point along a track.  Figure 3.6 shows the ground track coverage of the 

Jason-1 altimeter.  Note that the coverage does not extend to the polar oceans (although other 

altimeter missions, particularly, ERS-1 and ERS-2 did extend into those regions). 

 
Figure 3.5.  Schematic of a satellite altimeter configuration. 
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Figure 3.6.  The ground track coverage for the Jason-1 satellite altimeter mission 

Satellite altimeters rely upon ongoing point source verification (calibration) using tide stations 

located directly under the ground tracks (Saxena 1995) and ongoing calibration and estimates of 

altimeter drift using a global network of tide gauges (Mitchum 2000). 

To be useful for sea level applications, numerous corrections are systematically made to the 

altimeter data to account for the effects of various physical phenomena: 

1) propagation corrections: the altimeter radar wave is affected during atmosphere crossing: 

ü ionospheric correction  

ü wet tropospheric correction  

ü dry tropospheric correction 

2) ocean surface correction for the sea state which directly affects the radar wave: 

electromagnetic bias  

3) geophysical corrections for the tides (ocean, solid earth, polar tides, loading effects)  

4) atmospheric corrections for the ocean's response to atmospheric dynamics: inverse 

barometer correction (low frequency), atmospheric dynamics correction (high 

frequency) 

To calculate global mean sea level, the global or basin mean sea level time series must be 

distinguished from the regional maps of mean sea level slopes.  In both cases, these calculations 

are available for the period of each mission being considered, or by combining several altimetry 

missions covering the entire altimetric period.  





http://www.ngs.noaa.gov/CORS/Articles/Snay-et-al-JGR2007.pdf
http://www.ngs.noaa.gov/CORS/Articles/Snay-et-al-JGR2007.pdf










































































http://vdatum.noaa.gov/docs/est_uncertainties.html#estData
































































http://pubs.usgs.gov/of/2005/1304/

































