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ABSTRACT 
 
 

River’s slope (bed and flow) is a key parameter in fluvial hydrology, hydraulics and 

geomorphology. It affects many important fluvial variables such as flow velocity and sediment 

transport, especially bedload. Limitation in river’s slope data confined fluvial modeling, 

particularly at large scales. Traditional slope calculation algorithms cannot accurately predict 

river’s slopes as these are based on cell-by-cell calculation, which is only suitable for hillslopes 

and steep mountainous streams. This paper presents a new algorithm for calculating global 

river’s slope and a procedure to upscale it for relatively course resolution global hydrological 

modeling. The algorithm is based on a simple principle of calculating slope from elevation 

depression over the length of a river segment. The algorithm automates this calculation for 

global rivers. In this paper, the HydroSHEDS 15 arc-sec Digital Elevation Model is used for 

calculating global river network and retrieving the elevation values. A sensitivity analysis is 

conducted in order to examine the effect of maximum river segment length on slope predictions. 

An analysis of the accuracy of this dataset has been conducted by comparing the new dataset 

against observed slope data collected from the literature and an independent high-resolution 

stream network layer for the contiguous United States. The results show that this algorithm is 

able to accurately calculate global river’s slope. Applications of the resulting dataset are 

proposed. 
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Fig.   Figure 
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CHAPTER 1 

INTRODUCTION 

River’s slope is a key parameter in many fluvial processes; including flow velocity, 

sediment transport and river morphology. It not only describes the steepness of rivers, but also 

offers signal of river dynamics as rivers tend to adjust the slope with both external (e.g. tectonic 

uplift, climate change) and internal (e.g. water discharge, river width) changes. 

As a factor related to river’s slope, flow velocity has a major impact on fluvial processes 

and river dynamics. It is responsible for many of the physical characteristics of a stream and is a 

crucial factor for simulating flow dynamics in hydrological models (Hagemann and Dumenil, 

1997). Velocity is also a dominant control on fluvial transport capacity of sediment and other 

particulates. River’s flow velocity is also influenced by other river parameters including: width 

and depth of the stream and the roughness of the substrate or stream bottom. Among different 

flow velocity models, the Manning-Strickler formula has been frequently applied to simulate 

fluvial flow velocity (e.g. Arora and Boer, 1999; Schulze et al., 2005; NgoDuc et al., 2007) and 

was demonstrated as enhancing the representations of flow velocities (Schulze et al., 2005). In 

Manning’s equation (Manning, 1891), flow velocity is driven by gravity and determined by 

hydraulic radius, slope and Manning’s coefficient and states as:  

� =  
�

�
��

�
	


�
�

�
      (1) 

Where V is the cross-sectional average velocity (m/s); n is the Manning’s coefficient, R is the 

hydraulic radius (m); S is the slope and k is a unit conversion factor. As Manning’s equation is 

widely used, river slope is a necessary variable for geomorphologists to obtain.
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The relationship between slope and sediment has long been known (e.g. Du Boys, 1879; 

Meyer-Peter et al., 1948; Bagnold, 1966). Decrease of a river slope tends to result in reduction in 

sediment transport potential in rivers, particularly for bedload. This control on sediment load, in 

addition to velocity and discharge, has a direct influence on river morphology and behavior. 

Change in slope is able to drive adjustment of dynamic equilibrium in an alluvial stream (Mackin 

et al., 1948). A number of researches also showed that regions of decreasing slopes along a river 

network tend to have more frequent inundation from flooding because of the change of potential 

erosive and transport power (Bridge, 2003). This morphological process response of streams to 

slope change makes slope more important in flow regime and more valuable to be quantified.  

One main driver on slope change can be bed material. It is possible for a difference in 

bedrock resistance to cause a change in slope, especially for ungraded rivers (Carlston, 1969). 

Slope was shown to have short-term (up to decades) response to river sinuosity and braiding. 

Slope increases while river sinuosity increases and decreases when river sinuosity decreases 

(Schumm, 1986; Holbrook and Schumm, 1999; Schumm et al., 2000; Burbank and Anderson, 

2001; Bridge, 2003).  In addition to sinuosity, water discharge and sediment also have a vital 

effect on slope. Increase of slope sometimes forms as a result of seismic events, which brings in 

a problem of increased gradient shedding and increased sediment flux (Bridge, 2003). Slope 

change with discharge is an important fluvial mechanism. Accommodation of water on one hand 

forms the channel, and the remaining constant necessitates an increase in slope (Bridge, 2003). 

In conclusion, slope is dependent on different variables and it has been demonstrated, 

from long-term monitoring of the evolution of rivers, that adjustments in these parameters can be 

co-dependent (Mackin et al., 1948.). Furthermore, the dynamics between slope and other fluvial 

parameters can considerably vary under different settings and conditions (Biedenharn et al., 
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2000). These dynamics complicates spatially and temporally continues representation of slope in 

rivers. Many studies attempted to represent slope change using specific case studies (Gregory 

and Schumm, 1987; Snow and Slingerland, 1987; Knighton, 1999), all at relatively small scales.  

According to the difficulty in measuring slope, some models and methods for calculating 

slope were developed over the years. Knighton (1998) used the local elevation change over the 

longitudinal profile and the channel length to calculate the slope and it can only be applied at a 

reach scale since elevation data need to be determined. Biedenharn et al. (2000) used this method 

to calculate slope for the lower Mississippi river. They calculated the slope by dividing the 

difference of the elevation from the maximum and minimum stage readings by the river distance 

between gauging stations, which was obtained from a topographic map. Most researches with 

different investigation goals use this method to determine the slope only at a reach scale (e.g. 

Montgomery and Brandon, 2002).  

Traditional GIS slope calculation algorithms are based on the ‘steepest-descent’ approach 

(D8 algorithm; O’Callaghan and Mark, 1984), in which the difference in elevation between a 

grid cell (in a Digital Elevation Model (DEM)) and one of its eight adjacent cells, the one with 

the lowest elevation, is used to calculate the cell’s slope. Some GIS algorithms were adjusted for 

calculating river slope by calculating the total distance from a cell to another downstream point 

or directly the cell’s basin outlet. In using this method, all the cells from this certain cell to outlet 

cell is considered in the calculation (e.g. Moore et al., 1991; Thieken et al., 1999; Walker and 

Willgoose, 1999; Olivera, 2001; Fekete et al., 2001; Olivera and Raina, 2003; Reed, 2003; 

Mayorga et al., 2005; Lin et al., 2006). These approaches are highly inaccurate when applied to 

relatively coarse resolution DEMs, used in regional and global scale modeling, as cells typically 

include both river and surrounding landscape and cannot capture small scale meandering and 
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thus under represent river’s length. Calculating fluvial slope using high resolution DEMs can 

also be problematic when the cell size is smaller than the river width. In any case the vertical 

accuracy of most DEMs tend to be smaller than fluvial slope in large river. For example the 

slope of the lower Mississippi River was estimated to be 0.00004 m/m (a drop of 1 meter over 

25km), much lower than the vertical accuracy of even high resolution DEMs.  

Here we introduce a new slope calculation algorithm for large rivers. Instead of using the 

elevation difference from one cell to an adjacent cell or the river outlet, we use the difference 

between maximum elevation and minimum elevation value along a river reach or river segment. 

The algorithm is automated within a GIS framework and is applied globally. While the reach-

scale slope calculation concept behind this algorithm is simple and is not new (based on Hannon, 

2011) automating it for global application and the resulting dataset is highly novel.   

This paper describes the methodology and presents results of a sensitivity analysis to 

estimate optimal stream segment split distance and a validation procedure against observed data 

from the literature. Because of the limited number of observed slope data in large rivers globally, 

the analysis presented here also compares the results against the National Hydrography Dataset 

(NHDplus) dataset (Mckay et al., 2012) in U.S. rivers. A discussion of both the accuracy of the 

new dataset and some future applications for it are provided.
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CHAPTER 2 

METHODS 

The new river’s slope calculation methodology is based on the Hannon (2011) approach, 

in which slope is calculated for a given river segment based on to the difference between its 

highest and the lowest elevation (derived from an underlying DEM) which ideally (absent errors) 

corresponds to its most upstream and downstream locations respectively.  

The DEM and stream-network layers used in this study are from the SHuttle Elevation 

Derivatives at multiple Scales (HydroSHEDS) global scale products at 15arc-sec resolution 

(approximately 460x460m), obtained from the USGS HydroSHEDS website 

(http://hydrosheds.cr.usgs.gov/index.php). The HydroSHEDS 15 arc-sec product is provided as 

GIS files for each continent.  Corresponding flow direction and accumulated area datasets are 

also available for these continents in 15 arc-sec resolution. The HydroSHEDS products are 

limited to below latitude 60°N and so a 1arc-min resolution etopo DEM (Amante and Eakins, 

2009.) was used for higher latitudes. Unlike HydroSHEDS, river network layers are not available 

for etopo and had to be calculated using the standard stream delineation methodology (described 

in section 2.1 below).  

The river’s slope calculation methodology (Figure 2.1) is based on the following 

sequence of operations:
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Figure	2.1	process	of	calculating	slope	based	on	Hannon's	method	

 
 
1. Obtain or delineate the stream-network (in vector format) of each continent: 

This step generates the river stream-lines based on the landscape topography. Elevation 

change is used to calculate flow direction based on to the D8 method, which considers that water 

from one cell will flow towards an adjacent cell with the lowest elevation. Once the water flow 

direction is calculated continuously based on cell-by-cell topography, accumulated flow drainage 

area are calculated according to the flow direction and a completely connected flow network will 

be delineated. In this study, streamlines are delineated continentally. Fifteen arc-sec DEMs are 

used for each continent to generate the corresponding stream-network. A one arc-min etopo 

DEM is also used for area with a latitude higher than 60°N. The stream-network delineated from 

this step are vector datasets converted from the original stream raster data. Projection is also 

defined for these stream-networks in order to be applied in later research. 
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2. Split stream features to a specified maximum reach length: 

In this study, streams are defined to as consisting of a number of segments based on 

Mackin (1948) theory that a graded stream profile comprises of a sequence of intersected 

segments with various slope values. Slope can vary considerably along river length and so slope 

should not be calculated for an entire river length or even for very long segments. Splitting rivers 

into smaller reaches will increase the spatial resolution of the resulting slope dataset but will also 

increase its sensitivity to DEM vertical and spatial biases. Here three splitting thresholds (the 

maximum reach length) are tested: 20, 50 and 100 km. Figure 2.3 shows the points along rivers 

at which rivers have been split. The distance between points is mostly even; these are reaches at 

the length of the splitting threshold. Some reaches are shorter following “natural” splitting points 

at the stream-network confluences.  

An ArcGIS tool was developed to automate the splitting procedure for the entire stream-

network. The tool asks the user to input the stream-network polyline layer and a value for the 

maximum reach length (e.g. 50 km). The tool operation starts by generating points along the 

stream network every e.g. 50km. Joints (splitting point) are then added to the original stream-

network polyline features at the splitting points locations.  

 



 

 
 

8

 
Figure	2.2	Rivers	split	into	50km	segments	

 

3. Extract the minimum and maximum elevation and length of each river segment:  

In this study, a standard GIS tool (ArcGIS ‘Zonal Statistics’) is used to extract the 

minimum and maximum values of the DEM cells underlying each river segment. The length of 

each segment is also calculated using a standard GIS procedure by tracing the polyline and 

measuring it based on the projection unit. These are added to the stream-network layer attribute 

table. This procedure was automated here using a Python script.  

Since water flows from high to low elevation, the start of each river segment should have 

the highest elevation value and the end of this segment should have the lowest elevation value 

among all underlying DEM cells. 

 

4. Calculate slope for each river segment  

Elevation depression, the difference between maximum and minimum elevations, is 

calculated for each river segment by determining the difference between maximum and 

minimum elevation in each river segment: 

�������� ���������� = ������� �������� � ������� �������� 
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Slope is then calculated by: 

����� =  
� !"#$%&� '!()!**%&�

+!,-!�$ .!�,$�
                                                      (2) 

These calculations are done within a GIS framework and the resulting slope value for 

each river segment is recorded in the stream-network layer attribute table. These steps are also 

included in the aforementioned Python script. 

 

5. Data conversion and upscaling 

The stream-network polyline layers (one for each continent) are first converted into 15 

arc-sec raster layers, corresponding to the original DEM resolution, based on the calculated slope 

attribute of each river segment. The continental raster layers are then mosaicked into a global-

scale slope layer. An upscaling procedure was developed to reduce the raster layer resolution 

from 15 arc-sec to 6 arc-min (about 11x11 km) resolution to make it suitable for global-scale 

modeling. The standard GIS upscaling procedure calculates the average values of the fine 

resolution grid-cells underlying each coarse resolution grid-cell. For example, when upscaling 

the 15 arc-sec raster to a 6 arc-min, every grid-cell in the 6 arc-min layer has 24×24 underlying 

15 arc-sec grid-cells (see illustration in Figure 2.3). Since a grid-cells in a 6 arc-min layer will, 

with the exception of very large rivers, cover both small and large rivers but is intended to 

represent the largest river in the underlying area – averaging the slope values of the fine 

resolution raster will over predict slope. This is because large rivers almost always have lower 

slopes than their tributaries. To alleviate this problem the upscaling procedure developed here 

extracts the minimum value of the underlying high-resolution cells and uses it as the value for 

the upscaled raster layer. This upscaling procedure was developed and executed using Python 

scripting. 
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Figure	2.3	Illustration	of	the	upscaling	‘neighborhood’	(1	arc-min	raster	into	6	arc-min	raster	in	this	case).	

 
6. Splitting length sensitivity analysis and validation 

Once slope has been calculated, a validation of the accuracy of the slope result has been 

conducted. Slope measurement in large rivers is difficult, and as a result, there are very few 

reported slope values in the literature or data repositories. Here 11 reported slope values along 

four large U.S. rivers (Mississippi, Arkansas, Roanoke and Ohio Rivers) were used to evaluate 

the accuracy of the new river’s slope dataset. These slope estimates, reported in two independent 

studies, were derived by calculating slope from elevation depression between two gauging 

stations and measured river section lengths from one station to another downstream station. 

The NHDplus dataset was also used as a secondary source of evaluation.  NHDplus v2 is 

a geospatial, hydrologic framework dataset by the U.S. Environmental Protection Agency 

(Mckay et al., 2012). It is an incorporated set of application-ready geospatial datasets that 

integrate features of the National Hydrography Dataset (NHD), the National Elevation Dataset 

(NED) and the Watershed Boundary Dataset (WBD) based on the medium resolution NHD 

(1:100,000-scale). It divides the U.S. continent into 21 drainage areas and includes the stream 

network and elevation-derived catchments (Mckay et al., 2012). Here the stream slope attribute 

is used. NHDplus slope estimates were calculated in a similar way to our methodology, but using 



 

 
 

11

higher resolution DEM and more detailed and better curated stream network. For validating the 

new slope dataset, 500 random points were generated in ArcGIS on top of the NHDplus layer.  

NHDplus streams with a basin area smaller than 1000 km2 were excluded from to ensure that 

only rivers are compared. The slope values from the NHDplus and the new slope dataset were 

extracted for each point location using standard GIS procedure.  

The validation analysis was coupled with a sensitivity analysis of the rivers splitting 

length to determine the optimal length for river segments. The results of the slope calculation 

procedure were evaluated for North America using a splitting threshold of 20 km, 50 km and 100 

km. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

12

CHAPTER 3 

RESULTS AND DISCUSSION 

The 6 arc-min resolution raster global river’s slope dataset shows slope values increasing 

from the dark blue color to the dark red color (Figure 3.1). Most river slopes are in a dark blue 

color at a global scale, indicating values of 0.0001-0.0005 m/m.  

As figure 3.1 shows, at the west edges of the Amazon basin (zoomed-in within the 

bottom-left circle), channels’ slopes are high and reach values of about 0.2 m/m. High slope are 

also easily observable at the boundaries of several water basins. In Australia for example, high 

slope appears at the boundary of Murray-Darling Basin. In South Africa, high slope also shows 

at the boundary of Orange-Senqu Basin. At the boundary of Nile Basin, high slope occurs as 

well. In Europe and Asia, high slope shows at the boundary of 6 large river basins: Amur basin, 

Yenisei basin, Ob basin, Changjiang basin, Ganges basin and Indus Basin. At the boundary of 

the Yukon basin, Columbia basin, Colorado Basin and Rio Grande basin in North America, slope 

is as high as 0.05-0.1m/m. These high slope values are expected as river slopes are highest at a 

basin headwaters. This however demonstrates that the slope dataset is highly sensitive to intra-

basin spatial dynamics, even at this resolution, showing that the slope values can range by over 

three orders of magnitudes within large river basins.   

High river’s slope values seem to correspond well to high water stress in many regions 

worldwide (Figure 3.2). High slope area in west edge of South America has a water stress index 

above 1, which indicates arid property. Similar patterns of high slope appear on the west edge of
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North America, the east edge of Australia, and the boundaries of water basins between Europe 

and Asia. And generally, a high slope area is accompanied by aridity problems.  
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Figure	3.1	Calculated	slope	raster	at	6	arc-min	spatial	resolution.	
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Figure	3.2	Water	Stress	Indicator	in	major	basins	

(source:	http://www.unep.org/dewa/vitalwater/article77.html)	

 

The result of the sensitivity analysis are summarized in Table 3.1. Result shows that for 

the 11 river sections in the four U.S. rivers used for comparison. And Figure 3.3 gives the 

location of gauging stations along these rivers. Slope calculated using 20 km river segments 

yielded the largest difference from the observed slope. The 50 km and 100 km results were very 

similar in most river segments. The 50 km splitting product performs the best and the 20 km is 

the worst.  The 50 km and 100 km result performs better than the 20 km likely because of the 

resolution of the DEM used in this study. The results of the 50 km threshold is a slightly better 

than 100 km likely due to an increase in the resulting slope layer resolution. The 50 km threshold 

was therefore used for the global scale calculation and 6 arc-min upscaling.  
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Table	3.1			Summery	of	the	calculated	and	estimated	river	slope	along	four	U.S.	rivers	(measured	values	are	

from Calston CW, 1969; Biedenharn et al., 1999) 

 

Figure	3.3	Location	of	river	reaches	with	estimated	slope	values	based	on	Calston CW, 1969; Biedenharn et al., 

1999. Green	dots	show	the	distribution	of	gauges,	blue	line	shows	large	American	rivers,	while	brown	dotted	

lines	are	boundaries	of	water	basins.	Measured	slopes	in	Table	3.1	are	observed	river’s	slopes	between	each	

gauge	stations. 
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The slope 6 arc-min upscaled slope layer (based on the 50 km splitting threshold) was 

evaluated against the NH plus dataset. Five hundred random points were generated along rivers 

with a total drainage area larger than 1000 km2 (approximately 10x10 6 arc-min grid-cells). The 

slope values from the 6 arc-min and NHDplus layers were extracted for these 500 points. To 

reduce biases in this comparison due to differences in the location of the river networks in the 

two layers, the recorded contributing area were also compared. Points in which the difference 

between the two layers’ contributing areas was +/- 15% were removed from the analysis. The 

NHDplus dataset also include many stream features with a calculated slope of zero. Points that 

fell on these reaches were also removed from the analysis. The result of the slope comparison for 

the remaining 173 points between two datasets is shown in Figure 3.4. 

  
Figure	3.4	Comparison	between	the	6	arc-min	and	NHDplus	slope	values	in	173	random	points	along	U.S.	

rivers	with	drainage	areas	over	1000	km2	

 

The correspondence between the two layers is not strong (R2 = 0.5). It has a good, close 

to 1:1, trend but with considerable scatter. This is however a fairly promising result considering 
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the very low slopes values relative to the spatial resolution of the slope layer (average of about 

0.001m/m and over 100 km2 respectively). Also, NHDplus is in itself a calculated dataset and 

therefore prone to its own biases. And this can also be obtained from the average slope for these 

173 points. The average for 6 min raster is 0.0023 while the average for NHDplus is 0.003. 

Generally, for each point along rivers, the slope simulated by NHDplus is slightly greater than 

the value we calculated.  

Figure 3.5 show the percent difference between the two datasets in the 173 random points 

as a function of contributing area. While there is a distinct decrease in the number of high 

percent difference values with increasing contributing area the overall trend is not significant 

(R2< 0.001). It can therefore be concluded that predictions in larger rivers is likely somewhat 

more robust but the methodology accuracy is not strongly dependent on contributing area at 

these ranges (> 1000 km2). 

 
Figure	3.5	Difference	slope	and	drainage	area	

The 6 arc-min and the NHDplus slope values were compared to reported (from the 

literature) slope estimates in 11 rivers (Table 3.2). These slope observations are also based on 
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calculation of elevation depression along long-river reaches (between USGS gauging stations; 

ranging from 68 to 982 km). NHDplus slope values for each of these river reaches were 

extracted by averaging all the NHDplus river segments along the reaches. The 6 arc-min slope 

values were extracted by averaging the grid-cells along these 11 river reaches. Most of these 

river reaches are around 100 – 200km in length, which is most appropriate for this comparison. 

The Ohio River is an exception in which the lengths of river sections are significantly longer 

than the other rivers used in this analysis (Table 3.2). Every Ohio River section contains more 

than 20 river segments, which leads to a big difference between observed slope and simulated 

slope, likely due to miss match in the stream networks’ overlap. Two comparisons were therefore 

preformed, one that includes the Ohio River and the other that does not (Figure 3.6 and 3.7). 

Table	3.2			Simulated	and	Observed	Slope	Values	for	4	US	Rivers	

River Range Length 
(km) 

River Slope 

6min_ras 
(m/m) 

Observed 
(m/m) 

NHDplus 
(m/m) 

Arkansas 
River 

Salt Fork River to 
Verdigris River 

286 0.000655 0.000430 0.001001 

Arkansas 
River 

Poteau River to Bay 
Meto 

499 0.000519 0.000130 0.000441 

Roanoke River  659 0.000837 0.000680 0.001830 
Mississippi 
River 

New Madrid to Fulton 177.2 0.000332 0.000091 0.000082 

Mississippi 
River 

Fulton to Sunflower 281.7 0.000292 0.000095 0.000140 

Mississippi 
River 

Sunflower to Rosedale 68 0.000383 0.000083 0.000114 

Mississippi 
River 

Rosedale to Lake 
Providence 

197 0.000283 0.000076 0.000040 

Mississippi 
River 

Lake Providence to 
Vicksburg 

90.5 0.000250 0.000065 0.000115 

Mississippi 
River 

Vicksburg to Natchez 145.7 0.000329 0.000058 0.000154 

Ohio River Cairo IL to Louisville  595 0.000696 0.000056 0.000067 
Ohio River Louisville to 

Pittsburgh 
982 0.000954 0.000089 0.000011 
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(Length represents the length of the corresponding river section, 6min_ras provides slope values 
we calculated, NHDplus gives slope values simulated by NHDplus and Observed values are 
values gained from field measurements summarized from literatures) 

  
	 	 	 	 	

Figure	3.6	Comparisons	between	NHDplus	Slope	and	Observed	Slope	for	US	Rivers;	(a)	including	the	Ohio	

River	and	(b)	not	including	the	Ohio	River	

 

    
Figure	3.7	Comparisons	between	6	min	Raster	Slope	and	Observed	Slope	for	US	Rivers;	(a)	including	the	Ohio	

River	and	(b)	not	including	the	Ohio	River	

 
Figure 3.6a and 3.6b show that NHDplus slope values strongly corresponds to variations 

in observed slope values but with considerable overestimation. Based on the strong correlation 
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between NHDplus and observed slopes, it can be considered as a good representative of spatial 

trends in river’s slope.  

Figure 3.7a and b show the relationship between calculated 6 arc-min raster slope and 

observations. It can be seen that Fig. 3.7a has a higher R2 than Fig. 3.7b, which indicates that 

without the Ohio River, the method simulates actual slope very accurate with an R2 close to 0.9. 

The 6 arc-min layer also overestimate slope values but not as much as the NHDplus dataset. The 

difference accuracy introduced by the Ohio River can be explained by its large amount of 

segments along this longer the river section. More segments are more likely to lead to less 

accurate comparison due to miss match between the river networks. The Ohio River is also a 

very shallow river with a low slope (Table 3.2).  

Since we used the 15 sec DEM data to calculate the slope, we can hardly generate a very 

low slope such as the Ohio River’s, especially for large and long rivers. 

RMSE (Root Mean Square Error) was calculated to show the slope difference between 

simulated slope and observed slope. Table 3.3 shows the average slope for the 6 arc-min raster 

and NHDplus in the 11 river reaches and the RMSE of both 6 arc-min raster slope and NHDplus 

slope against observed slope values.  NHDplus and the 6 arc-min raster average slope and RMSE 

are overall very similar. The 6 arc-min raster RMSE is slightly smaller reflecting to the 

aforedescribed lower overestimation bias. Figure 3.6 and 3.7 show that NHDplus simulates 

actual slope better than 6 arc-min raster slope based on the R2. But the bias is very large between 

NHDplus and observations. This may because Figure 3.6 compare NHDplus slope with observed 

slope based on river sections, not specific points. The slope values of the NHDplus segments 

have many 0.000 and 0.00001 (a flat minimum value in the dataset) slope values. The relatively 

large number of segments with low values can significantly lower the average slope calculated 
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for the NHDplus. This may explain the stronger correspondence of the NHDplus values in the 

Ohio river for example and indicate that the actual overestimation of this dataset are realistically 

higher than shown in this analysis. This also show that the NHDplus dataset is less spatially 

resolved than the 6 arc-min as it contain many 0.000 and 0.00001 slope values.  

Table	3.3	RMSE	for	simulated	slope	values	and	observed	slope	values	

 6 arc-min Raster Slope NHDplus Slope 

Average Slope  0.0005 0.0004 
RMSE 0.0003 0.0004 

 

Five additional observed river slopes values along global rivers (three river sections in 

the Amazon River and two sections of the Yangtze River) were used to validate the 6 arc-min 

slope result (Table 3.4 below). The NHDplus dataset was not incorporated in this analysis as it 

only covers U.S. rivers. The calculated 6 arc-min raster overestimate the observed slope for the 

selected river sections. The correlation between observed and calculated slope is very strong but 

with very high trend slope (Figure 3.8a). Given that the bias in 6 arc-min predictions is consistent 

across the range of observed values, an adjustment factor can be used to improve the calculated 

slope values. Since the bias shows that calculated values are generally 8 times greater than 

observed values, the slope values were divided by 8 for all 5 points (Figure 3.8b). Further 

analysis is needed to determine whether this adjustment factor should be applied globally. 

Table	3.4	calculated	6	min	raster	slope	and	observed	slope	for	the	Amazon	River	and	the	Yangtze	River	

River Range River Slope (m/m) 
Observed 6 arc-min 

Amazon River Iquitos to Santo Antonio do Ica 0.00006 0.000701 
Amazon River Santo Antonio do Ica to Itapúa 0.00004 0.000519 
Amazon River Itapúa to Manacapuru 0.00002 0.000398 
Yangtze River Hankou-Poyang lake 0.000025 0.000355 
Yangtze River Poyang lake-Wuhu 0.000015 0.000294 
Average  0.000032 0.00045 

(Data Resources: R.H. Meade et al., 1991; Stroebe, G.G., 1925) 



 

 
 

23

 

Figure	3.8	Calculated	6	min	raster	slope	and	Observed	slope	for	the	Amazon	River	and	the	Yangtze	River;	(a)	

before	being	adjusted	and	(b)	after	being	adjusted	
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CHAPTER 4 

FURTHER APPLICATIONS 

Overall the 6 arc-min global river’s slope data is significantly similar to result from 

NHDplus and to some extent better fits observations. This dataset can be used in both 

hydrological and geomorphic models, which deal with fluvial processes on large rivers. Some 

specific application of this dataset is using this slope data to determine the bedload flux at a 

global scale.  

Bedload is a significant part of the fluvial sediment budget and its transport is an inherent 

physical process in alluvial channel (Gomez, 1991). Many researches have been conducted on 

fluvial bedload have focused on small rivers or investigate scale due to the difficult of accurately 

and continuously measuring bedload flux in large rivers (Milliman & Farnsworth, 2011). 

Attempts to understand bedload transport from developing a bedload equation and simulating 

bedload transport show that slope is a key variable (e.g. Meyer Peter and Muller, 1948; Bagnold, 

1980; Parker, 1990). Frequently used equations such as the MPM equation, Parker’s equation 

and Bagnold’s equation all set river’s slope as a factor in this bedload function. One of the 

challenges in applying these equations in large-scale modeling frameworks is realistic 

representation of river’s slope. The new global river’s slope dataset presented here provides the 

possibility for us to simulate bedload flux at a larger scale.  

WBMsed model is the first spatially-explicit global river’s sediment flux model (Cohen 

et al., 2013a, 2014) and is able to provide a complete and useful modeling framework to generate 
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a bedload module that simulates bedload flux based on bedload equations in since it already 

simulates most of the hydrological and morphological variables of these equations (e.g.

discharge, velocity, slope and width). The global slope layer presented here is currently used to 

incorporate the modified Bagnold (1966) equation into the WBMsed framework. The simplified 

Bagnold (1966) equation is: 

                                              (3) 

where /0 is daily bedload flux (kg/s), S is delta plain slope (m/m), Qi is daily mean water 

discharge (m3/s), ρs is sediment density (kg/m3), ρ is fluid density (kg/m3), eb is the bedload 

efficiency, λ is the limiting angle of repose of sediment grains lying on the river bed. Since this 

equation will be applied under WBMsed framework, Qi will be automatically simulated by 

WBMsed model temporal and spatial dynamic. Slope will be obtained from the 6 arc-min raster 

slope layer. All other parameters can be set up as constant values.  Once this model is fully 

developed and tested it will provide the spatially and temporally explicit global bedload flux 

estimations.
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CHAPTER 5 

CONCLUSIONS 

Generating a new global river’s slope dataset is attractive for improving the 

comprehension of a large amount of fluvial processes and patterns. Since slope plays such an 

important role in a variety of geomorphological and hydrological regimes, an accurate slope data 

can help determine characteristics of rivers and river dynamics. A methodology for calculating 

large scale river’s slope based was presented. The resulting dataset can fill the gap of 

observational deficiency in the vast majority of global rivers and realize the goal of calculating 

slope globally instead of for each location. 

The methodology presented here has been validated against observations and other 

calculated results (NHDplus dataset for U.S. rivers). The validation results show that the 

calculated slope corresponds relatively well to both NHDplus and observed slope values. For 

some large river sections, particularly with a very low slope values, the validation result shows 

that calculated slope overestimates observed slope at a factor of 5-8. This bias is likely due to a 

combination of two aspects. One is that the 6 arc-min raster slope was calculated from a 

relatively coarse resolution DEM which cannot capture the elevation depression information 

accurately enough in very low slope river reaches. Second, for long river sections, the validation 

method is not accurate enough. Using the average slope value to represent a river contains a 

large amount of river segments causes the bias to observed slope. This problem could be solved 

by collecting more observed slope data for a short river section or a specific point along rivers 

and then compare these observations with the simulated slope data. 
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Generally, this method generated a global river’s slope raster with a resolution of 6 arc-

min. This slope dataset has been validated that it generally simulates the world’s rivers slope 

accurate enough to be further used. Furthermore, this dataset can be applied with upscaling to 

coarser resolutions that meet requirements of other hydrological models. It addresses a key 

knowledge and predictive capabilities of variables in large river are still lacking. A global slope 

dataset can also be helpful in studying river evolution and dynamics. 
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