
Jan – Apr  2025 Vol – 13 Issue – 1

Global Journal of Structural Design 
and Construction 

ENRICHED PUBLICATIONS PVT. LTD
S-9, IInd FLOOR, MLU POCKET,

MANISH ABHINAV PLAZA-II, ABOVE FEDERAL BANK,
PLOT NO-5, SECTOR-5, DWARKA, NEW DELHI, INDIA-

110075,
PHONE: - + (91)-(11)-47026006



Global Journal of Structural Design 
and Construction 

Aims and Scope

Global Journal of Structural Design and Construction is a peer 

reviewed journal published by Original Papers. It is one of the 

pioneering starts up journal in Civil and Structural engineering 

which receives high quality research works from researchers across 

the globe. The journal publishes original research and review 

papers falling within the broad field of Civil Engineering.



Editorial Board Member

Managing Editor
Mr. Amit Prasad

Mohd. Masroor Alam

Asso. Prof. Engineering Geology

Dept. of Civil Engineering

Aligarh Muslim University

masroor8497@rediffmail.com

Dr. Durga Prasad Gupta

Director, HCTM Technical

Campus

Ambala Road, Kaithal-136027

dpgupta22@gmail.com

Global Journal of Structural Design 
and Construction 





Jan -Apr 2025 Vol – 13 Issue - 1

S. No. Title Authors Pages

Global Journal of Structural Design 
and Construction 

3.

4.

2.

1. Mapping Soil Ersoion Using Rusle, GIS

and Remote Sensing Techniques

Nancy Yadav

Dr. K. K. Singh

Swat Model Assessment of Hydrological

Impacts  of Hru-scale Invasion By 

Parthenium Hysterophorus Weed 

Soham Adla

Shivam Tripathi

Assimilation of Remote Sensing Derived 

Soil  Moisture  in Macroscale Hydrological 

Model

Vikrant Vijay Nikam

B R Nikam

Vaibhav Garg

S P Aggarwal

Total Sediment Transport Model Based on

Dimension Less Parameters

Vipin Kumar Yadav

Dr. S. M. Yadav

1-13

15-29

31-56

57-66





Page No. 1 / Vol. 13 / Issue-1

Introduction

Since the last centuries, soil erosion 

accelerated by human activities has 

become a serious environmental 

p r o b l e m  c a u s i n g  d i v e r s e

environmental impacts by negatively 

affecting agricultural productivity, 

water supply and reservoir storage 

capacity. The risk of soil loss varies 

according to the configuration of the 

Abstract

For the protection of the land from erosion, it is essential to measure and locate soil 

loss. Revised Universal Soil Loss Equation, RUSLE, can estimate soil erosion potential 

on cell-by-cell raster-based GIS data frame. For the present work, Hiran River at 

Patan, Madhya Pradesh was selected for estimation of soil loss. The study aimed for 

qualitative assessment of soil erosion prone areas by calculating soil loss using 

RUSLE. Models, like RUSLE, require less data making soil erosion estimation 

practicable within larger scales as monthly precipitation data; digital elevation 

model, soil map, land use and land cover types and slope length and steepness were 

used to determine the RUSLE values. One of the most important parameters of 

RUSLE is C factor that represents effects of vegetation and other land covers. 

Estimating C factor in this study involves the use of Normalized Difference 

Vegetation Index (NDVI), an indicator which shows vegetation cover, using the 

regression equation in Spatial Analyst tool of ArcGIS 10.1 software.The Quantitative 

assessment has effectively been accomplished by calculating rates of soil loss and 

developing soil loss severity maps of the study areas using soil loss equation model 

RUSLE. This study has demonstrated GIS as a valuable tool in determining soil 

erosion and assisting the estimation of soil loss.

Keywords –NDVI, RUSLE, Raster, GIS.
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watershed, soil characteristics, 

climatic conditions and land use and 

management practices. Estimation of 

soil loss is usually difficult due to the 

complex intermesh of many factors, 

such as climate, soil, topography, land 

cover, and human interruptions. The 

models developed for estimating soil 

erosion can provide a better 

perceptive of natural phenomena 

such as transport and deposition of 

sediments. The Soil erosion models 

are widely used to estimate the 

erosion rates and makes use of 

ma themat ica l  express ions  to  

symbolize the relationships between 

the factors and different processes of 

the environment. Several models have 

been proposed to describe and 

predict soil loss by water and sediment 

yield and considerably vary in their 

objectives, time and spatial scales. 

These models can be grouped into 

empirical models and physical process 

based models. Some of the physical 

based and empirical models include 

AGNPS, ANSWERS, WEPP and the 

Universal Soil Loss Equation (USLE), 

Modified Universal Soil Loss Equation 

(MUSLE), Revised Universal Soil Loss 

Equation (RUSLE) respectively.

In order to estimate the soil erosion, 

RUSLE has been applied to this case 

study. The use of Remote Sensing (RS) 

and GIS provide spatial input data, 

while RUSLE can be used to estimate 

the soil loss from the watershed. 

RUSLE, were selected to quantify the 

soil erosion rates because (1) data 

requirements are not too complex or 

unobtainable, (2) the models show 

compatibility with Geographical 

Information System(GIS), and (3) they 

are easy to understand and implement 

from a functional frame of reference.

One of the major deficiencies in the 

application of erosion models is the 

low availability of input data for the 

models. The traditional methods 

proved to be too costly and time 

consuming for generating this input 

data for the models. Extracting the 

spa t ia l  in formation on  input  

parameters has become more easy 

and profitable with the help of remote 

sensing technology. However, the 

p o w e r f u l  s p a t i a l  p r o c e s s i n g  

c a p a b i l i t i e s  o f  G e o g r a p h i c  

Information System (GIS) and its 

compatibility with remote sensing 

data have made the soil erosion 

modelling advents more absolute and 

robust. The combined use of remote 

sensing and GIS could help to assess 

soil loss at various scales and identify 

areas that are at potential risk of soil 

erosion from the watershed. Thus, the 

integrated use of GIS and RUSLE has 

been proved to be an effective 

approach  for  es t ima t ing  the  
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significance and spatial distribution of 

erosion. The objectives of this study 

includes quantifying the soil loss, 

specifying main factors affecting the 

development  of  e ros ion  and  

generating soil erosion maps for the 

study area.

II. Study Area

The river “Hiran” is one of the north 

flowing tributary of Narmada. River 

Narmada is an important river as it 

happens to be the most sacred of the 

five holy rivers of India and is also 

referred to as the lifeline of Madhya 

Pradesh. Hiran River rises in the 

Bhanrer range in the Jabalpur district 

of Madhya Pradesh near the Kundam 

village at an elevation of 600 m. The 

source of Hiran River  is the Hiran Kund  

in Kundam. Hiran flows generally in a 

south-westerly direction for a total 

length of 188 km to join the Narmada. 

Hiran being the biggest right bank 

tributary of the Narmada drains a total 

area of about 4648.85 sq.km. 

For the present study the drainage 

area called as “Hiran” basin is selected 

on the River Narmada. The catchment 

is spread over Patan, a town in 

Jabalpur district in Madhya Pradesh. 

Spatial extent of Hiran basin is 

b e t w e e n

 L a t i t u d e s  a n d

 

Longitudes. The location map of the 

study area is shown in Fig.1.

o
7 9 1 7 ' 5 7 . 5 6 ” N  t o

o
8 0 9 ' 0 . 6 0 ” N

o o
23 7'10.65”E to 23 46'15.19”E

Figure 1 Location map and FCC Image of the study Area
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III. Materials and Methods

The RUSLE equation is a Multiplication 

of five factors controlling the rill and 

inter-rill erosion (Renard et al., 1997) 

and expressed as:

A = R*K*LS*C*P……….. (1)

Where,

A is the mean annual soil loss 

expressed in ton\ha*yr.

R is rainfall and runoff erosivity index 

(in MJ* mm\ha*yr.)

K is soil erodibility factor (in 

ton*ha*h/ha*MJ*mm)

LS is slope Steepness and slope Length 

factor (dimensionless)

C is the cover factor (dimensionless)

P is the conservation practice factor 

(dimensionless).

For the estimation of soil erosion in 

this study, the rainfall data of 5 years 

were procured from the Collectrate 

Office, Municipal Department, 

Jabalpur from which the rainfall runoff 

erosivity factor (R-factor) was 

estimated. The soil map of the study 

area was procured and extracted from 

the World Soil Map. The soil erodibility 

factor (K-factor) map was then 

digitised and prepared in ArcGIS using 

the soil map extracted and the values 

of K-factor were assigned to the 

different soil types in the region. The 

Aster DEM with 90m spatial resolution 

was used to prepare the slope map 

and the flow accumulation map of the 

study area. The errors in the Aster 

DEM were rectified using the fill tool 

and the corrected DEM was utilized to 

derive the flow direction to prepare 

the flow accumulation map. These 

slope and flow accumulation maps 

were then used for preparing the LS 

factor map using raster calculator in 

ArcGIS. The C-factor map was 

prepared using NDVI Maps of 5 (2008-

12) years. The land use landcover

(LU/LC) map was procured from the 

Landsat LULC Map which provided 

accurate mapping of different LU/LC 

categories due to its high spatial 

resolution. The LU/LC map was used 

for preparing the conservation 

practice factor (P-factor) map and the 

values of P-factor were assigned to the 

different features based on the soil 

conservation practices taken up in the 

study area. 

All the five parameter maps (having 

the same coordinate system) were 

converted to grid with 90m x 90m cell 

size (so as to maintain uniform cell size 

at par with spatial resolution of Aster 

DEM). The layers were then overlaid 

and multiplied pixel by pixel, using 

Equation 1, to estimate the soil 

erosion. Raster Calculator was used to 

build the expression: R * [K] * [C] * [P] 

* [LS] which, when applied to all cells
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B. K-Factor (Soil Erodibility Factor) 

This factor computes the cohesive 

character of a soil type and its 

resistance to dislocate and transport 

due to raindrop impact and overland 

flow shear forces. The K-factor is 

determined for a particular soil type 

and reflects the physical and chemical 

in a raster scale, gives a map of 

average annual soil erosion.

III. Results and Discussion

The soil erosion was calculated by 

overlaying the input parameters (R, K, 

LS, C, and P) by using RUSLE model 

with the help of GIS. 

A. R-Factor (Rainfall Runoff Erosivity 

Factor)

The R factor i.e. erosivity index, the 

active force of the rain which cause 

detachment and transport of soil 

particles. For Indian conditions a 

linear relationship was developed by 

Ram Babu et al (2004) between 

average annual and seasonal (June-

September) rainfall and Rainfall 

Eros iv i ty  fac tor  (R) .  Der ived  

relationships were as follows:

Annual relationship

Ra = 81.5 + 0.380 Pa…….(2)

Seasonal relationship

Rs = 71.9 + 0.361 Ps.…….(3)

Where, 

R /R  = average annual/seasonal a s

erosion index, 

Pa = average annual rainfall (mm) and 

Ps = average seasonal rainfall (mm).

For the present study eq. (2) is used to 

compute annual values of R-factor of 

the study area. Annual values of 

erosive factors from year 2008 to year 

2013 for both monsoon and non-

monsoon months are calculated using 

the equation 2. The rainfall data in 

basin is available at five different 

locations and are distributed so that 

the spatial variability of factor-R 

within the catchment is considered. 

The computed values of R-factor are 

presented in Table 5.1.

Table 1 Rainfall Erosivity (R) Factors of Basin for different years
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properties of the soil, contributing to 

its erodibility potential. Thus, the area 

under study has 2 types of soil viz., 

loamy and clay. To estimate the K 

factor values, five characteristics of 

the soil - the relative percent of silt, 

sand, clay, percent organic matter, soil 

structure and soil permeability are 

required. K is assumed to be constant 

in RUSLE. For the present study, K-

factor values are added in the 

attribute table of digitized soil map 

and finally K-map generated in ArcGIS 

using this attribute information. The 

values of K factor ranges from 

0.0713351 to 0.0174614 and the map 

is shown in Fig.2.The K factor values do 

not present a very high variability; this 

may be due to the homogeneity of soil 

types and characteristics in the study 

area.

C. LS Factor (Slope Length Factor) 

The topographic factor is a very 

important parameter in soil erosion, 

since the gravity force is playing an 

important role in surface runoff. Thus, 

theLS factor for RUSLE is computed 

using the raster calculator in Arc Map 

to build an expression for estimating 

slope length factor, based on flow 

accumulation and slope steepness 

which is also used in this study. With 

the incorporation of Digital Elevation 

Models (DEM) into GIS, the slope 

gradient (S) and slope length (L) may 

be determined accurately and in 

RUSLE both the factorsL  and S are 

combined to give the topographic 

factor LS. Fig.3 showing the LS factor 

Map of the study area.

Figure 2K Factor Map of the Study 

AreaFigure 3LS Factor Map of the 

Study Area
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D. C- Factor (Land Cover and 

Management Factor) 

The land cover and management 

factor represent the effects of 

vegetation, soil erosion control 

practices and management and its 

value of which ranges from 0 in water 

bodies to slightly greater than 1 in 

barren lands. This factor is defined as 

the ratio ofsoil loss from cropped land 

under specific conditions to the 

correspondingloss from clean-tilled 

fallow land (Wischmeier and Smith, 

1978).The Normalized Difference 

Vegetation Index (NDVI), an indicator 

of the vegetation vigor and health is 

used to generate the C-factor value for 

the study area. The NDVI maps can be 

analysed to formulate the linear 

equation between NDVI and RUSLE C-

factor. The NDVIvalues less than zero 

(0) indicate the water and ice, so the 

negative values should not be 

considered in preparing the C factor 

equation. With these boundary 

conditions, the regression equation 

for C factor can be developed.

C 0 If NDVI <0i = 

C = - (       1           ) (NDVI) + 1If 0 < NDVI i i 

NDVImax

These NDVI maps are used in 
determining the C factor maps 
according to the given conditions for 
year 2008 to 2013. 

E. P-Factor (Erosion ControlP ractice 
Factor) 
P is the factor that reflects the impact 
of support practices and considers any 
practice applied by humans to reduce 
erosion and the average annual 
erosion rate. P factor map was 
prepared from Land use/landcover 
map and is used for understanding the 
conservation practices in the study 
area.The P-factor value and the spatial 
distribution of P – factor is shown in 
Table 3 and Fig. 5.

Table 2Erosion Control Practice Factor

Figure 4 Conservation Practice Factor 
Map of the study area
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Preparation of Erosion Map

After assigning values to all the RUSLE 

parameters, R, K, LS, C, P, the 

respective maps were converted from 

vector to raster format keeping the 

cell size and projection uniform. These 

factor maps were then overlaid in 

raster calculator using the RUSLE 

Equation 1 and are shown below in fig.

Table 3 Comparison of Observed and computed sediment loss for the Hiran River

Figure 5 Soil loss Map for 2008
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Conclusions

In the present study, the RUSLE model 

adopted for estimating the annual 

average soil loss in the Hiran river 

watershed provided satisfactory 

results, and it can be effectively used 

for estimating soil erosion in similar 

other micro watersheds. The average 

annual soil loss in the Hiran river 

watershed using the RUSLE method 

was found to be 2.8057, 2.1863, 

2.7210, 3.2536, 2.7907 tons ha-1 yr-1 

Fig 6. Soil loss Map for 2009 Fig 7. Soil loss Map for 2010

Fig 8 Soil loss Map for 2011Fig 9Soil loss Map for 2011
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for 2008-2012 respectively.

The use of GIS, and remote sensing 

d a t a  e n a b l e d  t h e  a c c u r a t e  

determina t ion  of  the spa t ia l  

distribution of the RUSLE parameters. 

The creation of database through 

conventional methods is time 

consuming, and costly. Thus, remote 

sensing and GIS can play significant 

role in generation of input parameters 

for inaccessible areas of the 

watershed where ground based 

observations are difficult for the soil 

erosion modelling.
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Abstract

Parthenium hysterophorus is a notorious invasive alien species with an increasing 

presence in India attributed to its high growth rate due to its ability to compete 

against many native species and adaptability to varied environmental conditions. 

Despite extensive studies on its impacts on human health, livestock, agricultural 

productivity, and infestation mitigation techniques, there have been few studies 

highlighting its hydrological impact on components of the water balance at any 

scale. This study used the physically based SWAT (Soil and Water Assessment Tool) 

model to simulate Parthenium invasions at the scale of a hydrologic response unit 

(HRU) – the smallest user defined homogenous unit of computation within the SWAT 

model. The primarily agricultural basin of the Punpun river in Bihar was chosen as 

the study area, fallow land and kharif crop HRUs were infested with Parthenium, 

and results were analysed across soil type and slope classes. SWAT modeled higher 

(but statistically insignificant) levels of ET losses for Parthenium compared to both 

the native LUs, subject to soil moisture availability which was a limiting factor for ET 

during the dry season. Average monthly soil moisture levels were correspondingly 

and consistently slightly lower for Parthenium contradicting heuristic experience of 

local water managers. The study highlights the need for localized measurement of 

crop parameters to resolve such contradictions. 

Keywords: Parthenium Hysterophorus; SWAT; HRU; water balance; invasive alien 

species
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Introduction

Parthenium Hysterophorus is an 

invasive alien plant species in India. It 

has invaded about 2 million hectares 

of agricultural land, mainly in Punjab, 

Haryana and Uttar Pradesh (Dwivedi 

et al. 2009) because of its high 

germination capacity, ability to 

withstand and grow in diverse climatic 

and soil conditions, and allelopathic 

ability to restrict the growth of native 

plant species. Its spread may result in 

impacts on human health on exposure 

(Patel 2011), decrease in crop 

productivity and harmful impacts on 

livestock and biodiversity (Kumari 

2014).

1.1 Motivation

The increasing spread ofP arthenium 

Hysterophorus weed in the fertile 

crop-producing plains of North India, 

particularly in the Ganga basin, is 

critical not only from the perspective 

of its impacts on human and animal 

health and inhibitory effects on crop 

productivity, but also in terms of 

potentially significant impacts on the 

water resources of the infested 

catchment, by influencing the water 

balance components. 

A study by Adla and Tripathi (2014) 

used the Soil and Water Assessment 

Tool (SWAT) model (Arnold et al. 1998) 

to investigate the basin scale 

hydrological effects of an invasion by 

Parthenium Hysterophorus. The land 

use of the primarily agricultural 

Punpun river basin (Bihar) was 

modified under the framework of 

spatially random scenarios of 

incremental Parthenium cover, 

representative of increasing extents of 

a hypothetical invasion. Results 

indicated that the while the presence 

of Parthenium did not alter the annual 

water balance signifi cantly, an 

increasing land cover reduced 

evapotranspiration (ET) losses which 

subsequently led to higher soil 

moisture buildup before the onset of 

the monsoon. The study, however, 

had a few limitations. 

The plant parameters ofP arthenium 

used in the SWAT model were derived 

from a combination of existing 

literature (Pandey et. al 2003) and in-

situ measurements which implied that 

the parameter estimates were not 

internally consistent, and did not 

follow the standards for SWAT model 

plant parameter estimation. It was 

assumed that the kharif crop was rain-

fed, and hence irrigation inputs were 
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excluded from the model setup. On 

r e q u e s t ,  t h e  U S D A - A R S  ( U S  

Depar tment  of  Agr icu l ture  –  

Agricultural Research Service) has 

developed  an offi cia l  se t  o f  

Parthenium plant parameters now 

included within the SWAT model by 

default. In this study, irrigation has 

been incorporated realistically as a 

management practice during the 

kharif cropping season. However, the 

major conceptual limitation of the 

previous study was that a model had 

been constructed to simulate a river 

basin scale invasion byP arthenium. 

S i n c e  r e g u l a r  a g r i c u l t u r a l

management practices by farmers 

(applying weedicides ,  manual 

uprooting etc.) preclude any fully 

basin scale invasions of agricultural 

land by most invasive species, the 

study of Adla and Tripathi (2014) was 

not  representa t ive  of  ac tua l  

conditions on the ground, but served 

to provide an overall perspective of 

the hydrological impacts of such an 

extensive land use change at the intra-

annual time scale. Also, such an 

approach implied challenges in 

isolating the particular processes 

through which this land use change 

may have causally impacted water 

balance variables. The framework of 

the land use change deployed in the 

present study can potentially 

circumvent this limitation and isolate 

the drivers of changes in the water 

balance, by simulating Parthenium 

invasions at the scale of a hydrologic 

response unit (HRU) – the smallest 

user defined homogenous unit of 

computation within the SWAT model. 

As invasion at the scale of HRU is 

representative of the scale of an actual 

invasion, the use of the LU-split option 

in SWAT can establish a common 

ground for comparing the native and 

invaded land covers and their 

hydrological effects.

1.2 Objectives

The objective of the study was to 

simulate invasions  byParthenium 

Hysterophoru sat management-

appropriate scales of HRUs, the basic 

computational units in the SWAT 

model. Each HRU had a unique 

combination of native land cover, soil 

type and slope category. A subsequent 

partial invasion of each such HRU 

would then help to detect the 

marginal effect of a Parthenium 

invasion. The study aimed at fulfilling 

the following objectives:
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1. To construct a representative

hydrological model of the Punpun 

river basin by using the SWAT model.

2 .  To  s imula t e  inv as io ns  by  

Parthenium Hysterophorus at the 

HRU-scale

3.  To quantify and explain the impacts

o f  i n v a s i o n  b y  P a r t h e n i u m

Hysterophorus on the water balance 

components at annual and intra-

annual levels.

2. Materials and Methods

2.1 The SWAT Model 

The Soil and Water Assessment Tool 

(SWAT) Model (Arnold et al. 1998) is a 

semi-distributed river basin model 

which simulates water, sediment, 

nutrient and point-source pollution 

yields at a daily time step (Gassman et 

al. 2007). It was developed through by 

USDA to assist water resource 

managers in assessing impacts of 

land-use management on water and 

diffuse pollution for large ungauged 

catchments with different soil types, 

land uses and management practices 

(Arnold and Fohrer 2005).

The SWAT model framework divides 

the catchment into multiple sub-

basins, each of which is further 

subdivided into hydrologic response 

units (HRUs). An HRU is the smallest 

unit of computation in the SWAT 

model. It does not have any spatial 

reference (the sub-basin is the 

smallest unit with spatial meaning) 

and has a unique combination of land 

u s e ,  s o i l  a n d  s l o p e  c l a s s

characteristics, which can be modified 

by user inputs. The SWAT model 

computes the daily water balance for 

each HRU in the model according to 

Equation 1:

∆ (Storage) = ∆(SHow ) n + ∆ (Sh.Aq) 

+ ∆ (Dp.Aq) + ∆ (Surf _ daylog) + ∆ 

(Lat _ daylog)

where Storage is the sum of all storage 

terms, Snow is the amount of water 

stored as snow, SW is the amount of 

water stored in the soil profile on a 

given day, Sh.Aq is the depth of water 

in the soil aquifer, Dp.Aq is the depth 

of water in the deep aquifer, 

Surf_daylag is the amount of surface 

runoff lagged over a day, Lat_daylag is 

the amount of lagged lateral flow, and 

∆ represents the change in each of the 

terms over a daily time step. The water 

losses are computed according to 

Equation 2:

Waterloss = Pcp +Irr  - Surf   - day day day 

Lat  - ET GWQ  - Rvap  - day day  - day day
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Rchrg  - Seep  - Tlossday day

where Waterloss is the net movement 

of water out of the HRU,P cp  is the day

precipitation, Irr  is the irrigation day

water application, Surf  is the surface day

runoff loading to the main channel, 

Lat  is the lateral flow, GWQ  is the day day

groundwater  cont r ibu t ion  to  

streamflow, Rvap  is the amount of day

water moving from shallow aquifer to 

the soil profile or absorbed by plant 

roots in the shallow aquifer, Rchrg is day 

the amount of water recharging both 

aquifers, Seep  is the seepage leaving day

the bottom of the soil profile and Tloss 

are the transmission losses in surface 

runoff, all computed at the scale of an 

HRU for a particular day.

2.2 Study Area: Punpun River Basin 

The study area (Figure 1) chosen was 

the Punpun river basin, in southern 

Bihar (India). The modeled area of the 
2basin was 5495.51 km  and the outlet 

was chosen as the Central Water 

Commission gauging site at Sripalpur 

(25°30′6″N, 85°′68 ″E) in Patna 

district. The choice of the area was in 

part due to the fact that its land use is 

majorly agricultural (~74%) which is 

c o n v e n i e n t  f o r  l a n d  u s e

representation in the model. 

2.3 Model Setup 

The input datasets required to run the 

SWAT model include topographical 

data, land use land cover (LULC) data, 

soil data, weather data (daily 

precipitation, temperature, RH, solar 

radiation and wind speed) and 

observed discharge data (output) for 

model calibration. Following the SWAT 

modeling guidelines proposed by 

Abbaspour et al. (2015), various 

combinations of input datasets were 

tested in multiple model runs without 

calibration and the combination with 

the best output variable simulation 

was chosen for calibration and further 

Figure 1: District map of the Punpun
 river basin
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2.4 One-at-a-time Sensitivity Analysis 

and Calibration/Validation 

According to the calibration protocol 

laid out by Abbaspour et al. (2015), the 

default model was used to calibrate 

the outlet discharge. A set of 

parameters expected to significantly 

influence the simulated discharge 

towards the observations was chosen 

out of the 26 SWAT hydrological 

parameters (van Griensven et al. 

2006). One-at-a-time (OAT) sensitivity 

analysis was carried out with each of 

those parameters using the Latin 

Hypercube (LH) sampling technique. 

Subsequently 4 parameters (Table 2) 

of significance were identified, initial 

ranges were assigned to them and 300 

analyses. Topographic data were 

available from the Shuttle Radar 

Topography Mission (SRTM) in the 

form of a Digital Elevation Model 

(DEM) raster file. The LULC raster file 

was obtained from the National 

remote Sensing Centre (NRSC), Indian 

Space Research Organization (ISRO). 

The soil data were based on the raster 

dataset prepared by the NRSC and 

National Bureau of Soil Survey (NBSS). 

Most (81%) of the area had Hydrologic 

Group C/D soils. Daily precipitation 

data were derived from the Asian 

Precipi ta t ion Highly Resolved 

Observational Data Integration 

Towards Evaluation (APHRODITE) of 

Water Resources database, with a 0.5° 

× 0.5° resolution. The daily maximum 

and minimum temperature and wind 

speed data were extracted from the 

Princeton University weather dataset. 

The daily solar radiation and relative 

humidity data were derived from the 

National Centers for Environmental 

Prediction (NCEP) Climate Forecast 

System Reanalysis (CFSR) dataset. 
3

Daily observed discharge data (m /s) 

were available for the CWC gauge 

station at Sripalpur from 1959.

Table 1 LULC data for Punpun basin (NRSC, ISRO)
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2.5 Simulation of invasion by 

Parthenium Hysterophorus weed at 

HRU-scale

The 'Land Use Split' feature of the 

ArcSWAT GIS interface of SWAT was 

instrumental in 'splitting' the chosen 

LUs so that a part (50%) of the chosen 

HRU could be 'invaded' by Parthenium 

and then its outputs could be 

compared conveniently to the original 

LU. The choice of LUs forP arthenium 

invasion was based on a tradeoff 

between simulating invasions, which 

were most representative of actual 

conditions on the field, and increasing 

the complexity of the model by adding 

more details regarding phenology and 

weed management operations. Two 

criteria were used to select the LUs to 

be 'invaded': to choose the LU with the 

maximum ease of invasion for the 

weed, and the LU with the highest 

impact potential on agricultural 

productivity. These criteria led to two 

categories of LU changes or 'invasions' 

(Table 3) – fallow land during the dry 

season (January-May) and kharif crop 

LUs during the monsoon. Kharif crop 

LU management operations were 

incorporated from Kaur et al. 

(2003).Weed management was not 

incorporated as it would preclude the 

quantification of the full extent of 

hydrological impacts of an invasion. 

simulations were run using the SWAT-

CUP Sequential Uncertainty FItting 

Algorithm (SUFI2). The study used the 

Nash-Sutcliffe (NS) efficiency criterion 

in the objective function. 

Table 2 Model parameters used for calibration after LH-OAT sensitivity analysis

Table 3 HRU-scale Parthenium Hysterophorus invasion using the LU-Split feature
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It was observed that the peaks flows in 

the monsoonal wet season were 

consistently over-estimated by SWAT, 

whereas the baseflows during the dry 

season (January-May) were highly 

underestimated. According to 

Abbaspour et al. (2015), the over-

estimation of the peak flows could be 

resolved by decreasing the curve 

number (CN2), increasing the 

avai lable  so i l  water  capac i ty  

(SOL_AWC) and increasing the soil 

evaporation compensation factor 

(ESCO). Also the low base flows could 

be resolved by decreasing the 

minimum threshold for groundwater 

flow to occur (GWQMN), decreasing 

the groundwater 'revap' coefficient 

GW_REVAP ('revap' is the movement 

of water from shallow aquifer to soil 

profile through evaporation or root 

uptake by deep rooted trees) and 

increasing the minimum threshold of 

shallow aquifer for 'revap' to take 

place (REVAPMN). Since GWQMN=0, 

and GW_REVAP=0.02 were by default 

the minimum values that are allowed 

by SWAT, after LH-OAT sensitivity 

analysis, the other 4 parameters were 

chosen for calibration. Model 

3. Results

3.1 Calibration/Validation of Outlet 

Discharge

T he  de fa u l t  mo de l  ( w i t ho u t  

Parthenium 'invasions') was run for 8 

years (1990-1997) with a two year 

warm-up period. Observed and 

simulated streamflows at the outlet 

are given in Figure 2. 

Figure 2: Observed, simulated and calibrated streamflows at basin outlet 
(Sripalpur): 1992-1997
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A subsequent analysis was conducted 

on the LUs of relevance (fallow land, 

kharif crop, and Parthenium) by 

varying the soil type and slope class, 

independently, to understand how 

this variation influenced the water 

balance. The influence of the slope 

class variation on hydrological output 

variables while keeping other HRU 

components constant was negligible. 

This was because even despite the 

classification, most of the HRUs had 

slopes around 1% and computations 

did not yield large differences at this 

calibration led to slightly better 

estimates of middle flows, but peak 

flows and low flows were not 

significantly improved. Simulated 

streamflow after calibration is given in 

Figure 2.

3.2 HRU-scale Water Balance  

The average annual HRU-scale water 

balances were examined by equating 

(1) and (2) using the variables given in 

Table 4. SWAT computes the HRU 

water balance at the daily scale, so 

there were a few minor discrepancies 

when the values were aggregated to 

the annual level. This was resolved by 

the assumption that at an annual 

scale, the changes in the storage terms 

(Equation 1) were negligible. Equation 

2 was used to compute an annual 

'water loss/flow' balance. 

Table 4 HRU-scale Annual Water Balance (units in mm)

Figure 3: Mean monthly hydrological variables with standard deviation for relevant HRUs 
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The lower infiltration potential of 

Group D as compared to Group A led 

to a significantly higher amount of soil 

moisture storage in Group D which 

was contrasted slightly by higher 

aquifer storage in Group A due to 

higher infiltration potential. Within 

the water flows, Group D had 

signifi cantly higher ET losses  

contrasted by higher surface runoff, 

lateral flow and base flow (Water 

Yield) in Group A. 

3.4 HRU-scale analysis of Water 

Balance after Parthenium Invasion

The average monthly hydrological 

variables of Parthenium LU were 

compared to the 2 invaded LUs. 

Subsequently, hydrological responses 

of HRUs to the simulated invasions 

were analysed while varying the soil 

level. However, the classification of 

HRUs according to soil type, keeping 

other components constant, did yield 

significant differences in hydrological 

variables. The soil types were 

categorized according to  Soil  

Hydrologic Group. The soil groups 

ranged from Group A to Group D. The 

single Group A soil had a high 

infiltration rate with lowest runoff 

potential, whereas the infiltration 

rates decreased simultaneously with 

increasing runoff potential moving 

towards Group D. For the sake of 

clarity, only the extreme soil groups A 

and D were chosen to compare 

relevant hydrological flow variables. 

The comparison is illustrated in Figure 

4 .  T h e  o t h e r  g r o u p s  w e r e  

intermediate in their hydrological 

response and had variables between 

those of the extreme soil groups. 

Figure 4: Difference of annual flow variables between Group A and Group D soils
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hydrologic groups. The Parthenium 

invasion is essentially a change in the 

SWAT crop parameters, and therefore 

only ET and soil moisture components 

of the water balance get affected. The 

chosen SWAT method for computing 

ET was the Penman-Monteith 

equation (Monteith J.L. 1965) which is 

a function of temperature, relative 

humidity, wind speed, solar radiation 

and crop parameters related to plant 

height, leaf area index (LAI), and 

stomatal conductance.

ET losses and monthly soil moisture 

(SW_avg) simulations averaged over 

all soil types and slope classes for 

Parthenium invasions on fallow land 

and kharif LU are given in Figures 5(a) 

and 5(b), respectively. The LAI of the 

crop/weed/fallow land during the 

growing periods, which are different 

for the two scenarios, are also 

indicated. The significant results 

inferred from the graphs are:

1. In the Fallow-Parthenium scenario,

the ET losses are slightly higher for

the weed during the first 4 months

of the year, accompanied by

slightly lower average soil moisture

levels. Soil moisture levels are

consistently lower for the weed LU.

However, despite soil moisture

levels decreasing for both the

native and invasive LU during the 

dry season, the difference in ET 

losses leads to a relative buildup of 

soil moisture in the Fallow LU 

compared to the weed LU, and 

there is a short pre-monsoon 

period of slightly higher ET losses 

of Fallow LU as compared to 

Parthenium LU. 

. For  the  Khar i f -Par thenium 

scenario, ET losses of Parthenium 

are consistently slightly higher 

than for the Kharif crop LU. This is 

accompanied by slightly lower 

average soil moisture levels for the 

weed throughout the growing 

season.

3. The observed differences between

E T a n d  s o i l  mo i s t u r e  a r e

statistically insignificant at α=0.05

for both the full year (p-value =

0.98 and 0.89  for  Fa l low-

Parthenium ET and soil moisture,

respectively; and p-value = 0.91

and 0.78 for Kharif-Parthenium ET

and soil moisture, respectively)

and also for only the growing

season with non-zero LAI values (p-

value = 0.95 and 0.86for Fallow-

Parthenium ET and soil moisture;

and p-value = 0.84 and 0.72 Kharif-

Parthenium ET and soil moisture,

respectively).

Page No. 25 / Vol. 13 / Issue-1Global Journal of Structural Design and Construction 



These results can be explained by 

analyzing the SWAT crop parameters 

for the relevant LU types (Table 5). 

Higher stomatal conductance,  

maximum canopy height  and 

maximum LAI (favourable leaf area 

development curve) lead to higher ET 

losses in the Penman-Monteith 

potential evapotranspiration (PET) 

calculations. This coupled with 

available soil moisture (which may be 

a limiting factor for ET in dry 

conditions as seen in the dry months 

of the FallowP-arthenium scenario) 

can explain the modeled results 

satisfactorily.

Figure 5: Comparison of variables for (a) Fallow-Parthenium and (b) Kharif-Parthenium 
simulations
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The same analysis when conducted by 

varying the soil type conserves the 

patterns of ET and soil moisture, but 

changes the amount of average 

monthly soil moisture. The average 

monthly soil moisture increases from 

Group A to Group D, as expected, 

however none of the changes were 

statistically significant

4. Discussion and Conclusion

The SWAT model simulation of 

Parthenium invasions on fallow land 

and native kharif crops using the SWAT 

crop parameters results in the 

i n f e r e n c e  t h a t  P a r t h e n i u m

hysterophorus weed has slightly 

higher but statistically insignificant ET 

losses as compared to both the native 

LUs. Additionally, the other objective 

of this HRU-scale analysis is that these 

ET losses follow the same trends 

across hydrologic soil types, which 

differ only in the amount of average 

soil water buildup in the soil layers. 

However, this is in conflict to the 

heuristic knowledge of local experts 

who maintain that Parthenium 

hysterophorus is a weed known for its 

less water uptake, and hence lesser ET 

losses. This discrepancy may be due to 

non-localized measurements of SWAT 

crop parameters. One example of this 

is the crop parameter 'Maximum 

Canopy Height' for Parthenium which 

was modifi ed from 1m (SWAT 

estimate) to 1.7m (Pandey et al. 2003) 

as it  was simply visible that 

unregulated Parthenium plants often 

grew even taller than 2m on fields and 

fallow land. Such regional differences 

may exist in other crop parameters of 

the relevant LUs thus requiring 

calibration of parameters for the local 

conditions of the study area.
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Abstract

This paper describes the importance of data assimilation in hydrologic model to 

improve the model prediction (Analysis) by merging the strength of model forecast 

with the satellite observations. Soil moisture is a very important variable for both 

the water and energy balance modes of the Land Surface Models (LSM). It is an 

important geophysical parameter in research on climate, hydrology, agriculture, 

and forestry. Soil moisture has important climatic effects by influencing ground 

evapotranspiration, runoff, surface reflectivity, surface emissivity, surface sensible 

heat and latent heat flux. At the terrestrial scale, its influence is even greater than 

that of sea surface temperatures; hence this crucial variable has been chosen for the 

assimilation in present study. The updating method uses Ensemble Kalman Filter 

(EnKF) concepts and involves an iterative similarity approach that avoids calculation 

of the Jacobian that relates the states and the observations.  An EnKF data 

assimilation technique is applied in this study to assimilate soil moisture products 

derived from passive microwave remote sensing observation of Advanced 

Microwave Scanning Radiometer – Earth Observing System (AMSR-E), onboard 

Auqa. The satellite observed soil moisture data is being assimilated into the semi-

distributed macroscale Variable Infiltration Capacity (VIC) model at 0.25° spatial 

resolution over entire Ganga basin. Four seasons have been chosen in this study 

from November 2004 up to October 2005 to create ensembles for selected grids 

from total grids. The grids are selected on the basis of maximum percentage of Land 

Use Land Cover (LULC) covered in particular grid and the availability of AMSR-E 
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Introduction

Seasonal to interannual climate 

predictions require two important 

initializing parameters such as soil 

m o i s t u r e  a n d  s e a  s u r f a c e

temperature. Soil moisture has great 

influence on Land Surface Models as it 

controls the water and energy fluxes 

transfers between land and the 

atmosphere (Seneviratne et al. 2006; 

Schar et al. 1999). Today in many 

hydrological research the central 

question is analyzing and evaluating 

the distribution of water cycle in 

different forms like rainfall, runoff, 

infil tration, etc.  in the land-

atmosphere interactions (Roads et al. 

2003; Pan and Wood 2005). These 

hydrologic cycles are influenced by the 

soil moisture as it controls the 

distribution of rainfall into runoff, 

basefl ow, infi ltration and the 

evaporation; influencing the surface 

energy fluxes (Delworth and Manabe 

1988; Vinnikov and Yeserkepova 1991; 

Prigent et al. 2005; Sahoo et al. 2013). 

It is one of the factor to help in the 

photosynthesis of crops. It plays an 

important role in the growth and 

enhancing the various functions of the 

crops. Hence soil moisture plays a key 

role (Pielke 2001; Fang and Lakshmi 

data. The assimilation has been done for ten days intervals for the selected tenure. 

The model was run in water balance mode at domain scale and the water budget 

components are updated from the EnKF so as to assure closure. It is observed that 

how the multilayer soil moisture regime is behaving after the data assimilation in 

VIC. It is reckoned that assimilation improves the soil moisture redistribution after 

propagating the surface soil moisture updates for entire domain compared to the 

model integrations without assimilation. Analysis is generated for the calculated 

Kalman gain matrix and it is compared with rainfall events in which assimilated soil 

moisture behaviour is better than that of the forecasted. This research shows that 

not only rainfall effect but also irrigation effect has been represented in assimilated 

soil moisture model. The results of water balance study for assimilated case draws 

attention towards the importance of data assimilation in the physical based 

hydrological models or LSMs.

Keywords: Data Assimilation, soil moisture AMSR-E, VIC, EnKF.
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2014; Sahoo et al. 2013) in various 

fields like agriculture, hydrology, 

climate and environment (Zhang and 

Anthes 1982; Houser et al. 1998). 

Therefore an accurate quantification 

of the soil moisture has become very 

important in hydrology and climate 

change studies.

Yet quantifying soil moisture and 

analyzing i ts  impacts on the 

macroscale variability in spatial and 

temporal domain separately with 

model or satellite observations or 

ground data alone is very difficult 

(Reichle et al. 2004). Hence one 

t e c h n i q u e  t o  n u l l i f y  t h e s e  

uncertainties is to merge the remotely 

sense observations into the models 

(i.e. Data Assimilation). Remote 

sensing soil moisture observations can 

also minimize these uncertainties 

(Crow and Ryu 2009; Crow et al. 2005; 

Gao et al. 2007; Zhang et al. 2013). The 

current study focuses on the 

assimilation of remotely sensed 

observations into the macroscale Land 

Surface Model for soil moisture 

estimates to overcome the model 

forecast errors and progressively 

improve the model predictions. It is 

interested to note that there are no 

satellite systems existing that could 

give the reliable soil moisture 

measurements (Jackson et al. 1996). 

Active/ passive remote sensors 

working in different microwave bands 

on-board satellites have been 

obtaining soil moisture observations 

and widely used in hydrology 

applications (Dobson and Ulaby 1986; 

Ulaby et al. 1996; Njoku and Entekhabi 

1996; Mattikalli et al. 1998; Njoku and 

Li 1999; Jackson et al. 1999; Jackson et 

al. 2002; Schmugge 1998; Schmugge 

et al. 2002; Narayan et al. 2004; 

Lakshmi et al. 2011; Minet et al. 2012). 

These sensors include AMSR-E that 

produced C-band microwave soil 

moisture products at 25 km resolution 

(Jackson, 1993; Jackson et al., 2010; 

Njoku et al., 2003); SMOS (Soil 

Moisture and Ocean Salinity) – the 

first satellite sensor to provide L-band 

radiometer observations and 0–5 cm 

layer soil moisture retrievals at 40 km 

spatial resolution at a 3-day temporal 

repeat. A special issue highlighting the 

SMOS data calibration and validation 

has been published recently (Kerr et 

al., 2012). SMAP (Soil Moisture 

Active/Passive), which is the first 

mission to provide L-band radar and 

rad iometer  observa t ions  was  

launched on 31 January  2015. (Njoku 

and Entekhabi, 1996; Schmugge et al., 

2002; Entekhabi et al., 2010; Lakshmi, 

2013). 

There are several data assimilation 
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techniques which have been used 

over the past few years. Sequential 

data assimilation techniques have 

been applied to various land and 

atmosphere parameters such as soil 

moisture, soil temperature, snow, 

oceanography and other hydrologic 

variables (Crow and Van Loon 2006; 

Pan et al. 2009; Liu et al. 2011; 

Andreadis and Lettenmaier 2006; 

Clark et al. 2006; De Lannoy et al. 

2012; Bertino et al. 2003). Limited 

studies have been done in 1-D and 3-D 

variational data assimilation methods 

(Sahoo et al. 2013). In recent years 

Ensemble Kalman Filter (EnKF) which 

is the Monte Carlo implementation of 

the traditional Kalman filter (Evensen 

1994) is a widely accepted data 

assimilation technique. It is very 

robust, easy to implement and the 

computa t iona l  effi cient  da ta  

assimilation scheme (Keppene 2000).

The primary objective of this study is 

to evaluate the performance of EnKF 

technique for assimilating remotely 

sensed  surface soi l  mois ture  

observations into the macroscale 

semi-distributed Variable Infiltration 

Capacity (VIC) (Liang et al. 1994) 

model. Hence, the goal is not 

necessarily to improve estimates of 

actual soil moisture; rather, the 

interest is to use soil moisture 

observations to update the model soil 

moisture initial conditions. The AMSR-

E soil moisture daily product has been 

used in present study. Specifically, the 

study is based on the following 

questions: (a) How does the EnKF 

algorithm performs to assimilate 

AMSR-E soil moisture into the VIC? (b) 

What is the impact of assimilated soil 

moisture on the other water budget 

components of the VIC? (c) What is the 

effect of assimilation on the multi soil 

moisture layers regime? (d) How soil 

moisture is spatially varying and what 

is its trend after the assimilation of 

observations in the VIC?

In the next section, description of the 

study area has been given along with 

observations used and the essential 

characteristics of the VIC model. The 

details of the experimental setup and 

the algorithm of EnKF has also been 

given in the paper, flowed by 

information regarding ensemble 

formation for the entire Ganga basin 

which encompasses approximately 
2 

10, 86,000 km area. The paper finally 

concludes with the results and 

discussions.         

2 Description of Study Area, 

Observations and Land Surface 

Model

2.1 Study Area
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The Ganga Basin, largest basin of India 

has been selected as study area for 

present study. The parts of the 

countries of India, Tibet, Nepal and 

Bangladesh together comprises of 

Ganga basin. The total area of Ganga 
2

basin is about 10, 86,000 km  out of 

which majority of geographical area is 
2in India (i.e. basin 8, 61,452 km ), 

which is almost slightly greater than 

one-fourth (26.3%) of the total 

geographical area of the India. Ganga 

basin outspreads through Bihar, 

Chha t t i sgarh ,  Delh i ,  Haryana  

Himachal Pradesh, Jharkhand, 

Madhya Pradesh, Rajasthan, Uttar 

Pradesh, Uttarakhand and West 

Bengal, in India. The basin lies 

between longitudes 73°2' to 89°5'E 

and latitudes 21°6' to 31°21'N having 

length of 1,543 km and width of 1024 

km. The geographical extent of the 

Ganga basin is shown in Figure 1 which 

is Shuttle Radar Topography Mission 

(SRTM) Digital Elevation Model (DEM) 

of Ganga basin. 

Topography of Ganga basin is very 

complex as the ridge of basin is formed 

by the Brahmaputra Ridge lies 

towards the east followed by the 

Vindhyas and Chottanagpur plateau in 

south while west side falls the Aravalli 

and towards north lies the Himalayas. 

The great desert of Thar and the 

Aravalli hills form the ridge between 

the Indus and Ganga drainage system. 

Sundarbans is amongst the largest 

delta of the world located in the Ganga 

basin. The Ganga rises in the Gangotri 

glacier in the Himalayas at an 

elevation of about 7010 m (above 

MSL) in the Uttarkashi district of 

Uttarakhand. The total length of river 

Ganga up to its outfall into Bay of 

Bengal is around 2525 km. 

Figure 1 Extent of the study area (Ganga Basin)
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The annual average rainfall in the 

basin varies between 39 cm to 200 cm, 

with an average of 110 cm. Eighty 

percent of the rainfall occurs during 

the monsoon months i.e. from June to 

October. Because of large temporal 

variations in precipitation over the 

year, there is wide fluctuation in the 

flow characteristics of the river. On an 

average, each square km of the Ganga 

basin receives a million cubic meter 

(MCM) of water as rainfall. 30% of this 

is lost as evaporation, 20% seeps to 

the subsurface and the remaining 50% 

is available as surface runoff. The 

major water resources projects in 

Ganga are 30 which encompasses 

14895.11 Th ha total culturable 

command area out of which 14059.56 

Th ha is ultimate irrigation potential 

area i.e. 94.3% of culturable command 

area (Ganga Basin report, 2014). 

Therefore, soil moisture regime of the 

basin can't be assumed to the natural 

regime, however all the hydrological 

models assume the soil moisture in 

the basin as a natural regime; hence in 

present study soil moisture has been 

chosen  a s  va r i ab le  fo r  da t a  

assimilation in hydrological model 

setup for Ganga basin.

2.2 Observations used for Soil 

Moisture Data Assimilation

The soil moisture data products 

derived from Advanced Microwave 

Scanning Radiometer-EOS (AMSR-E) 

sensor (Aqua platform) have been 

used in present study for assimilation 

in hydrological model. There are three 

standard surface soil moisture 

p ro d u c t s  f ro m  A MS R -E .  T he  

b r i g h t n e s s  t e m p e r aTt u r e  ( )B  

observations are used for AMSR-E soil 

moisture datasets. All these datasets 

are available form 19 June 2002 at a 

spatial coverage of approximately 40 

km are re-sampled to a global 

cylindrical 25 km EASE-Grid cell 

spacing. The AMSR-E NASA soil 

moisture product which is used in 

present study is official Level 3 soil 

moisture product derived from H- and 

V-polarized AMSR-E X band (10.6 GHz) 

T o bservations (Njoku 2008). The B

product is available in the NSIDC 

w e b s i t e

(http://nsidc.org/data/amsre). In 

present study AMSR-E soil moisture 

retrievals from ascending (1:30 P.M. 

local solar time) and descending (1:30 

A.M. local solar time) overpasses are 

combined into a single time series. 

This combined series is a daily soil 

moisture product over the basin from 

November 2004 to October 2005 

which  is  converted  in to  mm 

measurements by using soil bulk 
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density equations given on NSIDC 

website. Soil moisture products has 

been then converted for the 30 cm soil 

layer (equivalent to thickness of top 

soil layer in LSM) to assimilate into the 

LSM.   

2.3 The Land Surface Model

Land Surface Model (LSM) is a state 

o pe ra to r  i n  h yd r o l og ic  d a t a

assimilation. In this study, Variable 

Infiltration Capacity (VIC) model 

(Liang et al. 1994, 1996; Cherkauer et 

al. 2003) which is a part of Soil-

Atmosphere-Vegetation Transfer 

(SAVT) scheme has been used. VIC, a 

s e m i - d i s t r i b u t e d  m a c r o s c a l e  

hydrologic model has been used in 

p a s t  f o r  w a t e r  r e s o u r c e s

management, land-atmosphere 

interactions and climate change 

predictions as it works in both modes 

such as water balance and energy 

balance within the grid cell; and gives 

statistically sub-grid variations. Its 

distinguish features from other LSMs 

are subgrid variability in vegetation 

classes, soil moisture storage capacity, 

orographic  precipi tat ion,  and

baseflow as a nonlinear function of 

the lower layer soil moisture (Gao et 

al. 2010; Aggarwal et al. 2013; 

Andreadis et al. 2006). Grid based VIC 

model has been used extensively in a 

number of macroscale river basins 

studies globally (Abdulla et al. 1996; 

Shi et al. 2008; Wood et al. 1997; Zhu 

and Lettenmier 2007) because of its 

important  character ist ics  l ike 

vegetation heterogeneity, multiple 

soil layers with variable infiltration. 

Moisture and energy fluxes are 

reckoned separately for each grid 

associated with different vegetation 

classes and the elevation bands. Flow 

routing is then done according to the 

model of Lohmann et al. (1996; 1998 

a) as a separate model which accounts

surface and sub-surface runoff  

computed by VIC. Recently few 

at tempt  have been  made by 

researchers to assimilation observed 

d a t a  ( s o i l  m o i s t u r e ,

evapotranspiration, runoff and snow 

observations) in VIC model using 

various data assimilation technique 

(Pan and Wood 2006; Andreadis et al. 

2006; Han and Li 2008).

3 Experiment Setup

The VIC model runs in various modes, 

namely energy balance, water balance 

and routing. In the present study, the 

three layers VIC (VIC-3L) model was 

run in water balance mode, driven by 

p rec ip i t a t io n ,  a nd  m ax im um  

temperature, minimum temperature 

and wind speed at a daily time-step, 
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The attempt of data assimilation in 

present study begins with the 

simulation of VIC model in moisture 

budget mode that does not use any 

remotely sensed surface soil moisture 

o b s e r v a t i o n  i . e .  O p e n  L o o p

for the entire Ganga basin. It has been 

applied to simulate the total daily run-

off potential and ET for each grid cell 

independently. The set-up of the VIC-

3L model for the entire Ganga basin 

has been elaborated in next section. 

The complete procedure which was 

adopted for present study has shown 

in Figure 2.

(I)

(ii)

Figure 2 Methodology adopted for the study (i) hydrologic model set up for the 
study area (ii) surface soil moisture assimilation done into the same model.
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simulations. The study has been 

carried out for the one year from 

November 2004 to October 2005. The 

model has been calibrated for the 

same period and validated with the 

discharge data of Ganga basin at 

Farakka outlet which is available on 

the Global River Global Runoff Data 

Centre (GRDC) website. For discharge 

estimation the routing of model has 

been done separately by using Rout 

model (Lohman et al. 1996; 1998a). 

After calibration and validation the 

assimilation of AMSR-E soil moisture 

data has been done in the open loop 

simulated soil moisture through EnKF. 

3.1 Model implementation   

Primary focus of this study is surface 

soil moisture assimilation in VIC 

model; hence first VIC simulations 

were done in water balance mode to 

compute the soil moisture in defined 

number of soil layers. The three soil 

layers have been considered as study 

focused on the impact of assimilation 

on the multiregime soil moistures. In 

order to implement the VIC model, 

five main input files are required, 

namely forcing, soil parameter, 

vegetation parameter, vegetation 

library and global parameter file in 

ASCII format. As discussed in LSM 

description VIC simulates the water 

and energy fluxes on grid basis, the 

grids for entire study area have been 

generated first. The basin is delineated 

first and then grid is prepared for the 

entire Ganga Basin at the spatial 

resolution of 25 km X 25 km, using the 

SRTM 90 m DEM; which is further used 

for slope and elevation bands 

calculations. The total number grids 

generated for entire Ganga basin were 

2730 out of which 1387 were the run 

grids. 

The required inputs for VIC simulation 

in meteorological forcing file were 

daily maximum and minimum 

temperature, rainfall, and wind speed. 
0 0 0 0 

The 0.25 x 0.25 rainfall, 1 x 1 daily 

m a x i m u m  a n d  m i n i m u m

temperature, and district wise wind 

speed of the same resolution as that of 

temperature have been procured 

from the gridded data of Indian 

Meteorological Department (IMD) for 

the period of November 2004 to 

October 2005. The forcings are 

generated according the above 

mentioned data. 

The soil parameter fi le which 

describes the unique soil properties 

for each grid cell in the model domain 

in addition to several other soil 

variables is prepared. As mentioned 

previously, VIC-3L has been adopted in 

the present analysis considering soil 

Page No. 39 / Vol. 13 / Issue-1Global Journal of Structural Design and Construction 



layers (z1, z2, z3) of 0–300, 300–1800 

mm and 1800-2500 mm depth 

respectively. Hence, 03 layers of soil 

with 300, 1500 mm and 700 mm depth 

have been considered. The soil 

properties viz. soil texture, percentage 

sand, percentage clay and bulk density 

(BD) for each soil layer depth has been 

extracted from Food and Agriculture 

Organization's (FAO) soil map of the 

world at 1:5,000,000 scale. 

The vegetation parameter file defines 

the number of vegetation types in 

each grid cell, along with their 

fractional coverage, root depth and its 

fraction. The vegetation library file 

defines the different land-cover types 

allowed in the simulation and the 

c o r r e s p o n d i n g  i n fl u e n c i n g

parameters, namely architectural 

resistance, minimum stomatal 

resistance, leaf-area index, shortwave 

albedo, vegetation roughness length 

and displacement height. The 

vegetation parameter and vegetation 

library files were generated from 

global land cover classification map 

generated by the University of 

Maryland (UMD) at a 1 km spatial 

coverage. 

The global parameter file is the main 

input file of the VIC model which sets 

simulation options, such as start/end 

dates and modes of operation, 

compiling the locations of the above 

prepared input files and directory 

which will store output files.

According to the above mentioned 

methodology the VIC model is set for 

the Ganga Basin and then it has been 

well calibrated and validated. For 

calibrat ion of  VIC mainly s ix  

parameters were considered viz. 

infiltration capacity (b ), the maximum i

baseflow that can occur from the 

lowest soil layer (Ds ), the fraction of max

Ds  where non-linear (rapidly max

increasing) baseflow begins (Ds), the 

fraction of the maximum soil moisture 

(of the lowest soil layer) where non-

linear baseflow occurs (Ws) and Soil 

Depth (of each layer). The validation 

for each calibrated model has been 

done with the discharge data of 

Farakka available on GRDC website 

(http://www.compositerunoff.sr.unh.

edu), the long term mean monthly 

discharge data is available on GRDC 

site from 1949 to 1973. For validation 

purpose the routing of VIC simulated 

runoff has been done by using Rout 

model. The input files required for 

routing were flow direction file, 

station location file, fraction file, unit 

hydrograph file in ASCII format and the 

fluxes simulated from VIC. All these 

files were given in the rout file and the 

channel routing were done for the 
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entire basin. The assimilation of soil 

moisture has been done in VIC after 

the calibration and validation. Next 

section is about the data assimilation 

procedure. 

3.2 EnKF algorithm 

A sequential data assimilation 

technique – Ensemble Kalman Filter 

(EnKF), is applied to assimilate AMSR-

E surface soil moisture in VIC. The 

traditional Kalman filter (KF) is the 

optimal sequential data assimilation 

method which uses Gaussian error 

statistics for linear dynamics and 

measurement processes (Gelb 1974). 

For nonlinear dynamics, the extended 

Kalman filter (EKF) can be used, 

although it is not stable if the 

nonlinearities are strong (Miller et al. 

1994). Both the KF and the EKF 

explicitly propagate error information 

with a dynamic equation for the state 

error covariance matrix. However, the 

integration of this equation is not 

computationally feasible for large-

scale environmental systems (Reichle 

et al. 2001). To overcome these 

limitations, Evensen (1994) used an 

ensemble of model to use nonlinear 

model to propagate the ensemble 

states. Hence in the present study 

EnKF has been used for assimilation 

scheme. The formulation of EnKF has 

been given below:

_ a
X  the updated estimate of thei
analyzed state ( n x 1 dimension and n 

is the number of ensembles);_ b
X is the background model forecast,i
which is also referred to the first guess 

in data assimilation ( n x 1 dimension); 

y is the observation ( p x 1 dimension 

and p is the number of observations), 

w h i c h  i s  t h e  s o i l  m o i s t u r e  

measurements in this study; H is the 

observation operator that converts 

the states in the model into 

observation space (p x n  dimension); 

K̂ refers to the traditional Kalman

gain. 
b 

The ensemble X is given as: 

bX =

Where we ignore time index and the 

subscript represents the ensemble 

member. The ensemble mean is then 

defined as

The perturbation from the mean for 

the i th member is

b ’Then X is defined as a matrix formed 1

from the ensemble of perturbations:

(1)

(2)
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An estimation of background error 

covariance is defined as

^
Then the traditional Kalman gain K

can be calculated

R is the observation error covariance 

with a dimension of p x p

The procedure given above has been 

followed for generating assimilation 

parameters for the Ganga basin. The 

grids used for generating Kalman gain 

in this study are selected according to 

the homogeneity of land use/land 

cover and soil type in these girds and 

the availability of AMSR-E soil 

moisture data throughout the study 

period. The soil moisture assimilation 

has been done on ten daily basis from 

November 2004 to October 2005. The 

study period has been divided into 

three different seasons, as winter 

season (November 2004 to February 

2005), summer season (March 2005 to 

June 2005) and monsoon season (July 

2005 to October 2005). 

First ensembles has been generated 

from the simulated soil moistures for 

selective hundred grids of the basin. 

Then ensemble perturbations were 

generated from the mean ensembles. 

By multiplying the perturbation 

matrix with its transformed matrix the 

background error covariance has been 

generated. AMSR-E observations 

were used for the assimilation; hence 

the error covariance matrix has been 

generated by assuming 0.2 standard 

d e v i a t i o n .  F r o m  g e n e r a t e d  

background and error covariance 

matrices the Kalman gain has been 

calculated for the ensembles. In this 

study Kalman gain generation 

procedure has been solved through a 

MATLAB code developed by the 

authors.

The updated soil moisture i.e. 

assimilated soil moisture has been 

incorporated into the model with the 

help of model state file. In model state 

file the soil moisture for each grid with 

vegetation subgrid variability is 

calculated by the model. These 

subgrid variable soil moistures are 

given for the defined three soil depths. 

The MATLAB code has been developed 

for updating the model state files. 

Updated state fi les has been 

incorporated into the VIC through 

global parameter file end the model is 

run for the 10 days intervals. The VIC 

model provides its results in terms of 

flux files, each flux file contains all the 

(5)

(6)

(7)
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water balance components solved by 

VIC for a particular grid. These 10 days 

interval fluxes then again has been 

appended for the complete year for 

each grid of Ganga basin through 

MATLAB code. The results from this 

p r o c e d u r e  o f  s o i l  m o i s t u r e  

assimilation in VIC are discussed in 

following section.    

4 Results and Discussions

Primary focus of this study is to 

assimilate the satellite derived soil 

moisture into the macroscale 

hydrologic model VIC. The soil 

moisture assimilation study has been 

undertaken for Nov 2004 to Oct 2005 

for entire Ganga basin. AMSR-E soil 

moisture daily product has been 

assimilated and its effect on the soil 

moisture along with other water 

budget components has been 

observed. Both the Open Loop and 

assimilation simulations have been 

done from the files generated by the 

spin-up model carried out from 

January 1, 2000 to October 31, 2004.  

First VIC has been simulated in Open 

Loop for the year in water balance 

mode on daily basis for study area. 

Then model has been calibrated for 

the parameters like b Ds, Ds , Ws and i, max

validated with GRDC observed 

discharge of Ganga; it is mean monthly 

discharge in cumec. For our study 

model is calibrated and validated for 

the main outlet Farakka. The 

calibrated and validated model 

simulation comparison with observed 

is shown in Figure 3. 

Figure 3 Hydrograph for simulated and observed discharge of Ganga at 
Farakka (2004-2005)
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In present study, total 47 calibration 

attempts have been carried out and 

finally the model was satisfactorily 

calibrated at the parameter values b= i

0.3, Ds= 0.001, Ws.=  T0h.e8 

comparison of simulated discharge 

from VIC with the observed discharge 

data can hint the success of calibration 

phase. The mean annual GRDC 

observed discharge at Farakka was 

12037.26 cumec whereas calibrated 

model simulated mean annual 

discharge was 12020.92 cumec that 

means model was calibrated very well 

so it can be used for further study. 

Coefficient of determination between 

simulated and observed monthly 

discharge is around 0.86. The snow 

contribution in the discharge was also 

accommodated in the study though 

the fundamental objective of the 

study was to perform soil moisture 

assimilation in VIC.

Satellite observed soil moisture has 

been assimilated in the same 

calibrated model by EnKF for the 

entire Ganga from November 2004 to 

October 2005. The effect of surface 

soil moisture assimilation has been 

observed on the first layer and second 

layer soil moisture of the model which 

i s  compared  a long  wi th  the  

observation soil moisture and the 

rainfall. It has been clearly observed 

that the difference between satellites 

observed top layer soil moisture and 

soil moisture of layer one in 

assimilated model output is less than 

that of the modelled (open loop) 

output as depicted in Figure 4.

Figure 4 Modelled Soil Moisture and Assimilated Soil Moisture for first and second soil
 layer comparison with rainfall and AMSR-E observed soil moisture satellite data
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Open Loop simulation runoff was 

325.76 mm whereas for assimilated it 

was 239.75mm with the difference of 

86.01 mm in two approaches. The 

total water evaporated from the basin 

in Open Loop simulation was 634.01 

mm whereas in assimilation model 

was reduced up to 423.65 mm; hence 

the total water contributed in 

baseflow was 111.51 mm and 47.15 

For first 4 to 5 days after assimilation 

the model behavior in terms of soil 

moisture was varying according to the 

AMSR-E observations because it has 

been assumed in assimilation 

procedure that the remotely sensed 

observation data is true and the 

standard deviation is 0.2. After 

approximately five days the soil 

moisture output of model gets slowly 

pulled towards the model state as the 

impact of observations assimilated on 

first day in EnKF decreases with 

increase in time without assimilation. 

In open loop simulations, soil 

moisture trend was govern by rainfall 

a lone  i . e .  the  so i l  mo is ture  

fluctuations have been seen only for 

the rainy days otherwise the soil 

profile varies linearly with time. In 

case of assimilated model output, the 

ups and downs can be seen in soil 

moisture profile of top layer, which 

reflect the effect of rainfall spatial 

dynamics and irrigation water 

distribution captured through satellite 

observed actual soil moisture on the 

model behavior. The impact of first 

layer soil moisture assimilation can be 

seen on the second layer soil moisture 

profile also. The bias between 

observation and surface soil moisture 

of open loop model has been 

minimized in the assimilated model.

As shown in Table 1, the relatively 

good impact of the assimilated soil 

moisture on the other water balance 

components have also been recorded 

through this study. The water balance 

analysis has been done for the study 

period and the components have 

been calculated for the entire year 

from daily average values.  

Table 1 Comparison between assimilated and modelled VIC water balance components
 (all units are in mm)
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In open loop simulation water balance 

study, the runoff and evaporation 

values were more than that of the 

assimilated model as the soil moisture 

status in open loop simulation was 

always higher than the actual field 

condition (as observed through 

satellite). This excess water available 

in the top layer of soil has reduces the 

infiltration losses from runoff  

resulting in high runoff estimation in 

open  loop  case.  Whereas  in

assimilated case the top layer soil 

m o i s t u r e  w a s  c o n t r o l l e d  b y  

assimilation of observations and 

model dynamics, hence the model 

tends towards the actual (observed 

from satellite) soil moisture condition, 

which is less than the open loop case. 

The runoff in assimilated model case is 

less than the open loop case due to 

higher deficit in soil moisture regime 

mm respec t ive ly.  The  above  

mentioned changes in water balance 

components must have occurred due 

to reduction in top layer average soil 

moisture from 79.35 mm to 44.20 mm 

in assimilated case as compared to 

open loop case. It has been seen that 

second layer soil moisture was also 

changed (reduced) by 26.84 mm in 

assimilated approach, whereas 

insignificant changed has been 

observed in the soil moisture values of 

third layer in both the cases. 

As the assimilation effect has been 

analyzed on the annual basis, the 

monthly effect has also been analyzed 

and depicted in Figure 5. It can be seen 

that the assimilation of satellite 

derived soil moisture in the top layer 

of VIC model has entirely changed the 

behavior of model in terms of water 

balance components.

Figure 5 Modelled Water Balance Components and Assimilated Water Balance Components
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In assimilated case the impact of 

rainfall spatial variations and irrigation 

water distribution on the soil moisture 

regime of the basin has successfully 

modeled through assimilating satellite 

observed soil moisture on 10 daily 

basis.  In assimilated case, soil 

moisture follows rhythmic trends e.g. 

for first few days it is closer to the 

observations and then it gets pulled 

towards the model state as the 

assimilation impact became weaker 

and weaker with increasing time of 

non-assimilated period. The rounded 

portion in Fig.6 shows the case when 

the soil moisture in both the cases are 

almost similar, in this case very close 

results have been obtained from both 

the model setup (open loop and 

assimilated), the difference in runoff 

and the evaporation estimates of this 

particular day are around 0.0359 mm 

of the basin as discussed. The higher 

availability of soil moisture in open 

loop case has resulted in higher 

estimates of evapotranspiration in this 

case.

Previously the analysis of open loop 

and  a ss imi la t ion  were  made  

independently, study has attempted 

to compare the surface soil moistures 

of respective simulations together 

with their differences. As shown in 

Figure 6 depicts the complete scenario 

of the modelled soil moisture of both 

the cases. 

Figure 6 First layer soil moisture comparison between modelled and assimilated VIC 
and difference between the same with the rainfall variations  
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and 0.4615 mm respectively. It proves 

that the difference in water balance 

components in two model setups is 

only due to assimilation of soil 

moisture.   

The soil moisture spatial variability has 

been represented in Figure 7 for the 

model without assimilation and 

model with assimilation for the 10 

days interval from 21 July 205 to 31 

July 2005 along with AMSR-E 

observations for the top most 30 cm.

Figure 7 Soil Moisture variability comparison for without and with assimilation VIC 
model for Ganga basin with AMSR-E observed soil moisture.
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As discussed previously, first 4 to 5 
st th th days i.e. from 21 July to 25 or 26

July; there is a  significant difference 

can be seen Fig. 7, between top layer 

soil moisture predictions of model 

with assimilation and without 

assimilation. This difference in soil 

moisture products of two model is 

governed by satellite observations of 

actual soil moisture which has been 
st

assimilated on the day one (i.e. 21  

July) in the model. However, the effect 

of actual observation assimilated 

model become weaker and weaker 

with the increase in model analysis 

period without assimilation, i.e. from 
th6  day to 10 day, this trend can be seen 

th st 
from 27 July to 31 July where the 

impact of soil moisture observations 

in assimilation is poor. 

Similar results were obtained for each 

ten days intervals for the entire Ganga 

basin in complete study period.

Conclusions

This paper has investigated the 

performance of the Ensemble Kalman 

Filter (EnKF) for assimilation of 

remotely sensed soil moisture data in 

the macroscale, semi-distributed 

hydrological model (VIC). With high 

dimensions of state and parameters 

requirements of VIC model the 

optimal estimations of water balance 

components may be achieved, 

conditional to representation of 

actual state of study area in the model. 

The dynamics of actual state of basin 

can't be defined using any model 

alone. As in the most advanced LSMs 

also the state can be defined at the 

beginning of analysis only. The 

dynamics of basin state can only be 

incorporated in model through data 

assimilation. The primary objective of 

this study was to assimilated satellite 

derived soil moisture (which governs 

the water and energy balance of the 

basin) in the macro-scale hydrological 

model (VIC). The VIC model has been 

set up for Ganga basin at 25 km grid 

resolution and three level vertical 

discretization (i.e. soil layers). The 

model has been calibrated and 

validated using observed discharge 

da ta  of  Farakka .  Corre l a t ion  

coefficient of 0.85 has been achieved 

during calibration and validation 

phase of this model. The surface soil 

moisture derived from passive 

microwave observations of AMSR-E 

has been assimilated in the VIC model 

using EnKF on ten daily basis. 

The water balance study for the basin 

in open loop simulation (model 

without assimilation of satellite 

derived soil moisture) and assimilated 

case has been compared to analysis 
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t he  impac t  o f  so i l  moi s ture  

assimilation on the behavior of VIC 

model. The change in water balance 

components in both the cases has 

been observed. The modeled runoff 

potential of the basin decreased by 

86.01 mm and the evapotranspiration 

losses from the basin also decreased 

by 210.36 mm in assimilated case. This 

decrease in runoff potential and 

evapotranspiration is attributed 

towards the actual soil moisture 

deficit of the basin, which is been 

incorporated in the model through 

assimilation. 

The difference in water balance 

c o m p o n e n t s  i . e .  r u n o ff ,

evapotranspiration, baseflow is 

minimal for the time periods where 

the soil moisture values of top layer in 

open loop case and assimilated case 

are similar. This signifies that, the 

change in model behavior is governed 

by soil moisture assimilation. The 

results also indicates that, in 

assimilated case the model top layer 

soil  moisture  predictions are 

controlled by observation for first 4 to 

5 days after assimilation, and further 

the model state plays a dominant role 

in governing the behavior of model. 

The assimilation interval in present 

study has been kept as 10 days, 

however, there are no standards 

available for deciding time interval 

between two assimilation steps, 

further research can be taken up for 

optimizing the time interval for 

assimilation of different variable.

The daily soil moisture update through 

assimilation improves the behavior of 

model and hence estimation of 

hydrological components. It is 

recommended that assimilation is 

essential for the models dealing with 

highly dynamic state variables. Data 

assimilation techniques enhances the 

capability of model on the cost of 

increased computational burden. 
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Abstract

Methods of sediment transport rate by using relationships suggested by various 

researchers are conventionally compared for finding total load in a stream, for a 

given set of flow parameters. Concepts of probability, empiricism, stream power, 

regression and power balance have been explored and tested, yet any singular 

relationship fails to prove accurate for prediction of sediment transport rate in any 

stream. This ultimately compels the practising Engineer to test a number of 

approaches before using any one in the field application. Alternative method 

suggested by some researchers is to find the best correlation between various 

dimensionless flow parameters and different dimensional as well as non-

dimensional sediment transport parameters. The present study aims to evaluate 

the correlation between dimensionless sediment transport parameter and 

dimensionless flow parameters. A regression model is proposed for total sediment 

rate prediction after testing it for number of data sets from both laboratory and 

field. This approach lacks theoretical validation, in terms of physical processes 

however, the concept of non-dimensionality is scientific and relieves analysis from 

complexity of units and their conversions. The proposed model can be applied more 

freely to any set of observations. Based on this methodology, the model is 

developed using five data sets with 320 data points. The model has been tested on 

other independent data sets of Steins, Willis, Portugal River and Rio Grande 

(Nordin). The mean normalised error in the prediction is found to be -53.97% to 

65.30%.

Keywords: Total sediment transport, dimensionless parameters, correlation 

coefficient
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Introduction

Sediment transport is a key factor 

affecting the stability and design of 

various hydraulic structures across an 

open water channel. Immense 

quantities of sediment of various 

sizes, shapes and density get carried 

away by different modes of movement 

like bed load, suspended load and 

wash load, depending upon the flow 

and channel characteristics. The 

hydraulics of flow in a river and its 

sediment transport characteristics are 

the two basic phenomena that 

determine its geometrics and plan 

form shape. There are many variables 

that affect the hydraulics of flow and 

the nature of sediment transport in a 

n a t u r a l  s t r e a m .  T h e o r e t i c a l  

developments of sediment transport 

functions for different flow and 

sediment conditions were based on 

assumptions of different degrees of 

complexity. Some of the simplified 

assumptions are based on idealized 

laboratory conditions that may not be 

true for the much more complicated 

natural river systems. In the present 

study effort is being made to study 

dimensionless fl ow parameters 

influencing strongly on sediment 

transport rate and thus predict total 

sediment transport rate.

2. Total Sediment Transport

The basic mechanism responsible for 

sediment motion is the drag force 

exerted by the fluid flow on individual 

grains (Henderson, 1966). The 

knowledge and correct prediction of 

total sediment load carried by the 

channel is necessary to tackle 

hydraulic problems like aggradation, 

degradation, river training etc. The 

behaviour of sediments in varying 

flow conditions remains impossible to 

predict. Its prediction has been tried 

from all angles considering and 

ignoring many parameters of flow and 

geometry, yet the dynamic nature of 

flow and innumerable combinations 

of sediment size and shape keep the 

research an open challenge.

Shu-Qing Yang (2005)23 studied the 

correlations between the total 

sediment discharges and various 

hydraulic parameters were examined 

by using field and laboratory data and 

obtained new transport parameter. 

Author found that Dou's energy 

parameter, V3/ghω as well as Yang's 

parameter VS/ω does not correlate 

well with selected data sets. S.K. 

Sinnakaudan, M.S. Sulaiman, S.H. 
25

Teoh (2010)  developed total load 

transport model using the multiple 

linear regression analysis approach 

based on Engelund & Hansen (1967) 
8

equation. Jennifer G. Duan (2013)  

developed total sediment load model 
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based on 4000 sets of laboratory 

experimental data and 3000 sets of 

fi eld data  and dimensionless  

parameters are formulated to 

quantify total sediment load. A 

simplified power-law relation is 

formulated from fitting the measured 

data.

3. Methodology

Based on observed data values of 

parameters like depth of flow, width of 

channel, sediment mean size, velocity 

of flow, slope of channel, etc. and 

observed sediment transport rate, the 

values of other significant parameters 

like shear stress, critical shear velocity, 

f r i c t i o n  v e l o c i t y  a n d  o t h e r  

dimensionless flow parameters like φ   b,

φ  φ   φφ φ are calculated. The v, y, e, n, d 

observed sediment transport rate is 

converted into dimensionless form 

using the relationship of Einstein. This 

dimensionless sediment transport 

rate is tested for correlation with each 

dimensionless flow parameter. The 

pair showing the best correlation is 

selected to develop a regression 

equation for a large number of data 

set values plotted for the selected pair 

of parameters. The developed model 

is tested on independent data sets to 

validate. The obtained result is 

analysed using statistical parameters 

l i ke  mean  pe rcen tage  e r ro r,  

discrepancy ratio and score, etc. and 

conclusions are drawn.

Following dimensionless  fl ow 

parameters and sediment transport 

parameters were calculated for the 

analysis (given in equations 1-7:

a) φ(Bagnold Power Parameter),b 

Φ  = τV (1)b 0

b )φ ( V a n  R i j n ' s  e x c e s s i v e  v  

d i m e n s i o n l e s s  s h e a r  s t r e s s  

Parameter), 
2 2

Φ = (u' - u )/ u (2)v * *c *

c) φ(Yang's Stress Parameter),y 

Φ = VS/ω     (3)y

d) φ(Dou's Energy Parameter),e 

3
Φ = V /g*R*ω     (4)e

e) φ(Yang and Lim Parameter),n 

2 2    
Φ = (ϒ /Δϒ)* τ*(u' - u )/ ω     (5)n s s 0 * *c

f)φ (Duan Parameter), Φ = [(u' - u )d d * *c

*τ ]/ [ω*(Δϒd)]     (6)0 s

Sediment transport parameters

a) Einstein Dimensionless transport

parameter
3 1/2q * = q / ϒ[{s/ϒ-1} g d ] where q iss1 s s 

2
inm /s      (7)

4. Data Collection

Data collected contains laboratory 

experimental data and field data in 

canals and natural rivers. The range of 

lab data and field data is given in Table 

1 & 2 respectively. These data sets 

were used for analysis, model 
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development and testing/validation of developed model.

Table 1 Summary of Laboratory Data used for analysis

Table 2 Summary of Field Data used for analysis
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5. Data Analysis

For the development of model for 

predicting total sediment transport 

rate calculations are done for all the 

data sets using MS Excel spread-sheet. 

The correlation coefficients were 

f o u n d  b e t w e e n  q s 1 *  a n d

dimensionless flow parameters (φ  φb, v,

φ  φ  φ).  Gφraphs were plotted y, e, n, d

between each such correlation. 

Subsequently qs1* is found best 
2

correlated with φ and thus  R  value d.

obtained for power relation curve 

fitting each data set was assessed. 

Further, based on this analysis a set of 

best data sets were selected, based on 
2R  values from 0.35 to 0.95, for 

developing a model.

During the process of calculation of 

dependent parameters, like shear 

stress, friction velocity, etc. from the 

given parameter like D, S, etc., Zanke's 

formula, eq. (8), has been used for 

calculating fall velocity and kinematic 

viscosity has been calculated 

considering the temperature effect 

using equation (9).
3

ω = [(10*υ/d) [{1 + (0.01Δ *g * d / s 
2 1/2

υ)} -1]] m/s (8)

υ =  ( 1 . 7 9 2 * 0 . 0 0 0 0 0 1 ) /
2 2

((1+(0.0337*T)+(0.000221*T ))) m /s

(9)

Where, T is temperature in degree 

centigrade.

Critical Shear velocity has been found 

using modified Shield's curve and Guo 

(1997) relation (10) for field data 

where mean sediment size changes 

very frequently.

(10)
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Similar set of correlation coefficients 

were obtained for other data sets.

6 .  M od e l  D e ve l o pm e n t  a nd  

validation

The best correlated parameter pair, 

qs1* and φ, were plotted for each d

2
data set and R  value were obtained 

for each graph. Based on data sets 
2

resulting in R  value greater than 0.5, 

as given in table 4,  a model is 

developed by plotting the two 

parameters collectively for all such 

data sets using regression approach to 

predict total load, as shown in Fig.1. 

The selected data sets are of  J.P.Soni, 

Abdel Aal F. M., Einstein, Gibbs C.H., 

Nomicos, Barton & Lin, Red River (Toff) 

and A.M.C. Simons. 

Where, 

Correlation Coefficient =     Correlation coefficients for each data 

set between sediment transport 

parameter and flow parameter is 

found using eq. (11) as shown in 

sample Table 3.
(11)

Table 3 Sample Correlation Coefficient Table for data set of Williams G P
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River and Rio-Grande (Nordin). The 
results were analysed using the 

statistical measure like MNE, DR and 
Score.

2Table 4 R  values obtained for different data sets

The proposed model is given as in eq. 12.
           (12)

Where, Y represent qs1* and X represent φ.d

1.0565Y = 10.764 X

Figure 1 Graph between qs1* and φ for all the data setsd

Page No. 63 / Vol. 13 / Issue-1Global Journal of Structural Design and Construction 



From the result of the analysis it can be 

seen that the MNE obtained for both 

lab and field data sets is between -

53.97 to 65.30 which is quite good. 

Also the discrepancy ratio found for 

lab data of Willis and Steins is very 

close to 1.0, the ideal value, however 

the same for field data has variation of 

+ 0.5, which is also very good. The 

score for all data sets shows similar 

trend.

8. Conclusions

The proposed model gives extremely 

good results for the tested data sets. It 

can be concluded that dimensionless 

fl ow parameter of Duan is a 

dependable factor for total sediment 

transport prediction. Thus the 

proposed model can be freely applied 

to both lab data and field data in same 

format. More testing of data having 

different fl ow conditions and 

parameter values may be carried out 

by researchers even while applying 

the proposed model. 
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