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1. Introduction 
 

Over the last two decades there has been a revolution in our ability to map and monitor large areas 
of subaerial topography using technologies such as radar and near-infrared Light Detection and 
Ranging (LIDAR). Indeed, a future seems near in which high resolution topographic data will be 
available for all land areas on the planet. However, commensurate progress in bathymetry has not 
occurred and water remains a difficult medium through which to make remote measurements  
of topography.  

Traditional field wading surveys, using GPS, total station, or leveling instruments, remain the 
standard for stream mapping. While such surveys can be highly accurate, these field techniques require 
legal access to a channel and flow conditions that allow wading. Field surveys are also slow, labor 
intensive, costly and often done with point measurements spaced more than 1 m apart in at least one 
dimension, producing DEMs with fairly coarse spatial resolution. As each point elevation 
measurement requires on the order of 0.5–1 minute, field surveys of even small streams are seldom 
attempted for channel domains longer than a few hundred meters. 

Some recent progress has been made using remote passive optical systems that relate reflected solar 
radiation to the depth of water [1–4]. However, this technique must account for spatiotemporal 
changes in other variables such as substrate reflectivity due to variations in sediment type and patchy 
periphyton growth, water turbidity, atmospheric transmission of electromagnetic energy, and 
reflectance and shadowing from overhanging vegetation on stream banks. Boat-based acoustic 
sounding and mapping systems with GPS-derived geolocation capability can produce high quality 
bathymetry, but require access, navigable water, and considerable time and effort for data acquisition 
over large areas of channel [5].  

Water heavily absorbs the near-infrared energy of terrestrial LIDARs, making them ineffective over 
streams. Consequently, bathymetric LIDARs must operate in the blue–green regions of the spectrum 
and traditionally these systems have been designed for maximum water penetration using a relatively  
high-power, pulsed green laser fired at fairly low repetition rates [6]. To maintain eye-safety during 
operation, each transmitted beam is dispersed to a diameter of a few meters at the water surface. 
Further expansion of the beam occurs across the air-water interface and in the water column, with the 
final beam diameter at the bottom of the water reaching up to 5 m (depth dependent) [6]. These 
characteristics are advantageous in some marine applications, but cause poor resolution of the small 
topographic features and abrupt changes in topography typically seen in the beds and banks of rivers. 
In many streams, flow depths are less than 10 m and if water clarity is high, laser energy penetration to 
the channel bed is less problematic than achieving high spatial resolution of morphology.  

In contrast to other bathymetric LIDARs, the Experimental Advanced Airborne Research LIDAR 
(EAARL) was designed with a lower power green laser, operated at higher pulse repetition rates with a 
smaller beam divergence [7,8]. The EAARL was first deployed in 2001 and used primarily in shallow 
marine and coastal environments [7]. However, its design also is favorable for mapping the 
morphology of clear-water streams and in recent years the EAARL has been tested in several fluvial 
environments [9–13]. Here we describe the basic characteristics of the EAARL system including data 
acquisition and processing. We assess the data quality and discuss applications for mapping, managing 
and monitoring streams and riparian habitat and modeling water flow and sediment transport. We also 
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Table 1. Cont. 

Operation water depths 0.2–25 m (clarity dependent) 
Other integrated sensors RGB digital camera (~40 cm pixel); High resolution 

CIR digital camera (~15 cm pixel) 
Processing software Airborne Laser Processing Software (ALPS) 

A high speed waveform digitizer, connected to a subnanosecond photo-detector, samples each pulse 
of outgoing laser energy to establish its shape, timing and amplitude, critical for accurate measurement 
of energy travel time (Figure 1).  

Figure 1. Schematic of EAARL data acquisition [16]. (A) Example transmitted pulses;  
(B) Received waveform of energy (I) as a function of time (t) reflected from vegetation; 
(C) Received waveform of energy reflected through water. The upper and lower peaks are 
reflections from the water surface and the bed, respectively. 

 

Backscattered energy from each laser pulse is received by an array of three similar digitizer-
detectors, each with a temporal resolution of 1 ns (Figure 2). The most sensitive detector (black) 
receives 90% of the photons, the second-most sensitive channel (red) then receives 9% and finally the 
least sensitive (blue) receives 1%. This hardware arrangement gives the sensor the wide dynamic range 
necessary to operate across the typical variety of reflection targets in fluvial environments that include 
features such as exposed river gravel and sand bars, subaerial vegetation, water of variable depths and 
clarity, diverse submerged channel bed sediment, and aquatic vegetation. For example, in Figure 2 the 
most sensitive detector is saturated by a Fresnel water surface reflection and a reflection from the 
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submerged topography. The intermediate sensitivity detector records both the surface and bottom 
topography reflections. The lowest sensitivity detector records the surface reflection, but barely 
registers the energy return from the bottom. In this case, the software would identify the intermediate 
detector as the best for a depth determination. The depth of the bottom reflection would be calculated 
as the difference between the centroids of the surface and bottom reflections: about 0.9 m. The 
waveforms of time-rate-of-return of energy from each pulse are analyzed in real-time by an adaptive 
processor that identifies and records on hard drives key features including the transmitted pulse, the 
first and last energy returns and other relevant portions of each waveform.  

Figure 2. Typical bathymetric waveforms for three photo-detectors with a strong water 
surface reflection and weaker bottom reflection. Each detector independently records the 
time history of energy from each laser pulse. Here the three records are also plotted 
independently, and thus have small offsets on the vertical axis. Normally the offsets are 
removed during calibration. Digital counts are inverted in the photodetector and lower 
counts correspond to higher energy return. 

 

The green LIDAR is complemented by two digital cameras (one RGB and one CIR) that operate  
at 1 Hz with a field-of-view that covers slightly more than the nominal 240 m swath width of the 
LIDAR scanner. The CIR photos are georeferenced in the ALPS software to an accuracy of 1–5 m, 
depending on roughness of the terrain. A simple orthorectification is done using one average elevation 
for each image. More sophisticated and accurate georeferencing and orthorectification can be done 
outside the ALPS software. Figure 3 is an example of the high resolution CIR digital  
multispectral imagery. 

The size, light weight and low power requirements of the instrument allow surveys in small aircraft, 
primarily a Cessna 310 or a Pilatus PC-6, with a 2-person crew of pilot and LIDAR operator. The 
turbocharged PC-6 is optimal for surveys in mountainous conditions. Each elevation measurement by 
the EAARL is geo-located using a combination of precision kinematic differential GPS receivers to 
constantly record the aircraft location and an inertial attitude measurement system to record pitch, roll 
and heading. Data from temporary GPS base stations in the field area are used to postprocess the 
aircraft GPS information if permanent base stations in close proximity are not available. 
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Figure 3. CIR digital imagery from Elk Creek, tributary to the upper Middle Fork Salmon 
River, ID, USA. Pixel resolution is about 15 cm. 

 

2.2. Data Processing 

After the waveforms are recorded and precision GPS trajectory solutions are established to closely 
geo-locate the data, the user has full control over further postprocessing. This is done with the 
Airborne Laser Processing Software (ALPS), that is custom built open-source code developed 
primarily by NASA and the USGS [16,17]. ALPS is freely available to all EAARL collaborators and is 
operated on a Linux platform. The code is written in Yorick, an interpreted programming language 
with an array syntax optimized to rapidly handle large data sets [18]. The graphical user interface is 
constructed in the open source scripting languages Tcl and Tk (Figure 4 illustrates the major elements 
of this interface). ALPS interrogates each waveform to extract the range to the first, last and other 
significant returns with greater precision than the real-time adaptive processor. Algorithms are selected 
to process for either vegetation (first surface), topography under vegetation (bare earth) or bathymetry. 
This processing is done over areas selected from a map of flight tracks and is conducted in either 
interactive or batch mode, the latter automatically generates topography data in 2 km by 2 km tiles. 
Using a high-end PC, data covering a single tile can be processed in about 15 minutes. 

Random consensus (RCF) and iterative random consensus (IRCF) filters are available to remove 
false bottom returns from bathymetry data and vegetation returns during processing for bare earth  
data [6,19]. Further manual editing is often necessary to remove remaining vegetation or other 
extraneous points. A particular issue is vegetation on stream banks, as automated filters have difficulty 
differentiating the bare earth surface of a steep bank from low vegetation. Manual editing of data may 
require several days to weeks, depending on the length and complexity of the channel and the 
characteristics of the riparian vegetation. Data are processed in the WGS84 datum, but can be 
converted into any of several other datums, and ellipsoidal heights are converted to orthometric heights 
(NAD83 to NAVD88) using a geoid model. Individual waveforms can be selected from sites in the 
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displayed data for further investigation of their characteristics. Single rasters, 120 laser pulses long, 
can also be viewed. Before gridding into DEMs the data are converted to a .xyz or .las file format. A 
variety of gridding options are provided to generate elevation rasters within ALPS or the filtered data 
clouds can be exported to other software for this purpose. The RGB and CIR images can be played 
sequentially in a viewer and are dynamically linked to the flight track map. Using this feature either an 
image can be selected that corresponds to a location chosen on the map, or the location of any image 
chosen in the playback viewer can be found on the flight track map.  

Figure 4. Airborne LIDAR Processing Software (ALPS) user interface. All inset windows 
display information from the position of the red dot in the lower middle of the flight track map. 

 

3. EAARL System Performance 

To illustrate the capabilities of this instrument, Figure 5 shows a typical contour map constructed 
from a combination of bathymetric and bare earth data measured by the EAARL over a short reach of 
a small mountain stream. The down-valley gradient has been removed from these data, i.e., they have 
been “detrended” using a procedure discussed later. Most of the contours in the floodplain have also 
been blanked out except traces of old abandoned channel positions. Examples of major pool and riffle 
habitat units inside the main channel are indicated as well as the off-channel habitat usable by aquatic 
organisms only during high flow conditions. With multiple passes over a target area, the sensor 
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delivers data point clouds with sufficient density to construct DEMs with 1–3 m pixel resolution. The 
data can normally be contoured to a minimum interval of about 20 cm. During a single flight  
of 4–5 hours duration, nearly continuous data of this quality can be gathered covering 100–200 km of 
channel length, depending on flying conditions and stream characteristics (primarily water clarity). For 
comparison, a 2-day ground survey with comparable data density would map only about 200 m of this 
channel and in many places it would not be feasible to wade the deepest pools. 

Figure 5. Typical bathymetric contours mapped by the EAARL in Bear Valley Creek, ID, 
USA. Red dots are measurement points made by the EAARL during multiple passes over 
this reach.  

 

By visually comparing contour maps made from the LIDAR bathymetry with basic channel 
characteristics observed in the field, we have qualitatively investigated the accuracy of EAARL 
bathymetry in about 40 km of streams and the sensor faithfully maps all major channel bedforms. The 
largest errors appear at steep or vertical stream banks. The LIDAR is unlikely to reflect from the exact 
edges of such features and the 20 cm footprint of each reflection is also coarser than an abrupt stream 
bank edge. Moreover, the geometry of airborne LIDARs means that relatively few measurements are 
made on the faces or surfaces of steep banks. These effects, in combination with smoothing during 
data gridding, cause the mapped bank slopes to be too gentle and their edges too rounded in contour 
maps. Similarly the bottom edges of banks, where they meet the channel bed, are also slightly rounded 
and occasionally the mapped pools are displaced too far toward the center of a channel. A more 
quantitative assessment of performance follows.  

3.1. Point Elevation Accuracy 

The EAARL system has an error budget similar to that of conventional airborne discrete return 
terrestrial near-infrared LIDARs [20] with the additional variable of the 1 ns waveform digitizing 
interval. A bathymetric LIDAR must also account for the 25% decrease in velocity when laser energy 


















































