
123  africanscholarpublications@gmail.com                                                                               

 2020 

 

 

 

 

 

Downstream Variation in Grain Size, Channel 

Geometry, and Hydraulic Parameters in the Lower 

River Zabarmari. An Ephemeral Stream in Semi-

Arid, Maiduguri, Borno State. Nigeria 

                                                              

Mustapha Mala1, Alhaji Shettima2 and Alhaji Usman 

Maina3
 

1Department of Remedial Arts, Geography Unit, Ramat Polytechnic P.M.B. 

1070, Maiduguri 2Department of Geology, University of Maiduguri P.M.B. 

1069, Maiduguri 3Department of Agricultural Technology, College of 

Agriculture Gujba, Yobe State. 
 

 

Abstract  
The study assess downstream changes in grain sizes and hydraulic 

characteristics and morphological variables in order to identify major 

geomorphic process operating in the stream. The flow and hydraulic 

parameters for this study at bankfull flow condition were measured from 

cross-sectional data with the aid of Total Station and grain size data was 

obtained through laboratory analysis. The results showed that bottom 

sediment largely consists of sediment less than 2 mm in diameter (i.e., sand, 

silt, and clay). The results also show that the upper reach had higher mean 

values of silt contents 58.2%, while middle and lower reaches contains mean 

silt of 19.5% and 35.9% respectively. If distance is the only factor that affect 

downstream fining, this study found Stenberg’s law” is relevant for River 

Zabarmari channel. The coefficient of determination indicates that 

downstream distance explains about 62.1 % of the variation in grain sizes 

downstream. The equation that relates D50 and downstream distance for the 

study reaches is in the form of Equation 24, which can be interpreted as grain 

size decreases downstream of the study river with a finning coefficient of (-
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Introduction 
Bed sediments in alluvial river 

channels generally become finer 

downstream. It is widely accepted that 

bed material size declines 

exponentially with distance 

downstream in the absence of lateral 

sediment inputs (e.g., Church and 

Kellerhals, 1978; Rice and Church, 

1998). In many channels, a significant 

discontinuity in the bed material grain 

size fining trend occurs over a 

relatively short downstream distance 

where the bed material changes from 

gravel to sand (Brierley and Hickin, 

1985; Gran et al., 2006; 2010; Labbe 

et al., 2011). Superficially, the gravel-

sand transition is a change from a 

gravel bed channel to a sand bed one, 

but this may happen at a variety of 

scales in rivers, ranging from the long 

profile to bar or bed form scale 

transitions. It may also occur due to 

0.082 at 95% level of confidence level, R2 = 0.621%). Most of the samples 

within middle reach are sand sized; 19.5% have a D50 that is silt sized and 

18.2% are clay sized. Within the lower reach where the channel begins to 

bifurcate as it enters the terminal delta of Jere Bowl, 53.8% of the samples 

have a D50 that is sand sized, 35.9% silt materials and 10.4% clayey. The 

study revealed channel that is relatively wider and shallower in its upper 

reach, but deeper and narrower in its middle and lower reaches with average 

width to depth ratio of 38.9, 23.3 and 21.6 in the upper, middle and lower 

reaches respectively. Other variables that affect downstream trends of grain 

size include channel width, discharge and channel bed slope, of which 

channel bed slope dominantly affects the variation in grain size downstream. 

The downstream trend of discharge is very similar to the downstream trend 

of width in the three reaches respectively. However, land use types also affect 

the location at which discharge of river could reach at maximum, which in 

turn affect the time of flow concentration and associated geomorphic 

processes and grain fining in the downstream. Multiple regression equation 

developed to see the effect of slope, width and discharge on the distribution 

of grain sizes downstream of the study river. The result revealed that 

variation in grain size downstream of the study river is largely attributed to 

velocity and channel bed slope. 

 

Keywords: Grain size, hydraulic parameters, and channel geometry 
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seasonal loading of sand to a channel [e.g., Gran et al., 2006; Gran, 2012] or 

secular changes in sediment supply associated with land use change and river 

regulation [e.g., Singer, 2008, 2010]. More informatively, the gravel-sand 

transition has been associated with an abrupt increase in the sand fraction of the 

bed material to values in excess of 20% (Wilcock, 1998; Frings, 2011) when 

the deposit becomes matrix supported. For such quantities of sand to remain 

present in the bed, shear stresses must decline to values that prevent their 

onward movement in suspension. Such stress values also limit the mobility of 

larger clasts, hence the cessation of general gravel movement. This causes a 

discontinuity in the size of the bed material, which is sometimes also reflected 

in the channel morphology (Labbe et al., 2011) and can be distinguished from 

sand pulses moving through a river system. 

Downstream fining is one of the more well-known features of bed load change 

in river systems, with exponential decays of gravel grain-size commonly 

observed as a function of distance travelled (Sternberg 1875Bed material size 

is an important property of streams as it is one of the major factors controlling 

channel morphology and hydraulics. The rate of change in bed material size has 

important implications for downstream changes in flow resistance and for 

sediment transport (Reid et al., 1997), as well as for river ecology (Petts et al., 

2000). The major geomorphic agents in shaping and carving the landforms in 

the semi-arid areas are ephemeral rivers (UNEP, 1992). The bed of ephemeral 

rivers is mostly dry throughout the year and characterized by flashy intermittent 

flow for most of the year. Erratic and intensive rainfall with short durations is 

the main source of water for ephemeral rivers. Even though their intermittent 

behavior eases to investigate them directly, there are only few researches on the 

morphometric characteristics, morphology, channel geometry, hydraulic 

characteristics, sediment transport, channel adjustment behaviors and 

associated geomorphic processes of ephemeral rivers at both spatial and 

temporal scales. Beside few in number, most of the available researches on 

ephemeral rivers deal on downstream changes in sediment load, grain (bed 

material) size and channel morphology based on measured flow and sediment 

data. However, most ephemeral rivers lack measured flow and sediment data 

because of either little attention given to them or their inaccessibility, attributed 

to their location in remote areas, to install instruments required to measure flow 

and sediment data.  

Grain size affects the shape of channel profile. Stream profile is one of the most 

vital variables in channel morphology that should be considered in downstream 

channel studies because it affects bed forms, morphological variables and the 

operation of hydraulic variables directly or indirectly. In the absence of long 

profile data, the downstream change in channel gradient provide enormous 

information about underlying bedrock, climatic and tectonic events, watershed 
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relief and sediment load (Radoane et al, 2003). This situation affects the depth, 

width, slope, flow velocity and grain sizes of the channel, resulted from mutual 

or other types of adjustments. The change in long profile or slope of the channel 

greatly affects the type of process dominantly operating in the channel 

(transportation, degradation or aggradation) which in turn affects the type and 

configuration of channel plan forms and grain size distribution. However, very 

few studies are available on the trends and the relationship among the above 

variables and associate channel processes downstream of Zabarmari River. 

Unlike perennial rivers, ephemeral rivers maintain little attention apart from 

their significant impact on human settlement and economic activities. For 

instance, hydrologic dataset for ephemeral streams is scarce; many of the 

theories, concepts, methodologies and models used in various researches to 

describe channel processes and responses as well as channel dynamics, are 

mostly applicable to perennial rivers. Geomorphic processes and characteristics 

of ephemeral streams in general and channel morphology (size & shape of 

channel cross-section and plan forms), flow characteristics, hydraulic 

properties, grain size distribution and channel geometry in particular are not yet 

well studied. Moreover, little is known about sediment transport processes and 

particle entrainment of ephemeral streams in spatial and temporal dimension 

(Billi, 2008, Billi, 2007, Tooth, 2007,Tooth, 2000, Leopold, 1956 ).  

This study will add information on ephemeral streams so that researchers of the 

area may use the data throughout their efforts in developing models appropriate 

to simulate and predict hydrological behaviors of ephemeral rivers in order to 

address this gap, this study focused on quantifying all of these relevant 

parameters in the Zabarmari River, an alluvial channel that is known to exhibit 

significant changes in grain size over a few tens of kilometers.  

 

Aim and Objectives 

The primary aim of this study is to identify major stream processes operating in 

Zabarmari River based on quantitative analysis of downstream changes in its 

morphology, grain sizes and hydraulic characteristics. The specific objectives 

include:  

The primary aims of this study are:  

(a) To analyze the changes of bed material size in the downstream direction;  

(b) To quantify the rate of change in grain size downstream of Ngadda River.  

(c) To assess downstream hydraulic characteristics of Ngadda River.   

 

Materials and Methods  

Study Area  

River Zabarmari is a major stream that passed through the Maiduguri 

metropolis, with Ngaddabul River, the tributary joining it at Sabonlayi areas 
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(Figure 1). The longitude and latitude extent of the study reaches ranges 

between 9.44 N and 9.63 N and 41.78 E and 41.88 E. The catchment lies within 

the climate of Sahel, which experiences semi-arid climate conditions. 

Maiduguri  and  its  surrounding  environment  is known  for  its  dryness,  with  

semi-arid  climate, savannah or tropical grasslands vegetation,  light annual 

rainfall  of about 300 to 500  mm and the average  daily  temperature  ranging  

from  220C  to 35°C,  with  mean  of  the  daily  maximum temperature exceeding 

40°C between March and June  before  the  onset  of  the  rains  in  July  to 

September. It has mainly sandy loamy soil (Bello et al., 2013; Arku et al., 2011).   

 
Source: Zabarmari basin showing part of Jere Bowl with sample sites in Maiduguri. 
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Data Collection  

a Cross Sectional Area Data  

The channel was survey in the month of February, 2020 to measure data on 

cross-sectional area and to collect grain size samples which are important input 

of formulae used to compute flow and hydraulic parameters of the River 

Zabarmari at bankfull flow condition. Based on the research aim, the study was 

started from a fixed point at New GRA area (upper part of the Jere Bowl from 

where the first cross-section (CSA 1) was measured. Then measurement site for 

the second cross sections was determined at interval equivalent to 2km of the 

first (previous) cross-section downstream at Sabonlayi area. A total of 6 cross-

sections, two each from the three segments (upper, middle and lower segments 

were surveyed respectively (Figure 3) using Total Station. Straight reach with: 

no or little obstruction on the river bed, devoid of tributary junctions, clear slope 

change between the flood plain and the channel, and a total length of 2000 meter 

along the center of channel were used as criteria to select site of cross-sections 

precisely. Usually, it is difficult to identify bankfull stages of ephemeral rivers 

based on their geomorphic setup because of inconsistent definition given to 

bankfull stage, that vary according to the height of a river bed relative to the 

height of the surrounding major depositional landforms like flood plain, 

“channel benches” and “levees” (Kemp, 2010). Moreover, defining bankfull 

stage in the field may be difficult in situations when the channel reach has: (1) 

wide, flat bed, (2) collapsed, vertical banks resulted from its poor cohesive 

materials, (3) no channel vegetation to trace the scar of the last flood height 

(Billi, 2007).  

b SEDIMENT SAMPLING 

The sampling method was designed to investigate longitudinal and spatial 

variations in the bed material (Surian, 2000), but here only the first issue will 

be discussed. Along the 14.5km study reach, surface material was sampled at 6 

sites. In general, the sites were regularly spaced, at intervals of 2–2.5 km, along 

the river (Fig. 1). Sampling was carried out during low flow stages. The D50, 

D84 and D90 are used to determine mean flow velocity as indicated in equations 

5 - 7. In this regard, bed material samples were taken 10-20m upstream of the 

cross-section line to avoid sediment trampling and alteration while measuring 

the cross-section. According to Girma and Vijaya (2016) this method is the most 

appropriate to select sampling sites according to the geomorphological and 

sedimentological characteristic of the study river.  



129  africanscholarpublications@gmail.com                                                                               

 2020 

 

This was established by stretching a survey tape across the bed, perpendicular 

to the main flow direction, along three or four lines (according to site 

dimension) spaced at intervals of some meters. Particles were collected at 

regularly spaced points (50 cm) along the tape.  Soil augur was used to collect 

the grain samples up to a depth of 0.5cm from the surface of the channel bed. 

The specific sample sites on the channel were identified based on the 

homogeneity of grains sizes using visual inspection. Three samples with equal 

volume at a quarter right, the middle and a quarter left of a cross-section were 

taken following straight line across the channel. Then the samples were mixed 

to bring one representative composite sample for a cross-section in the main 

channel thus a total of 18 samples were taken to laboratory for grain size 

analysis. Each composite sample exposed to sample splitter and conning and 

quartering to gain 100 grams of sieve sample with representative grains of all 

possible sizes for final sieving.  

A 100 gram sample taken from the composite samples dry sieved using a 

standard set of sieves arranged on one (1) phi scale ranging from 4Phi (finest) 

to -4Phi (the coarser). Sieves arranged on half (0.5) phi provide more accurate 

result than those arranged on one phi. Then sieves were arranged on mechanical 

shaker with timer in descending order of mesh size and were exposed for 10 

minutes shaking until grains separately retained on each sieves according to 

their size. The materials retained on each sieve and on the bottom pan weighed 

using a balance with sensitivity of 0.1grams. Finally, the weight of material or 

sediment in each size fraction and the proportion of sample that was lost during 

sieving were calculated. Finally, D50, and D84 and D90 were determined using 

the graphical method (based on lognormal distribution) after drawing 

cumulative frequency curve of percentage grain size retained on each sieves for 

each samples in phi units and the result is presented in millimeter (Table 1). 

 

Table 1. Geometric Variables and Percentile Grain Size for the Surveyed 

Cross-Sections 

Reach       CSA name     Ds       w       d           A        wp          S       w/d         D90        D84          D50                                 

Upper 1  New GRA     0.5km  23.4     0.7     16.4     12.2       0.31    34.3     4.329     3.504      2.423 

           2 Sabonlayi     2.6km    25.6     0.6     15.36   12.4       0.30    43.4     4.406     3.942      2.441 

Middle3  Abattoir    10.2km    12.74   0.5      6.37     8.5        0.20     20.5     4.090    3.149      2.414 

           4 Fariya        11.4km   15.3    0.52     7.96     3.21      0.20     26.0     2.956    2.801      2.053 
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Lower 5 Coll.of agric 13.9km  15.8    0.80    12.64   13.4      0.40     20.0     2.392     1.919     1.372 

           6 Farm Center 14.4km   16.0    0.70    11.2     16.9      0.42     23.2     2.466     1.925     1.032            

Source: Field survey. Ds = distance from source (km), w = bankfull width (m), 

d = mean flow depth (m) which is assumed equal to hydraulic radius (R) at 

bankfull flow condition, A = bankfull cross-sectional area (m2), P = bankfull 

wetted perimeter (m), S = Channel bed slope (m/m), w/d = width to depth ratio, 

D50 D84 and D90 = median grain size or grain size for which 50%, 84 % and 

90% respectively of the grain size distribution is finer (mm).    

 

Data Analysis 

Hydraulic and Flow Velocity Variables 

Of course, due to lack of potential gauge to determine the flow parameters in 

Ngadda channel, hence, various empirical formulae were employed in 

computing some these variables. 

i. Flow Velocity: The mean flow velocity was calculated using Che‟zy‟s 

formula (Equation 1) developed in 1969 (Billi, 2008). 

𝑉 = (𝑅𝑆) 0.5        (1)  

where, V = mean flow velocity (m/s), C = channel roughness constant, R = the 

hydraulic radius (m), S = energy slope assumed parallel and equal to the 

gradient of the channel bed (m/m). The constant C is proportional to the Darcy–

Weisbach friction factor „f „and written as follows where, g is the acceleration 

due to gravity (9.81ms-2). 

𝐶 = (8𝑔) 0.5/𝑓 0.5            (2)   

Several equations can be used to calculate „f‟ as reported from literatures. 

However, those equations did not specifically address the conditions of 

ephemeral streams. 

The following equations used in this study to estimate the value of „f‟ and flow 

velocity (in SI units). Then the average value of the results was used to calculate 

other flow parameters. Thus, equation 3 was selected for this study because it 

uses channel depth and channel bed slope both of which are the most important 

determinants of flow velocity. Also, equation 4 and equation 5 were selected 

because they originally developed for sand bed streams. The selection of 

equation 6 is based on its applicability for gravel and sand bed streams (Billi, 

2008). Moreover, Thomson and Cambell equation was used since the equation 

predicted velocity values closer to measured data of an ephemeral river (Billi, 
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2011). All formulae (Equations 1 to 10) were adopted from Billi              (2008, 

2011) and the result presented in (Table 2). 

𝑉=10.8𝑑0.67𝑆0.33    𝐿𝑎𝑐𝑒𝑦, 1946    (3)  

𝑓−0.5=0.696(𝑆) −0.256   (𝐵𝑟𝑎𝑦, 1982)    (4)  

𝑉= (𝑔𝑑𝑆) 0.5 4.8(𝑑/𝐷50)0.11  (𝐺𝑟𝑎𝑛𝑡, 1997)    (5)  

𝑓−0.5=0.82(4.35𝑅𝐷84)   (𝐾𝑛𝑖𝑔h𝑡𝑜𝑛, 1998)    (6)  

𝑓= [(1− [0.1𝑘𝑠𝑑]) 2(12𝑑𝑘𝑠)] −2  (𝑇h𝑜𝑚𝑠𝑜𝑛 𝑎𝑛𝑑 𝐶𝑎𝑚𝑏𝑒𝑙𝑙, 1979) (7) 

where, f = the Darcy–Weisbach roughness coefficient; d = mean flow depth or 

channel depth (m); S = channel bed slope (m/m); g = gravity (9.81m/s2); R= 

hydraulic radius (m); D50 = grain size for which 50% of the grain size 

distribution is finer (mm); D84 = grain size for which 84% of the grain size 

distribution is finer (mm); ks = Nikuradse roughness length (2D90).  

ii. Discharge  

Bankfull discharge refers to the discharge that fills a stable alluvial channel up 

to the elevation of the active floodplain. It is widely recognized to denote the 

flow that has the frequency of 1 to 2.33 years (Leopold, et‟al, 1964 and 

Williams, 1978) in (Kondolf, 2003). Discharge for each cross-section was 

calculated using the continuity equation (Equation 8) 

 where, Q = bankfull discharge (m3/s); V = average flow velocity (m/s), A = 

Bankfull channel cross-sectional area (m2). 

𝑄 = 𝐴𝑉          (8) 

 

Table 2. Summary of Hydraulic Variables in the Six Cross-Sections 

Reach  Ds      A           w d w/d     D50           V   S     Q 

Upper 1          0.5    16.4           23.4       0.70      34.4         2.42         13.1        0.31        214.8 

           2          2.6           15.36         25.6       0.60      43.4        2.44          12.3        0.30        188.9 

  Middle 3      10.2         6.37          12.74      0.50      20.5        2.41           1.2         0.20         7.60 

           4         11.3          7.96          15.3        0.52      26.0        2.05          8.0         0.20         63.7 

  Lower 5       13.9          12.64        15.8        0.80      20.0        1.37          10.1       0.40         127.7 

           6         14.4          11.2          16.0        0.70       23.2       1.03           6.7         0.42         75.0 

Source: Field survey and lab result. Note that Ds = distance from upstream 

(km), A= cross-sectional area (m2), w = bankfull width (m), d=bankfull depth 

(m), w/d = width to depth ratio (m), D50 =grain size for which 50% of the grain 

size is finer, V = average flow velocity (m/s), S=channel bed slope (m/m), Q = 

bankfull discharge (m3/s). 
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RESULTS AND DISCUSSION 

Downstream Change in Grain Size 

Downstream fining in grain size was explained quantitatively with respect to 

distance along the channel based on “Stenberg’s law.”  According to this law,” 

grain size decreases exponentially with distance downstream of a channel 

(Equation 23). This study analyzed the extent to which this model works for 

Ngadda River using the most representative grain size, median grain size (D50) 

as dependent variable and distance as independent variable.  

𝐷50 = 𝑎𝑒𝑏𝑠          (9) 

 

These data were then used to compare how the mean values shift as grains travel 

downstream. From Pike et al’s (2010) data set it is also possible to calculate 

whether or not a certain grain size is traveling in suspension or as bedload, 

which can provide a better understanding of how frequently a certain grain size 

is abraded. Mode of transport is typically determined by the ratio of particle fall 

velocity, ws, to shear velocity, u* (Dade & Friend, 1998). Particle fall velocity, 

or settling velocity, can be calculated with this equation: 

                                                                             (9) 

where g is acceleration due to gravity, D is mean sediment diameter, ν is the 

kinematic viscosity of water, R is the submerged specific gravity of a particle 

in water, and the constants C1 and C2 are related to the smoothness and shape 

of the grain (Ferguson & Church, 2004). This equation can be simplified using 

known constants applicable to the setting, allowing ws to be solved for if D is 

known, which is here set to the value of D16. In typical situations, g = 9.8 m/s2, 

the kinematic viscosity of water at 20 °C can be estimated as 1.0 x 10−6 m2/s, 

and R for quartz sediment in water is 1.65.  

Shear velocity can be calculated using Pike et al’s [2010] boundary shear stress 

(τb) data in this equation:   

                                                                                                                      (10)                                                                                                                                                                                                                  

where ρ is the fluid density of water, which is approximately 1 g/cm3  (Hsü, 

2004). 
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If the ratio ws /u* results in a value of 1, then particle transport is said to be in 

the transitional phase between suspension and bedload (Dade & Friend, 1998). 

Pure bedload results in a value greater than 3, while pure suspended load results 

in a value lower than 1/3 (Dade & Friend, 1998).  

where, a and b are coefficients determined by regression, e = constant (2.718), 

s = downstream distance. The equation was changed to linear natural logarithm 

form to perform regression and get the values of coefficients. 

The results of soil analysis (Table 2) revealed that texture of the channel bed 

sediments varies significantly between the three reaches in the upper, middle 

and lower reaches respectively. Comparisons between the reaches show that the 

upper reach have larger quantities of silty-sand size particles than the lower 

reaches. The results show that bottom sediment largely consists of sediment less 

than 2 mm in diameter (i.e., sand, silt, and clay). The results also show that the 

upper reach had higher mean values of silt contents 58.2%, while middle and 

lower reaches contains mean silt of 19.5% and 35.9% respectively (Table 2). 

The variations between bed load and suspended load in a given channel 

influence the grain size distribution (Turowski et al., 2010).  

There is a clear downstream fining trend in the grain size that persists almost all 

the way to the Jere bowl. In the upper reach, the samples are silty-sand sized 

materials. Most of the samples within middle reach are sand sized; 19.5% have 

a D50 that is silt sized and 18.2% are clay sized. Within the lower reach where 

the channel begins to bifurcate as it enters the terminal delta of Jere Bowl, 

53.8% of the samples have a D50 that is sand sized, 35.9% silt materials and 

10.4% clayey. There is no obvious downstream change in the size of the sand; 

however, once the river starts to bifurcate, there are more samples composed of 

silt-clay, obtained primarily along the channel margins. Grain size declines 

rapidly, moving towards the lower reach. 

The prominent topographic features that are apparent includes braided, center 

bar and lateral bar. There are multiple sub-channels with a prominent channel 

on either side of the central bar, which is typical of medial bars in braided and 

wandering channels in the upper reach and some part of the middle reach. The 

Zabarmari River is narrower and exhibits a sinuous thalweg downstream in the 

middle reach where most of its lateral bars have been used for irrigation 

purposes which is part of the floodplain. Moving downstream from middle 

reach towards the lower segment, the river generally becomes deeper and 
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narrower transport. The silt/clay content of the bed material is generally much 

greater at lower downstream of middle reach.  

 

TABLE 3 REGRESSION ANALYSIS BETWEEN D50 AND DISTANCE 

DOWNSTREAM 

REGRESSION STATISTICS 

Multiple R                  R Square              Adjusted R Square              Standard Error 

0.778                           0.621                    0.527                                   0.42027 

  ANOVA 

                                SS                   df                   MS                       F               Significance F 

Regression              1.159              1                    1.159                   6.561               0.063 

Residual                  0.706              4                    0.177  

Total                       1.865               5                     
 

COEFFICIENTS  

                          B                 Standard Error         t Stat                 Beta              Sig.                                                          

Intercept          2.675                0.330                     8.109                -                     0.001          

S                   - 0.082                 0.032                   - 2.561             - 0.788             0.063                         

 

Source: Computer analysis 

 

From the regression analysis (Table 3), it revealed a strong relationship between 

D50 and downstream distance, ds the value of correlation coefficient, (R = 0.78) 

significant at 99% confidence level as the value of F test is less than 1%). The 

study found that Stenberg’s law” is relevant for River Zabarmari channel. This 

can further be elaborate with the value for the coefficient of determination that 

indicates that downstream distance explains about 62.1 % of the variation in 

grain sizes downstream of the river. The equation that relates D50 and 

downstream distance for the study reaches is in the form of Equation 24, which 

can be interpreted as grain size decreases downstream of the study river with a 

finning coefficient of -0.082 at 99% level of confidence. 

𝐷50 = 2.675𝑒−0.082d𝑠 (11) More than 95% of the time, the value of the 

coefficient (a) ranges between 1.438 and 2.725. However, the value for the 

coefficient of determination indicates that distance explains only 52.7 % of the 

variation in grain sizes in the downstream direction. This suggests the presence 

of other determinants, which influence downstream trend in grain size along the 

study river. This suggests the presence of other determinants, slope of the 

channel, average stream velocity, average boundary shear stress, channel width, 

channel depth, flow velocity, presence of tributaries and channel roughness that 
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can influence downstream trend in grain size along the study river. Generally, 

median grain size, slope of the channel, presence of tributaries and discharge 

systematically varied at relatively similar distance from upstream reach of River 

Zabarmari. This situation shows that there is relationship among the variables 

and with downstream distance along the study river. Thus, the need to employ 

correlation analysis. Thus, Pearson correlation coefficient (r) was used to 

measure the strength of relationship among 9 variables. The correlation matrix 

(Table 4) reveals that median grain size, channel bed slope and bankfull depth 

positive relation with downstream distance. More so, of three variables that 

have positive correlation with downstream, only median grain size that indicate 

a strong positive relation. While, both slope and channel depth have a very weak 

correlation with downstream distance that implies these variables do not have 

linear relationship with downstream distance. However, the matrix shows 

strong negative correlations between channel width, cross sectional area, width 

to depth ratio, velocity and bankfull discharge and downstream discharge. 

 

Table 4 Correlation Matrix Among Nine Variables 

          Ds            A            w                 d                  w/d         D50 V  S    Q 

Ds         1                    

A        -0.656 1 

w       -0.855 0.889       1 

d 0.118  0.624       0.205        1 

w/d      -0.855   0.702       0.949       -0.095       1 

D50 1.000 -0.656    -0.855       0.118          -0.855         1 

V         -0.587   0.909       0.840       0.532        0.695        -0.587          1 

S 0.256    0.529       0.160        0.906       -0.083         0.256          0.374       1 

Q         -0.741    0.976       0.919        0.515         0.760        -0.741          0.953       0.360         1  

Note that Ds = distance from upstream (km), A= cross-sectional area (m2), w = 

bankfull width (m), d=bankfull depth (m), w/d = width to depth ratio (m), D50 

=grain size for which 50% of the grain size is finer, V = average flow velocity 

(m/s), S=channel bed slope (m/m), Q = bankfull discharge (m3/s). 

 

Discharge usually controls the downstream trends of most hydraulic and 

morphologic variables. However, in this study, discharge is negatively 

correlated to downstream distance because the correlation analysis includes 
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downstream where channel slope decline that led water to be distributed over 

wider area. This means that flow discharge in the upper reach is greater than in 

the lower reach as indicated by the data presented in (Table 4). The flow 

discharge consistently decreases downstream up to the end of the study reach. 

And the extent of downstream discharge affects the amount of sediment 

transported along the channel, but its influence works well in collaboration with 

channel slope and channel bed depth. Also, morphology of the channel (the 

slope, form and size of the channel depth) affects the flow behavior and 

sediment influx, which in turn affect the hydraulic characteristics. As far as the 

cause changes downstream, the effect inevitably change too. Generally, the data 

in table 2 indicates the existence of relationship between median grain size and 

only slope and depth parameters with each play its own role on the variability 

of grain size downstream. While, all other variables shows negative correlation, 

which implies, decreases in downstream distance. A river channel usually 

adjusts its width with the amount of discharge. Therefore, width of the channel 

was considered as one of the independent variables alongside bed slope and 

discharge because these variables potentially affects the channel roughness 

condition and velocity, both in turn affect grain size distribution. Thus, Bed 

slope, width and discharge were selected as independent variables because they 

have very low relationship among each other (less collinear). Subsequently, 

multiple regression was conducted in order to see the effect of slope, width and 

discharge on the downstream trend of grain sizes. It is widely accepted to 

perform multiple regression analysis in the form of the following equation as 

observed by Girma and Vijaya (2016). 

 

𝑌=𝑏0+𝑏1𝑋1+𝑏2𝑋2+⋯+𝑏𝑛𝑋𝑛       (12) 

 

where, Y represents dependent variable; X1, X2 ... Xn are independent 

variables; b0 is constant of the regression; and b1, b2 ... bn are regression 

coefficients of independent variables. However, Equation 13 is a “linear 

additive regression model,” which is not usually applicable in hydraulics 

(Dingman, 2009). Dingman (2009) proposed “linear multiplicative regression 

model” to handle variables of channel hydraulics in regression technique. As 

such, the considered variables were related using the following “multiplicative 

regression model” as shown in (Table 5) below.  
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𝐷50 = 𝑏0∗ 𝑆𝑏1∗𝑤𝑏2∗𝑄𝑏3        (13)  

 

where, D50 = median grain size for which 50 % of the grain size is finer (mm), 

S = channel bed slope of the surveyed reach (m/m), W = bankfull channel width 

(m), Q = bankfull discharge (m3/s), b0 = intercept of the multiplicative 

regression (ln𝑏0 in Equation 28), 𝑏1,𝑏2,𝑏3 = exponents of respective variables. 

Then Equation 13 converted to linear natural logarithmic expression (Equation 

14) to undertake multiple regression and to obtain the values of coefficients and 

exponents. 

 

𝑙𝑛𝐷 = 𝑙𝑛𝑏0 + 𝑏1𝑙𝑛𝑆 + 𝑏2𝑙𝑛𝑤 + 𝑏3𝑙𝑛𝑄                (14) 

 

 

Table 5 Regression statistics of median grain size over bed slope, bankfull 

width and bankfull discharge 

Regression Statistic 

 

Multiple R   0.844* 

R Square   0.713 

Adjusted R Square  0.283 

Standard Error   0.084 

Observations   5 

 

 ANOVA 

                            df                 SS                MS                    F                       Significant      F 

Regression           3                 0.035            0.012                 1.657                 0.398 

Residual               2                 0.014            0.007 

Total                     5                0.049  
 

       Coefficients       Standard Error     t Stat          p-value        Lower 95%      Upper 95% 

Intercept    - 0.450               0.527                   - 0.852        0.484           -2.719              1.820 

LnS              0.284               0.600                     0.473        0.683           -2.297               2.864 

Lnw            -0.664               0.364                   - 1.816        0.211           -2.224               0.904 

LnQ             0.40                 0.157                      0.252        0.824           -0.637               0.716 

 

Intercept and Coefficients for multiplicative regression equation   
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                                        Value                               Lower                           Upper value 

Intercept (b0)               - 0.450                                - 2.72                             1.80                     

  b1                                                     0.28                                  - 2.30                             2.86                                                      

  b2                                 - 0.66                                  - 2.20                             0.90 

  b3                                   0.04                                  - 0.64                             0.72               

Source: Statistical analysis 
 

The summary data of regression analysis in table 3 reveals that the regression 

is statistically not significant (where the value of F significance is 0.398, which 

is greater than 0.05. The equation that relates median grain size (dependent 

variable) and assumed independent variables (bed slope, bankfull width and 

discharge) for the study river is: 
 

𝐷50= - 0.450 𝑆0.28∗𝑤−0.66∗𝑄0.04                             (15) 

Also, the intercept of the regression equation and the exponents of bed slope, 

bankfull channel width and bankfull discharge are not statistically significant as 

the three variables could only explain about 30% (Adjusted R2 = 0.28) of the 

downstream variation in grain size (Table 3). This suggests that channel bed 

slope, bankfull width and discharge are not the most determinant variables for 

grain size fining downstream in this river. Although, we can observe from 

equation 29 that increasing in the channel bed slope potentially enhanced the 

capacity of the river in transporting larger grain size by increasing stream 

velocity.  And the upper reach is within urban areas of the metropolis.  

As such, mean discharge is higher in the upper reach and discharge ranges 

between 189m3/s and 215m3/s as compared to middle reach with discharge 

range between 7.6m3/s and 63.7m3/s as well as lower reach with range between 

75m3/s and 128m3/s. Urban areas are known for their impervious nature so that 

every drop of water has high chance to be turned in to run off that might increase 

discharge of the study river in the vicinity. Grain size distributions in the 

urbanized streams can be very dynamic and can change from storm to storm 

depending on the input of fine sediment. This implies the increasing capacity of 

the study river in transporting suspended sediment up to the end of its lower 

reach. Though grain size shows a fining trend with exception of few variability 

in the middle reach (Table 2), the rate of downstream fining is not rapid rather 

consistent between cross-sections (Table 2). Therefore, we can further explains 

that channel slope should increases wherever necessary to provide the required 
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velocity so as to accommodate the increasing influx of discharge (water and 

suspended load). In other words downstream variation in grain size of the study 

river largely attributed to slope of the channel. For instance, decreasing in 

channel slope may lead to decrease the velocity required to transport larger 

sized particles. However, the natural frictions due to hydraulic radius is 

minimized downstream particularly in the lower reach so that the river can 

easily maintained its sediment transport with the available velocity. 

 

Downstream Change in Channel Hydraulics 

This section mainly discusses the change in hydraulic characteristics at lower 

segment of Zabarmari River (Jere bowl) in response to changes in geomorphic 

parameters. Obviously, it is difficult to distinguish which hydraulic variable 

comes one after the other because all geomorphic and hydraulic variables in a 

river system operate together and channel forms simultaneously respond and 

adjust themselves to the operating processes. Hence, morphology of the channel 

affects the flow pattern and sediment discharge, which in turn affect the 

hydraulic characteristics. 

 

I. Velocity and Discharge 

 The change in flow parameters (velocity and discharge) of the study sites shows 

similar trend in the change in morphologic parameters (cross section, bankfull 

width, bankfull depth, and width to depth ratio) in the downstream direction. 

Table 2 reveals both velocity and discharge indicated decreasing trend in upper 

and lower reaches, while in middle reach it is increasing trend for all flow and 

morphologic parameters. Also, D50 grain size distribution have similar trend for 

decreasing in upper and lower reaches and increasing trend for the middle reach 

respectively. The increasing in discharge may be associated with the surface 

flow from urban area, which is characterized by lower infiltration of rain storms 

compared with the non-urbanized catchment. 

  The flow velocity that ranges between 13.1 m/s and 12.3 m/s indicates a 

decreasing trend in the upper reach of the study area. This indicates that velocity 

is less variable downstream of the upper reach because of the fact that smaller 

variation in channel bed slope. Moreover, the increasing in channel depth for 

all the reaches do not significantly affected velocity throughout the same reach. 

The increasing in the depth of the channel is compensated by a minor increase 

in channel bed slope at cross section 4, 5 and 6, which enhanced the capacity of 
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that cross-section to transfer the flow influx and energy downstream. At the 

middle and lower reach, velocity continues to decrease. The variation in 

velocity is because of significant variation in bed slope and roughness from 

cross-section to cross-section found in the lower reach. Generally, in the upper 

reach, velocity changes downstream in accordance with changing in cross 

section, bed slope, channel depth, grain size and land use adjacent to each reach 

(Table 2). This observation reflects the relative mobility and ephemeral flow 

across unit bars in contrast to the structural consolidation achieved by longer-

lived competent flows in the surrounding channels. 

 

II Channel bed slope 

Table 2 shows the downstream change in bed elevation using the available data 

and summarizes the mean properties. At middle reach, there is a break in the 

bed slope. The bed slope declines from 0.35m/m in the silty-bed reach to 

0.2m/m in the sand-bedded reach (Table 00). There is also a break in the channel 

bed slopes in towards the boundary between middle reach and the lower reach 

where it rises to 0.41m/m. Also, another break is just upstream of the tail end of 

middle reach which is sandy bedded reach. In the largely silty-bedded reach 

from site 1 to site 2, the flow depth is ~0.65 m. In the sand-bedded reach from 

site 3 to site 4, the flow depth was 0.25m, while in the lower reach that is sandy-

clay bedded reach, flow depth is nearly double the depth in the middle reach at 

0.75m. In the largely silty-bedded reach from site 1 to site 2, the flow depth is 

~0.65 m. In the sand-bedded reach from site 3 to site 4, the flow depth was 

0.25m, while in the lower reach that is sandy-clay bedded reach, flow depth is 

nearly double the depth in the middle reach at 0.75m. These patterns give rise 

to variability of the grain size different in each reach respectively. In general, 

transect surveying highlights clear difference in the bedload composition from 

upper reach down to the lower reach as seen in (table 4), where upper reach is 

predominantly silty greater than 58%, but the sand derived material dominates 

middle and lower segments with about 60% and 54% sand materials 

respectively.   

 

Average Boundary Shear stress (τ0) 

Shear stress in this study, refers to the force applied by flowing water that drags 

or erodes channel surface downstream along with it at bankfull discharge. This 

force, which denoted by average boundary shear stress (τ0) acting on the wetted 
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perimeter of the channel, is a function of specific weight of the flowing fluid 

(γ), wetted perimeter (P), hydraulic radius(R), cross-sectional area (A) and 

channel bed slope(S). However, under uniform flow assumption the force that 

cause flow (τ0ARS) is equal to the force of resistance to flow (τ0𝑃𝑅). Flow in 

open channels and natural rivers are often described by the simplifying cross- 

section averaged one-dimensional hydraulic equations. In uniform flow 

condition, the simplest model for calculating the mean boundary shear stress at 

a cross-section is the flow depth method, which is: 

 

τ = γ RS0         (16) 

 

where τ0 is the boundary shear stress, γ is the specific gravity of water, R is the 

hydraulic  radius (=A/P in which A is the wetted area and P is wetted perimeter), 

and S0 is the bed slope.  

The results of the mean boundary shear stress indicates similar to the 

downstream trend of stream discharge (Table 4). The study area has mean 

boundary shear stress with minimum, maximum and mean values of 0.20, 0.80, 

and 0.5067N/m2 respectively. The result further shows that both the upper and 

lower reaches demonstrates decreasing trend, while middle reach is in contrary 

showed increasing trend in the downstream direction. This result suggests a 

variation among the reaches. The result also suggests a decreasing trend in 

boundary shear tress in the upper and lower reaches are in accordance with 

slope, channel width and stream discharge. This is not same with the middle 

reach which shows increasing trend for the variables in downstream direction. 

More so, the coefficient of determination between channel width, bed slope and 

stream discharge indicates low value R2 = 41%. Thus, the downstream 

percentage variation in mean boundary shear stress explained by slope, channel 

width and discharge of Zabarmari channel account for 41%. This further, 

suggest that these variables are not the major factors which affects variation of 

boundary shear stress downstream of Zabarmari downstream.   

 

Conclusion 

The data collected give a detailed picture of the downstream variation in 

sediment size along the Zabarmari River. The sediment size variation is 

characterized by a complex pattern rather than a simple decreasing trend and by 

a relatively low overall rate of fining. Generally, upper reach of Zabarmari River 
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is wider than its middle and lower reaches. The land uses such as newly 

construction activities, farming, irrigation and the impacts of riparian vegetation 

along the river banks might cause the downstream reaches to exhibit narrower 

and deeper channel with width to depth ratio ranges between 23.3m and 21.6. 

This indicates the shift in the type of geomorphic processes (from channel 

aggradation to channel degradation) as one moves from upstream to 

downstream.  

The median grain size of river in the study area generally decreases 

downstream. Grain size fining discerned “Stenberg‟s law” whereby grain size 

decreases with increasing distance downstream with a finning coefficient of -

0.046 (at 95% level of confidence). However, reach wise comparison in 

downstream trend of grain size indicates the presence of exceptions in few 

cross-sections (sites 3 & 4) where grain sizes deviated from the decreasing 

pattern because of the introduction of new sediments by tributaries and human 

induced disturbances on the channel materials. Other factors such as channel 

bed slope, bankfull width and discharge also explain downstream trends of grain 

size. Multiple regression equation developed to see the effect of slope, width 

and discharge on the distribution of grain sizes downstream of the study river. 

The result revealed that variation in grain size downstream of the study river is 

largely attributed to velocity and channel bed slope.  
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