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Modeling streamflow from coupled airborne laser

scanning and acoustic Doppler current profiler data

Norris Lam, Jason W. Kean and Steve W. Lyon
ABSTRACT
The rating curve enables the translation of water depth into stream discharge through a reference

cross-section. This study investigates coupling national scale airborne laser scanning (ALS) and

acoustic Doppler current profiler (ADCP) bathymetric survey data for generating stream rating curves.

A digital terrain model was defined from these data and applied in a physically based 1-D hydraulic

model to generate rating curves for a regularly monitored location in northern Sweden. Analysis of

the ALS data showed that overestimation of the streambank elevation could be adjusted with a root

mean square error (RMSE) block adjustment using a higher accuracy manual topographic survey. The

results of our study demonstrate that the rating curve generated from the vertically corrected ALS

data combined with ADCP data had lower errors (RMSE¼ 0.79 m3/s) than the empirical rating curve

(RMSE¼ 1.13 m3/s) when compared to streamflow measurements. We consider these findings

encouraging as hydrometric agencies can potentially leverage national-scale ALS and ADCP

instrumentation to reduce the cost and effort required for maintaining and establishing rating curves

at gauging station sites similar to the Röån River.
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INTRODUCTION
Stream discharge is the basis for practically all hydrological

studies. Typically, stream discharge is determined by func-

tionally relating water level (stage) and discharge via a

rating curve. The rating curve can be empirically derived

from measurements of stage and discharge or theoretically

derived from mathematical models. Empirical methods to

define rating curves are often time-consuming, dangerous

to develop at high flows and can be prone to errors from

uncertain measurements of stage and discharge (Pelletier

; McMillan et al. ). Furthermore, sedimentation pro-

cesses can lead to rating curve shifts and result in increased

uncertainty when not properly considered (Westerberg et al.

; Guerrero et al. ). An alternative to empirical

methods is to generate rating curves from flow equations

or hydraulic models. Producing rating curves through mod-

eling efforts has been shown to be effective for developing

stream gauging networks in ungauged basins (Clayton &
Kean ), useful for re-establishing rating curves in mor-

phologically unstable rivers (Leonard et al. ), and are

often accurate relative to traditional gauging methods

(Choo et al. ; McMillan et al. ). However, applying

hydraulic models for estimating rating curves can be chal-

lenging given the uncertainty typically associated with

constraining the impact of channel morphology on flows

(Bullard et al. ; Legleiter et al. ). As such, a central

challenge for hydraulic modeling is the collection of accu-

rate river channel and floodplain topography of the stream

reach (Casas et al. ).

The stream channel geometry required for hydraulic

modeling is often acquired through manual cross-sectional

surveys of river banks and submerged channels along a

stream reach. For example, Reistad et al. () surveyed

three Norwegian rivers using a leveling telescope to investi-

gate the applicability of generating rating curves using the
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hydraulic model HEC-RAS. Kean & Smith () surveyed

three gravel-bedded streams with a GPS and two with a

total station (TS) and subsequently used a physically based

hydraulic model to generate rating curves. Although as

demonstrated by these studies accurate elevation data can

be obtained through manual methods, the labor costs to

survey extensive areas of streams and riparian regions can

be significant. Furthermore, traditional survey methods

can generally be applied only when the entire stream chan-

nel is wadeable; however, when this is not the case (e.g., the

water is too deep), other methods need to be sought. In this

regard, new technologies offer exciting potential (Harpold

et al. ) for evolving our ability to collect stream channel

topography for hydraulic modeling.

In recent years, for example, the application of laser

scanning technologies to capture stream channel topogra-

phy has rapidly increased (Hohenthal et al. ). Laser

scanning is an active remote sensing technology that

measures distances to objects by emitting laser light pulses

and recording the backscattered energy (Wehr & Lohr

). The distance is resolved by halving the product of

the total travel time of each laser pulse and the speed of

light in the transmission medium (i.e., air, water). The

echo returns can be collected as either discrete returns

where only the difference between time of travel and

return signal intensity are resolved or as full waveform sig-

nals where the entire spectral signature of the

backscattered energy is sampled (Glennie et al. ).

These laser scanning systems can be mounted on fixed

stationary locations such as tripods (Brasington et al. ;

Hartzell et al. ; Williams et al. ), or borne by aircraft

such as helicopters and fixed-wing aircrafts (Wehr & Lohr

; Glennie et al. ), or mounted on moving vehicles

such as boats (Vaaja et al. ) and trucks (Barber et al.

), or even suspended on wire cables (Lam et al. ).

By and large, topographic mapping with airborne laser

scanning (ALS) systems has replaced traditional topo-

graphic surveying methods (i.e., photogrammetry) because

the laser pulse can penetrate the vegetation canopy to accu-

rately sample the ground elevation. This means that large

areas, both vegetated and non-vegetated, can be surveyed

in a relatively short amount of time at sub-meter resolution

(Shan & Toth ). Via increased areal coverage, there

has been growth in the number of national-scale laser
scans that have either been completed (Switzerland, Den-

mark) or are underway (Sweden), and much of these data

are freely available (Krishnan et al. ; Lantmäteriet

). ALS data have been used to map water surface bound-

aries (Höfle et al. ), delineate flood inundation areas

(Casas et al. ), and for river flow modeling (Mandlbur-

ger et al. ). Although much of the literature presents

the application of high resolution ALS, Lyon et al. ()

were able to show that synthetically filtered low resolution

ALS data were suitable for generating rating curves in shal-

low streams. While Lyon et al. () indicated the utility of

lower resolution ALS data (i.e., resolutions of about 0.5 pt/m2),

actual national-scale ALS data were not tested explicitly.

Since floodplains and the upper portions of stream banks

are relatively stable and change mainly with infrequent

floods, using national-scale ALS data to generate rating

curves could potentially aid in monitoring and managing

water resources across large stream networks.

Although laser scanning has many advantages, some

limitations exist when used to capture submerged stream

topography or bathymetry. The majority of ALS systems

employ an infrared laser pulse (i.e., 1,064 nm) for collecting

topographic information. The infrared spectrum is com-

monly used because the energy is not absorbed by

vegetation, thus allowing the emitted laser pulse to travel

through the vegetation canopy and reflect off the ground sur-

face. However, infrared energy is strongly absorbed by water

which limits the collection of bathymetric information. This

problem can be somewhat addressed by employing an

additional blue-green laser (i.e., 532 nm) to collect stream

channel bathymetry (Guenther et al. ; Kinzel et al.

; McKean et al. ) while the infrared laser records ter-

restrial topography. The primary challenge with bathymetric

laser scanners are the corrections required to account for

distortions due to the refraction of light at the air–water

interface and the change of the laser pulse speed as it travels

through the water column (Guenther et al. ). Owing to

the laser pulses crossing the air–water interface in both the

incoming and outgoing directions, distortions due to surface

waves can significantly affect the bottom return signal

(Guenther et al. ; Mandlburger et al. ). Sediment

load and water quality also affect the strength of the

reflected signal and often limit depth measurements to

between 1 and 2 Secchi depths (Wang & Philpot ; i.e.,
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slightly deeper than the depth a 30-cm Secchi disk is no

longer visible). Even though the latest bathymetric ALS sys-

tems (e.g., Leica AHAB Hawkeye III, Riegl VQ series,

USGS EAARL-B) are designed to better handle turbid

waters (e.g., ∼3.0 Secchi depths), data from these systems

are not yet widely available.

Other methods exist to remotely determine bathymetry,

including passive optical imagery (Legleiter ), hyper-

spectral imagery (Marcus et al. ), and structure from

motion with unmanned aerial systems (Woodget et al.

). These image-based techniques show great promise

but have been generally limited to streams with shallow

depths. This limitation is due to the need for relating

image-derived quantities to field depth measurements (i.e.,

manual surveys). One challenge with spectral-based

methods is that a lack of calibration measurements from

the deepest and shallowest parts of the river can lead to

underestimation and negative depth estimates (Legleiter &

Roberts ). A recent hydraulically assisted approach by

Legleiter () potentially alleviates the need for field

measured depths. The approach was shown to be both

robust and accurate; however, application was limited to

water depths of less than 2 m (i.e., wadeable streams). It is

therefore important to seek out methods that are appropri-

ate for deeper streams.

A viable option for measuring bathymetry in non-wade-

able rivers is to use sonic instruments such as echo-sounders

or acoustic Doppler current profilers (ADCP). Although

these instruments are similar, echo-sounders are generally

dedicated for collecting bathymetry in oceans and lakes

while ADCP are usually utilized in rivers to simultaneously

collect water depth and water velocity to determine the dis-

charge (Gordon ). In general, ADCP are mainly used to

resolve only instantaneous discharge; however, when paired

with real-time kinematics global positioning systems (RTK-

GPS), geospatial positioning of the instrument is dramati-

cally improved allowing for georeferencing of bathymetric

measurements. In addition to georeferenced depth measure-

ments, the improved spatial positioning of the ADCP boat

with RTK-GPS enables accurate positioning of measure-

ments even under mobile bed conditions (Rennie &

Church ; Williams et al. ).

When deployed, ADCP instruments are situated just

below the water surface which means the emitted sonic
pulses do not pass through the air–water interface and cor-

rections for refraction are not required. Water depth and

velocity measurements obtained from ADCP have been

shown to be accurate and are the preferred method for col-

lecting stream gauging measurements for a number of

hydrometric agencies (Mueller & Wagner ; SMHI

). As ADCP are capable of collecting bathymetry and

discharge (i.e., typical data required for hydraulic modeling)

in non-wadeable waters, these instruments may be among

the most viable options for augmenting the current gener-

ation of laser scanning data from the perspective of

hydrometric agencies. To our knowledge, national-scale

ALS (i.e., point densities between 0.5 and 1 pt/m2) com-

bined with ADCP bathymetric information to generate

streamflow rating curves with a hydraulic model has not

yet been tested.

Therefore, the aim of this pilot study is to investigate the

ability of coupling national-scale ALS with ADCP bathyme-

try to generate theoretical rating curves. This study was

carried out in northern Sweden using ALS data from the

national laser scan database, ADCP bathymetry, and a

one-dimensional hydraulic model (Kean & Smith ).
STUDY AREA

The Röån River was chosen for this pilot study. It is a first-

order stream located at 63.64 WN and 16.76 WE in northern

Sweden (Figure 1). The 584 km2 catchment consists of roll-

ing hills with a mixture of clay-silt and sandy soils. The river

channel is approximately 10 m wide and moderately sloped

along both banks. Riparian vegetation is found along both

banks and consists primarily of young willow, alder, tall

grasses, and sedges with stem diameters less than 10 cm.

The streambed material is composed of gravels and sand.

Large roughness elements such as boulders and fallen

trees were not observed in the main stream channel. The

channel reach is quite straight, considered relatively stable,

and excessive bank erosion was not observed along the

reach. Like most northern Swedish rivers, the water is

brown in color due to the high levels of dissolved organic

matter (Ekström ). Due to this, the clarity of the water

is greatly reduced and the stream bottom is not visible

with the naked eye.



Figure 1 | (a) Overview map and aerial image outlining the Röån River study site. (b) Aerial image showing the ADCP bathymetry and ALS ground and non-ground points classified with

LASTools.
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A small pedestrian bridge located at the upstream end of

the 10 m wide and 80 m long reach of interest (Figure 1)

served as the staging platform for the RTK base station

and survey equipment deployed in this study (see following

sections). The bridge piers were built on the bank edges, and

backwater effects were not observed during the field cam-

paign. A stream gauging station operated by the Swedish

Meteorological and Hydrological Institute (SMHI) is

located at the downstream end of the reach area. The station

collects daily averaged stage recorded via a float. According

to SMHI’s ‘Vattenwebb’ database (http://vattenwebb.smhi.

se/station/), the mean annual discharge in the Röån River

is 5.8 m3/s with a mean annual minimum and maximum dis-

charge of 1.9 m3/s and 15.9 m3/s, respectively.

A gauging record was provided by SMHI and contained

96 stage–discharge measurements. Metadata regarding the

quality of the data were not available but an indicator for

the presence of backwater was provided and measurements

with backwater effect were excluded from the gauging

record. The remaining 38 measurements used to derive the

empirical rating curve were collected between 1943 and

2010. The minimum observed discharge from the remaining

gauging record was 1.4 m3/s, the median was 10.5 m3/s, and

the maximum was 21.7 m3/s. The remaining gauging record

did not contain any out of bank flow measurements (i.e.,

flows greater than about 25 m3/s for this site). Discharge

measurements from 2008 onwards were collected with a
StreamPro ADCP while measurements previous to 2008

were collected with a current meter (velocity-area method).
METHODS

The aim of this study was to investigate the suitability of gener-

ating stream rating curves from stream topography derived

from national-scale ALS in combination with ADCP bathy-

metric survey information. This was accomplished by (1)

coupling the ALS and ADCP elevation data into coherent rep-

resentations of the channel reach and (2) using these data in a

one-dimensional hydraulic model to determine rating curves.

Phase 1: Coupling ALS and ADCP data

ALS data and vertical error correction

The ALS data used in this study are a subset of the Swedish

national laser scanning survey. The data were collected by

Lantmäteriet (Swedish Land Survey) in the SWEREF99

TM coordinate system with a target point spacing between

0.5 and 1 pt/m2. The survey at Röån was collected on 28

June 2012, from a fixed-wing mounted Optech ALTM

Gemini system (Optech Inc.), which uses a near-infrared

laser with a wavelength of 1,064 nm. Due to the strong

absorbance of infrared energy by the water, the ALS

http://vattenwebb.smhi.se/station/
http://vattenwebb.smhi.se/station/
http://vattenwebb.smhi.se/station/
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system was not capable of obtaining bathymetric infor-

mation. A small number of returns were registered along

the surface and middle of the stream but these were removed

and not considered as bathymetric information. The mean

daily stream discharge during the flight mission was

reported to be 10.4 m3/s by SMHI.

The topographic ALS data were obtained from Lantmä-

teriet’s online repository (http://www.geolex.lm.se/) and

delivered as a single scan scene with an average point den-

sity of 1 pt/m2. The initial automated processing and

classification carried out by Lantmäteriet (Lantmäteriet

) resulted in the three classes: ground, water, and other

(Figure 1). According to the technical report, all water

areas were classified from pre-existing property and road

maps and, therefore, some ground points may have been

incorrectly grouped in the water class. Furthermore, visual

inspection of the point cloud revealed poorly classified

ground point clusters due to the riparian vegetation along

the banks. A reclassification of the point cloud was com-

pleted using the LASTools software suite (Isenburg ) to

minimize the number of misclassified ground and vegetation

points due to the original classification. Specifically, the las-

ground tool was applied to the ALS data and the resulting

reclassified ground points were used to generate the non-

submerged stream channel topography. Within the 25 m

by 80 m study reach area, the reclassification resulted in

660 ground points compared to 768 points originally classi-

fied by Lantmäteriet.

An error evaluation of the reclassified ground elevation

was completed according to the American Society of Photo-

grammetry and Remote Sensing (ASPRS) Positional

Accuracy Standards for Digital Geospatial Data (Abdullah

et al. ). For elevation errors with a normal distribution,

the ASPRS recommends computing the root mean square

error (RMSE) statistic to determine the overall vertical accu-

racy of the data. The RMSE is determined by comparing

ALS ground elevation values on a triangulated irregular net-

work (TIN) surface, generated from elevations of an

independent source with higher accuracy. The RMSE used

in this study was as follows:

RMSEZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
j¼1

Zj � Ẑj

� �2

vuut (1)
where RMSEz is the RMSE statistic for elevation, n is the

number of elevation points to be compared, Zj is the TIN

elevation value for the jth point, and Ẑj is the elevation

from an independent source of higher accuracy.

In this study, the higher accuracy elevations were col-

lected with a Trimble S6 robotic TS and an adjustable

prism rod in the SWEREF99 TM coordinate system. The

S6 has an angular accuracy of 9.24 μ rad and a distance

accuracy of ±2 mmþ 2 ppm (Trimble ). The survey con-

sisted of 17 cross-sections, spaced approximately 5 m apart,

along the 80 m stream reach. Topographic information was

captured from approximately 0.5 m instream from the

wetted edge and to the top of the channel banks. In total,

605 elevation points were recorded with a linear point spa-

cing of about 0.75 m. The mean vertical error of the

reclassified ALS points was removed by vertically adjusting

the elevation values with the RMSE statistic. This block

adjustment was accomplished using the following equation:

Zcorr ¼ Zorig � RMSEZ (2)

where Zcorr represents the corrected ALS elevation values,

Zorig represents the original ALS elevation value, and

RMSEZ represents the RMSE statistic determined from

Equation (1).

ADCP data

The ADCP survey was conducted by a two-person crew on

1 October 2013 and took approximately 3 hours to

complete. The survey was collected with a SonTek River-

Surveyor M9 multi-beam ADCP and RTK-GPS receiver in

the SWEREF99 TM coordinate system. Both instruments

were mounted on a SonTek Hydroboard and the ADCP

instrument was set up with a transducer depth of 0.06 m.

The M9 is configured with nine transducers where eight

are set 25 W from nadir at a spacing of 90 W and the ninth

transducer is set vertical and dedicated to bottom tracking

(Sontek ). Only four of the eight offset transducers are

in operation at any given time depending on the depth

and flow conditions. The onboard software automatically

switches between 3 MHz and 1 MHz for the offset acoustic

transducers while the bottom tracking beam operates at a

fixed frequency of 0.5 MHz. The four offset transducers

http://www.geolex.lm.se/
http://www.geolex.lm.se/
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simultaneously collect both bathymetry and water velocity

whereas the bottom tracking beam collects only

bathymetry.

Positioning of the ADCP was accomplished onboard

with the compass, pitch and roll sensors, bottom tracking

system, and RTK-GPS. A number of SonTek’s M9 instru-

ments have a known deficiency with the internal compass,

and affected units need to have the internal compass

replaced. The internal compass was replaced for the M9

used in this study. The internal compass was calibrated

and validated before the survey without any issues. The

additional RTK-GPS information was used to correct the

positioning of the ADCP in real time to achieve centi-

meter-scale positional accuracy. The external RTK base

station was set up on the pedestrian bridge (Figure 1) and

this provided a clear line of sight between the base station

and ADCP during the entire survey (i.e., no communication

drop-outs were recorded). In addition to georeferencing the

bathymetry, the positioning information was used to calcu-

late moving-bed corrections. These were computed in real

time with the RiverSurveyor LIVE! Software (Sontek ).

A moving-bed test was completed at the beginning of the

survey and the influence due to moving-bed was found to

be minimal.

The ADCP was deployed using the moving-boat method

to collect bathymetric and discharge measurements along

17 evenly spaced cross-sections approximately 5 m apart.

Two passes were made at each cross-section, resulting in

34 individual transects. An average of 236 points was

recorded for each transect with a mean length of 9.2 m

and a mean deviation of less than 1 m from the linear trans-

ect across the stream. Three additional passes were made in

the up- and downstream directions contributing an

additional 4,125 points to the bathymetric survey. In total,

4,361 individual depth measurements were collected in the

stream reach and a mean depth of 2.4 m was observed

(Figure 1). The water was too deep to manually collect

depth measurements with a total survey and therefore the

only bathymetric information used in this study was

obtained from the ADCP survey. With regards to the dis-

charge measurements, an average of 22 vertical bins with

a mean blanking distance of 0.088 m was used to determine

the discharge and this was found to be 9.23 m3/s with a coef-

ficient of variation of 3.9%.
Digital terrain models of the watercourse

Coherent digital terrain models (DTMs) of the watercourse

were constructed for the study site from (1) vertically

corrected ALS (via RMSE correction) and ADCP measure-

ments (hereafter referred to as ALS/ADCP), (2) vertically

uncorrected ALS and ADCP measurements (hereafter

referred to as UALS/ADCP), and (3) TS and ADCPmeasure-

ments (hereafter referred to as TS/ADCP). The topographic

and bathymetric surveys (i.e., ALS, TS, ADCP) were cap-

tured in a common projection system (i.e., SWEREF99

TM) which facilitated a direct spatial merging of the datasets.

The georeferencing of the datasets was assumed to be of

equal accuracy and effects due to positional uncertainty

were not considered in this study. The combined point

clouds were interpolated into TIN surfaces and elevation

values from the TINs were then mapped onto curvilinear

grids with the Multi-Dimensional Surface-Water Modeling

System (MD_SWMS) software package (McDonald et al.

). Breaklines were used to limit interpolation errors

due to the merging of the cross-sectional and areal datasets.

The resulting curvilinear grids (i.e., ALS/ADCP, UALS/

ADCP, TS/ADCP) were defined about the channel center-

line with a uniform grid spacing of 20 cm in both cross-

stream and streamwise directions. The resulting DTMs

defined the spatial domains required for the hydraulic

model to generate rating curves.

Phase 2: Modeling of rating curves

Generation of the rating curves in this study was accom-

plished using the hydraulic model of Kean & Smith (),

and the following sections provide a brief overview of the

method. Interested readers are referred to Kean & Smith

(, ) for the full model derivation.

The model can be generalized in two steps. First, flow

resistance is quantified from geometric measurements of

the (1) channel shape, (2) physical characteristics of the

streambed and bank, and (3) size and spacing of the

woody vegetation on the banks. Second, the established

roughness elements are embedded into a one-dimensional

flow model where discharge is calculated along an interp-

olated grid for a given range of stages to produce a rating

curve.
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Bed roughness

For this study, the channel shape of the streambed and

bank were defined from the previously described DTMs.

The roughness of the bank and streambed material was

described in terms of a roughness height zo which is

related to the 84th percentile (D84) of a pebble size distri-

bution of the stream bed material. The approximation

zo¼ 0.1D84 can be used if the bed material can be

sampled via a pebble count (Kean & Smith , ).

However, if the bed material cannot be sampled (e.g.,

water too deep to wade), zo can be empirically deter-

mined by inverting the model and back-calculating zo
from a single discharge measurement in combination

with the water surface slope (Kean & Smith  – see

Section 4.2). Since this was the case in this study, the

roughness height for the entire reach was determined

empirically from two discharge measurements and their

corresponding water-surface slopes. One of the discharge

measurements was acquired during the ADCP survey (i.e.,

low flow) and the other was obtained as a daily mean dis-

charge supplied by SMHI (i.e., mid flow). The low- and

mid-flow discharge measurements used in the roughness

calibration were 9.23 m3/s and 12.04 m3/s, and their cor-

responding water surface slopes were �0.00031 m/m and

�0.00038 m/m, respectively. For both calibration dis-

charges, zo was found to be 0.098 m for all three DTMs

(i.e., ALS/ADCP, UALS/ADCP, TS/ADCP) and was

therefore applied for every submerged point on each of

the curvilinear grid surfaces. This value was also used

over the range of stages for all model domains. While

the model is capable of handling spatially heterogeneous

roughness values, a homogeneous roughness height was

applied across the submerged model grid cells in this

study.

Vegetation roughness

Flow resistance due to vegetation was only considered for

woody stems (e.g., willow, alder) and was estimated from

two 4-m2 and one 16-m2 vegetation density surveys located

randomly along both channel banks. Due to the timing of

the vegetation survey (i.e., October), there were few leaves

left on the woody vegetation. The stem density was
determined from the following:

α ¼
PD

si

Aplot
¼ Ds

λ2
(3)

where α is the vegetation density,Dsi is the diameter of a single

stem, Aplot is the plot area, Ds is the mean stem diameter, and

λ is the mean spacing. The mean bank vegetation density was

0.23 m/m2, with a range of 0.19 m/m2 to 0.26 m/m2, and was

considered representative of the modeled reach. Impacts due

to the range of vegetation densities were not considered in

this study although previous work has shown the potential

impacts to be minimal (Lyon et al. ).
Channel flow model

The contributing roughness elements described above were

incorporated into the second step of the rating model pro-

cedure (i.e., hydraulic flow model). The model of Kean &

Smith () determines vertical velocity profiles for every

submerged point on a two-dimensional curvilinear grid.

This is accomplished by solving the one-dimensional flow

equations for steady, non-uniform flow. The equation govern-

ing the conservation of mass (@Q=@x ¼ 0) and momentum is:

1
2

δ u2
� �

av

δx
þ g

δE
δx

þ 1
ρ

τbð Þav
R

¼ 0 (4)

where (u2)av is the square of the downstream velocity com-

ponent averaged over the cross-section, x is the downstream

direction, g is the acceleration of gravity,E is thewater surface

elevation, ρ is the density of water, (τb)av is the perimeter-aver-

aged shear stress, and R is the hydraulic radius of the cross-

sectional area. The first term of Equation (4) describes the

streamwise change of velocity, the second term describes

pressure-gradient changes due to streamwise changes of

water-surface elevation, and the third term describes the

resistance contributions.

In streams with steady flow conditions, the cross-sec-

tional average velocity (u)av and perimeter-averaged shear

velocity (u*)av are related by a non-dimensional roughness

coefficient (βr) for the cross-section which has the form:

uav ¼ βr u�ð Þav (5)



8 N. Lam et al. | Modeling streamflow from airborne laser scanning and acoustic Doppler data Hydrology Research | in press | 2016

Uncorrected Proof
The perimeter-averaged shear velocity is defined as:

u�ð Þav¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τbð Þav=ρ

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
g
A
P
Sf

r
(6)

where Sf is the friction slope, A is the area of the cross sec-

tion, and P is the wetted perimeter.

Equation (5) is analogous to the relation between the

local, vertically averaged velocity, �u, and the local shear

stress, τ ¼ ρghSf , such that:

�u ¼ β h, zoð Þ
ffiffiffiffiffiffiffiffiffiffi
ghSf

q
¼

ln
h
zo

� �
� 0:74

κ

0
BB@

1
CCA

ffiffiffiffiffiffiffiffiffiffi
ghSf

q
(7)

where h is the local flow depth, zo is the roughness height,

β h, zoð Þ is the local non-dimensional roughness coefficient,

and κ is von Karman’s constant equal to 0.408 (Long et al.

).

The average velocity for the cross-section is found by aver-

aging the local, unit discharge (�uh), across the cross-section:

uav ¼ 1
A

ðhwl

�hwr

β h, zoð Þ
ffiffiffiffiffiffiffiffiffiffi
ghSf

q
h dy (8)

where y is the cross-stream coordinate direction, and hwl and

hwr are the left and right half extents of the channel,

respectively.

In this study, Equations (4)–(8) were applied to itera-

tively solve the entire flow field for 0.02-m stage intervals.

Discharge at the reference gauge was determined by

taking the product of the cross-sectional area and the inte-

grated cross-sectional velocity field for the corresponding

stage. This resulted in a single rating curve derived from

the coupled ALS and ADCP data.
RESULTS

ALS elevation correction

The vertical error correction used in this study was based

upon the RMSE calculated from the ALS ground elevation
and a TS manual survey. As the usage of the RMSE statistic

assumes a normal distribution of the elevation errors, visual

and statistical tests for error normality were completed with

the MATLAB Statistics Toolbox (The MathWorks Inc.).

Figure 2 illustrates the distribution of the elevation residuals

as (Figure 2(a)) a normal probability plot and (Figure 2(b)) a

histogram of the residuals where both figures indicate that

the residuals follow a normal distribution. A one-sampled

Kolmogorov–Smirnov test at the 5% significance level

failed to reject the null hypothesis that the residuals follow

a normal distribution and, therefore, correcting the mean

vertical ALS error with the RMSE statistic was considered

suitable. An RMSE of 0.36 m determined from Equations

(1) and (2) was applied as a block correction to the reclassi-

fied point cloud (i.e., subtracting the RMSE from all ALS

points). This correction reduced the elevation RMSE to

0.17 m, and this corrected point cloud was coupled with

the ADCP bathymetric survey.

Accuracy of ALS DTM vs. TS DTM

We investigated the ability of the coupled ALS and ADCP

data for capturing stream channel geometry. This was

accomplished by examining the differences for mean

stream channel properties between the ALS/ADCP DTM

and the reference TS/ADCP DTM as well as for the uncor-

rected UALS/ADCP DTM and reference TS/ADCP DTM at

three representative stages (Table 1). The first comparative

stage represents the discharge during the ALS scan which

was 10.4 m3/s and a stage of 7.6 m. The second stage rep-

resents the median observed discharge in the gauging

record which was 13.5 m3/s at a stage of 7.8 m. The third

stage represents the maximum observed discharge in the

gauging record which was 20.0 m3/s at a stage of 8.1 m.

As the ALS and the high-resolution ground surveys were

combined with the same bathymetric information, any

differences in the comparison are attributed to the differ-

ences between the non-submerged portions of the DTMs

(i.e., ALS and TS).

In general, both the ALS- and UALS-derived DTMs

slightly underestimated the majority of channel properties

where the greatest variability was seen for the mean top

width and the mean wetted perimeter (Table 1). The largest

difference in mean top width of the ALS DTM was found to



Figure 2 | (a) Normal probability plot with plus symbols representing the elevation residuals and the dotted line illustrates a linear fit of the probability-transformed data. (b) Histogram

showing the distribution of the ALS elevation residuals for the study site.
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be �1.8 m for the maximum observed stage while the differ-

ences during the ALS survey and median stages were

�0.5 m and �0.3 m, respectively. For the UALS DTM, the

differences in mean top width were found to be �7.0 m,

�6.1 m, and �4.1 m for the maximum observed stage,

stage during the ALS survey, and median observed stage,

respectively. Similar variability in differences was also

seen with the wetted perimeter estimates. The largest differ-

ence in mean wetted perimeter of the ALS DTM was found

to be �1.6 m for the maximum observed stage while the

differences during the ALS survey and median stage were

�0.3 m and �0.1 m, respectively. For the UALS DTM, the

difference in mean wetted perimeter was found to be

�6.3 m, �5.5 m, and �3.7 m for the maximum observed

stage, stage during the ALS survey, and median observed

stage, respectively. Looking at the mean cross-section area

of flow for the ALS/ADCP DTM, the differences were

fairly stable across all three stages with a range of values

between �0.4 m2 and �0.6 m2. The differences in mean

cross-section area of flow for the UALS/ADCP DTM,
however, showed much more variability with values of

�3.2 m2, �1.3 m2, and �0.6 m2 for the maximum observed

stage, stage during the ALS survey, and median observed

stage, respectively. Finally, the differences in mean hydraulic

radii of the ALS/ADCP DTM were almost identical across

all three stages while the UALS/ADCP DTM values

ranged between 0.2 m and 0.4 m.

Rating curve comparison

The empirical rating curve for the study site was derived

from a gauging record provided by SMHI. A least squares

polynomial was fit to the measurements following the form:

Q ¼ b0h2 þ b1hþ b2 (9)

where Q is discharge, h is stage, and b0, b1, and b2 are con-

stants with values 7.2 s�1, �91.8 m s�1, and 290.4 m3 s�1,

respectively (r2¼ 0.97). While Equation (9) is not a power

law form typically implemented by monitoring agencies,



Table 1 | Stream properties calculated from DTMs based upon TS survey, corrected ALS,

and uncorrected ALS and ADCP data at three water depths representing the

stage during the ALS survey, median observed stage, and maximum observed

stage

Stream channel property
TS/
ADCP

ALS/
ADCP

UALS/
ADCP

Difference
(TS vs. ALS)

Difference
(TS vs.
UALS)

Stage during ALS
survey (m)

7.5 7.5 7.5 0.0 0.0

Mean top width (m) 15.1 14.6 11.0 � 0.5 � 4.1

Mean wetted perimeter
(m)

17.3 17.0 13.6 � 0.3 � 3.7

Mean cross-section
area (m2)

22.7 22.3 22.1 � 0.4 � 0.6

Mean hydraulic radius
(m)

1.3 1.3 1.6 0.0 0.3

Median stage (m) 7.8 7.8 7.8 0.0 0.0

Mean top width (m) 17.2 16.9 11.1 � 0.3 � 6.1

Mean wetted perimeter
(m)

19.5 19.4 14.0 � 0.1 � 5.5

Mean cross-section
area (m2)

25.1 24.7 23.8 � 0.4 � 1.3

Mean hydraulic radius
(m)

1.3 1.3 1.7 0.0 0.4

Maximum stage (m) 8.1 8.1 8.1 0.0 0.0

Mean top width (m) 23.4 21.6 16.4 � 1.8 � 7.0

Mean wetted perimeter
(m)

25.8 24.3 19.5 � 1.6 � 6.3

Mean cross-section
area (m2)

31.2 30.7 28.0 � 0.6 � 3.2

Mean hydraulic radius
(m)

1.2 1.3 1.4 0.1 0.2

Negative differences indicate an underestimation of the stream channel property while

positive differences indicate an overestimation.
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this polynomial form was selected as it had the best statisti-

cal fit and thereby gives the lowest possible error allowing

for a robust comparison with our modeling effort. The

empirical curve was determined without weighting any of

the gauging measurements because additional metadata

describing the quality of the gauging were not available.

The gauging observations and empirical rating curve were

used to evaluate the modeled rating curves (Figure 3).

Note, we opted to include all gaugings, rather than filter

out old or potentially poor quality gaugings as is often rec-

ommended (Sauer ), to avoid over-processing data and

unintentionally biasing the curve fitting. For completeness,
we tested the impact (analysis not shown) of filtering all

but the gaugings taken after the last high-flow observation

(reducing the number of gaugings to 28); however, while

this of course reduced the absolute error of the empirical fit-

ting, it did not change the main findings of our study since it

also reduced the absolute error of the modeled rating curves.

In general, the modeled rating curves were in good

agreement with the observations and empirical rating

curve (Figure 3). The ALS/ADCP and TS/ADCP modeled

rating curves were nearly identical except for a slight devi-

ation at the highest gauged discharges where the

ALS/ADCP model shows slightly lower values for the

same stages. The uncorrected ALS/ADCP curve was similar

to the ALS/ADCP and TS/ADCP curves but predicted lower

discharges for stages higher than about 7.9 m. A divergence

between the empirical rating and the three modeled curves

can be seen starting approximately from the manually sur-

veyed water surface (i.e., 9.3 m3/s) and continuing through

to the highest modeled discharge (i.e., 25 m3/s). For this

ALS-dominated portion of the rating curve, all three

models underestimated the discharge when compared to

the empirically fitted curve. Looking at the ADCP-domi-

nated portion of the rating curves, the three models appear

to slightly overestimate the discharge when compared to

the empirical rating. At low flows (i.e., below about 2 m3/s),

the three models shift away from the empirical rating and

this portion of the modeled ratings predict about 0.5 m3/s

less than the observations.

Performance of the ALS/ADCP, UALS/ADCP, and

TS/ADCP models was determined with the RMSE and

sum of squared errors (SSE) statistics (Table 2). The statistics

were calculated from the observed discharges and the lower,

upper, and entire portions of the rating curves. The lower

and upper rating curve sections were defined about the dis-

charge during the ADCP survey (i.e., 9.23 m3/s) which

divides the ratings into ADCP-dominated and ALS-domi-

nated spatial domains. It is clear that all three modeled

rating curves have significantly lower errors than the empiri-

cal rating for all portions of the ratings. When comparing

between the ALS/ADCP and TS/ADCP models, the

ALS/ADCP shows slightly higher errors for all portions of

the rating curve. Looking at the UALS/ADCP, the errors

of the lower rating curve section are similar to those of the

ALS/ADCP; however, the upper section and entire portion



Figure 3 | Results of the modeled rating curves derived from ALS/ADCP (black dotted line), uncorrected ALS/ADCP (solid grey line), TS/ADCP (dashed line), and the empirical rating curve

(solid black line) derived from the gauging measurements (circles). The horizontal black line illustrates the water surface during the ADCP survey and divide between the

ALS- and ADCP-dominated portions of the rating curves.
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of the ratings show much higher errors than the TS/ADCP

and ALS/ADCP models.
DISCUSSION

Coupling ALS and ADCP data

Our results highlight the ability to generate rating curves

from ALS data in combination with ADCP data. Although

we find our results to be encouraging, some caveats should

be considered when interpreting these results. For example,

our analysis of the ALS data showed an intrinsic overestima-

tion of the streambank elevation when compared to the

reference TS survey. To overcome this and allow for

improved rating curve modeling, elevation residuals were

derived from a high-accuracy TS survey of the stream

reach and an RMSE statistic was used as a block correction
to correct the vertical error. Although this correction

method proved to be effective for this study, it of course

may not be practical where reference data are not available.

One potential solution for collecting the required elevation

data could be the use of unmanned aerial vehicles to acquire

high-resolution aerial photos during leaf off conditions.

From these images, high-resolution DTMs of the stream-

banks could be generated with photogrammetric methods

such as structure from motion which has been shown to

be cost-effective for mapping complex terrain (Westoby

et al. ; Javernick et al. ). Although such DTMs

would not be able to record the elevations below dense veg-

etation, open areas with good ground visibility could be used

to correct portions of the ALS data.

In addition, when considering the ADCP bathymetry, we

were not able to verify the accuracy of the depth

measurements with another data source, such as a manual

survey because the water was too deep to wade (i.e., mean
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depth¼ 2.4 m). This is a common challenge when collecting

bathymetry; however, laboratory tests have shown that bathy-

metric errors for acoustic Doppler depths sounders are

generally within a 5% margin (González-Castro & Muste

). From the perspective of hydrometric agencies, collect-

ing theADCP bathymetrywould not require large amounts of

additional effort in the field. In our case, the ADCP survey

took approximately 3 hours to complete, including instru-

ment setup time. For our site, gauging measurements have

been collected approximately two to three times per year to

capture the annual low and high flows. Adding bathymetric

sampling via ADCP and RTK-GPS to the annual gauging sur-

veys could be a useful tool for understanding and identifying

morphological changes (and subsequent rating curve shifts)

for sites similar to the Röån River.

An evaluation of stream channel geometry based upon

DTMs derived from the ALS and ADCP was conducted at

three representative stages (Table 1). The results showed

that variations in the top width property could indicate a

bias in the corrected ALS water boundary identification.

At first glance, the top width property would appear to pro-

vide some indication for how well the location of the water

boundary is represented by the ALS. However, the differ-

ence in surveying methods (i.e., TS transect vs. ALS areal)

could result in an under-representation of the streambank

topography during the TS survey thereby biasing the top

width results. It is also likely that the ALS captured topo-

graphic features that were otherwise missed by the TS

transect survey and is therefore an advantage of the ALS.

Classification of the water boundary from pre-existing prop-

erty and road maps, as was done with the Swedish national

scan, would certainly have some varying effect on the top

width due to the temporal and spatial differences between

the data. Furthermore, it is probable that laser echoes from

the partially submerged vegetation (i.e., sedges), found

approximately 0.5 m from the water’s edge, further biased

the ALS-derived top width. It is clear that the current

method for identification and delineation of Swedish water

boundaries within the national ALS scan could be

improved. Although the ALS showed variability for repre-

senting the top width, the range of the mean cross-section

areas was found to be relatively small (i.e., between

�0.6 m2 and �0.4 m2 which is less than a 2% difference)

and indicates that the corrected ALS is appropriate for
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capturing stream channel topography. This is encouraging

as accurate discharge estimations are dependent on accurate

representation of the cross-section area. Therefore, we

believe that both the RMSE elevation correction and

national-scale ALS were appropriate for acquiring stream

channel geometry for the Röån River.

On the potentials for modeling rating curves

The rating curve derived from the ALS/ADCP information

proved to have amuch lower SSE andRMSE than the empiri-

cal rating (Table 2). The empirical curvewas determined from

a standard least squares method without weighting any of the

gauging measurements. Therefore, the upper portion of

the rating potentially biases the entire rating curve due to

the higher spread of the gauging measurements. Since

additional metadata describing the quality of the gaugings

were not available, weighting the observations was not con-

sidered in this study. Furthermore, these results are based

upon the assumption that the polynomial fitted rating curve

represents the ‘true’ rating. As such, other fitting methods

(e.g., power law) as well as uncertainties in stage and dis-

charge measurements (e.g., McMillan & Westerberg )

could lead to different results. This might be particularly

true when extrapolating beyond the observed gaugings

where the physical basis of the modeling can be leveraged.

Theaccuracyof themodeled rating curve is also directly tied

to the accuracy of the roughness parameters used in the model.

Although there are different methods for determining the total

flow resistance within a stream channel (Powell ), the

model used in this study (Kean & Smith ) separates flow

contributions from the stream channel bed and vegetation.

The streambed roughness height was determined from two

water surface slope surveys and reference discharge measure-

ments for two flow conditions. Ideally, additional discharge

and water-surface slope measurements should be collected for

both very low and very high flow events to verify zo and to quan-

tify any changes in the water surface slope. However, such

events rarely occur and discharge measurements at high and

low extremes are generally prone to higher levels of uncertainty.

With regards to flow resistance due to vegetation, the

hydraulicmodel only considers formdrag onwoody vegetation

determined fromstemdensitymeasurements.Whilewe believe

that resistance due to vegetation was well represented, effects
due to seasonal variations in vegetation state were not con-

sidered in this study. However, to evaluate the potential

effects of seasonal changes in vegetation on the rating curve,

we calculated a rating curve based on a vegetation stem density

that was twice as dense as observed. At bankfull stage (i.e.,

8.25 m), the calculated discharge with denser vegetation

resulted in a discharge that was only 0.4% lower thanwasmod-

eledusing theobserved stemdensity. This result suggests that, at

this site, seasonal changes in vegetation density are unlikely to

have a substantial effect on the stage–discharge relation.

On applicability for other sites

The method presented should be applicable for sites with

similar stream characteristics as the Röån River (i.e., uni-

form bed material, no large obstructions to flow, small

diameter riparian vegetation). With regards to the appli-

cation of the ADCP for collecting bathymetry, these

instruments require a minimum operational water depth

(e.g., M9¼ 0.5 m). For streams shallower than the minimum

operational water depth, manual surveys of bathymetry

would be more appropriate, which has been demonstrated

in previous applications of the model (Kean & Smith ,

; Nathanson et al. ). Limitations could also exist

for very large and deep rivers where complex hydraulic

interactions such as backwater effects due to dams (Pajic

et al. ) could also pose challenges for our method. How-

ever, such complex flow conditions would be challenging

for any 1-D model. For sites prone to looped ratings or hys-

teresis effects, these conditions can be simulated with the

model, given measurements of the water surface slope for

the rising and falling limb of the flood wave. Although this

scenario was not investigated in this study, it is theoretically

possible to accomplish given the current model structure.
CONCLUSION

In this pilot study, we generated rating curves from coupled

national-scale ALS data with ADCP bathymetry. The mean

vertical error of the ALS was corrected through a block

adjustment with an RMSE computed from a TS survey. The

vertical correction was appropriate for our study but lack of

reference elevation data could pose challenges at some
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other sites. DTMs derived from the coupling of ALS and

ADCP bathymetry were evaluated for capturing stream chan-

nel properties as well as their suitability for use within a 1-D

hydraulic model. The results indicated that although some

variability was present for the estimated channel top width

and area, the error incurred by the modeled rating curve

was less than that of the empirical rating used for validation.

Nonetheless, the ability of capturing detailed stream channel

geometry with national-scale ALS data and ADCP bathyme-

try is encouraging because these data are required for

parameterizing various hydraulic models (e.g., HEC-RAS,

MIKE 11). As such, we consider our findings promising as

national-scale ALS and ADCP instrumentation can be lever-

aged to reduce the cost and effort required for generating

rating curves at gauging stations similar to the study site.

Although the Röån River can be considered a typical inland

stream in Sweden, the methods presented in this study

should be further applied to different datasets and test sites

to ensure their wider applicability.
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