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It is important for respondents to the questionnaire to understand the answers to the 17 FAQs 

explained, with graphic examples, below.  The terms explained herein must be understood in order to 

provide valid responses to questions pertaining to user elevation data requirements and benefits. 
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FAQ #1: What are mass points, breaklines, TINs, and Terrains?  

Mass points are irregularly-spaced elevation points, each with an x/y location and z-value (3-D 

coordinates).  They could be sparsely-populated spot heights generated manually from photogrammetry 

and deliberately placed to depict elevations of prominent features representing highest or lowest 

elevations in an area, as shown in Figure 1; however, mass points more commonly refer to densely-

populated points with 3-D coordinates generated by automated methods, e.g., by LiDAR or IFSAR 

scanners or photogrammetric auto-correlation techniques. 

Breaklines are linear features that describe a change in the smoothness or continuity of a surface. 

Breaklines can be either 2-D breaklines with x/y coordinates only (longitude/latitude or 

Easting/Northing) or 3-D breaklines with x/y coordinates plus z-values representing elevations above a 

defined vertical datum, normally NAVD88. Figure 1 shows example breaklines for the shoreline of an 

island, for the shoreline of an inland lake on that island, and for a stream that potentially drains water 

from the lake into the ocean surrounding the island.  

A Triangulated Irregular Network (TIN) is a set of adjacent, non-overlapping triangles computed from 

mass points and/or breaklines. Figure 2 shows how the TIN was generated from the mass points and 

ōǊŜŀƪƭƛƴŜǎ ƛƴ CƛƎǳǊŜ мΦ ¢ƘŜ ¢LbΩǎ ǾŜŎǘƻǊ Řŀǘŀ ǎǘǊǳŎǘǳǊŜ is based on irregularly-spaced point, line and 

polygon data interpreted as mass points and breaklines and stores the topological relationship between 

triangles and their adjacent neighbors.   

 

Figure 1. Example mass points and breaklines 

 

Figure 2. TIN produced from these mass points and breaklines 

An ESRI Terrain is a multi-resolution, TIN-based surface build on-the-fly from feature classes stored in a 

feature dataset of a geodatabase. Terrain datasets are more effective for storing and visualizing large 

point data sets.  A Terrain dataset resides in the same feature dataset where the feature classes (used to 

construct it) reside. Terrain datasets can be used to obtain TINs and grids.  
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As shown at Figure 3, a Terrain is composed of a 

series of TINs, each of which is used within a map-

scale range. For each map-scale range, a level of 

detail (i.e., z-resolution) and pyramid level are 

defined. The Terrain establishes a set of user-defined 

viewing pyramid levels, each having fewer 

participating source points as the user zooms to 

smaller scales.  Unlike an ESRI Grid or DEM file, the 

Terrains are generated by utilizing the actual surface 

points rather than interpolated elevation values for a 

cell in a raster file.  This data storage and visualization 

method enables faster viewing of large area Terrains 

at small scales ς easier than most other elevation 

data types. 

Figures 4, 5 and 6 show examples of a DEM with 2-ƳŜǘŜǊ Ǉƻǎǘ ǎǇŀŎƛƴƎκŎŜƭƭ ǎƛȊŜΣ ŀƴŘ ǿƘŜƴ άƛƴǘŜƭƭƛƎŜƴǘƭȅ-

ǘƘƛƴƴŜŘέ ŀǘ ǘǿƻ ǳǎŜǊ-defined Terrain pyramid levels. 

 
Figure 4. DEM displayed with full          
2-meter DEM post spacing/cell size 

 
Figure 5. Terrain Pyramid Level 1,         
5-meter cell size, 1/4 meter Z-tolerance 

 
Figure 6. Terrain Pyramid Level 2,         
5-meter cell size, 1/2 meter Z-tolerance 

Today, some combination of mass points, breaklines, TINs and/or Terrains are used to produce DEMs. 

FAQ #2: What are digital elevation models (DEMs)?  

As used in this questionnaire, a Digital Elevation Model (DEM) is a grid of bare-earth z-values at regularly 

spaced intervals in x and y directions.  For national datasets, x and y may be best defined on a spherical 

reference surface in terms of longitude and latitude.   For smaller datasets, x and y are normally defined 

on a planar (flat) reference surface, normally using Universal Transverse Mercator (UTM) or State Plane 

coordinates. For entry into the NED, USGS converts data with UTM or State Plane coordinates into DEMs 

with arc-second post spacing.  Whereas traditional contours are still used by some for manual, visual 

ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ ǘƘŜ ǘƻǇƻƎǊŀǇƘƛŎ ǎǳǊŦŀŎŜΣ ǘƻŘŀȅΩǎ 59as are widely used for a large variety of 

automated analyses, mathematical models, and 3D simulations and visualizations. 

For DEMs in the NED, DEM post spacing (grid spacing) is defined in geographic coordinate angular units 

ƻƴ ŀ ǎǇƘŜǊƛŎŀƭ ǎǳǊŦŀŎŜΦ CƛƎǳǊŜ т ǎƘƻǿǎ ҟȄ ŀƴŘ ҟȅ ƛƴ ŀǊŎ-seconds of longitude and latitude, best for a 

ƴŀǘƛƻƴŀƭ ŘŀǘŀǎŜǘ ǿƛǘƘ ƳǳƭǘƛǇƭŜ άƴŜǎǘŜŘέ ǊŜǎƻƭǳǘƛƻƴǎ ŀǎ ǳǎŜŘ ǿƛǘƘ ǘƘŜ bŀǘƛƻƴal Elevation Dataset (NED).    

Figure 3. Example of a Terrain showing TIN triangles. Figure 3. Example of a Terrain showing TIN triangles. 
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For smaller elevation datasets produced for states and counties for example, DEM post spacing is 

ƴƻǊƳŀƭƭȅ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ŘŜŦƛƴŜŘ ƛƴ ƳŜǘǊƛŎ ǳƴƛǘǎ ƻƴ ŀ ǇƭŀƴŀǊ ǎǳǊŦŀŎŜΦ CƛƎǳǊŜ у ǎƘƻǿǎ ҟȄ ŀƴŘ ҟȅ ƛƴ ƳŜǘŜǊǎ ŦƻǊ 

either UTM or State Plane Coordinate System (SPCS) georeferencing. 

Originally, DEMs were interpolated from contours; but today, most contours are produced from DEMs, 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ōǊŜŀƪƭƛƴŜǎ ǘƻ ƳŀƪŜ ǘƘŜƳ ŀŜǎǘƘŜǘƛŎŀƭƭȅ ǇƭŜŀǎƛƴƎΣ ŀǎ ǎƘƻǿƴ ŀǘ CƛƎǳǊŜ фΦ ¢ƻŘŀȅΩǎ DEMs 

are produced from LiDAR, stereo imagery, or IFSAR.  

 
Figure 7. ҟȄ ŀƴŘ ҟȅ ƛƴ ŀǊŎ-seconds of 
longitude and latitude used w/NED 

 
Figure 8Φ ҟȄ ŀƴŘ ҟȅ ƛƴ ŦŜŜǘ ƻǊ ƳŜǘŜǊǎ 
used w/UTM or State Plane system 

 
Figure 9. Contours produced from DEM 

using hydro and road breaklines 

 

When looking closely at how DEMs are stored, they are seen to be extremely efficient.   

DEMs can be viewed as pixels, 
color-coded by elevation, as 
shown at Figure 10.  DEMs have 
small file sizes because x/y 
ƛƴŎǊŜƳŜƴǘŀǘƛƻƴ ōȅ ҟȄ ŀƴŘ ҟȅ 
eliminates the need for storing 
individual x/y coordinates, as 
shown at Figure 11. 

 
Figure 10. DEM viewed as pixels, color-

coded by elevation  

 
Figure 11. DEM files are small and 

efficient because individual x/y 
coordinates do not need to be stored 
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FAQ #3: What is the difference between a digital terrain model (DTM) and a digital surface 

model (DSM)? 

A Digital Terrain Model (DTM) is an elevation 

model of the bare earth terrain surface, but 

normally with irregularly-spaced points rather than 

the uniform grid structure of a DEM.  A DTM often 

includes breaklines to help define edges of TIN 

triangles. See bottom of Figure 12. A hydro 

breakline could be added here to enforce the 

downward flow of water in the drainage feature. 

A Digital Surface Model (DSM) is an elevation 

model of the top reflective surface, including the 

bare earth in open terrain areas, as well as the 

tops of buildings, trees, towers, and other features 

elevated above the bare earth. See top of Figure 

12. 

 

Figure 12.  DSM of top reflective surface and DTM of bare-
earth terrain beneath the vegetation. 

FAQ #4:  What is the difference between a DTM and a TIN? 

A Digital Terrain Model (DTM) generally refers to an irregular surface of elevations represented with 

discreet masspoints measured by LiDAR or photogrammetric means and may also contain vector 

breaklines.  A DTM is generally represented in a vector, ascii or binary format.  DTMs are easily tiled 

within exact tile boundaries. 

A Triangulated Irregular Network (TIN) is a data structure used to represent a ground surface model like 

a DEM or DTM.  A TIN usually contains the same masspoints and/or breaklines as a DTM.  However, the 

TIN data structure also contains a topological component by which discreet points and vertices are 

connected through a series of triangles, each triangle having its own slope and aspect. Each triangle 

creates a unique facet in the ground surface model and these facets are extremely useful for visualizing 

and analyzing slope, aspect, cut and fill of the terrain, and they are used for interpolation of gridded 

elevation posts and for generation of contoursΦ  ! ¢LbΩǎ ŦƛƭŜ ǎƛȊŜ is normally between 2X and 4X larger 

than a DTM covering the same area with the same masspoints and breaklines. It is more difficult to tile a 

TIN because TIN triangles normally cross over tile boundaries. 

Figure 13 shows a geometric view of TIN triangles; each triangle maintains topological data structure 

with all adjoining TIN triangles.  Figure 14 shows a surface view of this TIN, with interpolated contours. 

Each TIN triangle has its own slope and aspect.  These triangles are interpolated at X/Y coordinates of 

DEM posts to determine the elevation of each post; a DTM cannot do this. TIN triangles are also 

interpolated to determine contour lines of equal elevation that cross these TIN triangles; a DTM cannot 

do this either. 
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Figure 13. Geometric view of TIN with topological data 

structure, showing individual TIN triangles 

 
Figure 14. Surface view of TIN with derived contours. DEM 

elevation posts are interpolated from TIN triangles 

 

FAQ #5: How are DEMs produced from imagery/photogrammetry, IFSAR and LiDAR?  

Gridded DEMs are produced at mathematically-computed x and y coordinates by interpolation on TIN 

triangles produced from irregularly-spaced mass points surrounding each point to be interpolated.  The 

most important points to understand about these technologies are the following: 

Photogrammetry  

Photogrammetry requires stereo views of the terrain from two different perspectives.  If both views 

cannot see the bare earth terrain beneath the trees, then photogrammetry cannot map the elevations 

of the bare earth.  This is why photogrammetry is well suited for open terrain but ill suited for mapping 

of vegetated areas.  Figures 15 and 16 shows how stereo views are obtained from traditional frame 

cameras (digital and film) and from new push-broom sensors. 

 
Figure 15. Frame cameras (digital and film) obtain stereo 
images by having at least 60% overlap between photos so 
that all areas are imaged from two perspectives 

 
Figure 16. Push-broom sensors obtain stereo views by collecting 
forward and backward views for automated DSM/DTM 
production, plus downward view for digital orthophotos.  
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Photogrammetry is rarely used today for the sole 

purpose of generating DEMs, DSMs, DTMs or 

contours.  However, airborne imagery is routinely 

acquired with forward overlap of 60% or more for 

production of digital orthophotos nationwide; this 

normally requires some form of aerial 

triangulation (AT).  The 60% overlap creates stereo 

images required for all forms of photogrammetry 

(Figure 17), including manual photogrammetry 

(Figure 18) and automated photogrammetry 

(Figure 19) that can be used to produce DEMs. 

Without acquisition of any new imagery, existing 

imagery and AT solutions from orthophoto 

programs also can be used for DEM production. 

DEM accuracy (between 2.5 and 15 foot 

equivalent contour accuracy) depends on the 

flying height and rigor of the AT processes used. 

 

Figure 17.  For any point to be mapped photogrammetrically, 
it must be visible on stereo images, both images seeing the 
same point P from two different perspectives (at P1 and P2). 
In this Figure, O1 and O2 are the locŀǘƛƻƴǎ ƻŦ ǘƘŜ ŎŀƳŜǊŀΩǎ 
focal point when the two images were taken. Because trees 
normally block stereo views, it is difficult to map the bare 
earth terrain in vegetated areas using photogrammetry. 

 

Figure 18. With manual photogrammetry, the compiler uses 
polarized glasses to see the left image with the left eye and 
the right image with the right eye, manually compiling spot 
heights where the bare earth terrain is visible in stereo 
and/or compiling 3D breaklines. Manually compiled 
contours are considered too expensive and time-consuming. 

 

Figure 19. With automated photogrammetry, the computer 
correlates image pixels on stereo images and computes 
uniformly-spaced grid points that are initially DSM points of 
the top reflective surface. Semi-automated processes are 
then used to reclassify non-ground points so as to retain only 
the bare-earth DTM grid points (shown in green). 

Table 1 summarizes the DEM accuracy achievable from imagery already acquired for production of 

digital orthophotos at various pixel resolutions, including 1-meter images for the National Agriculture 

Imagery Program (NAIP). Imagery and AT data would need to be preserved for re-use. 

Table 1. How existing stereo imagery can be re-used to produce DEMs 

Current Owner of 
Existing Imagery/AT 

Orthophoto Pixel 
Resolution 

Typical Flying Height 
above Terrain 

Equivalent Contour 
Accuracy Achievable 

Typical Vertical 
RMSEz 

USGS/state/local 6-inch 4,800 feet 2.5 foot 23.2 cm 

USGS/state/local 1-foot 9,600 feet 5 foot 46.3 cm 

USDA (NAIP) 1-meter 30,000 feet 15 foot 1.39 meter 
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Interferometric Synthetic Aperture Radar (IFSAR)  

Airborne IFSAR is acquired from approximately 35,000 feet above mean terrain, covering very large 

areas. X-band IFSAR, which maps the top reflective surface, is primarily used in the U.S. because other 

bands often interfere with communications and require special permissions for acquisition.  Figure 20 

shows an IFSAR DSM and Figure 21 shows an IFSAR DTM.  Figure 22 shows the ortho-rectified radar 

image (ORI) of the same area; ORIs create masks of water areas that assist with hydrographic feature 

extraction and interpretation of data when producing hydro-enforced DTMs. Figure 23 shows the side-

looking geometry used with IFSAR data collection; this geometry sometimes causes data voids caused by 

overlay, shadow and foreshortening, explained in the IFSAR chapter of the 2nd ŜŘƛǘƛƻƴ ƻŦ ά5ƛƎƛǘŀƭ 

9ƭŜǾŀǘƛƻƴ aƻŘŜƭ ¢ŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ !ǇǇƭƛŎŀǘƛƻƴǎΥ ¢ƘŜ 59a ¦ǎŜǊǎ aŀƴǳŀƭΣέ ǇǳōƭƛǎƘŜŘ ōȅ !{tw{Τ ŎƭƻǎŜǊ 

flight line spacing and different look angles are used to minimize this problem in mountainous terrain. 

Although not in the public domain, existing airborne IFSAR is currently available and licensed for all 

states except Alaska. 

 
Figure 20. IFSAR collects the top reflective surface used 
to produce a digital surface model (DSM) 

 

 
Figure 21. The IFSAR DSM is subsequently filtered to produce a 
digital terrain model (DTM) 

 
Figure 22. IFSAR ortho-rectified radar image (ORI) used 
to generate water masks, eliminating need for 
breaklines 

 
Figure 23. IFSAR maps to the side of the aircraft using principles of 
interferometry, but can create data voids from foreshortening, 
layover and shadow 
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Light Detection and Ranging (LiDAR) 

LiDAR uses up to 200,000 laser pulses per second 

to map 3-D coordinates from first, last, and 

intermediate returns from each laser pulse.  The 

first return can be used to map the top reflective 

surface (DSM). Intermediate returns provide 

additional information about vegetation. The last 

return is used to map the bare-earth terrain 

(DTM); however, because last returns include 

elevations on rooftops and vegetation too dense 

to be penetrated, LiDAR last returns still require 

automated filtering and some manual filtering of 

[ƛ5!w άǇƻƛƴǘ ŎƭƻǳŘǎέ ǘƻ ǇǊƻduce the bare-earth 

surface. DEM accuracies are routinely equivalent 

to 2-foot contour accuracy with standard LiDAR 

and approximately 1-foot contour accuracy with 

higher density/higher accuracy LiDAR. Figure 24 

shows how it takes only a single LiDAR pulse to 

penetrate vegetation.  Figures 25 and 26 show 

advantages of flying with 50% sidelap between 

adjacent flight lines and flying from lower 

altitudes. Figures 27 and 28 show how LiDAR maps 

through dense vegetation that normally could not 

be mapped by other technologies.                 

 

Figure 24.  LiDAR can map the bare-earth terrain in forests 
by single pulses that penetrate between trees and even 
through trees in some instances. The footprint size of each 
laser pulse varies by the angle of the scan, as shown here. 
Normally acquired in zig-zag patterns, LiDAR scans are so 
dense that scan lines are nearly parallel.  Flying higher with a 
high pulse rate and narrow left-right scan angle allows a high 
point density and increased ability to penetrate dense 
vegetation by having near-vertical laser pulses that can 
better penetrate between trees. 
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Figure 25. Flying with 50% sidelap between adjoining flight 
lines doubles the point density, increases the probability of 
penetrating dense vegetation by having two look directions 
from different perspectives, and provides alternative 
elevation points when a single swath includes high intensity 
returns that ŎŀǳǎŜ άǘǊŜƴŎƘƛƴƎέ ŀƴŘ need to be eliminated 
from the dataset. 

 

Figure 26.  Vertical accuracy decreases with increased flying 
height, but costs can be reduced by flying form higher 
altitudes with higher point density. 

 

Figure 27.  In spite of dense vegetation shown on this 
orthophoto in Florida, LiDAR data collected at a point 
density of 4 points/m2 was still able to establish a 
hydro flow line for the dry drainage feature beneath. 

 

Figure 28. Color-coded by 1-foot contour elevation 
bands, the white polygons define depression contours 
that show dry puddles that should not normally be 
hydro-enforced (defined below). 

LiDAR raw point cloud data are normally classified in the standard LAS file format using class 1 

(processed, but unclassified), class 2 (bare-earth ground), class 7 (noise) and class 9 (water).  Other LAS 

classes are used but beyond the scope of this questionnaire. 

LiDAR also produces intensity images that record the intensity of return from each laser pulse.  Intensity 

images are used with lidargrammetry for compilation of 3D breaklines. Figures 29 and 30 show 

examples of intensity images that include teaching points. 



 

11 
 

 
Figure 29. Intensity image showing streaks over water from 
multiple flight lines.  This is not a problem because LiDAR 
measurements on water are already assumed to be 
unreliable and are classified separately as LAS Class 9. This 
entire image is usable for lidargrammetry. 

 
Figure 30. High intensity streaks over land and marshy areas 
can be problematic because high intensity returns cause 
άǘǊŜƴŎƘŜǎέ ǿƘŜǊŜ ŜƭŜǾŀǘƛƻƴǎ ŀǊŜ ƳŀǇǇŜŘ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜƛǊ 
true elevation. The top image maps the different intensity 
values along the cross-section shown in the lower image. 

LiDAR point cloud data is processed to ASPRS LAS classes that distinguish between points on the ground, 

water, or elevated features such as buildings, trees, towers, bridges, etc.  No points are discarded but 

may be classified as noise, or unclassified.  All elevations in water are unreliable because sometimes the 

laser pulses are absorbed by the water, reflected from the water with differing intensities as shown 

above, or provide elevations on or below the level of the water surface.  Most LiDAR data is flown with 

the laser scanning in a zig-zag pattern where the zigs and zags are so close that they appear to be 

parallel.  The objective is to obtain pulse spacing and flight speed so that the nominal pulse spacing 

(NPS) is approximately equal in the in-flight and cross-flight directions.   

It is normal for LiDAR elevation posts to appear to be 

noisy.  However, in misguided attempts to smooth the 

terrain surface, analyses sometimes over-smooth and 

remove steep slopes that actually exist.  Figure 31 is 

an example of over-smoothing, as demonstrated by a 

man-made channel that was constructed with the 

same cross-section dimensions throughout its length. 

The area on the left appears noisy, but the cross-

section profile accurately shows the drainage channel 

to be about 50 feet wide with steeper slopes. The 

area on the right is seen to be smoother and more 

aesthetically pleasing; however, the cross-section 

profile incorrectly shows the drainage channel to be 

about 150 feet wide with shallower banks.  For some 

applications, users prefer smoother terrain, but for 

hydraulic modeling and other applications, users need to know actual cross-section dimensions.  It is 

normal for QA/QC reviews to test for over-aggressive smoothing. 

Figure 31. Although it appears noisy, the area on the left 
preserved the true shape of the man-made drainage 
channel, whereas the smoothed area on the right over-
smoothed the shape of the same drainage channel, 
making it much wider and shallower. 
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All Technologies 

The most important thing to remember about DEM production is that DEMs are interpolated from 

source data of higher density than the uniform post spacing of the DEM being produced.  For example: 

 DEMs with 1-meter (or 1/27-arc-second) post spacing are produced from elevation data with 

nominal pulse spacing (NPS) typically between 0.35 and 0.7 meters.  

 DEMs with 3-meter (or 1/9-arc-second) post spacing are produced from elevation data with NPS 

typically between 1.0 and 2.0 meters.  This is consistent with USGS LiDAR Guidelines and Base 

Specifications, v13.  

FAQ #6: What is a LiDAR point cloud? 

A LiDAR point cloud includes all first, intermediate and 

last returns from each laser pulse.  When the first and 

last return elevations are the same, the laser pulse hit a 

hard feature such as the bare-earth terrain, concrete, 

asphalt, or perhaps a roof top. 

Figure 32 shows examples of a full point cloud in a 

forest. As shown in yellow, only a few of the first returns 

penetrated the vegetation to the ground.  Some but not 

all of the second returns (blue) and third returns (red) 

penetrated to the ground. Only the lowest elevation 

returns at the bottom are used to produce the bare-

earth DTM. First returns are used to produce the DSM. 

 

Figure 32. Examples of LiDAR point clouds 
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FAQ #7: What is a LiDAR cross-section? 

 

LiDAR cross-sections, also called transects, are 

profiles άŎǳǘέ ǘƘǊƻǳƎƘ [ƛ5!w Ǉƻƛƴǘ ŎƭƻǳŘǎ ƛƴ ƻǊŘŜǊ 

to visualize or measure heights or elevation 

differences in points collected along those cross-

sections.  Figure 33 shows an example of a LiDAR 

cross-section cut across a river, to include elevation 

data on a bridge as well as elevations of bare-earth 

terrain, vegetation and buildings on either side of 

the river.  

 

 
Figure 33. Digital orthophoto (lower image) shown with 
location of cross-section cut in LiDAR data.  The upper image 
shows the elevations of all features along this cross-section. 

FAQ #8: What is the difference between DEM post spacing and nominal pulse spacing (NPS)?  

Within the NED, DEM post spacing is uniformly-
spaced, but as a fraction of an arc-second (see 
Figure 7, above). DEM post spacing outside the 
Federal government is normally uniformly-spaced, 
usually as some whole integer value of meters, 
e.g., 1, 2, 5 or 10 meters (see Figure 8, above).  

Nominal pulse spacing (NPS) refers to the average 
point spacing of a LiDAR dataset typically acquired 
in a zig-zag pattern with variable point spacing 
along-track and cross-track. NPS is an estimate and 
not an exact calculation; standard procedures are 
under development by ASPRS for NPS calculations. 

Figure 34 shows high density NPS in red (left) and 
low density interpolated DEM posts (right). 

 
Figure 34. Higher density, irregularly-spaced LiDAR mass 
points (red) are used to interpolate the lower density DEM 
grid points shown on the right. Several hydro breaklines are 
also shown in this image.  

For USGS acceptance, the spatial distribution of geometrically usable 
points is expected to be uniform and free from clustering.  In order to 
ensure uniform densities throughout the data set, a regular grid, with 
cell size equal to the design NPS x 2 is laid over the data.  At least 90% 
of the cells in the grid must contain at least 1 LiDAR point.  NPS 
assessment is made against single swath, first return data located 
within the geometrically usable center portion (typically ~90%) of each 
swath.  Average along-track and cross-track point spacing should be 
comparable. Point density and NPS comparisons are shown here. 

Point Density NPS 

8 pt/m 2 0.354 m 
6 pt/m 2 0.408 m 

4 pt/m 2 0.500 m 

2 pt/m2 0.707 m 
1 pt/m2 1.0 m 

0.25 pt/m2 2.0 m 

0.04 pt/m2 5.0 m 
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Instead of flying with a minimal side lap of 10%, 
many firms now acquire their LiDAR data with 50% 
side lap, as shown at Figure 35.  This minimizes the 
risk of having gaps in data between flight lines 
caused by excessive roll and pitch of the aircraft 
during windy conditions; and this increases the 
probability of penetrating dense vegetation by 
having two different look angles, as also shown at 
Figure 35.  A side lap of 50% doubles the average 
point density compared with single swaths. 

 
Figure 35. Comparison between 10% and 50% side lap 
between overlapping LiDAR swaths 

FAQ #9: What is the difference between RMSEz, equivalent contour accuracy, and other 

terms used to describe vertical accuracy?  

For decades, contour lines were developed for human interpretation of elevations on printed 

ǘƻǇƻƎǊŀǇƘƛŎ ƳŀǇǎΣ ŀƴŘ ǘƘŜ ŎƻƴǘƻǳǊ ƛƴǘŜǊǾŀƭ ŘŜŦƛƴŜŘ ǘƘŜ ƳŀǇΩǎ ǾŜǊǘƛŎŀƭ ŀŎŎǳǊŀcy.  The contour interval 

had a specific meaning for satisfaction of the National Map Accuracy Standard (NMAS), i.e., not more 

than 10 percent of the elevations tested may be in error more than one-half the contour interval. In 

other words, 90 percent or more of errors should be equal to or less than one-half the contour interval. 

Contour lines can be produced today from DEMs and digital elevation data with virtually any contour 

interval, but this would be misleading if it falsified the vertical accuracy of the elevation data from which 

the contours were derived.  In 1998, the Federal Geographic Data Committee published the National 

Standard for Spatial Data Accuracy (NSSDA) which implemented a statistical and testing methodology 

for estimating the positional accuracy of points on maps and in digital geospatial data, with respect to 

georeferenced ground positions of higher accuracy. The NSSDA specified that vertical accuracy be 

specified in statistical terms at the 95% confidence level, defined as 1.9600 x RMSEz when errors follow 

a normal error distribution.  In 2004, recognizing that LiDAR DTM errors do not necessarily follow a 

ƴƻǊƳŀƭ ŜǊǊƻǊ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǘƘŜ bŀǘƛƻƴŀƭ 5ƛƎƛǘŀƭ 9ƭŜǾŀǘƛƻƴ tǊƻƎǊŀƳ όb59tύ ǇǳōƭƛǎƘŜŘ ƛǘǎ άDǳƛŘŜƭƛƴŜǎ ŦƻǊ 

5ƛƎƛǘŀƭ 9ƭŜǾŀǘƛƻƴ 5ŀǘŀέ ŀƴŘ ǘhe American Society for Photogrammetry and Remote Sensing (ASPRS) 

ǇǳōƭƛǎƘŜŘ ǘƘŜ ά!{tw{ DǳƛŘŜƭƛƴŜǎΣ ±ŜǊǘƛŎŀƭ !ŎŎǳǊŀŎȅ wŜǇƻǊǘƛƴƎ ŦƻǊ [ƛŘŀǊ 5ŀǘŀΦέ ¢ƘŜ b59t ŀƴŘ !{tw{ 

guidelines both distinguished between Fundamental Vertical Accuracy (FVA) in open, non-vegetated 

terrain, and Supplemental Vertical Accuracy (SVA) in individual land cover categories and Consolidated 

Vertical Accuracy (CVA) in combined land cover categories.  It is now common for LiDAR specifications to 

require a higher vertical accuracy in open terrain (FVA) and a lower vertical accuracy in vegetated terrain 

(for the SVA and CVA).  Both the SVA and CVA allow the use of 95th percentile errors rather than errors 

computed statistically at the 95% confidence level. Both the 95% confidence level and the 95th 

percentile define vertical accuracy in terms of the vertical linear uncertainty such that the true or 

theoretical location of the point falls within ± of that linear uncertainty value 95-percent of the time.    

Consistent with NSSDA, NDEP and ASPRS guidelines, Table 2 compares the vertical RMSEz and vertical 

accuracy at the 95% confidence level necessary for digital elevation data to have the equivalent contour 

accuracy specified in the left column.  Because most users are still confused by an RMSEz of 18.5 cm, for 

example, or vertical accuracy of 36.3 cm at the 95% confidence level, the geospatial community 
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translates these terms into 2-ft equivalent contour accuracy, as demonstrated in Table 2 and for a range 

of other common contour intervals.  It must also be noted that contours, used for human visualization, 

are in decreasing demand because of hillshades and other forms of 3-D visualization from digital 

elevation data.   Today, most terrain analyses are performed by computer analyses of DEMs or other 

forms of digital elevation data for which contour lines, themselves, are meaningless. 

Table 2. Equivalent Contour Accuracy for Common Statistical Accuracy Terms. 

Equivalent 

Contour 

Accuracy 

RMSEz 
NMAS Vertical Accuracy at 

90% Confidence Level 

NSSDA Vertical Accuracy at 

95% Confidence Level 

1-foot 9.25 cm (~0.3 ft) 0.5 ft 18.15 cm (~0.6 ft) 

2-foot 18.5 cm (~0.6 ft) 1.0 ft 36.3 cm (~1.2 ft) 

5-foot 46.3 cm (~1.5 ft) 2.5 ft 90.8 cm (~3.0 ft) 

10-foot ~3 ft 5.0 ft ~6.0 ft 

15-foot ~4.5 ft 7.5 ft ~9.0 ft 

20 foot ~6 ft 10.0 ft ~12.0 ft  

FAQ #10: How do I determine what DEM post spacing or nominal pulse spacing (NPS) I need?  

The determination of the minimal acceptable point density, DEM post spacing and/or NPS needed to 

satisfy Business Uses is central to the purpose of this questionnaire. Respondents should not specify 

ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƘŀǘ ŀǊŜ άƴƛŎŜ ǘƻ ƘŀǾŜέ ōǳǘ ŦƻŎǳǎ ƛƴǎǘŜŀŘ ƻƴ ƳƛƴƛƳŀƭ ŀŎŎŜǇǘŀōƭŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ 

satisfaction of their Business Uses.  Several considerations are suggested below, but ultimately this must 

be the decision of elevation data users that best understand their technical requirements. 

Five questions should be considered: 

1. What level of detail do you need to see from the elevation data? 

2. What are your needs for feature extraction? 

3. What do you need to measure? 

4. How dense is the vegetation you need to penetrate? 

5. What are your needs for breaklines? 

Consideration #1 (What you need to see).  For some Business Uses, users need to be able to see certain 

terrain features to be analyzed.  The current DEM resolutions in the NED can be used for comparison 

purposes.  It is easier to see the visual effects of resolution than the visual effects of elevation accuracy. 

Figure 36 shows a digital orthophoto of the Pecatonica River, in Winnebago, County, IL.  The National 

Elevation Dataset (NED) uses arc-second DEM post spacing, typically 1-arc-second (~30 meter spacing at 

the Equator, see Figure 37), 1/3-arc-second spacing (~10 meter spacing at the Equator, see Figure 38), 

and 1/9-arc-second spacing (~3 meter spacing at the Equator, see Figure 39).  All three resolutions 

shown have the same vertical accuracy, though their horizontal resolutions are very different. 
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Figure 36. Digital Orthophoto, Winnebago County, IL 

 
Figure 37. DEM, 1-arc-sec (~30 meter post spacing) 

 
Figure 38. DEM, 1/3-arc-sec (~10 meter post spacing) 

 
Figure 39. DEM, 1/9-arc-sec (~3 meter post spacing) 

 

 If you can see what you need from the 1-arc-second (~30 meter) DEM at Figure 37, and if your 

Business Use can accept DEMs produced for the NED from topographic quad maps that are 

about 50 years old, the status quo may be acceptable.  Then you probably have no Business Use 

requirement for enhanced elevation data unless you also need DSMs. 

 If you can see what you need from the 1/3-arc-second (~10 meter) DEM at Figure 38, your 

Business Use DEM needs may be satisfied by 10-meter NED data where it already exists, 

produced from old topographic quad map source data. Elsewhere, you may need elevation data 

(DSMs/DTMs) produced from IFSAR (Quality Level 4) or elevation data produced 

photogrammetrically from existing imagery (Quality Level 3). 

 If you can see what you need from the 1/9-arc-second (~3 meter) DEM at Figure 39, but cannot 

see what you need from the 1-arc-second or 1/9-arc-second DEM from the NED, your Business 

Use probably needs elevation data produced from standard LiDAR (Quality Level 2). 

 USGS is now considering 1/27-arc-second DEM post spacing (~1 meter post spacing at the 

Equator) as appropriate for gridded DEMs from LiDAR acquired with sub-meter NPS (Quality 

Level 1).  This Quality Level requires alternative consideration because it is difficult to visually 

see the difference between a DEM with 3-meter, 2-meter and 1-meter post spacing. 
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 Consideration #2 (Features you need to extract).    A high resolution DEM is often required if 

LiDAR data are to be used for automated or semi-automated feature extraction, as shown in 

Figures 40 and 41.   

 
Figure 40. Even with sub-meter NPS, building footprint edges 
are pixilated. Straight edges are difficult to define when they 
are irregular and pixilated. 

 
Figure 41. High resolution elevation data are required when 
LiDAR is used for semi-automated feature extraction. Many 
misclassifications result from low resolution elevation data. 

  

Consideration #3 (What you need to measure). Your DEM user application has everything to do with 

required point density.  Table 3, below, shows examples where measurements are made for landslides, 

morphology, building classification, fire loads, tree species, forest metrics, vegetation classification, and 

measurement of the DTM in the forest floor.  Other applications might include assessment of forest 

health. 

Consideration #4 (Density of vegetation to be penetrated). In some cases, the raw LiDAR point density 

per square meter or the NPS is much more important than the DEM post spacing, especially in areas of 

dense vegetation.  Figures 21 and 22 (see FAQ #5) show an example of LiDAR data in Florida where 

LiDAR data was collected with an average density of 4 points/m2 in dense tropical vegetation. This 

worked in Florida, but in the Pacific Northwest, 4 points/m2 may not be good enough for specific 

applications.   

! ǇŀǇŜǊ ŜƴǘƛǘƭŜŘΣ άaƛƴƛƳǳƳ [ƛ5!w 5ŀǘŀ 5Ŝƴǎƛǘȅ /ƻƴǎƛŘŜǊŀǘƛƻƴǎ ŦƻǊ ǘƘŜ tŀŎƛŦƛŎ bƻǊǘƘǿŜǎǘΣέ ōȅ 

²ŀǘŜǊǎƘŜŘ {ŎƛŜƴŎŜǎΣ LƴŎΣ лмκннκмлΣ ǎǘŀǘŜŘ ǘƘŜ ŦƻƭƭƻǿƛƴƎΥ άbƻǘ all pulses emitted from the laser will 

measure the ground.  Depending on vegetation and land cover, few pulses, and in some cases, no laser 

pulses, will reach the ground. In order to relate pulse density to ground point density, a mathematical 

relationship has been calculated from public-domain LiDAR surveys collected in Oregon in the last two 

years.  For these surveys, totaling over 5.2 million acres, a resolution of 8 pulses per square meter was 

achieved.  It was found that for any one pulse emitted, the probability of being classified as ground was 

ƻƴƭȅ мп҈Φέ  !ƴŀƭȅǎŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ ǊŜŎƻƳƳŜƴŘ ǇǳƭǎŜǎ ǇŜǊ ǎǉǳŀǊŜ ƳŜǘŜǊ ŀƴŘ bt{ ŦƻǊ ŘƛŦŦŜǊŜƴǘ 

applications used in the Pacific Northwest, as summarized in Table 3. 

Table 3 addresses both considerations #3 and #4. 
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Table 3Φ ²ŀǘŜǊǎƘŜŘ {ŎƛŜƴŎŜǎΣ LƴŎΩǎ wŜŎƻƳƳŜƴŘŜŘ wŜǎƻƭǳǘƛƻƴ ŦƻǊ [ƛ5!w !ǇǇƭƛŎŀǘƛƻƴǎ ƛƴ ǘƘŜ tŀŎƛŦƛŎ bƻǊǘƘǿŜǎǘ 

Discipline Application 
Recommended Density, pulses per m

2
 and 

(NPS) 
Low High 

Geology Landslides 4 (0.50 m) 4 (0.50 m) 

Morphology 5 (0.45 m) 8 (0.35 m) 

Urban Planning Building Classification 4 (0.50 m) 8 (0.35 m) 

Fire Modeling Fire Loads 4 (0.50 m) 8 (0.35 m) 

Mapping Burns 4 (0.50 m) 6 (0.41 m) 

Forestry with Pacific 
Northwest-specific 
Applications 

Tree Species Identification 4 (0.50 m) 6 (0.41 m) 

Forest Measurement and Monitoring 4 (0.50 m) 4 (0.50 m) 
Tree Height Measurements 4 (0.50 m) 6 (0.41 m) 

Vegetation Characterization 4 (0.50 m) 8 (0.35 m) 

DTM Accuracy under Canopy Cover 4 (0.50 m) 6 (0.41 m) 

The prior answers to FAQ #5 and FAQ #8 both demonstrated that the NPS must be denser than the DEM 

post spacing.  This Oregon study shows that it is not just the raw LiDAR points that must be denser than 

the DEM, but the percent of the raw LiDAR points that penetrate the vegetation to the ground.  In this 

case, there is no substitute for prior experience in comparable vegetation to determine what percent of 

the LiDAR points are expected to penetrate to the ground so that the NPS requirements can be adjusted 

accordingly ς prior to data acquisition.   

Consideration #5 (Breakline needs). A decade ago, breaklines were initially required by FEMA when DEM 

post spacing was 5 meters; however, FEMA now specifies breaklines as optional, especially because 

DEM post spacing is now at the 1-meter level.  The denser the nominal pulse spacing (NPS), the less the 

requirement for expensive breaklines that often double the cost of a LiDAR project. 

For nearly a century, evolving technologies have enabled the mapping community to automate 

production and speed delivery of geospatial data to users at vastly reduced costs.  Orthophotos are 

often updated annually because they can be quickly and efficiently produced.  The same is mostly true 

for LiDAR point cloud data, but not for breaklines. In fact, there is a disturbing trend to require extensive 

breaklines that are labor intensive (often sent to China or India for production), costly and time-

consuming to produce, and perhaps are not really needed.   

Figure 42 shows typical LiDAR mass points with NPS of approximately 1 meter.  For most automated 

processes, these elevation points adequately model the terrain.  Figure 43 shows breaklines produced 

from these LiDAR mass points for which fewer model key points were retained after manual compilation 

of the breaklines shown.   It is true that contour lines produced from the model key points and 

breaklines will be more aesthetically pleasing, but this rarely helps automated processes.  A decision 

Ƴǳǎǘ ōŜ ƳŀŘŜ ƛŦ ǘƘŜ ά/ƘŜǾȅ ǾŜǊǎƛƻƴέ ŀǘ CƛƎǳǊŜ пн ƛǎ ŀŎŎŜǇǘŀōƭŜΣ ƻǊ ƛŦ ǘƘŜ ά/ŀŘƛƭƭŀŎ ǾŜǊǎƛƻƴέ ŀǘ CƛƎǳǊŜ по 

warrants the significant cost increases and time delays. 

This is an example where higher point density (achieved with relatively minor cost increases) can reduce 

or eliminate the need for many expensive breaklines. 
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Figure 42. LiDAR mass points with nominal pulse spacing 

(NPS) of approximately 1 meter 

 
Figure 43. Thinned model key points and breaklines for 

swales, borrow pits with water, and road features 

FAQ #11: What is the difference between hydro -flattening and hydro -enforcement?  

Hydro-flattening is a relatively new term used by USGS to explain how DEMs are traditionally processed 

for inclusion in the NED.  Hydro-flattening is performed to depict the bare-earth terrain as one could see 

and understand the terrain from an airplane flying overhead.  The viewer would assume that the 

surfaces of lakes and reservoirs are flat and that rivers are flat from shore to shore.  The viewer would 

also recognize that bridges are man-made features that should be removed from a bare-earth DTM 

because they are artificially elevated above the natural terrain. 

Figures 44 and 45 demonstrate how the shoreline elevations of lakes and reservoirs are flattened.  

 
Figure 44. LiDAR mass points in this nearly-dry reservoir have 
variable elevations.  It is difficult to identify the water 
shoreline or its flat elevation. 

 
Figure 45. Special software is used to generate the breakline 
for the shoreline used to flatten the water surface elevation 
for this reservoir. 

Figures 46 and 47 demonstrate how dual-ƭƛƴŜ ŘǊŀƛƴŀƎŜ ŦŜŀǘǳǊŜǎ җ млл ŦŜŜǘ ƛƴ ǿƛŘǘƘ ŀǊŜ ŦƭŀǘǘŜƴŜŘ ŦǊƻƳ 

shore to shore.  Per USGS LiDAR Guidelines and Base Specifications, v13, these streams do not 

necessarily have monotonic gradients that decrease as the river flows downstream, though this is 

normally done anyhow in a process call hydro-enforcement.  Gradients can be smooth (Figure 46) or 

stair-stepped (Figure 47) so long as the height of the steps are not too steep and each step is flat from 

shore to shore on either side of the river.  Narrower rivers are depicted as single-line drainage features 

that do not require flattening but may require hydro-enforcement. 
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Figure 46. Hydro flattened dual-line stream (top) with a 
smooth gradient (bottom). Top image also shows bridge 
removed from the DEM. 

 

Figure 47. Hydro flattened dual-line stream (top) with a stair-
stepped gradient (bottom).  Each stair step in this example is 
10 cm high (ς 4 inches).  

Figures 48 and 49 demonstrate how all bridges over such rivers, recognized as man-made features 

constructed above the bare earth terrain, are removed from the DEM; but with hydro-flattening, below-

ƎǊƻǳƴŘ ŎǳƭǾŜǊǘǎ ŀǊŜ ƴƻǘ άŎǳǘέ ǘƻ ŀƭƭƻǿ ǿŀǘŜǊ ǘƻ Ǉŀǎǎ ǳƴŘŜǊ ǘƘŜ ǊƻŀŘΦ 

 
Figure 48. Elevations on the bridge are removed to allow 
mapping and flattening of the river beneath the bridge. The 
underground culvert is not cut, artificially diverting the flow 
along the north side of the road until reaching the river. 

 
Figure 49. This shows an oblique view of a digital image 
draped over the hydro-flattened DEM from the prior Figure.  
The bridge deck is lowered to the elevation of the ground 
beneath.  The culvert on the right is clearly visible. 


