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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
atmosphez. 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 ngiaglttimate,

all of which are directly related to, and captured in, l@1gn 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 localgaterelative sea level change for a specific
area based on observations with projeciohglobal sea level rise (IPCZD07), 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
decisionmakers seeking to use and/or collect geospatial data to assist with sea level change
assessments and mapping products. There is a lot of information vty regarding sea

level changend 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 applicatitwdirecting 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, a

need. It is important to understand what to look for and what questions to ask when applying
existing information or collecting new data.

The discussioin this documenis structured around four key questions to address the required
technical considations:
¢ What is sea level change and how is it measured?
e What are the considerations for sea level applications with respect to data standards?
e How can users understand and apply geospatial data and information to support sea level
rise mapping and assessmh and aid in coastal decision making?

e 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 locatingtthe mos
relevant information:

e The Introdiction and General Informatiomapters 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.

vii



e Chapter 2 providedetails 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.

e Chapter 3 discusses existing types and sources of geospatiavdaable for sea level
mapping projects.

e Chapter 4 addresses more specific types of data sets, how to acquire them, and how they
can serve multiple uses.

e Chapter 5 provides details on error and uncertainty within the data, and how to use
specialized tols such as VDatum, as well as how to integrate data products for maximum
utility.

e 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.

e Chapter 7 presents case studies that deal with extreme events and anomalies and offers
insights from workshops and conferences.

e 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-alate 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 chge.
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Chapter 1.0 Introduction

This document islesignedo support the climate community in conducting sea level rise
assessmentas well acommunities involved in coastal development and restordiadritat
assessment and protectiopastahazard fanning and mitigationand more Critical products
affected by sekevel considerations includaavigational National Shorelin@and National

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

and other geospaliproducts and toolthat suppora variety of practical application and
researclprojects. With this resource, useanassess 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

Four NOAANOS Program Gfices collaboated to produce this documetite Center for
Operational Oceanographic Products and Services@ES), the Coastal Services Center
(CSC), the Office of Coast Survey (OC8hdthe National Geodetic Survey (NGS).

Approach

This technical document pulls from and links togetbgisting standardand docments and
incorporatesadditional appropriate documents and reference material. The document provides a
series of technical references wetkecutive summarievel synthesgto link them togetheand
facilitate their use The references include elemeatdathymetry, topography, and vertical

control as they relate to sea level measurement, mapping, assessmimjrapdctsof sea

level change

Key Questions

Thediscussion is structured aroufalir key questions taddresghe required technical
constderations
¢ What is sea level change and how is it measured?
e What are the considerations for sea level applications with respect to data standards?
e How can usersinderstand and apply geospatial data and information to support sea level
rise mapping and assament and aid in coastal decision making?
e What are the limitations and gaps with respect to sea level measurement, and what are the
implicationsof those gaps?







Chapter 2.0 General Information

The purpose of this chapter is to provide fundamental backdrnouwnderstandingea level
changeappropriatderminology for describing sea level variations at local and global sealés,
basic conceptsf reference datumgitical for assessing impacts séa levethange.Some
considerations of accuracy and ttatum transformation are also includeditpthe foundation
for subsequenthapters.

2.1 Whatis 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
astrononcal, meteorological, climatologicagjeophysicaland oceanographic forcing
mechanisms From the highest fepiency wind waves and sea sweltsunamis and local
seiche, to the daily tides, to monthlgeasonaland annuavariations, to decadaind muti-
decadalariations and finally, to changes over hundreds of millions of yeaea level is
constantly changing at any given location.

For purposes of this document, the time scale®otern with respect &ealevel change

includethe monthly throuly the multidecadatime frames.Multi-decadal change in sea level is
oftendescribedas indicated bjong-termsea levetrends or shorter time periods,monthlysea
levelanomalies, both of which are discussed in this docunteed. levethange hasapspatial

and temporal variations such that sea level can be rising or falling depending upon location and
time scale.Therefore, his document foceson sea level change in general, rather than sea level
rise, which is a specific type of sea level chang

In addition, there is a subtle, but significant distinction to make when discieesingvethange
and the context for which estimation of the change is required. This distinction is one between
global sea levethange andelativesea levethange Yilliams et al 2009).

e Global (Eustatic) sea levelchangeis often caused biphe global change in the volume of
water in the worl theelimatolaiaahpsoessasl) oceapmpasan s e t o
change associated with lotgrm forcing of the iceges ultimately caused by small
variations in the orbibf the earth around the su2); density changes from total salinity
and mostrecentl§ ) heat content o frecéenhligeratwre suggdsss oc e a
may be potentially accelerating due to gilblvarming. Global sea level change can also
be caused by basin changes, through such processes as seafloor spiéadigigbal
sealevel also sometimes referred to as global mean sea isv¥kE average height of all
t he wo r |'d®@lcbalseadesedise s a specific type aflobal sealevelchange

! Notethat rates of global sea level change vary per region as discinsiseer sections of Chapter 2




thatclimate modelsreforecasing to occur at an accelerated rate and is the topic of
much of the discussion in this document.

¢ Relative sea levelchangeis the local change in sea level relativghe elevation of the
land at a specific point on the coast. Relate@ levelchange is a combination bbth
globalandlocal sea levethange due to changes in estuarine and shelf hydrodynamics,
regional oceanogphic circulation patternfydrologc cycles (river flow) and local
and/or regional vertical land motion (subsidence or uplift). Tialativesea level
change is variable along the coast depending upon the local and regional factors
previously describedRelative sea level rise is a sifec type of sea level change that
affectsmany applicationssincethe contribution to the local relative rate of rise from
global sea level rise is expected to incregeme areas, as discussed later in this
chapter, are experiencing relative sealléag which can also have ecological and
societal impactsSomelocalizedareas exhitb a more dramatic relative sea level change
trendthanis generally observed globallynless data arfdtered to accounfor local
geophysical anomalies.

2.1.2 Geologic History of Sea Level

Figure 2.1showslarge variations in globaheansea leveklevation over the last 400,000 years
resulting from four natural glacial and intergka@ycles. Global mean sea level was
approximatelyt meters (m) to 6 rhigher thant wasduring the last interglacial warm period
125,000 years ago and 120 m lower during thel¢tasfge,approximately21,000 years ago.
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Figure 2.1. Globalsea levethangdgrom 400,00 yearsagoto the presenfWilliams et al. 2009)

The generalizeglot in figure 22 illustrateghe rise in globamean sea level at variabigtes

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

warm period.The iise was raj but highly varable slowing about 3,000 yearsgo. Recent
acceleration is not noticeala¢ 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
witnessingsignificant 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 lewsler
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2.1.3 Present Day Global Sea Level

Figure 2.3takenfromt he | nt er gover nment allPGa2008 tepod,n CIl i ma
shows anual averages of global mean sea level in millimgtara). Thered curveshowssea

level variationfrom tide gauge observatiossice 187qupdated from Churcand White2006);

the blue curve displayadjustedide gauge data from Holgate avtbodworth (2004), and the

black curve is based on satellite observations frenlietteet al.(2004). The red and blue
curvesrepresentleviations from their averagdsr 1961 to 1990, and the black curvais

deviation from the average tife red curve for the period 1993 to 200Zertical error bars show
90%confidence intervals for the data poinfghe estimatedkend over the past cemy, based on

analyses of tide gauge records around the gieldie7 mm/yr- 1.8 mm/yr.
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2.1.4 The Latest 16-Year Trends in Global Mean Sea Level from Satellite
Altimetry

Figure 2.4 showan estimate of the present trend in glaies levelise based on a series of
overlapping satellite altimeter missiopsrformedsince 1992, capturing a rate of 3.0 mm/yr for
the global oceandtp://ibis.grdl.noa.gov/SATSLC/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 sectiofsection3.1).

HOAA Laboratory Tor Satellite Allimetry trend= 3.0 £ 0.4 mm.‘l_‘feal'
global ocean ’ ;

mean sea level anomaly

Annual signals remaved
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Figure 24. The estimated ta of globalsea levelise since 1992
using satellite altimeter data

Figure 2.5 illustrates the significant geospatial variability of the glséallevetrends around
the world bttp://ibis.grdl.noaa.gov/SABLC/index.php. Although the composite glabtrend
in sea levethangeas 3.0 mm/yr from 1993 to the present, regional trends show variations from




over 10 mm/yr to less tharlO 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 seriesayreflectdecadal variability rather than lotgrmtrends
Note, for instancethe obvious geographic pattern similar to thiaserved during normal to La
Nifia conditions.Seesection3.1for additional discussion on how satellite altimeters measure
sea level.

TOPEX, J1, and J2
.4 1992.96 - 2010.01

Sea level trends (mm/yr)

Figure 25. Regional rates ofea levethange from overlapping satellite altimeter missions

2.1.5 Projected Acceleration in Global Mean Sea Level

Figure 2.6 showa plot of the recent rise in global sea level and the estimated accelerdkien in
rate ofglobal sea Ieel rise from severafuture sea leveprojections to the year 2100 based on
various computer models’he blueshaded aregepresentshesea levelise projection by Meehl
et al.(2007) which correspond® the A1B emissions scenario asgbart of thebasis for the
IPCC (2007) estimateslhe higher grayanddasheedine projections are irm Rahmstorf (2007)
andconsiderthe factors used in th®CC estimateduttheyalso inclue effects of potential
increasedce flow rates and associated meltingad sheets in Greenland afdtarctica.
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Figure 2.6. Observed and projected deael rise since the late 1890
(Williams et al.2009)

2.1.6 Present-Day Trends in Relative Mean Sea Level

Rates ofrelativesea levelchange ar@ighly variable along the coasts because they are the
combination of many effec{& addition tothose fronglobal sealevelchangé and have
significant contributions from local and regional rates of vertical land motional trends in
relative sea beel are estimated using lostgrm tide gauge records (Zen2309). A discussion

of tide gauge data used focal mearsea levetletermination is found isection3.1.3 The
important point is that tide gauges measure variations of the water relatnelénd, thus
providing key information on the landater interface required for many applicatioddthough
tide gaugeecords are considetkey data sources falevelopingsea level trends wordide,
special consideration must be given to gaugeszefatumsand the fact that gauges are typically
connectd directly to land and laAased monumentatiorlhe recordsilonecannot distinguish
amongcomponentsvhether changes adeie toglobal sea levelchange or land movemehtit do
provide rates of daal change relative to the land. Figure 2hdwsNOAAGO Sea Levels Online
website depicting the relative sea level trends around the globe based on tide gauge records
(http:/tidesandcurrents.noaa.gov/sltrends/index.g9htfrtie various lengths, colgrand

directions of the arrows illustrate the variability of the sea level trends around the globe.
Extreme rates of relativiea levelise are found in the northern Gulf of Mexico due to regional
and local land subsidence. Extreme rataglativesealevelfall are found in the Gulf of

Alaska where there is local rebound of the land due to loss of theblaseld glacierandbr

uplift response tlate tectonics (includini@rge earthquakées
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The map above illustrates regional trends in sea level, with arrows representing the direction and magnitude of

change. Click on an arrow to access additional information about that station.
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Figure 2.7. Relative sea lel trends around the globe computed from tide gauge record
NOAA website at: http://tidesandcurrents.noaa.gov/sltrends/index.shtml

Figure 2.8providesan example of a loaterm tide gauge record and the computed relative mean
sea level trends for S&mrancisco, CAwhich is the longest continuousbperating tide gauge in
the U.S Note that the 95% confidence interval trend lines are alsotddpi@rend calculations

are deoupled for discrete events such agan earthquakes and statiofo@tionsso that the
observations prior to the specific disturbance are not computed intmtheerm trend

Mean Sea Level Trend
9414290 San Francisco, California

San Francisco, CA 2.01+/-0.21 mmlyr

0.60

0.457

0.30

0.157

0.00-

Meters

0157
-0.30

-0.457

060

The mean sea level trend is 2.01 millimetersiyear with a 95% confidence
interval of +/- 0.21 mmiyr based on monthly mean sea level data from
1897 to 2006 which is equivalent to a change of 0.66 feet in 100 years.

Figure 2.8. The longtermrelative mearsea levetrend for San Francisco




Relative measea levetrends are typically coputedat a tide gaugasing the longest record
available without known discontinuities. For climate applications, the variabilggafevel
trends is also of interesind the records are beiagalyzedor evidence of acceleration of the
trends. Figte 2.9 shows the variability of overlapping-$€ar trends for the record at San
Francisco. Using this methodology, the latesyy&@r segment was centeredy2ars agp
however the nature of the variability is still of interest.

Variation of 50-Year Mean Sea Level Trends
9414290 San Francisco, California

San Francisco
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Linear mean sea level trends were calculated in overlapping 50-year increments for stations with sufficient historical
data. The variability of each 50-year trend, with 95% confidence interval, is plotted against the mid-year of each
E0-year period. The solid horizontal line represents the linear mean sea level trend using the entire period of record.

Figure 29. The \ariability of relative measea levetrends over a long period
record using over lapping 5@ar segments

2.1.7 Annual and Decadal Sea Level Variations

Understanding annual and decaskzd level/ariations can also bmportant fa context and

correct application to a particular coastal zone proj8eteral factes 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 baramptessure, and astronomical tidal forcing. At
seasonal time scales, the largeale seasonal changes in atmospheric pressure, wind, river
discharge, water densjtgnd seasonal changes in circulation patterns hgvesger impactlt is
important to distinguish whicHactors are conitouting to the sea level trendsad account for

those that are seasonal, tidal, or meteorological. Velsoenesignals, such as astronomical

tide, carbe eliminated from the lontgrm record, others are not as easyistirtjuish and

remove properly. Depending on the region of stuldgre may be greater impactswater level

from physical forcinghan the astronomical tide. Some areas are more significantly affected by
wind-driven circulation and storm surge, whiate darder to prediar account for.On a longer

time scalesealevel 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
atmospheridnteractions.However, if asealevel seriegrom which a trend is being computed
begins or ends in a significant crest or troughrof nt e r a n n u a |El Nifie Soathetnd ( e .
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Oscillation,ENSO), calculated trends can become biased. Interannuakeadad trends are
typically not removed from monthly mean sea level rec@mmthly averages of hourly sea
level heights)but should be recognized, and skterim records should be avoided they do
not sufficiently capture lontermtrendsand theefore createébias(Parkerl992). The
relationship between water level and atmospheric processes seakievel recordsn important
part of understanding global teleconnectioThe NOAA Sea Levels Online website
(http://tidesandcurrents.noaa.gov/sltreimi#x.shtm) is also a source for annual and decadal
variation information using lonterm tide gaugeacords. For example,ifure 2.10showsthe
average annual variability in monthly mean sea lés@inputed over the period of record, 1897
2006)using Sa Francisco witthigh sea levels in January, Februakygust, Septembeand
October of each year.

Average Seasonal Cycle
9414290 San Francisco, California

San Francisco, CA

0.30 Source: NOAA
a5T------"-""-">">">"-"-"-"~-"~-"~-"~-"-"~"~"~-" - """ ~-" - - - - - - - ~- - —- -~~~ - - -~ - - ===
0 Yoo
EUUD Foo024 Fooo Toog 1002 Foots o Fo.013
s Tt -oo1a 40022 =
T -0.081 J 0048
a%T--""-"""""""~"~"~"~"~""~" """ """ """ ~" """ - - - - - - - - - - - - - - - === ===
-0.30 January  February March April Mary June July August  September  October  MNovember December

The average seasonal cycle of mean sea level, caused by regular fluctuations in coastal temperatures, salinities, winds,
atmospheric pressures, and ocean currents, is shown along with each month's 95% confidence interval.

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

Figure 2.11 shows the interannual variabiin mean sea level for San FranciscdisTanalysis
first subtractghe annual seasonal cycle from the record and removes thedazekavetrend so
that the resulting sea levels cands@aminedor anomalous time periods. The anomalously high
sea évels are found during the Elfidi periods €.9, 19821983 and 1991.998).
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Interannual variation
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The plot shows the interannual variation of monthly mean sea level and the 5-month running average. The average
seasonal cycle and linear sea level trend have been removed. Interannual variation is caused by irregular fluctuations ir
coastal ocean temperatures, salinities, winds, atmospheric pressures, and ocean currents. The interannual variation for
many Pacific stations is closely related to the El Nifio Southern Oscillation (ENSQ).

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)

Generaly, 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 th& itidé.
datums are used as redaces to measure loc@alevelsnearthe tide gauge at which the
measwuements were collecteahd should not be extended into aneéth differing oceanographic
characteristics without substantiating measureme®ghat they may be recovered when
needd, such datums are referenced to fireshumentknown as bench markeear the tide
gauge Tidal datums are also the basis for establishmagine boundaries, delineatipgvately
owned land, statewned land, territorial sea, exclusive economic zone hagh seas
boundaries.

Tidal datums are based on averaged stages of the tidegsuelan igh water (MHW) and

mean lower low \ater (MLLW). To minimize all the significant daily, monthly, and yeada

level variations, a tidal datum such as MHW isidefl as the average of all the high water
elevations tabulated over an 1§®@ar period (rounded to 19 yeaosobtain closure on the

annual cycle) The 19year period encompasses all significant variations in the mean range of
tides due to variations innar and solaorbits, includingthe 186/ e ar r egr essi on
nodes It also averages out most meteorological effects on water level, which could bias a tidal
datum computed from a shorter length data time sefies.National Tidal Datum Epbc

(NTDE) is a specific 19ear period defined by NOAA. Water level observations obtained
during this cycle are used to calate official tidal datumsThe presenEpochis the 19832001
NTDE. Figure2.12shows the accepted 192801 NTDE tidal datum elations relative tan
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arbitrary station datum at S&nancisco CA. This Web-based presentation also includes the
elevation otthe geodetic North American Vertical Datum of 19BRAYD 88) relative to the
same station datum and includes the tabulatdueligand lowest tides of record. NOAA
reference manuals on applicatiorigidal datums (NOAA2001) anccomputation of tidal
datums from short series of measuremeNBAA 2003 provide more detailSee also
http://tidesandcurrents.noaa.gée¥ productsand information.

Data Units:

Apply Ch
) Feet & Meters PPy -Nange

Jul 30 2010 13:51 ELEVATIONS OM STATION DATUM
Hational Ocean Service (HOARA)

Station: 95414250 T.M.: 0w
Hame : SAN FRANCISCO, SAN FEANCISCO BAY, CA Units: Meters
Status: Accepted Epoch: 19%83-2001

Datum Value Description

MHHW 3.6802 Mean Higher-High Water

MHW 3.416 Mean High Water

DTL 2.712 Mean Diurnal Tide Lewel

MTT. 2.792 Mean Tide Lewvel

M5L 2.773 Mean Sea Lewvel

MLW 2.168 Mean Low Water

MLLW 1.822 Mean Lower-Low Water

& 1.780 Great Diurnal Range

My 1.248 Range of Tide

DHQ 0.186 Diurnal High Water Inequality

DLOQ 0.346 Diurnal Low Water Ineguality

HWI 7.53 nwich High Water Interwval (in Hours)

LWI 0.85 Greenwich Low Water Interval (in Hours)

HAVD 1.804 HNorth American Vertical Datum

Maximum 4.462 Highest Water Lewel on Statiocn Datum

Max Date 19830127 Date 0f Highest Water Lewvel

Max Time 09:30 Time Of Highest Water Lewvel

Minimum 0.945 Lowest Water Level on Station Datum

Min Date 19331217 Date Of Lowest Water Lewvel

Min Time g:00 Time Of Lowest Water Lewvel
Toc refer Water Level Heights to & Tidal Datum, apply the desired Datum Value.

Figure 2.12. Accepted 1982001 NTDE datums faBan Francisco, CAFrom:
http://tidesandcurrents.noaa.goWAVD refers to the North American Vertical Datum of 1988.

NOAAOG €enter forOperational Oceanographic Products Sedvices (CGOPS) periodically
updatesthé&l a t i o n 6tam dlevatioas to ndvaNTDperiods. The most recerguchupdate

was in April 2003 in which the 1983001 NTDEsupersedethe 19601978 NTDE. The NOS

policy isto revise the NTDE every 285 years to account for changes in relatheansealevel

due to global sea level change and loegn local and regional vertical land massvements

The new NTDE calculations provide the most accurat®gate tidaldatum information

requiredto support essential Federahte, 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 issuesftonting coastal communitie®revious tidal

epochs were determined for the periods 1924R, 19411959, and 19641978 (figure 2.13)

New NTDEsareadoptedsothat all tidal datums throughout the United States are based on one
(and most recent) specific common reference peridie NDTEsdo not need tbe 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 Registeagr2®) 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
AModi fied Ti dal Dedfdr wpdating gatumshiroarepsroborapiel sea level change
due to rapid subsidence and ttplinstead of using a full 1gears of monthly mean sea level,
datums computed from the modified epoch are basedeomdist recent $ears of data and are

not the ameas the standard NTDE datumidowever,the procedure still adheres to the NTDE
concept sincethe monthly mean ranges of tidee computed using the full 32ars of data.
Long-term variations inmonthly mean sea level are dweoceanographic changed vertical

l and motion, while variations in range of
nodal cycle. Special care must be taken in describing these areas on egtataiion basis

and care must be taken in the use of them for clintgahe development of 19ear equivalent
datums ainearby shorterm stations.Example areas whetke Modified Tidal Datum Epoch is
used are in southeast Alaskdere recent glacial melt has resulted in rapid local land rebound
or uplift and relativesea level fall, and in the Louisiana Mississippi Delta amdre regional

and local land subsidence have ieiliin rapid sea level riseRates of relative sea level change

in these areas are typically greater therim/yr.

AVERAGE DIFFERENCES IN 19-YEAR MSL BETWEEN EPOCHS
USING 32 LONG TERM STATIONS
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Figure 2.13. History of updates to the National Tidal Datum Epoch dusea levethange
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Geodesy and Geodetic Datums

Geodesy is the branch of applied mathematascerned with determinatiaf the size and

shape of the Earth, its gravity fieldeth pr eci se deter mi nation of pos
and the measament of geodynamic phenomesach as the motion of the magnetic poteiges

and tectonic plate motionThe National Geodetic Survey (NG&fines a geodetic datum &

set of onstants used for calculatingthe aborn at es of p o Gendralyaaatumt he Ea/
is a reference from which measurements are (e as a surface of zer@ehtion for

referencing heightsr the origin and orientation of a Cartesian coordifrai@e used to

reference Cartesian coordinates, as well as latitudes and longitudes, if an ellipsoid model is also
included) Traditionally,horizontal datundescribs a datum in which latitude and longitude are
referenced.A vertical datum referenselevations orheights.

Types of Vertical Datums:

There are three primary types of vertical datums in use in United States. These are orthometric,
ellipsoidaland dynami c. Ot her types of datums (suct
also exist in othecountries, but will not be discussed further. Dynamic datums are generally

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

significantrole in thisdocumentand will not be further discussed he remaining two,

orthometric and ellipsoidal, are outlingdthe following paragraphs

However, before proceeding, a primeraantain terminology is helpful

Geoid: The geoid ighe surface of constamravity potentialwhich best fits (in the least squares
sense) globaheansea level.By this definition, at any given point in time, which represents a
given distribution of mass on Earth (and in the Univetbeye is one and only one geoid.

Ellipsoid: Usuallymeam g an fdAel | i p sibigadhreedfimensomal sutfaocghat o n, 0
would be described by the rotation of an ellipse about its-senur axis. An ellipsoid, being an
arbitrary shape (defined lonly 2 variables) is nomnique, and various groups have adopted
different ellipsoids of reference for varioteasons.

Plumb Line: A curved line in space that always tangent to the local direction of gravity. Itis
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
geoi d. | f the reference ellipsoid is chosen
undulationsrangs froma p pr o x i mat &0D metergh)Ddglobatlyo +
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Orthometric Datums

Orthometric datumareused for referencing orthometric heights. An orthometric height is the

di stance between the geoid and a plarbhnge). on t he
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 gedid;h aregenerally

within Earthoés crust . ionASae used esimate arthametriciheightg. o f
One of the most common is called a AHel mert o
leveling measurements and surface gravity measurements.

Also, orthometric heightarecolloquially, but inorrectly,called heights above eansea ével

(MSL). OceanographiSL, however, departs frothe geoidhroughboth periodic effects

(such as tides) and ngoeriodic effects (such as western boundary currefsithermore, MSL

is defined over the surface of theeans only, whereas the geoid is a continuous surface,
approximating the oceands surface over the oc
As such, heights fAabove meanNogheAmericaea Dadumof ar e m
1988 (NAVD 88): The current official vertical datum for all surveyiagd mapping activities of

the Federal government. The datundefinedas the surface of equal gravity potential to which
orthometric heights shall refer in North America, and whec6.271 n(along the plumb line)

bel ow the geodetic mark at fAFather Point/ Ri mo
Database). However, it igalized(i.e., its primary method of access is) through over 500,000

geodetic bench marks across North America witHiphbd Helmert orthometric heights, most

of which were originally computed from a minimally constrained adjustment of leveling and
gravity data, holding the geopotential value

National Geodetic Vertical Datum of 1929 (NGVD29)

The predecessor of NAVD 8the National Geodetic VerticBlatum of 1929 (NGVD293erved
as the official vertical datum for all surveyiagd mapping activities of the Federalv@rnment
for the U.Suntil it was superseded. It was defined as theasardf equal gravity potentjab
which orthometric heights shall refer in North Ameriaad avhich is 0.000 nabove mean sea
level at 26 chosende gauges on the East and Wesasis othe United States and Canada
(bel ow t he geodetiina /nRarnko uastk i F atPHeDr TPl 255 i n t
Database). However, it wagalized(i.e., its primary method of access was) throtig
National network ofjeodetidbenchmarks across North America with publishemmal
orthometric heights, most of witiavere originally computed from a constied adjustment of
levelingdata, holding thenean seaelvel heights at 29 tide gaugedfiaed to be zero in NGVD
29. A supeseded synonym for NGVD29 was Skevel Datum of 1929.

Both NAVD 88 and NGVI29 werefifix edd anddid not take into account the changing stands of
sea level or vertical land motidaxcept in sporadic cases oflexeling). Because there are

mary variables affecting sea levalnd because the geodetic datum represents a best fit over a
broad aea, 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

Ellipsoida | datums (or, mor e r e e s lalyebgconfiegmpaortamdth r i c
the development of GPSThey often include an origin and orientation of a Cartesian coordinate
system, overlain with an ellipsotbat approximates thgeoid Ellipsoidal heights are the

distances along the ellipsoidalnba | t o a point on the Eralythos
Cartesian (i.e XY2 system, the introduction of a simple ellipsoid model allows for the fast
determination of latitude, longitudand ellipsoid height indirectly from GPS observations.
Thereare 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.gTRF2000, ITRF2005, ITRF2008) realizatiof the International

Terrestrial Reference System (ITRS), produced under the auspices of the International Earth
Rotation and Reference Frame Service (IERSxch ITRF is purely Cartesiathereforeany
convenient ellipsoid may be superimposed to cdrtedatitude, longitudeand ellipsoid height.

The convention most frequently used is the ellipsoid known as&RS
(http://www.ncgs.state.nc.us/pdf/FAQs_for NAD 83 NSRS200Y..pdf

It is critical to understand the geometric reference frame in ugs,agins and varied
ellipsoids will directly impact height measurements, such as those uSé€idetection. For
example, the official geometric referencanfre (still frequently called laorizontal datumfor
the U.S. is NAB3,whose origin is known tbe offset fran ITRF2008 by approximately 2.2.m

National Reference Systems

The NGS defines, maintaiysnd provides access to the National Spatial Reference System
(NSRS) that is a nationally consistent coordinate system for detegatitude, longiide,
height, scale, gravity, and Earth orientation parameters. See:
http://www.ngs.noaa.gov/INFO/OnePagers/INSRSOnePager.pdf

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

e A consistent, accurate, and-tgpdate National Shoreline

¢ The National CORS, a set GNSSContinuously Operating Reference Stations meeting
NOAA geodetic standards for installation,evation, and data distribution

¢ A network ofpassive control monumentsluding the Federal Base NetwoikBN), the
Cooperative Base Network (CBN), and the U3ensification NetworKUDN)

e A set of accurate models describing dynamic geophysical proadssesg spatial
measurements

2.2.2 Datum Transformations

There are numerous horizontal and verticaliohatusel for a variety of geospatial applications.
Topographic maps (e.g., from USGS) generally have elevations referenced to orthometric
datums, eithethie NAVD 88 or to the older NGVEB. Source engineering documeitsd maps
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model)to deliver the transformaitns. VDatum offers point location and batch file outputich
can beput intoa gridded model outputr a GIS file thus providing interpolated information
away from the observation locations.

The decision to useithera transformation tool or a more eat measurement depends upon the
application and the desired accuracy. The published point elevations from NGS for geodetic
datums at bench marks afrdm CO-OPSat tide stations offer the most accurate elevations.
Performing a new static GPS survey,diivg between existing bench markstire survey area,
establishing a new tide station and computing new tidal datums, or performing a new
bathymetric or shoreline survey may be the onlystayneet the most stringent accuracy
requirements for a local gext. That decision interplay between transformation models and
observations requires understanding of project accuracy requireaemnisll asincertainties

and limitations of the interpolation and tshormation tools being used\ discussion of datum
uncertaities and datum transformation uncertainties can bedfoarthe NOAA VDatum

website ahttp://vdatum.noaa.gov/docs/est_uncertainties.html

2.3 Accuracy Needed For Various Sea Level Applications

The best way to addreascuracy very much depenglgon the application. How are the data to
be used and in what cont&xin most instances, the user mdsterminethe total accuracy
requirement®f thefinal productandhow certairhe orsheneedto be to make a decision or
assume a significant amouwftrisk in final statements and conclusi@ns

There are a few basic statements on accuracy of retaavéevetrends that can be made
however. For instance, the accuracyrelative sea level trends computed from tide gauge
records is highly dependempon the record length as detailed by Zervas (2009). Figure 2.14
shows the relationship of the 95% confidence level (an expression of uncertainsgaihezel
trend with record lengthThe confidence limits of 20-yearrecordhave almost a 3.6im/yr
uncertaintywhile a trend froma40-yearrecord has only a 1:@m/yr uncertainty. For most
applications, the uncertainty of the traeanuch less than the value tbie actual trend itself.
NOAA publishesrelative trends in mean sea level for only #hetations with greater than 30
years of record.
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Figure 2.14. A 95% confidence interval for linear mes@a level
trend versus series length (Zervas 2009)

If it is found that shorter record lengths are required, then¢hd mnust always be presented

with anestimate 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 trendstekmined 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 nasos CCSP 4.1 (Gesdtt al.
2009)found that in manynstances, users showing impactsea levelise on elevation surfaces

were overextending their findings because they ignored the underlying accuracy of the source
elevation data and reportegsults in increments that could not be supported by the &atae

of the CCSP4.1 findings were:

The accuracy with which coastal elevations have been mapped directly affects the
reliability and usefulnessf sea levelise impact assessmenlthough previous
studies have raised awareness of the probfemappng and quantifyingea

levelrise impacts, the usefulness and applicability of many resultsradered by

the coarse resolution of available input ddtaaddition, the uncertainty of

elevation data isften neglected.

Existing studies o$ea levelise vulnerability based on currently available
elevation data do not providlee degree of confidence that is optimal for local
decision making.

There are important technical considerations that need to be incorporated to
improve futuresea levethangampact assessments, especially those with a goal
of producing vulnerability maps and statistical summahasrely on the analysis
of elevation dataThe primary aspect of these improvements focuses on using
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high-resolution, highaccuracy elevation datan@ consideration and application
of elevation uncertaintynformation in development of vulnerability maps and
area statistics

Studies that use elevation data as an input for vulnerability nmalpsr statistics
need to hava clear statemeiwif the abstute vertical accuracyThere are
existing national standards for quantifying and reporting elevatten accuracy.

Figure 2.15rovides CCSP4.1 guidance on the minimaea levetise increment supportable by
various accuracies of source elevation ddt@pographicidar data are being increasingly used,;
however 15.0 cmRoot Mean Square ErroRMSE) accuracy is often ignored when applying it
to various incremental rates of sea level rise or for any inundation mapping purposes.

Vertical

Elevation Vertical accuracy: linear error Minimum sea-level rise increment
Data Source ac;;r;;y: at 95-percent confidence for inundation modeling

I-foot contour interval map 9.3 cm 18.2 cm 36.4 cm

Lidar 15.0 cm 294 cm 58.8 am

2-foot contour interval map 18.5 cm 36.3 cm 72.6 cm
I-meter contour interval map 304 cm 59.6 cm 119 m
5-foot contour interval map 46.3 an 90.7 cm 1.82 m
10-foot contour interval map 92.7 cm 1.82m 3.64m
20-foot contour interval map 1.85m 3.63m 7.26 m

Figure 2.15. Table 2.4 fron Gesch eal. (2009.

Figure 2.16urther explains the othe-ground difference various uncertainties in source
elevation can makeThemore accurate lidaderived DEM (£0.3 m at 95%onfidence) results

in a delineation othe inundation zone with much less uncertainty than whelesiseaccurate
topographic majaerived DEM (£2.2 m aé®5% confidence)s used.Depending on the slope of
the topography, that uncertainty can translate intorafgignt horizontal distanceCare must be
taken not to overstate the resolution of area impacts of inundation for given sources of data.

Elgwabion (médeve)

Figure 2.16. How asea levetise of 1 mis mapped onto the land surface
using two digital elevation models with diffeg vertical accuracie$rom
figure 2.2 in Gesch et g2009)

21



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 tharth's climate on our oceans and
atmosphereChanges in sea level are directly linked to a number of atmospheric and oceanic
processesChanges in global temperatures, hydrologic cycles, coverage of glaciers and ice
sheets, and storm frequency aneingity are examples of known effects of a changing climate,

all of which are directly related to, and captured in, l@1on sea level recordsSea levels

provide an important key to understanding the impact of climate change, not just along our coasts,
but around the worldBy combirnng local rates of relativeea levechange for a specific area

based on observatiomsth projections of globasea levetise (PCC2007), coastal managers and
engineers aabegin to analyzthe impacts of sea level riserflongrange planning

The sea level change informati@iong with the fundamental water level and geodetic data
souces described in this documetdn be usetb:

1) Obtain a basic understandingladw sea level rise affectise physical environment:
e Shoreline change and erosion or deposition (sediment transport)
e Coastal flooding impacts of coupling with storm events (frequency and duration)
e Coastal wetland sustainability
e Effects on coastal habitats
e Local and regional vertical land motion
e Adequacy/acagracy of existing navigational charts

e Proper use of historical nautical charts, which are compiled from various surveys,
typically conducted over sevemd¢cades.

2) Understand potential setal impacts of sea level rise, such as:
e Shore protection andtreat
Impactson 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:
e USGSCoastal Vulnerability Idex Maps (Theileet al 2009)
e EPA/Coastl Elevations at Risk Maps (EP2009)

e U.S. Army Corps of Engineer&)GACE)/ Engineering Plaming and Design Guidance
(USACE2009)

e DOT/Impacts on Trasportation Infrastructure (DOZ008)

4) Perform basic research estimatingglobal sea levelrise (Douglaset al 2001 and Church and
White 2006.
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The present relative meaea levetrends derived from tide gauge records are often used as
baseline rates for addressing future impacts as if there would be no acaelerptiesent day
ratesof globalsea levetise.

The global climate models (IPCZD00) are used to project the increased elevation in global
mean sea level by a certain time (2100) and do not use estimates of changinghatd SACE
(2009) estimates thehange in the rates of global sea level rise using a mathematical curve for
practical application to get interim values.

Sea levethange information in the form of existing trends, projected trends, existing and
projected extremes, and the nature oftime and spatial variability of the information can be
used in a variety of application€hapter @lescribes 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 pjectedsea levethange is only fromre to five yearérom 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 otd the end of the centuryf projections for longer time scalase

required then information from the ongoing climate research needsadpied and integrated

with actual present day trends.

Projection of future globalea levethange is dependent upon climate change models that
predictthe impacts of various scenari@s greenhouse gas emissiorihe series of efforts
underwayby Intergovernmental Panel on Climate ChafiCC) provides he latest scientific
consensus on impacts of glolwarming. The latest repaiPCC 2007 madeprojections of sea
level rise for variouslonate model scenariosOngoingresearch in climate modefj and in
global sea level rise hasntinued since the 2007 report and will be incluaettie next IPCC
assessment. A table from the IPCC (2007) reffigdre 2.179 shows the relationship of
projected average surface wamgnand sea level rise fro®80-1999 to 2092099 for various
climate model scenarios. The tablseoshows a range of temperature change scenarios resulting
in several sea level rise scenarios, from Onl® 0.59m by 2100. Note that the uncertainty in
the model results is expresdsiey a range of values for each scenario.
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Summary for Policymakers

Table SPM.1. Projected global average surface warming and sea level rise at the end of the 21 century. {Table 3.1}

Temperature change Sea level rise
(°C at 2090-2099 relative to 1980-1999) =1 (m at 2090-2099 relative to 1980-1999)

Model-based range
excluding future rapid dynamical changes in ice flow

Constant year 2000

concentrations® 0.6 0.3-09 Not available
Bi scenario 1.8 1.1-29 0.18 -0.38
A1T scenario 24 1.4-38 0.20 - 0.45
B2 scenario 24 14-38 0.20-0.43
A1B scenario 2.8 1.7-44 0.21 —0.48
A2 scenario 3.4 20-54 0.23 -0.51
A1FI scenario 4.0 24-84 0.26 - 0.59
Notes:

a) Temperatures are assessed best estimates and lkely uncertainty rangss from a hierarchy of models of varying complexity as well as
observational constraints.

b} Year 2000 constant composition is derived from Atmosphere-Ocean General Circulation Models (A0GCMs) only.

c) All scenarios above are six SRES marker scenarios. Approximate CO-eq concentrations corresponding to the computed radiative

forcing due to anthropogenic GHGs and aerosols in 2100 (see p. 823 of the Worling Group | TAR) for the SRES B1, AlT, B2, A1B, A2

and A1F| illustrative marker scenarios are about €00, 700, 800, 850, 1250 and 1550ppm, respectively.

Temperature changes are expressed as the difference from the period 1980-1999. To express the change relative to the period 1850-

1899 add 0.5°C.

d

Figure 2.17. Projected temperature change and global sea level rise byfi2O0PCC (2007)

The IPCC iscareful to caveat these results @axglain their limitations. The resuli® not

contain full effects of ice sheibbw 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 potaial sea level rise. Aignificantamount ofresearch to determimates of sheet

flow that would increase the ocean volumengoingand the next IPCC report could be

expected to have new rates that explicitly include such effects. In the mean time, researchers
have published their imddual estimates of sea level rise that include increased contribution
from meltingof the landbased ice massefor instanceRahmstorf (2007)ised reslts from the
IPCC 2007, as well aacreased rates of melting of the ice sheets in Greenland aaccticyg to

show their effect in comparison to the published IPCC reffidisre 2.18. Upper bounds
scenariosor sealevel rise by 2100 are over 1.m
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Figure 2.18 Composite of sea level rise scenarios from IPCC 2007 ahdhBtorf
(2007). Blue curvés the A1B scenario fim IPCC 2007, and the grey curve is from
Rahmstorf afteincluding accelerated idilow (Williams et al.2009.

Also importantto note is thatPCC Q007) 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 thtahe. The report did indicatthat the climate models, not
the time resolution of the impacts, allowed for inferring saiclirve. There is no scientific basis
for inferring an exponential function withe curvatures showrkigure2.19 uses curves for
graphical comparison and visual understanding to make a point. Users should interpolate values
with cautian and allow foruncertainty The US. Army Corps of Engineers (USAGCR009)

issued an interim guidand®cumenfor incorporating projected sea level change in
ergineering planning and desigihat documentises sea level riseenario curves established
in a NationaResearch Counc{NRC) report several years ago (NRG87) 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 documgppteviouslyreferenceflusesthe present local rate of sea level
change from the tide station netwasan initialization pointo estimatduturesea level rise

using the formlas describing each curv&lSACE u®s a curve equation modified from NRC
(1987 to account for a monecent estimate of global sea level rise, even with the d¢avea
described earlielbecause most coastal engineering project lifetimes are 50 years in length, and
interim information is required prior to 2100, which is all that IRRQ@07) provides.Figure

2.19 compares the NRC modified curves to two of the IPCC 2007 scenarios. The modified
NRC-II curve approximates the updated curves suggested by Rahmstorf 26igdre 2.18

andthe text in USACE (2009) describinige 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 particulat; stfels as an inundation map.
Thisvaluecouldhdp to answequestionsofppe nt i al ri sk, for instance
treatment plant infrastructure become inundétéuere isa 0.5m sea level risgd

Notably,all of the climate models project global sea level to rise over the next century, with
sone projections with very high increases of overm.0There is a considerable amount of
recent researcixamininghistorical tide gauge records for evidence of acceleration in sea level
rise and in reconciling the altimeter trends with global trendsrdeted from tide gaugesrlhis

has proven difficult because water level records from tide gauges capture variability from many
different types and geographic scales of physical oceanographic aatohegical forcing with

a widevariety of overlapping thedimensions (Church and Whi2®06). 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 andossassumed to be lineaver

century time scake however the local rates may change significantly over time if due to local
ground wateor oil withdrawal orafter major earthquakes.

Long-term tide gauge records have been used over the last few decesmaeates 020"
century sea levelse, primarily based on the historical tide gauge dBtauglas2001). Tide
gauges measure the height of the sea surface relative to coasta$aadoencmarks

However, these measurements include a signal from large sgatialsecular trends gladal
isostatic djustment (GIA) and possibly also regional and local tectonic motions. To estimaate
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 motiofss correction uses geological data to
infer longterm motions or geophysicanodels to estimate the GlASelected tide gauges with

the best longerm records located on fairly stable landforems used The global distribution of
these recordss signficantly biased towarthe northern hemispherdgowever. Once adjusted

for vertical land motion, the residual trends are compiled to produce a composite estimate of
global sea level rise. Rates using this methodologg@peoximatelyl.8 mm/yr for the

twentieth century

Snayet al (2009) uses local rates of local vertical land motioastgnated from Continuously
Operating Reference Stations (CORMS)ich is a natiowide network of GPStatiors. Using

CORS located nedide stationsthe report citea 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 @S technology is relatively new.

2.6 Relevance of Geospatial Data to Sea Level Applications

Geospatiatlata areespecially relevant to sea level applications for describing impacts of sea
level rise ina visual and practical sens€éhe time series plots of variations sea level from tide
gauges and altimeter systs provide valuable informatidrut do ot immediately provide the

Ais o wFhadxampleshownin previous sectios ofthe CCSP4.1 report attempterplain

t hi s 0 sAmountsmadtimpacts of sea level change need to be put in terms that the users
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can understand and putirttie contexo f 't h e i r TRhus,dontgeUSACE,.a®described
earlier, sea level projection curves were developedantathematical description for practical
application to engineering planning life cycléSCSP4.1 attempt® provide information on
potentialrisk to the population and the economilaps with sea level scenarios and
visualizations aramongthe most effective ways to communicate risk. However, having the
best pssible baseline and source datal having accurate geospatial information to stieair
distribution are extremely important. Having an inaccurate depiction for the sakaibéation
getting show is dangerous abdd science. Realistic geospatial depictions can still be attention
getting along with a clear statementtbie uncerinty bounds and caveatstbe material

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

e Waterleveldata and datum elevations, water level extremes, and deeedévetrends
e Geddetic data, geoid, ellipsoid, orthometric elevations, gravity, topography

e Vertical land motion, subsidence, uplift

e Other geophysical datauch as hydrology an@er flow/stage

e Coastal water temperature and density

e Coastal meteorological data

e Bathymetry

In addition to fundamental point sources of this information listed above, gridded geospatial data
fields are extremely usefldut typically require modeling of the parametasis explained for
transformation tools such as VDatum.
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Chapter 3.0 Existing Data and Access

As outlinedin chapters 1 and 2ealevel change (SLC) mapping and assessment projects rely on
a wide variey of datasets that refleekisting physical conditionsis well agrojections of future
conditions and impactsThis chaper focuses on geospatial data needed to accurately determine
SLC impacts, including references to existing data sources and furthectguidance.

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

The pimary datasets needed to accurately map and assess the impacts of SLC can be broadly
grouped into the follomg types (summarized from NRZD09):

Base Surface Elevation

Two types of base surfaces are importardeta level changerojects: land surfaceealation
(topography) and its underwater equivalent (bathymeirgpography is expressed as the height

of a location above the geodetic datum and is in most cases a positiveBRailugmetry is

expressed as the depth of the land surface below rivkes, land oceans; positive deptiplies
negative elevationSubsequent 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, hefinal primary data type needéslinformation about water bodies,

particularlythe location of the air/water boundary surface relatiibedrase surface elevations.

At a coastal tide @eawrdea, ftolri smnadgti an gt yamed iass sfess
height of water surfaces is measured with stream and tidgegarhe location and elevation of

the gaiges themselves must be@ienined accurately to correctly relate water surface

measurements to other elevatiohsiter sectionprovide more detail on accurately measuring

water surface heights.

Elevation Reference

Before elevation can be measured or the data used in enginaesiygis, a measurement
system must be established.h e | o c at ielevatioro(ihothér vards,@a eertical datum)
and a method of measuring heights relative to that zero elevatisnbe established on the
Earth, where it can be used for all typéeight measurementSChapter 2.2.Hescribes the
three different types of vertical datums in use, while this ché&mtetion3.1.3 explains the
types of data that contribute to establishing and monitoring these datons.information on
how to séect an appropriate reference frame for SLC projectsadable in hiapter 6.4
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While not a stan@lone dataset, metadata are vital to ensuring the accuracy and utility of SLC
mapping and assessment produé&key wayto locate and discover the origamd quality of a
particular datades to refer to its metadalathat is, data about the datsletadata should be
regarded as a critical component of any dataSetnerally, metadateontairst he dat aset 6s
definition, structure, and administration of dékes, with all contents provided in context to
facilitate data use and archivEor geospatial datasets, mettdshould contain information
sufficient to answer the following questions:

e Who created the data?

e Who maintains it?

e When were the data colieed? When were they published?

¢ Where is the geographic location?

¢ What is the content of the data? The structure?

e Why were the data created?

e How were they producedata acquisition and processing methodologies)

e Where are the data stored?

¢ What are the ettical and horizontal datums/reference sysem

e How are acuracy, precisiorand uncertainty (total progated error for vertical and
horizontal)defined?

Before investing significant time and effantobtaining or applying dataset that pertains to SLC,
users should critically review the metadathmetadata are incomplete or absent, or there is no
readily apparent way to collette missing information from the data originator(s), users may
reconsideuse of that dataset qualify theirproject result@ccordingly.

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

Topography iglefined as the general shape or form of the land surface, determined by analyzing
the elevation of the landTopography spefically involvesrecordingtherelief or terrainwhich

is the threedimensional quality of theurface, and identifyingpecific landforms.This involves
generation of elevation data in electronic form, including graphic representation of landforms on
amap by a variety of techniques, including contour lines and relief shading.

Topography is a crual dataset for determining tlhmpactsof sea level changeecause the
shap of the physical landscap#luencesthe direction that water floswver it, wrere it
accumulats, and how and where it dranThe accuracy with which coastal topography has
been mapped directly affects the reliability and usefulneSé 6fimpact assessments (CCSP
2009), and is the most important factor in detemgraccuracy oflood maps (NRQ009). In
coastal areas characterizegflat topographysmall changes in sea leveuse greater changes
in the extent of areas inundatedd®a leverlise or exposed bsea levefall.

As the boundary between water and dry land, sin@®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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(seesection 31.3for further explanation), and shoreline movement is one of the effects of SLC
that is most readilynderstandable 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 cdntext o
topographic data throughout this document.

Topographic Data Types

Topographic data are available in several different forms (raw points, rasters, triangular irregular
networks, contourgegularly gridded digital elevation modeénd can be collecteding
different sensors and method&mong the more common sources of topographic data are:

Land Survey (captures centimeterscale elevation changes)

Land surveying is the technique and science of accurately determining the terrestrial or three
dimensionaposition of points and the distances and angles between fhasse points are
usually on the surface of tiigarth and they are often used to establish laragsand boundaries
for ownershipor governmental purposetand surveying involves using traidinal surveying
equipment such as levels and theodolifdsre recent instruments include total stations that
combine leveling, ranging, and angle measuremé&atlay, most survegrade equipment uses
Global Positioning System (GP8ata in a kinematicifferential modeto obtainrelative
ellipsoidal or orthometribeightsprecise ta0 mm-40 mm(root mean square error BMSE), in
areas of a few tens of kilometers in radi@PS isthe mosiaccurate way to obtain heighiat
can only be done one poirtatime, 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 generatin
digital elevation modelschapters.3). The techniquerovides accurag information and is used
extensively in highway and road projectdoweverit is less cost effective when working on

larger aregsandits accuracysuffersin areas of dense vegetatiohhis method can yield

elevations with vertical accuracy on the@rdf 10 cm (RMSE).

Topographic Lidar (10 cm)

Lidar (light detection and rangi) is an active sensor, similr radarwhich transmits laser

pulses to a target and records the time it takes for the pulse to return to the sensor fgusiver.
technologyis currently being used for higlesolution 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 elevatdarssields vertical
accuracy of 10 cm (RMSE).
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or cliff lines; beach sarps; berm crests; the high waieel(HWL), interpreted as the wet/dry

line from the last high tide; coastal structures, such as seawalls or bulkheads; in addition to
datumbased strelines (e.g., Boak and Turneéd@5; 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 NO&bgraphic sheets {$heets) was an interpreted

HWL (Boak and Turner 2b; NRC2004; Moore et al2006). After the 1930s, the component of
the U.S. Coast and Geodetic Survey that later betaendOS/NGRemote Sensing Division
adopted procedures for shoreline mapping from¢o@dnated 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 lowater (MLLW) tidal datums (NR@004). These poedures 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 functiortlad tidalrange (Graham et &003). 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.

Whil e the photogrammet r i ¢ mghodology tbumagpsgtmee mai n N
National Shorelinegver 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 benefitsf using lidar is that the tideoordination requirements are

not asintensiveduring surveyas with thephotogrammetriprocedureit is typically only

necessary to acquire the data below a certain stage of the tide, rather than within a very narrow
tidewindow. Thus, the efficiency of data acquisition is increased gre&tlythermore, the
lidar-based procedures assist in eliminating some of the subjectivity associated with the manual
phobgrammetric compilation methodsd providing multuse data thacan benefit other

coastal pragcts and programs (Scott et al. 2009; WRQ67). 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 tramsfation (such as VDatum) prior to lidar

survey, the tideequirements are often addressed prior to survey data collection.

Other Shoreline Sources

While the National Shoreline serves as a nationally consistent dataset that & @sedriety of
applicdions,anyone with access to the necessary computing techn@agyGeographic

Information System [GIS] softwar@nd suitable source data (e.g., higbolution topographic

and bathymetric data, aerial imagery, GPE ded sur veyi ng raliretThe can A
graphicin figure 3.1shows one such exampl8horelines 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 8L&hmapping project, it vitally

important to obtain the accompanying metad3tae metadata providéenformation 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 highesolution 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 povides the advantage of deriving a true dahased shoreline (such as the mean high water line or
specific elevation contoursNote: To derive a truelatumbased line, accurate, consistent geospatial determinations
of ellipsoid to reference datums mist derived across the extents of the survey.

3.1.2 Base Surface Elevation: Bathymetric Data

Bathymetryis the general configuration of the seafloor represented by depth data, or the
underwater equivalent of topographic dawautical charts from hydragphic surveysugport
safety of surface or subsurface navigaaod usually show seafloor relief or terrain as contour
lines (calleddepth contoursrisobath} and selected depthsoundingy, and alsgrovide

surface navigational informatiorBathymetic maps (a more general term where navigational
safety is nohecessarily concern) may also useDigital Terrain Mode(DTM) and artificial
illumination techniques to illustrate the depths being portrayed.

Bathymetric data are crucial in determiningGSimpacts for several reasorBirst, the shag
and depth of the seafloor influence how watewves onto the topographic surfac&or example,
coastal areawith a flatter,shallower continental shedixperience higher tidal ranges due to
SLC. Coastal eeas with concave shorelines and shallow bathymetry are mioerable to
higher storm surgess well; withSLC, the areas vulnerable to high surges may change over
time. Bathymetry also directly influences wave pattemisich can cause increased wavnergy
on certain portions of the coast, leadingribanced coastal erosion. Lasathymetric data are
needed to examine the effects of dropping water lerads.example, if sea level falls (as is
expected for the Great Lakes), bathymetric informatameeded to identify the future location
and configuration of the shoreline.

Common bathymetric data types include the following:

Lead Line Surveying
Early techniques used pmeasured heauwppeor cable lowered over a ship's sidehe greatest
limitation of this technique is that it measures the depth only a single point at a time, and so is
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inefficient. It is also subject to movements of the ship and currents moving the line out of true
plumband therefore is inaccurate.

Sound Navigation and Rangiig (SONAR)

The data used to make bathymetric maps today typically come frechasoundefsonayj

mounted bengah or over t he sabdan ofcsbundadowmwaadtat,the Bepfioar g i n g
or from remote sensiniglar or Laser Detection and Rangingdkr)systems The amount of

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

to thesoundeiis whatthe equipmentises to calculate thistance to the seafloor.

SingleBeam SONARcollects discrete pots along track linesThe data coverage is
sparse and requir@gyreater degree of interpolation betweemsects. Since the early
1930sand morecommonly from the 1940s onwarithe occasional pings of a singleam
sounder might baveragedo createa map.

Multibeam SONARcollects continuous point data throughout survey aféee data
coverage is greater than singleam and has higher resolution. The coverage is limited in
shallow waters Multi-beam collection features hundreds of narrow adjdoesns

arranged in a fatike swath of perhaps 9fegreedo 170 degrees acros$he tightly

packed array of narrow individual beams provides highular resolutiomnd accuracy.

The wide swath, which is depth dependgeterallyallows a boat to map meseafloor

in less time than a singleeamechosoundepy making fewer passes.

A number of different outputs are cunth/ generated, including a ss#t of the original
measurements that satisfy some conditions (e.g., most representative likely soshdiimsest
in a region, etc.) antegratedTMs (e.g., aegular or irregular grid of points connected into a
surface). Historically, selection of measurements was more commbgdrographic
applicationswhile DTM constructiorwas used for engineerirsgirveys, geology, flow modeling,
etc. Since 20038005, DTMs have become more accepted in hydrographic practice.

Bathymetric Lidar

Bathymetric idar systemsperate in a manner similar to thepographic lidacounterpart, with

one notable exceptiorBathymetric 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 seabedhe infrared band is quickly absorbed and is therefore used to detect the
water surface, while the green band is used as the optiigiinirequencyto achieve maximum
penetration in shallow watet.idar bathymetry systems operate at a much slower rate, currently
around 1000 soundings per second, dubeoequirements foamuch longer laser psé and

higher power Bathymetric lidar mapping can be condudtedlear water in depths up to 50 m.
This is a function of water claritandperformancewill decrease with increased water turbidity.

Satellite Altimetry

Satellites ge also used to measuteepseabathymetry. Satellite radadata are used to model
deepsea topographgf the ocean bottorny detecting the subtle variations in sea level caused by
the gravitational pull of undersea mountains, ridges, and other masdasferring the size and
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location of these featureSea level iggenerallyhigher oversea mountand ridges than abyssal
plains and trenches

Users obtaining historical nautical chart products must not only be aware of the various
technologies used tdtain bathymetric soundings, but mattobe aware of the various

reference datum changes otiene. For instance, as notedprevious sections, tidal datum

NTDE periods are updated over time to account for sea level gharmyjsoundings taken during

one period may have a different NTDE reference than later soundings. In addition, formal datum
changes have taken place, for instance the cHamgemean low water (MLW) to meaer

low water(MLLW) back for the EagCoast in the 1980s. Thus, dependimppn the accuracy

desired, users cannot assume the depths from a particular nautical chart were taken at the same
time using thesame technologies ameference 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 calledevaevel stations when located in rtidal

areas such as the Great Lakes.

For application to climate studies and research, especially in estimating relative mean sea level
trends, longterm continuous measurements are requifidte networks should have
characteristtoesdofswnst eme tchilactiodthroughtatadiaivery d at a
to and application by the user communifyo ensure this application, NOAA losigrm water

level networks have been configured to ensure-teng sustainetheasurements

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, linef-sight radig telephone, internal recording device), and a network of
local reference points (bench marks) surveyed into the water level sens@dlieyelBackup

sensors and DGPare also used. NOAA water level stations collect and distribonia@Gie

interval wder level elevations relative to documented reference zeros (arbitrary station datum) or
datum elevabns (such as MLLWbr NAVD 88) (NOAA 2001). NOAA water level stations also
have geodetic datum connection to geodetic reference systems using eithés\itieg to

geodetic marks or static GPS surveys.

Starting in the early 1990the Next Generation Water Level Measurement System replaced the
older technology systems that largelyntvanchanged since the ral@0Gs
(http://celebrating200years.noaa.goaisformations/tides/welcome.html¢idVater level
measurement sensor systems were changed from the float/wire stilling well systems t0 newly
engineered air acoustic and pressure systems that reduced known error sources of the old
systems.The new systernonfiguration underwent extensive laboratory and field testing prior to
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implementation and sidey-side operation with the old systems prior to their independent
operation. This testing ensured continuity of the letggm tidal record.The new water e
sensoraredirectly leveled to local survey marks, so local observers are no longer needed
manually observe and record independent tide staff readings for controlling the automatic tide
gauge The new systemsontainan electronic data acquisiti@ystem. Instead of paper tape,

the data are now stored in computer memory chijese systems were designed to operate
unattended for a full yeavithout requiring maintenance. Additionglie systems collect a

wide variety of environmental measuremnts such as wind speed, aivdter temperature,
barometric pressure, and conductivijigure 3.2showsa schematic of a NGWLMS station.

TIDE HOUSE

GOES ANTENNA
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9000
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.~ BENCH MARK
- PROTECTIVE WELL

CALIBRATION/SOUNDING
TUBE

INSTANTANEOUS WATER
.‘/ LEVEL INSIDE WELL

WAVES
AMBIENT MEAN WATER LEVEL

Figure 3.2. Schematic of a modern water level station

Another major advancement withis system ishe method for sendingater level data to

NOAA headquarters for processinipstead of mailing a data tape once a month, data are
transmitted over the Geostationary Operational Environm8&atallite (GOES) system every

6 minutes. Headjuarters automatically receives the satellite transmissions just minutes after it is
transmitted from the gaug®ata quality control and processing are automated, eliminating the
manually intensive and tirr@nsuming review of strip charéad the punchaper tapes that
required conversion to digital format.

For information on how other catries measure sea level, theergovernmental Oceanographic
Commission IOC) Manual on Sea Level Meaement and Interpretation (ICZDO6) reviews
several differentypes of water level sensors and their configurations, including the new
technology radar gauges and GPS buoy technplogyseries of manuals addcusseshe
requirement®f long-term sustained measurements of sea lekFagure3.3showsnewNOAA

tide stationinstallations in the Gulf of Mexico, specifically hardened and configured to withstand
storm surges and high winds during storm events, thus ensurintelongustained operation
without major gaps in data. These statioostainbackup sensormsnd data collection modes,

local networks of bench markisatareleveled to everyear, and have ongoing sensor

calibration checks and active continuous data quality control.
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CalcasieuPass, LA Corpus Christi, TX

Figure 3.3. NOAA tide station installationat (left) Calcasieu Pass, LA and (rigl@orpus Christi, TX
hardened to withstand major storm surge for continuoustemg operation.

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

Relative sea level trends are computed from cdyedoimpiled observations at losigrm 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 caricblled
referenced to a documiewd 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 informatioabout the correlation of the interannual variability between
stations, which is better defined by a monthly residual series than by an annual residual series.
Trends derivedrom monthlymean sea leveMSL) dataalso have smaller standard errors as
wasshown in Zervas (2009). The NOAA sea level trends are computeglthe methodology
found insection3.2.3on derivation oMSL trends found irZervas (200). The least squares
solutionincorporates knowledge of the average seasonal cycle.

A simplelead squares linear regressigives an accurate MSL trend bzdan substantially
underestimate the standard error or uncertainty of that trend. The reason is that, for sea level
data, the residual time series is serially aadgoelated even after theerage 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, whichsames a series of independent data. Therefore, following
Zervas (2009), the monthly MSL data are characterized as amnesuéssive process of order 1.
This is the recommended treatment for computing relative sea level trends fretariong
monthly mearsea level data form tide gauge observations.
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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 580 years oflata 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 3.4thecalculated trend fosan Diego Californiashows the monthly gan sea level

without the regular seasonal

fluctuations due to coastal ocean temperatures, salinities, winds,

atmospheric pressures, and ocean curreltis. longterm linear trend is also shown, including
its 95% confidence intervalThe plotted valuesra relative to the most recent NTDE mean sea

level (19832001).
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to 2006 which is equivalent to a change of 0.68 feet in 100 years.

lative mean sea level trend for San Diego, CA

Use of Satellite Data to Determine Sea Level Trends

Whereas tide stations provid

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

e point coverafeelativesea level variability over long time

land motion in order tgeneratespatial estimates of global sea level variaigDougla2001).
Satelliteatimetry providessignificants pat i al coverage of the worl

orbital confirmations and rep

eat cyclgSontinuous coveragaf the oceans in the latitude band

+66 degreebas been in place since the launch of il EX/Poseidomission in late 1992, using
overlapping missions with the Jason series of altimeter msskor climate applications, the
overriding drawback is the relatively short duration ofdbetinuous, uninterruptealtimeter

record (17 yearsyhich is mu

ch Borter 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 longerm global trends in sea level.

As shownin figure 35, satellie altimeters basically determine the distance from the satellite to a
target surface by measuring the sateliitesurface roud-trip time of a radar pulseThe satellite
orbitsmustbe accuratelyracked and the satellite position is determined relatian arbitrary
reference surface, an ellipsoi@ihe sea surface heigistthe range from the sea surface to a
reference ellipsoid. The magnitude and shape of the echoes (or waveforms) also contain
information about the chasteristics of the surfacedhcaused the reflectionThe best results are
obtained over the ocean, wh is spatially homogeneous and has a surfacetmibrmsto known
statistics. Surfaces thaare not homogeneous, which contain discontinuities or significant slopes,
such as swe ice, rivers or land surfaces, make accurate interpretation more difficult. The
TOPEXPo=idonandJasonaltimetersused 16day repeat cycleshus giving time series
measurements at every poadbng a track. Figure @ shows the ground track coveragjehe

Jasonl altimeter. Note that the coverage does not extend to the polar gakthosgh other
altimeter missions, particulatliERS1 andERS2 did extend into those regions)
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MEASUREMENT SYSTEM

m‘ "'\

MICROWAVE

MEASUREMENT

OF COLUMNAR
RADAR WATER VAPOR

OCEAN

TOPOGRAPHY
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(Photo courtesy of CNES-website, http://www-aviso.cnes.fr)

Figure 3.5. Schematic of a satellite afteter configuration.
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Figure 3.6. The ground track coverage for thasonl satellite altimeter mission

Satellite altimeters rely upon ongoing point source verificaatibration)using tide stations
located directlyunderthe ground tracks (Saxed895) and ongoing calibration and estimates of
altimeter drift using a global network of tide gau@etstchum 2000).

To be useful for sea level applications, numerous corrections are systematically made to the
altimeter datao accountfor the effects of various physical phenomena:

1) propagation corrections: the altimeter radar wave is affected during atmosphere crossing:
U ionospheric correction
U  wet tropospheric correction
U dry trgpospheric correction

2) ocean surface correctifor the sea state which directly affects the radave:
electromagnetic bias

3) geophysical corrections for the tidesean, solid earth, polar tides, loading effects)

4) atmospheric corrections for the ocean'’s response to atmospheric dynamics: inverse
barometer correction (low frequency), atmospheric dyosuweprrection (high
frequency)

To calculategglobal mean sea levdhe global or basimean sea levéime series must be
distinguished from the regional mapsnoéan sea levealopes. In both caseshese calculations
areavailable for the periodf@achmission beingonsidered, or by combining several altimetry
missions covering the entire altimetric period.
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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
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