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improvement in hydraulic modeling when bathymetry is incorporated. The improvement 

is relatively small for shallow reaches such as the Strouds Creek and Tippecanoe River, 

but increases as the river becomes wider and deeper. For East Fork White River, the RE in 

inundation area reduces from 165% for LIDAR in case of F3 to just -4% in case of Linear2 

and 13% in case RCMM1 and RCMM2. At Brazos River, the underestimation of channel 

storage by LIDAR can lead to significant errors in inundation area as illustrated by a RE 

of more than 70% for all flows. This overestimation is clearly demonstrated in the 

inundation maps for different reaches shown in Figures 5.2 – 5.5 for flows F1, F3 and F6. 

Even for F1, which corresponds to almost drought like conditions, LIDAR shows 

inundation outside the main channel for all the reaches, which is highly improbable.  

 

Estimates of WSE and inundation area obtained from RCMM1, RCMM2 and Linear2 are 

closer to those of Linear1. The impact of bathymetry in estimating WSE is further 

illustrated in Figure 5.6. The estimates of WSE for F3 by LIDAR are much higher than that 

of the Linear1 (reference model). The errors are significantly reduced for RCMM1. The 

WSE estimates for RCMM1 follow the � � � line more closely when compared to LIDAR 

for these four reaches. Additionally, this highlights the potential of RCMM1 in improving 

WSE estimates for different channel and topography characteristics. 

 

The error associated with the models is higher at low flows. Both WSE and inundation area 

are highly sensitive to the bathymetry estimates at low flows. This is in line with the 

findings of Legleiter et al., (2011) who found that sensitivity to topographic uncertainty 

reduces for flows higher than 75% of bank-full flow. This can be attributed to the fact that 
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at low flows, the entire flow is confined to the main channel, and the topography of the 

river bed and geometry of the channel play a larger role in the velocity profile of the cross-

section. The main channel is not captured accurately by LIDAR and but is replaced by river 

bathymetry estimates in the other models. For a given cross-section, the wetted perimeter 

is confined to the main channel for low flows. Thus, the hydraulic modeling is more 

sensitive to the bathymetry representation when the flows are conveyed inside the main 

channel. Moreover, the main channel is significantly narrower than the floodplain. A small 

change in flow condition will reasonably impact the WSE and inundation area. The 

floodplain, on the other hand, has the same elevations for all the bathymetric models for a 

given reach since it has been derived from the topographic DEM. The floodplain elevations 

are represented accurately by the topographic DEM. Therefore, as the flow increases and 

water inundates the floodplains, the impact of bathymetry incorporation reduces since the 

relative performance of all hydraulic models improves. The difference between the 

estimates from the different models also converge towards the reference model.  

 

As the flow increases, the relative contribution of the water being routed in floodplains 

becomes more significant, and the effects of streambed topography reduces as the water 

depth increases. In case of F6, for a channel with small storage like Tippecanoe River, the 

water conveyed in the main channel is much smaller when compared to the floodplain 

leading to a very similar performance for all five models. Also, side-slopes of floodplains 

are less than those of the channel. Thus, even a small change in WSE leads to large change 

in flow and is accompanied by sharp change in inundation area. There is a stark increase 

between flow contained in the channel (flow less than bank-full discharge) and flow that 
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extends to the floodplains. This change is especially high for rivers with flat floodplains 

such as the East Fork White River and Brazos River.  

The WSE and inundation area are moderately sensitive to magnitude of flow when low 

flow conditions exist. The �-statistic is highly sensitive at low flows but the sensitivity 

decreases with increasing flow. At high flows, a small increase in WSE can be 

accompanied by a large increase in inundation extent. So at low flows, �-statistic and WSE 

should be given priority for evaluating the model performance and flood inundation area 

should be of higher importance at high flows. 

Among the topographic configurations that incorporate bathymetry, RCMM1 and RCMM2 

have similar performance owing to similarity in cross-sectional shape as discussed earlier. 

The performance of Linear2 is better than RCMM in some cases whereas, in other cases, 

the RCMM models outperform Linear2. Since Linear2 interpolates between the most 

upstream and downstream surveyed cross-sections, its performance is dominated by the 

extent to which the bathymetry in the intermediate region is similar to these two cross-

sections. Increase in spatial variation along the reach render it erroneous whereas the 

accuracy of Linear2 increases for reaches with less spatial variation. Since RCMM1 and 

RCMM2 model this spatial variability in the location of thalweg, they do not have 

uncharacteristically high errors in any of the cases. On the other hand, the performance of 

Linear2 can be highly varied as it can produce very accurate results for one flow and highly 

erroneous results at the other flows for the same reach. Therefore, RCMM1 and RCMM2 

provide more reliable estimates of inundation maps when compared to Linear2.  
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Also, RCMM models the change in thalweg location along the reach, thus the inundation 

at low flows is better modeled by RCMM when compared to Linear2 which cannot account 

for the changing thalweg location. The flow conveyance in such cases tends to be one side 

of the channel for Linear2 which is highly inaccurate. Additionally, it is essential to note 

that Linear2 uses more surveyed data as inputs because it needs at least two completely 

surveyed cross-sections. The RCMM models only need depth estimates. In this context, 

the reliable performance of the RCMM models is admirable. 
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5.4 Comparison of Flow Areas at Cross-section 

An important hydraulic variable in 1D hydraulic modeling is the flow area across a cross-

section. It is related to the depth of flow and channel planform and affects the estimates of 

other hydraulic variables such as flow velocity. Inaccuracies in flow area estimates suggest 

the existence of errors in hydraulic modeling of rivers. In order to assess the flow area 

estimates of the bathymetric models in this study, the average flow area across all cross-

sections are calculated and compared to the estimates obtained from Linear1. This 

comparison is tabulated in Table 5.4. 

 

The flow area estimates obtained using all models shows improvement over LIDAR for all 

reaches except the Tippecanoe River. This can be attributed to the fact that the Tippecanoe 

River has a triangular channel accompanied with a V-shaped valley. The thalweg and WSE 

are both higher than those of the reference model. The increase in flow area in the 

floodplain is compensating for the loss of flow area in the channel in LIDAR leading to 

better flow area estimates. Essentially, the shape of the inundated area in the cross-section 

is different, as can be inferred from the difference in cross-section shapes shown in Figure 

5.1, but the calculated area is the same.  
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Table 5.4: Summary of RE (%) for flow area 

R
ea

ch
 

Flow 
Reference 
Flow Area 

(��) 

RE (%) Bathymetric Configuration 

RCMM1 RCMM2 Linear2 LIDAR 
St

ro
ud

s 
C

re
ek

 

F6 72 4 4 4 6 

T
ip

pe
ca

no
e 

R
iv

er
 F1 40 -11 -11 50 -3 

F2 53 -9 -9 41 -1 
F3 75 -8 -9 32 4 
F4 361 -18 -19 17 3 
F5 613 -11 -11 10 -3 
F6 893 -8 -8 7 -5 

St
. J

os
ep

h 
R

iv
er

 F1 119 -27 -28 -30 35 
F2 138 -21 -22 -25 38 
F3 166 -17 -17 -19 39 
F4 346 -6 -6 -6 40 
F5 466 -2 -2 3 39 
F6 598 3 3 5 41 

E
as

t F
or

k 
W

hi
te

 
R

iv
er

 

F1 79 -17 -17 -12 46 
F2 111 -3 -3 -6 50 
F3 166 12 12 -1 67 
F4 1669 25 26 -5 50 
F5 2874 13 13 -3 27 
F6 3573 11 11 -2 22 

B
ra

zo
s R

iv
er

 

F1 144 -50 -56 -54 -25 
F2 186 -33 -37 -38 -7 
F3 267 -14 -13 -21 15 
F4 1724 18 17 -6 40 
F5 3058 17 13 -7 63 
F6 4467 4 14 4 52 
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In general, the estimates of flow area improve with increasing flow for all bathymetric 

configurations. As the flow increases, the main channel contributes less to the overall 

conveyance leading to a reduction in the impact of the incorporated bathymetry in 

hydraulic variables. The analysis of flow area indicates improvements in hydraulic 

modeling when bathymetry is included but flow area should not be used as the sole measure 

of improvement since two different wetted cross-section area shapes can yield same flow 

area. Other hydraulic variables such as flow velocity and average shear need to be analyzed 

to better assess the hydraulic performance of the bathymetric configurations. 

 

5.5 Comparison of Velocity and Shear Estimates 

RCMM1 and RCMM2 fit a functional surface to the river channel and therefore neglect 

the local variations in channel form such as riffles and pools. These local variations may 

impact the velocity of flow and the shear exerted on the river bed. This section analyzes 

the performance of the bathymetric configurations in terms of these two hydraulic variables 

by comparing the average flow velocity and the average shear exerted by the flow for 

different configurations. The average flow velocity estimates are tabulated in Table 5.5. 

Performance statistic related to shear are tabulated in Table 5.6. 

 

It is interesting to note that for all reaches and at all flows, the RCMM1 and RCMM2 

always give better estimates of velocity than the LIDAR. The same is also true for shear 

except for F1 (10 percentile) and F2 (25 percentile) flows at Brazos River. On the other 

hand, the performance of Linear2 is highly variable. It often provides estimates that are 

even poorer than the LIDAR estimates, but in some cases, it outperforms the RCMM 
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models and in other cases it remains somewhere in between. This shows that RCMM1 and 

RCMM2 are more robust options for hydraulic modeling in terms of velocity and shear 

estimates. 

 

As mentioned earlier, the Linear2 cannot model the spatial variability of the channel bed 

especially at meanders. When the inundated area of the channel is dissimilar to the most 

upstream or downstream cross-section or the channel has high number of bends, the error 

associated with the Linear2 starts fluctuating which leads to a less reliable performance. 

The RCMM1 and RCMM2 aim at modeling the spatial variability in the channel bed, 

leading to more reliable performance across different flows. The performance of the 

RCMM models is even more impressive since they have significantly lesser data 

requirements for implementation. Therefore, in data sparse regions where surveyed cross-

sections at high resolution are not available, the RCMM models should be given preference 

over interpolating over large distances in a reach. 

 

As the flow rate increases, the associated velocity and shear should also increase. This 

effect is modeled by all the topographic representations for all reaches. The change in these 

estimates with respect to flow is considerable which shows that they are sensitive to both 

flow rate and topographic representation of the reach. In general, there is a significant 

difference or ‘jump’ in the relative error of these hydraulic variables between the 50 

percentile flow and the 2-year flow which can be explained by the occurrence of bankfull 

discharge between these flows causes the water to inundate outside the main channel.  
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Table 5.5: Summary of RE (%) for average velocity 

R
ea

ch
 

Flow 
Reference 

Shear 
(���) 

RE (%) Bathymetric Configuration 

RCMM1 RCMM2 Linear2 LIDAR 
St

ro
ud

s 
C

re
ek

 

F6 1.91 -2.68 -2.68 -3.03 -4.02 

T
ip

pe
ca

no
e 

R
iv

er
 F1 0.23 1.12 1.52 -16.23 4.46 

F2 0.28 1.35 1.18 -17.26 5.95 
F3 0.34 3.25 3.18 -19.41 9.87 
F4 0.58 10.26 10.92 -9.85 16.93 
F5 0.65 7.74 8.07 -6.17 19.79 
F6 0.73 6.90 7.19 -4.45 19.73 

St
. J

os
ep

h 
R

iv
er

 F1 0.54 4.48 3.02 10.79 -27.81 
F2 0.59 4.80 3.63 11.45 -24.52 
F3 0.66 5.69 4.87 12.01 -20.52 
F4 1.00 5.19 4.83 9.81 -12.02 
F5 1.18 4.62 4.19 4.46 -11.52 
F6 1.36 3.41 2.90 2.65 -12.70 

E
as

t F
or

k 
W

hi
te

 
R

iv
er

 

F1 0.26 12.80 10.85 3.60 -27.72 
F2 0.35 1.21 0.02 1.07 -23.89 
F3 0.49 -8.58 -8.86 -0.73 -21.14 
F4 1.38 -10.64 -10.69 0.78 -23.40 
F5 1.55 -9.87 -9.98 1.19 -21.91 
F6 1.63 -9.44 -9.57 1.13 -20.94 

B
ra

zo
s R

iv
er

 

F1 0.32 4.83 8.26 -6.40 -23.26 
F2 0.39 7.99 7.20 -1.41 -17.94 
F3 0.53 1.70 -0.04 -1.49 -24.51 
F4 1.16 -6.34 -5.10 7.94 -11.53 
F5 1.38 -6.09 -4.27 6.67 -12.89 
F6 1.49 -5.93 -4.01 6.29 -12.87 
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Table 5.6: Summary of RE (%) for average shear 

R
ea

ch
 

Flow 
Reference 
Flow Area 

(����) 

RE (%) Bathymetric Configuration 

RCMM1 RCMM2 Linear2 LIDAR 
St

ro
ud

s 
C

re
ek

 

F6 7.63 1.55 1.55 -2.12 6.95 

T
ip

pe
ca

no
e 

R
iv

er
 F1 1.70 -6.51 -5.97 65.49 10.64 

F2 2.08 -1.17 -0.94 23.21 12.05 
F3 2.55 3.54 4.13 -33.13 20.52 
F4 2.97 25.82 26.44 -19.24 118.76 
F5 3.90 8.43 8.42 -11.61 105.14 
F6 4.87 7.89 7.19 -8.52 67.95 

St
. J

os
ep

h 
R

iv
er

 F1 6.96 -27.91 -30.29 -18.39 -68.52 
F2 7.14 -20.26 -21.94 -6.84 -63.48 
F3 7.54 -12.21 -14.29 2.56 -57.26 
F4 10.03 -7.16 -7.81 32.51 -43.89 
F5 10.75 0.51 -0.51 8.31 -35.13 
F6 12.02 6.05 4.29 8.12 -35.94 

E
as

t F
or

k 
W

hi
te

 
R

iv
er

 

F1 1.03 12.40 0.00 -5.79 -57.17 
F2 1.55 -0.55 -7.73 -2.76 -53.59 
F3 2.53 -26.69 -30.07 -2.36 -53.72 
F4 3.60 1.19 0.71 0.71 13.78 
F5 5.18 -0.33 -0.50 -3.80 5.78 
F6 6.04 -0.71 -0.99 -3.68 3.39 

B
ra

zo
s R

iv
er

 

F1 7.21 -44.30 -57.72 -68.11 -18.18 
F2 8.14 -34.40 -50.90 -57.80 -10.61 
F3 10.59 -39.13 -47.69 -49.16 -66.47 
F4 13.65 -19.91 -17.85 21.74 -45.77 
F5 12.89 -26.41 -17.69 24.15 -55.09 
F6 9.50 -22.02 -13.80 44.36 -36.47 
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The relative errors for velocity and shear estimates do not follow any specific trend with 

respect to flow. In some cases, the errors decrease and then increase with increasing flow 

whereas in other cases they increase and then decrease. Velocity estimates primarily 

depend on the flow area of the cross-section for a given flow rate (because of the continuity 

equation:���� ���� � ���� 	 
������) while the wetted perimeter of a cross-section is 

one of the primary factors governing the estimation of shear in 1D hydraulic modeling. 

Significantly different cross-sections shapes may give nearly the same flow area or wetted 

perimeter for a certain flow, and can be erroneous at other flows. This effect propagates to 

the velocity and shear estimates leading to the absence of any specific trend. Also, at high 

flows, the channels behaves as a compound channel when the flow enters the floodplains 

which can increase the variability in the average values estimated for these variables.  

However, all the reaches exhibit significant errors for almost all flows when LIDAR model 

is used. Also, incorporation of bathymetry leads to considerable improvement for all flows 

barring a couple of exceptions, further highlighting the importance of bathymetry in 

hydraulic modeling.  

 

In general, the velocity estimates of the hydraulic models are more accurate than the shear 

estimates. Not only do the velocity estimates have lower relative errors associated with 

different flows as compared to the shear estimates, the variation in relative errors is 

significantly lesser for velocity estimates. The velocity estimates depend on the accuracy 

of flow area estimates to an extent but do not strictly follow the trend shown by the flow 

area estimates. For the same magnitude of flow area produced by two different 

configurations corresponding to a given flow across a cross-section, the flow area in the 
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main channel and in the floodplains can differ. Since the main channel and floodplains 

have different Manning’s �, flow velocity in the main channel and the floodplains will not 

be the same leading to different average velocity for that cross-section. The shear estimate 

depends on the wetted perimeter of a cross-section. When a smooth functional surface is 

fitted to the channel bed, the flow area is better captured by the model as compared to the 

wetted perimeter since the wetted perimeter is more sensitive to local variations and 

fluctuations. Therefore, the velocity estimates are more accurate as compared to the shear 

estimates. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 

6.1 Introduction 

Bathymetry is critical to the accuracy of hydraulic modeling of rivers. However, acquiring 

bathymetric data can be time- and labor-intensive especially for large scale hydraulic 

applications along with significant procurement costs. Therefore, there is a need for 

conceptual models that can estimate bathymetry in data sparse regions. This study aims at 

evaluating the applicability of RCMM, a conceptual model, to estimate bathymetry for 

hydraulic modeling of rivers. Three characteristic high and low flows are modeled at five 

different reaches with varying topography and channel characteristics. 

 

The geometry of these reaches are represented by 5 different topographic configurations: 

(i) Linear1; (ii) RCMM1; (iii) RCMM2; (iv) Linear2; and (v) LIDAR. The Linear1 model 

incorporates all available surveyed cross-sections and is taken as the reference model. 

RCMM1 and RCMM2 are conceptual models used to estimate the bathymetry from the 

channel planform. Linear2 model interpolates the bathymetry using the most upstream and 

downstream surveyed cross-sections only. Comparison with LIDAR provides an indication 

of the error introduced by incomplete bathymetric representation. Evaluating the 

performance of  RCMM1,  RCMM2 and  Linear2  with  respect  to  the  Linear1  model at 
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different study reaches quantify the relative applicability of conceptual bathymetric model 

in data sparse reaches in terms of improvement in hydraulic modeling. 

 

6.2 Applicability of RCMM 

The parameters of RCMM are estimated from the Brazos River reach. It is implemented in 

four other reaches with different channel characteristics in addition to Brazos River. The 

performance of RCMM1 and RCMM2 are analyzed by comparing the channel DEM and 

hydraulic variables (WSE, inundation area, flow velocity and shear) estimated from these 

two models to those estimated from Linear1. Low MAE and RE along with high �-statistic 

values indicate that the RCMM has the ability to estimate bathymetry for channels of 

varying topographic characteristics. The acceptable performance of these models at these 

reaches validates the fact that these model parameters are spatially transferable, that is, 

these can be implemented at other reaches. 

 

6.3 Sensitivity of Hydraulic Modeling to Flow Rate and Bathymetry 

Incomplete or inaccurate representation of bathymetry introduces significant error in the 

DEM which leads to erroneous hydraulic modeling of rivers. The error reduces 

significantly when bathymetry is incorporated in the DEM. In case of inundation mapping, 

for example, the error in a DEM with no additional bathymetry (LIDAR model) is as high 

as 85% in case of St. Joseph River at F1 and 195% for Brazos River reach at F5 which 

reduces to -12% for RCMM1 and -15% for Linear2 respectively.  
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The error associated with inundation maps and WSE reduce, in general, with increasing 

flow as demonstrated by an increasing �-statistic and decreasing relative error. For any 

given topographic dataset at any reach, the hydraulic modeling is most accurate at 100-

year flow.  

 

6.4 Comparison of Bathymetric Representations 

The comparison of the channel DEMs produced by different bathymetric models with 

reference model indicate that the LIDAR DEM is highly erroneous in representing the main 

channel bathymetry. Topographic LIDAR fails to capture the river bed accurately which 

introduces significant errors in the DEM. Incorporating bathymetry significantly improves 

the channel DEM as characterized by considerable reduction in MAE. RCMM1 has the 

lowest MAE and is closely followed by RCMM2. Linear2 has a higher MAE when 

compared with RCMM1 and RCMM2 despite using surveyed cross-sections for estimating 

bathymetry. 

 

The error introduced by interpolation over large distances is especially significant in case 

of meandering rivers. The thalweg location in the channel changes relative to its channel 

boundary as the river meanders. The Linear2 cannot account for this variation, which leads 

to fluctuations in its performance. RCMM1 and RCMM2 model this spatial variability and 

are, therefore, more reliable in bathymetry estimation. In most cases, greater the sinuosity 

of the river, more inaccurate the performance of Linear2 compared to the RCMM models. 
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RCMM models provide reliable estimates of flow velocity as compared to other 

bathymetric models as demonstrated by consistent improvement over the LIDAR estimates. 

In contrast, velocity estimates of Linear2 vary in accuracy and are often even worse than 

the LIDAR estimates. 

 

Shear estimates fluctuate the most with respect to flow since shear is highly sensitive to 

local variations in cross-section shape. RCMM models cannot model these local variations 

leading to higher fluctuations in the model performance across different flows. However, 

the RCMM estimates are more accurate than those obtained from LIDAR, which further 

reinforces the applicability of RCMM in hydraulic modeling. 

 

6.5 Future Work and Recommendations 

This study demonstrates the importance of bathymetry in hydraulic modeling and the 

applicability of RCMM in estimating bathymetry in data sparse regions. RCMM is 

available for implementation as a toolbar in ArcGIS. As mentioned earlier, accurate 

estimation of bathymetry has applications in multiple domains including flood modeling, 

and evaluation of ecological impacts. Currently, the hydraulic fluxes or exchanges of water 

between the river channel and its floodplain are estimated using topographic LIDAR DEMs 

which do not contain information about the channel bed. By incorporating a functional 

bathymetric surface using RCMM, a better understanding of the river-floodplain 

hydrodynamics can be achieved. For large watersheds, the importance of bathymetry is 

more significant in estimating the channel beds of streams of lower stream order that 

contribute to a larger network of rivers. Therefore, bathymetry estimation has significant 
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implications on hydrologic estimation of large storm events over large watersheds. This 

study validates an approach to estimate bathymetry for single reaches. Future work 

involves developing a large watershed-scale approach of estimating bathymetry which 

would be useful in understanding not just hydraulic but also hydrologic processes. One of 

the future objectives is to develop a methodology for estimating bathymetry across river 

confluences which will help in extending RCMM to watershed scale.  

 

The simulations carried out in this study are based on 1D steady-state hydraulic modeling 

at a fixed resolution. Further research in this direction should aim at evaluating the relative 

importance of bathymetry at coarser DEM resolutions. Also, 2D unsteady hydraulic models 

are expected to better represent the flow dynamics of the river especially for velocity and 

shear. Hence, the degree of improvement in such a model because of bathymetry 

incorporation need to be studied. Similarly, the results presented in this study are based on 

bathymetric estimation techniques for LIDAR-derived DEMs. While these DEMs do not 

contain river bathymetry, they do provide fairly accurate estimates of river floodplain. 

Future work also aims to expand RCMM application to DEMs derived from other sources 

such as the National Elevation Dataset (NED), which is available for the entire United 

States and the Shuttle Radar Topography Mission (SRTM), which is available globally but 

have higher uncertainty. If RCMM is developed to work at large scales and can be applied 

to estimate channel bathymetry using DEMs derived from multiple sources, the advantages 

can include significant improvements in model accuracy along with significant reduction 

in costs associated with field surveys.
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