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ABSTRACT

This study was aimed at ensemble rainfall-runoff modeling by Soil and Water Analysis Tool (SWAT), the Hydrologic Engineering Center’'s
Hydraulic Modeling System, and Hydrologiska Byrans Vattenbalansavdelning of Gilgel-Abay watershed, Blue Nile basin, Ethiopia. For model-
ing, daily rainfall datasets of five gauges and three satellites, streamflow, and spatial data were used. In the modeling stage, first, the runoff
was simulated separately using the rainfall data of gauges, satellites, and their fusion. Second, ensemble rainfall-runoff simulation of the
rainfall dataset fusion-based runoff result was conducted via the proposed weighted average, simple average, and neural network (NNE)
ensemble techniques. The results exhibited that all models are good in capturing the rainfall-runoff relationship; however, SWAT showed
slight superiority by Nash-Sutcliffe efficiency of 0.807 and 0.821 for gauge and fusion data, respectively. The rainfall fusion ensemble
model revealed significant improvement over modeling by satellite rainfall owing to the bias-correcting gauge rainfall over satellite rainfall.
The NNE technique enhanced the efficiency of the low-performing satellite-rainfall-based model by 17.5% and the rainfall fusion-based model
by 13.3% at the validation stage. In general, the result of this study points out that the rainfall datasets’ fusion from multi-sources would be
worthy for the rainfall-runoff simulation of ungauged basins.
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HIGHLIGHTS

® |n this study, rainfall-runoff modeling was carried out by Soil and Water Analysis Tool, Hydrologic Engineering Center’s Hydraulic Modeling
System, and Hydrologiska Byrans Vattenbalansavdelning.

® Spatial, streamflow, satellite, and gauge rainfall datasets were used as inputs for modeling.

® Runoff was simulated separately using the rainfall data of gauges, satellites, and their fusion.

® Ensemble techniques were applied to further improve the efficiency of the models.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and
redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Rainfall-runoff modeling is a frequently used process to describe a watershed’s hydrological response to what would occur as
the result of precipitation. It has been widely used to realize regional hydrological characteristics and their spatial and tem-
poral variations due to climatic and land use/land cover changes (Guzha ef al. 2018; Leong & Yang 2020). Precise multiple-
time-scale (hourly, daily, weekly, monthly, and seasonal) flow forecasting is valuable for the effective planning and operation
of hydro-power generation, reservoirs, sediment transport, irrigation management, water supply and sanitation, and related
hydrologic studies (Araghinejad et al. 2006; Solomatine & Shrestha 2009). Several models have been developed for rain-
fall-runoff simulation such as distributed physical-based, conceptual, and artificial intelligence-based black-box models
(Nourani et al. 2021a, 2021b). Physically based models are usually applied to estimate the internal sub-processes and physical
behavior of the hydrologic cycle. Physically based models can consider simple linear laws, and assume time-varying, non-
linear, and deterministic parameters. Physically based models are further categorized as fully distributed and semi-
distributed physically based models depending on input data requirements and the physical processes undergone. In fully dis-
tributed models, data with spatial variation and computational algorithms are used to evaluate the rainfall-runoff process
(Gebre 2015). Moreover, they require a large quantity of input data (sometimes unavailable). Semi-distributed physically
based models, however, are partially subjected to spatial variation by dividing the catchment into smaller sub-basins and
they require fewer input data than fully distributed models (Orellana et al. 2008). Some examples of the semi-distributed phys-
ically based models are the Sacramento Soil Moisture Accounting Model (SAC-SMA), Soil and Water Assessment Tool
(SWAT), Storm Water Management Model (SWMM), and flood hydrograph package of the Hydrologic Engineering
Center of the US Army Corps of Engineers (HEC-1).

SWAT is a semi-distributed physically based model practiced for the hydrological simulation of streamflow at the basin
level (Arnold et al. 1998; Arnold & Fohrer 2005). The SWAT model has been proved as a powerful and efficient tool not
only for streamflow simulation but also for flood prediction, nutrient transporting, soil erosion, and land cover change mod-
eling (Busico ef al. 2020). The Hydrologic Engineering Center’s Hydraulic Modeling System (HEC-HMS) characterizes
rainfall-runoff processes in a dendritic watershed in time and space (Kwin et al. 2016). The model has been effectively
applied in various catchments (Mandal ef al. 2016; Young ef al. 2017).
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Hydrologiska Byrans Vattenbalansavdelning (HBV) is a semi-distributed conceptual rainfall-runoff model that uses a
simple continuity equation to model rainfall-runoff and the physical relationships of variables dividing the catchment into
smaller sub-basins (Ciupak ef al. 2019). HBV has been effectively applied for several hydrological modelings such as stream-
flow simulation, climate change analysis, and water level prediction (Uhlenbrook et al. 2010; Pervin et al. 2021).

In all such rainfall-runoff trends, precipitation is the basic element of the hydrological processes and it can play a substan-
tial role in the modeling process. One of the main sources of uncertainty in hydrological modeling is related to inappropriate
rainfall occurrences in space and time. Ground-based rain gauges, satellite-based precipitation measurement techniques, and
radar are the common approaches to obtain precipitation for rainfall-runoff modeling. Ground-based rain gauges are the
principal source of obtaining precipitation data, as they are a direct measurement method. However, gauge rainfall may
not be realistic because of the sparse spatial resolution of rain gauge networks, especially in developing countries, orographic
effects (Mondal et al. 2018; Nourani ef al. 2021a, 2021b), and its continuous data availability that could also be affected by
natural or man-made impacts. The rainfall estimating radar systems often have a limited spatial range and they are not afford-
able in developing countries because the installation and maintenance demands are high (Thorndahl et al. 2017). However,
satellite-captured precipitation datasets have emerged as consistent, economical, and continuous rainfall sources for rainfall-
runoff modeling (Gebremichael et al. 2014).

Several satellites have been launched for the purpose, for instance, the Tropical Rainfall Measuring Mission (TRMM) was
sent to space in 1997, and the Global Precipitation Measurement (GPM) Core Observatory was launched in 2014 that esti-
mates near-real-time precipitation and snowfall (Yong et al. 2015). The Climate Prediction Center (CPC) morphing technique
(CMORPH) has been in operation since 1998 to estimate near-real-time precipitation (Gebremichael et al. 2014).

Uncertainties in rainfall-runoff simulations that might arise from the input data have been practically managed by calibrat-
ing and assimilating the input data (Kumar et al. 2015). In catchments where gauging stations could not adequately represent
the area, the fusion of gauges and multi-source satellite precipitation data was revealed to have high performance in rainfall-
runoff modeling because the bias in satellite rainfall estimation could be corrected by gauging rainfall during fusion. The
models could not all equally perform on rainfall-runoff modeling, and they have their merits in some aspects and shortcom-
ings in others. Therefore, ensemble modeling could optimize modeling by conjoining the benefits of each model in the
calibration phase and improving the overall efficiency of rainfall-runoff modeling. The current study aims at ensemble rain-
fall-runoff modeling by physically based semi-distributed models (SWAT, HBV, and HEC-HMS) using the fusion of multi-
source satellites and gauge rainfall for the Gilgel-Abay catchment. For this, three ensemble techniques, namely, neural net-
work ensemble (NNE), weighted average ensemble (WAE), and simple average ensemble (SAE) techniques, were
developed using the runoff results of the semi-distributed physically based models. The SWAT, HBV, and HEC-HMS
models were chosen among different physically based models due to their free available documentation and software,
which make them useful in poor countries where there are limited funds for commercial software. Moreover, these
models are popular and provide reliable hydrologic modeling results in tropical regions (Tibangayuka et al. 2022; Gelete
et al. 2023). Similarly, the SAE and WAE techniques were selected due to their straightforwardness and simplicity. The
NNE technique was used as a nonlinear model combination technique in this study due to its popularity, compatibility,
and high accuracy in previous studies (Nourani et al. 2021a, 2021b).

Gilgel-Abay is among the essential sub-catchments of the Ethiopian side of the Blue Nile River, which provides a great
share of water to the river and is crucial to stabilizing the environment and the catchment hydrology socio-economic patterns
of the people located in the regional countries. In the Gilgel-Abay catchment, the rain gauge meteorological stations’ distri-
bution is spatially uneven, and temporally, it has only a short period time series. Furthermore, the topography and landscape
of the basin are inconstant and fluctuate from mountains to valleys, which might lead rainfall to be subjected to orographic
influences, as well as to biased and inappropriate depiction of the rainfall features (Gebre 2015).

2. MATERIALS AND METHODS

2.1. Study area

The Gilgel-Abay watershed is positioned in northern Ethiopia at 10.92°-11.31° N latitude and 36.92°-37.14° E longitude and
has an area of 1,635 km? (Figure 1). It is one of the Lake Tana basin sub-catchments that can drain over 60% of streamflow to
the Lake Tana catchment (Wale ef al. 2009). Most of the basin is dominated by highland topographic classes, and the altitude
ranges from 1,866 to 3,543 m above the mean sea level (see Figure 1). The catchment is characterized by flat to mild slopes
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Figure 1 | Study area boundary with satellite rainfall grids and elevation.

ranging from 0% to 43%. The catchment is influenced by a cool and humid climate with an annual average temperature of 17-
22 °C. Major rainfall occurs from early June to mid-September while October to May exhibits dry climatic conditions and the
annual average rainfall is 1,420 mm. The catchment has one hydrometric station situated at the watershed outlet. The clay-
loam, clay, and silt-loam soil textures are uniformly distributed in the catchment with 33% in each class. Haplic luvisols is the
major soil type of the basin and mixed land use pattern has been practiced with 74% intensive agriculture, 15% grasslands,
and 11% woodlands and forests.

2.2. Input datasets

All three models (SWAT, HEC-HMS, and HBV) prominently used both spatial and temporal data. In this study, the basic
inputs for watershed delineation into sub-basins and hydrological response units (HRUs) are a digital elevation model
(DEM), a land use land cover (LULC) map, and a soil map. The 12.5m x 12.5 m DEM for the study area was downloaded
from the Alaska satellite facility service (https://search.asf.alaska.edu/#/). The 2020 LULC map that was downloaded from
ESA Sentinel-2 imagery is a 10 m x 10 m high-resolution raster and provides detailed land use categories (Karra et al. 2021).

Daily precipitation as well as the maximum and minimum temperatures of five gauging stations (Adet, Dangila, Gundel,
Sekela, and Wetet Abay) for 19 years (2000-2018) were obtained from the National Meteorological Agency, and daily dis-
charge time series measured at the outlet of the mainstream were collected from the Ministry of Water, Energy, and
Irrigation of Ethiopia. The data series were checked for homogeneity by the double mass curve method. In addition to the
gauge rainfall data, different satellite-based datasets for the same length of years were downloaded from the database and
used as inputs for rainfall-runoff modeling.

Satellite-estimated precipitation data is an alternative source of data for ungauged catchments or ground-based spatial
gauges distribution that is coarse. The TRMM was launched in 1997 by the joint effort of the Japan Aerospace Exploration
Agency (JAXA) and the National Aeronautics and Space Administration (NASA) to estimate rainfall in tropical regions (Le
et al. 2020). A TRMM precipitation sensor satellite includes precipitation radars, microwave imaging devices, as well as infra-
red and visible ray scanners. The TRMM precipitation estimation steps are as follows: first, the collected raw data are geo-
located and calibrated; second, the area’s physical and geographical features are updated with the resolution and location
of raw data; third, the temporally averaged data are mapped uniformly in time and space grids.
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CMORPH is another technique that has been operated since 1998 to estimate near-real-time rainfall that is commonly pro-
vided 18 h later for observation and has been developed by the United States National Oceanic and Atmospheric
Administration (NOAA). In this study, two version 7 TRMM products (3B42RT and 3B42) and CMORPH satellite rainfall
products were used for rainfall-runoff simulation. The 3B42RT rainfall dataset is available six hours after real-time and
covers the globe at 60°N-60°S latitude, and the gauge adjusted 3B42 is the research post-real-time version that is available
two weeks after the end of each month with global coverage of 50°N-50°S latitude (Li ef al. 2018); 3B42RT uses the combined
datasets from the TRMM precipitation radar and the microwave image sensor for the calibration of rainfall information
derived from a low-Earth-orbit radiometer and microwave sensors.

CMORPH estimates rainfall from the amalgamation of low-orbit passive microwave satellite scans and infrared data
derived from geostationary orbit at high spatial and temporal resolutions. CMORPH estimates relatively high-quality rainfall
because the intensity and shape of the rainfall are morphed during the time between microwave scans, by applying time-
weighted linear interpolating techniques between microwave-obtained information that has been propagating forward and
backward in time from the previous and following microwave scans, respectively. CMORPH uses precipitation from passive
microwave observation and then transmits the information in space by motion vectors originating from geostationary infrared
information (Dinku et al. 2007).

CMORPH estimates precipitation using the information derived from low-orbit satellite microwave estimation exclusively
and that information is conveyed by spatial propagation features derived entirely from geostationary infrared datasets. The
infrared information serves as a transport medium for microwave-derived precipitation data when microwave data are not
accessible at a particular position. The propagation vector matrices are formed by calculating spatial lag correlations on con-
secutive images from geostationary infrared satellites that are then used to propagate the microwave-derived precipitation
data. First, the time sequences of data motion are controlled from infrared ray data; then this information is used to deliver
displacement motion for morphing from one instantaneous microwave estimate to the other. Based on these processes,
CMORPH is associated with retrieved super-precision of passive microwave and greater temporal and spatial resolutions
of infrared ray data.

All satellite rainfall products used in this study are available at 0.25° x 0.25° spatial and daily time resolutions and the whole
study area is covered by eight satellite rainfall grids (see Figure 1). The three satellite rainfall products were picked because
they have previously shown worthy results in earlier studies (Bitew & Gebremichael 2011; Bitew et al. 2012).

2.3. Proposed methodology

In this study, three different physically based models, namely, SWAT, HEC-HMS, and HBV models, were used for rainfall-
runoff modeling of the Gilgel-Abay watershed. Each of the models requires different inputs for rainfall-runoff modeling. This
study involved two stages of modeling for rainfall-runoff prediction. First, SWAT, HEC-HMS, and HBV physically based
models were individually applied to model the rainfall-runoff process using satellite and gauge rainfall datasets separately
and the fusion of them as well. Second, the runoff output of each model was applied as inputs for ensemble modeling via
NNE, SAE, and WAE modeling techniques.

2.4. Used rainfall-runoff models

In the current study, the SWAT, HEC-HMS, and HBV models were proposed for rainfall-runoff modeling. These models are
semi-distributed and could explore the spatially variable hydrological characteristics by discretizing the basin into smaller
sub-basins and further into HRUs. In this way, the detailed internal sub-processes of rainfall-runoff for each hydrologic
unit could be better visualized, accounted for, and aggregated at the final drainage point so that the output would be accurate.

SWAT is operated on a watershed scale and a semi-distributed physically based hydrological model that is applied for
hydrological modeling on a daily or sub-daily time-scale (Arnold ef al. 1998). It was developed by the United States Agricul-
tural Department and Texas A&M University to simulate the effects of soil, land use, and farming practices in a long-time
hydrological response over the catchment. SWAT divides the basin into several smaller sub-basins which are also further
divided into numerous HRUs, each of which is characterized by unique land use, soil, topographic, and slope features
(Leong & Yang 2020). Rainfall-runoff modeling in SWAT can be executed in two different phases. In the first phase all
the available hydrological and climatic inputs are applied to simulate runoff in each sub-basin. The second phase is the rout-
ing step where the flow from each sub-basin is connected to the main channel and the cumulated flow moves to the final
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outlet of the basin. The rainfall-runoff modeling in SWAT is based on the following water balance equation:

t
SWf =SW+ Z [Rday - (qurface +ET+ W+ Qground)] (1)

i=1

where SWy; is the final soil moisture availability in a day (mm), SW is the initial soil moisture content in a day (mm), ¢ is time
(day), Rqay is the daily precipitation (mm), Qsurface is the daily surface runoff (mm), ET is the combination of daily evaporation
and transpiration (mm), W is daily percolation (mm), and Qgrouna is the daily groundwater discharge (mm).

SWAT reproduces surface flow by utilizing either the soil conservation service (SCS) runoff curve number (CN) tech-
nique (Gassman ef al. 2007) or the Green and Ampt infiltration process. In this study, the SCS runoff CN technique
was applied to reproduce surface flow. The land use/cover and soil raster (Figure 2) were layered to develop a rainfall-
runoff model for the basin. In the SWAT model setup, first, the watershed was delineated from the DEM, and then,
LULC, soil, and slope maps were overlaid (see Figures 2 and 3) and HRUs were generated that provided details about
soil attributes, slope, and land use. After creating HRUs and loading weather data, the rainfall-runoff simulation for the
basin could be executed.

HEC-HMS is a semi-distributed conceptual model developed by the US Army Corps of Engineers that can model the rain-
fall-runoff process of dendritic watersheds (Feldman 2000). The model has been updated several times and different versions
are available; hence, HEC-HMS version 4.7 was used in this study. The model is applied to simulate four hydrological pro-
cesses such as loss, transform, baseflow, and routing models. The model determines effective rainfall in the catchment by
characterizing the antecedent soil moisture conditions (Young ef al. 2017), determined using Equation (2).

The SCS-CN loss calculation method was selected to determine direct runoff because it has been widely applied in various
watershed conditions and has produced better results as compared with the initial and constant loss methods:

_(P-L)
Pe=5— L..S 2)
where P, is the excess rainfall and P is the accumulated rainfall depth at time ¢, I, is the initial abstraction (e.g.,
infiltration loss), and S is the potential maximum retention. S (mm) and I, can be determined by the SCS
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Figure 2 | (a) Land use and (b) soil map of the study area.
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method based on CN as:
25,400
S=—" — 254 3)
CN
I, =028 (4)

The CN ranges from 1 to 100 and it is function of LULC and the soil hydrological group. For this study, CN was determined
from the global hydrologic soil group and soil class texture grid by the zonal statistics tool on ArcGIS. The peak discharge (Q)
is calculated as:

(P — 0.28)
ey ©

HEC-HMS applies several transform methods to convert rainfall into runoff. In this study, the SCS unit hydrograph with a
standard graph type was used as the transform method because it requires only lag time as an input parameter. In the current
study, baseflow recession and Muskingum methods were applied as baseflow and routing models, respectively. The Muskin-
gum method is a simple and lumped flow routing technique that determines the outflow hydrograph at the outlet point. The
HEC-HMS basin model was developed for the basin (Figure 4), and runoff was simulated at the outlet point.

HBYV is another conceptual semi-distributed hydrologic model, developed by the Swedish Meteorological and Hydrological
Institute (SMHI) to simulate the rainfall-runoff process (Lindstrom et al. 1997). In this study, the HBV light version was used
for rainfall-runoff simulation based on different elevation and vegetation zones. The model simulates daily discharge using
daily rainfall, temperature, long-term potential monthly evapotranspiration, observed discharge, land use, vegetation zones,
and elevation classes as inputs. The general water balance equation of the model is described below:

P—E—Q:%[SP+SM+UZ+LZ+L], (6)
where P is the precipitation, Q is the discharge, E is the evapotranspiration, SM is the soil moisture, SP is the snowpack, UZ is

the discharge contribution from the upper reservoir, L is the lake volume, and LZ is the discharge contribution from the lower
reservoir.
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Figure 4 | The HEC-HMS basin model for the watershed.

The operation of the HBV model generally consists of various routines, each representing different hydrological processes
(see Figure 5). The HBV rainfall-runoff modeling procedures consist of various hydrological routines representing snow, soil
moisture, response, and routing (see Figure 5).

The runoff components are computed by three linear reservoir equations: Qg (direct runoff component), Q; (intermediate
runoff component), and Q. (base runoff component) using recession coefficients K, K;, and K», respectively. The soil moist-
ure subroutine is based on the parameters beta (8) (shape coefficient for nonlinear storage properties of the soil zone),
maximum soil storage (FC), maximum percolation (PERC), and limit of potential evaporation (LP). Beta controls the influ-
ence of precipitation on the response function. MAXBAS (length of weighing function) is used as a transformation function to
compute outflow from the catchment.

Snow routine represents the snowmelt process and its contribution to streamflow. The parameters involved in this routine
are threshold temperature (TT), degree-day factor (CFMAX), a snowfall correction factor (SFCF), water-holding capacity
(CWH), and refreezing coefficient (CFR). However, snow routine is not considered in this study because there is no snow
in the study area. The changes in soil moisture (SM) and groundwater contribution are measured by soil moisture routine
based on the quantity of flow coming from the preceding routine (P) and FC. In the response function, storage from an
upper reservoir (Syz) and a lower reservoir (Urz) are aggregated to the final runoff.

The elevation zones of the area were analyzed from high-resolution SENTINEL-1 DEM (downloaded from https://senti-
nels.copernicus.eu/web/sentinel/missions/sentinel-1). The area has been divided into five elevation zones at appropriate
intervals (Figure 6). The vegetation classes of the area are defined into three, based on the land use map: grassland, mixed
farm, and forest.

SWAT can model water quantity, quality, agricultural management, and climate change in combination; however, it needs
extensive input datasets, and its representation of HRUs in each sub-basin is non-spatial (Glavan & Pintar 2012). The SWAT
model has a groundwater modeling routine and algorithm that estimates the contribution of groundwater in rainfall-runoff
modeling. The spatial distribution of land use, soil, topographic, and climatic datasets in SWAT modeling could make the
model a powerful tool for capturing land use and climate change effects in rainfall-runoff modeling (Jaiswal ef al. 2020).

Similar to the other conceptual models, HBV requires minimal input data, needs minimum computational time, and often
comes up with comparable results to complex models. Nevertheless, the model is not suitable to simulate runoff in changing
climatic conditions (Fowler et al. 2016). The model structures need further improvements to extensively quantify the effects of
climate and LULC that could affect long-term catchment water balance (Huang et al. 2019).

The HEC-HMS model has the advantages of simple structure and comprehensive contemplation of climatic conditions,
and can select various computational techniques adapted to various watersheds and datasets. HEC-HMS is very effective
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in short-time-event-based simulations of peak flow hydrographs characterized by rapid rise and recession (Xin ef al. 2019) but
it tends to overestimate flows for long-time-series streamflow simulations.

An ensemble of multiple models could produce a good robust simulation via a better representation of model structures and
by reducing associated uncertainties (Velazquez et al. 2011). Therefore, ensemble modeling is important to reduce uncertain-
ties resulting from individual model structures, input data, and model parameters, and it takes over the merits of each model.

2.5. Performance evaluation criteria

The performance of the proposed modeling could be evaluated using the standard evaluation criteria such as the Nash-Sut-
cliffe coefficient of efficiency (NSE) and the root mean square error (RMSE) as follows:

N 2
> (Q-Q)
NSE=1-"“—— — (7)
A 12
; (QO - Qo)
1 & 2
RMSE =, | 5> (Qo(0) — () )
i=1

where NSE is the Nash-Sutcliffe criterion, RMSE is the root mean square error, Q, is the observed discharge, N is the number
of observations, Q, is the average of the observed discharge, and Q; is the predicted discharge at time .

2.6. Ensemble unit

For the same input datasets, one model may be more efficient than the others and when several input data are used, the out-
puts of different models can be totally different. To take advantage of each model without losing the general character of the
data, the ensemble method can be used for rainfall-runoff simulation. In ensemble modeling, the individual model’s result is
used as the input with a confident significance level assigned to each with the support of an arbitrator to offer the output
(Kiran & Ravi 2008). The output amalgamation of numerous models provides outputs that are more accurate than individual
models and improve the final model performance. In ensemble modeling, the output from each model is believed to best
describe data sources that may be different from the other models, and the fusion of information from different sources
may allow augmenting of all valuable input characteristics in the modeling. To boost modeling efficiency, numerous ensemble
techniques have been applied, for instance, SAE, NNE, WAE, least-square, and random forest regression. These ensemble
methods have been applied for the prediction of rainfall-runoff, dissolved oxygen concentration (Abba et al. 2020), ground-
water level (Sharafati et al. 2020), and streamflow simulation (Shiru & Park 2020). In this study, SAE, WAE, and NNE
techniques are employed to enhance the modeling capability of individual models. The employed ensemble techniques
were selected because they consume less time to model and produce better results.

2.6.1. SAE
In SAE, the arithmetic average of runoff outputs of SWAT, HEC-HMS, and HBV are used to compute the final runoff
output as:

N

y Qoi
Qo == (9)

n

where Q, is SAE runoff, Q,; is runoff from the ith model, and # is the number of individual models involved (in this study, 7 is 3).

2.6.2. WAE
WAE assigns a weight factor (w;) for each individual model output based on the relative significance of the outputs as:

Q_o = ZwiQoi (10)
i=1
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where w; can be determined from a model’s performance evaluation criteria, e.g., NSE as:

NSE;

w; = - OF (11)
" NSE;
i=1

2.6.3. NNE

NNE is the nonlinear ensemble technique that can be trained by a feed-forward neural network (FFNN) with a back-propa-
gation (BP) algorithm using outputs of individual models as inputs; each of them is dispensed to a neuron of the input layer. In
this ensemble technique, the best model topology and maximum epoch are obtained by several trial-and-error methods and
the sigmoid might be deliberated as a hidden and output activation function. Other nonlinear ensemble kernels such as gene
expression programming (GEP) and adaptive neuro-fuzzy inference systems (ANFIS) can also be used, but FFNN was chosen
for this study because of its simplicity and rapid training capability and because it provides comparable results to other non-
linear ensemble techniques.

3. RESULTS AND DISCUSSION

The proposed modeling in the current study includes two stages: (i) separate rainfall-runoff modeling by SWAT, HEC-HMS,
and HBV using gauge and satellite rainfall separately, and gauge and satellite rainfall data fusion; and (ii) ensemble modeling
via a nonlinear (NNE) and two linear (SAE, WAE) ensemble techniques, to boost the efficiency of individual models. The
outputs of single models are used as inputs for ensemble modeling.

3.1. Results of sensitivity analysis

Sensitivity analysis is a vital process in modeling because it detects the crucial parameters and their importance level that are
used for model calibration and validation.

For SWAT, the sequential uncertainty fitting (SUFI-2) algorithm of the SWAT-CUP standalone tool was applied for global
sensitivity analysis and the calibration of SWAT model parameters (Abbaspour 2015). The SUFI-2 algorithm accounts for differ-
ent types of uncertainties that arise from model conceptualization, observed datasets, and parameters (Singh ef al. 2013).

The global sensitivity of the runoff parameters was determined by Latin hypercube regression analyses, and the minimum
and maximum ranges of parameters were then fitted for calibration using the SUFI-2 uncertainty methods. In this algorithm,
each parameter range should be changed for all iterations until the objective function is achieved. The parameters sensitive to
runoff are listed (Table 1) and used to deploy the proper range of parameters that could produce the preeminent result as
compared with the observed flow.

For HEC-HMS, the most common sensitivity analysis methods are partial derivation and changing the values of parameters
one at a time (Hamby 1994). Perturbing the parameter values +25% to +30% with a 5% interval indicated a good result. In

Table 1 | The SWAT hydrologic parameters used for sensitivity analysis

Parameter Description Lower bound Upper bound optimal value Process

CN2* *Initial SCS runoff curve number for moisture condition II  —0.2 0.2 0.04 Runoff
GW_DELAY  Groundwater delay time (days) 35 450 45 Groundwater
ALPHA_BF Baseflow alpha factor-baseflow recession constant 0.01 1.2 0.68 Runoff
SOL_AWC Available water capacity of soil layer (mm H,O/mm soil) -0.8 0.8 0.16 Soil channel
HRU_SLP Average slope steepness 0 1 0.18 HRU
GW_REVAP Groundwater ‘revap’ coefficient 0.02 0.2 0.05 Groundwater
Surlag Surface runoff lag coefficient 1 24 1.21 Runoff
SOL_K Saturated hydraulic conductivity 0.7 0.8 0.72 Soil
SOL_BD Moist bulk density 0.9 2.5 0.12 Soil

*This parameter is more sensitive than the others.
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this study, the sensitivity of parameters for HEC-HMS modeling was analyzed by altering the values of the parameters in the
range of +25% with 5% intervals until the best agreement was achieved between observed and simulated values. This method
tested and updated one parameter at a time while the other parameters were kept constant. The basic parameters are Musk-
ingum coefficients (k and x), infiltration coefficient, CN, baseflow, and initial abstraction values.

For HBV, the Monte Carlo automatic method was applied to the best objective function that generates random parameters
in a range within predefined model parameters’ sensitivity analysis. Before calibration, the model parameters were defined
based on upper and lower bounds that could represent catchment characteristics. The parameters were calibrated in a speci-
fied range until the objective function was achieved (Table 2).

Automatic calibration was applied for global sensitivity analysis based on a minimum p-value and an absolute maximum #-stat
for SWAT model sensitivity analysis. The parameters for calibration were selected based on previous studies (Khelifa ef al. 2017;
Chen ef al. 2019). Accordingly, nine parameters were selected based on their significance in streamflow simulation and were
ranked (see Table 3). The parameters were identified as the most sensitive if their #-stat was higher and the p-value was
lower. The gauge and satellite rainfall-based rainfall were calibrated for the same initial parameter setups. As the result indi-
cated, the parameters are ranked from the highest to the least according to their impact on streamflow for both datasets (see
Table 3). The sensitivity analysis result indicates that the CN is the most sensitive parameter for runoff simulation.

Sensitivity analysis for HEC-HMS rainfall-runoff modeling was carried out to trigger input parameters that highly affected
the model’s performance. The sensitivity of parameter analysis was deployed by changing the values of each parameter one at
a time between —25% and +25%, until the objective function fitted. Thereafter, the sensitive parameters were identified based
on their effects on the simulated runoff. The most sensitive parameters detected were CN, lag time, initial abstraction, and
Muskingum coefficients (k and x) (Table 4). As the values of these parameters varied, the best agreement was achieved

Table 2 | HBV parameters’ upper and lower ranges

Parameters Description Unit Lower Upper
UZL Reservoir threshold mm 0 100
MAXBAS Base of weight function day 13 24
LP Soil moisture threshold for evaporation reduction - 0.4 0.7
FC Soil moisture storage mm 100 1,000
PERC Percolation to groundwater mm/day 0 0.25
Ko Recession coefficient day~? 0.05 0.5
K Recession coefficient (upper storage) day! 0.01 0.1
K> Recession coefficient (lower storage) day! 0.001 0.1

B Shape coefficient - 1 6

Table 3 | SWAT parameters’ sensitivity analysis and their ranks

Parameter P-value t-stat Rank
CN2 0 -56 1
ALPHA BF 0 11 2
Sol K 0 6.2 3
HRU_SLP 0 3.72 4
SOL_BD 0 ~3.62 5
SOL_AWC 0.24 -13 6
GW_REVAP 0.3 ~1.25 7
GW_DELAY 0.41 ~0.95 8
SURLAG 0.55 0.62 9
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Table 4 | The sensitive parameters of the HEC-HMS model

Parameters Range Ooptimum Rank
CN 62-92 82 1
Initial abstraction (mm) 2-6 42 2
Lag time (hours) 2-4 3 3
Muskingum_k 0.5-2 1.15 4
Muskingum_x 0.25-2 1 5

between observed and simulated values. The reason behind this could be that the most runoff-causing parameters such as
topographic, soil, and LULC information are lumped together in a single CN.

The automatic Monte Carlo optimization method was deployed to detect the most sensitive parameters of HBV rainfall-
runoff modeling. The upper and lower limits of the model parameters were set for the Monte Carlo simulation of 700,000 runs
for the study watershed. The model parameters in the predefined range were standardized and the minimum values of ranges
were considered as the sensitive parameters for rainfall-runoff simulation. The Monte Carlo modeling output was utilized to
detect the least degree of model objective function variations. The parameter value was considered for the model efficiency
(NSE > 0.5-0.95) of this study area. The values of the given parameters corresponding to the defined range of model effi-
ciency were standardized. Hence, the higher range of parameter values with the standardized scope was regarded as less
sensitive and the lower range of parameter values with the standardized scope was regarded as highly sensitive to model effi-
ciency. The ranges of sensitive parameters are ranked and presented in Table 5 for HBV-based modeling.

The result indicated that CN is the most dominant parameter and that it strongly influenced the runoff generated from each
HRU of the catchment. The CN value depends on soil type, hydrological group of soil, and land use trend. The land use in this
study area is predominantly generic agricultural, and it is subjected to destructive agricultural practices that can lead to land
use changes. Perhaps, this is the main reason why CN is the most sensitive parameter in the watershed.

3.2. Results of single models

All three models (SWAT, HEC-HMS, and HBV) were applied using both gauge and satellite rainfall datasets. The models
were calibrated and validated based on 19 years of daily rainfall time series and discharge data. The results of calibration
and validation for each model as well as ensemble modeling are described here.

The SWAT model was set up with watershed delineation using high-resolution DEM, and then HRUs and sub-basin fea-
tures were generated. The predefined spatial datasets such as LULC and soil data for the catchment were used to execute
HRU definitions. The SWAT divided the catchment into sub-basins and then further divided it into smaller HRUs to lump
the watershed into small units with similar LULC, soil, and slope characteristics of the watershed. The catchment was dis-
cretized into sub-basins based on watershed features’ similarity, and defining HRUs to reasonable quantity was done as
suggested by Setegn ef al. (2008). Accordingly, the whole catchment was configured into six sub-basins and 19 HRUs (see
Figure 3(b)).

Climatic data were loaded on the SWAT database and the model automatically calculated the Thiessen polygon average of
the parameters for each sub-basin. After the model configuration, two SWAT models (one gauge and one for each of the
satellite-based rainfall data) were run from 2000 to 2018 considering the first two years as a warm-up period. For calibration,
2008-2018 rainfall and discharge data were utilized and 2002-2008 data were used for the validation of the model. To obtain

Table 5 | HBV parameters’ sensitivity to rainfall-runoff modeling

Parameter Standardized range Rank
FC 0.42-0.83 1
K, 0.67-0.23 2
B 0.71-0.27 3
LP 0.72-0.23 4
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the best fitting between observed and simulated data, calibration was conducted both manually and automatically by the
SUFI-2 algorithm on SWAT-CUP. The parameter values were iterated within a permissible range until the observed and simu-
lated flows were well-fitted, and the ranks are presented in Table 3. The performance of daily streamflow modeling by SWAT
is presented in Table 6 driven by various rainfall datasets. In terms of NSE (Table 6 and Figure 7), the gauge-based simulation
exhibited better performance with NSE values of 0.834 and 0.807 in the calibration and validation phases, respectively.
Among the satellite-driven datasets, CMORPH slightly outperformed 3B42RT and 3B42 daily streamflow simulations. The
reason behind the lower performance of streamflow simulation using satellite-based datasets could be the bias of rainfall mag-
nitude estimation captured by satellites. As indicated by Nourani et al. (2021a, 2021b), 3B42 and 3B42RT underestimate most
of the peak rainfall, which could reduce the performance of the simulation. The runoff simulated by the models using both
data sources is presented in Figure 8. For SWAT modeling, the validation result with NSE > 0.5 is generally an acceptable
performance (Whittemore 2002). In this study, the SWAT performance for both gauge and satellite datasets is far better
than the acceptable range in terms of NSE. Therefore, it is rational to conclude that SWAT can successfully simulate rain-
fall-runoff by using satellite datasets.

For modeling by HEC-HMS, the model was configured, the watershed was delineated, and then, the sub-watersheds were
reproduced from DEM (Figure 4). The basin, meteorological, and control specification models were created before running
the model. The watershed was divided into five sub-basins and the physiographic characteristics of each sub-basin were deter-
mined (see Table 7). For the simulation of HEC-HMS, soil CN was determined from the global hydrologic soil group and soil-
class texture grid by the zonal statistics tool on ArcGIS. The soil hydrologic groups for the watershed were identified as A, B,
and D and the portion of area for each was 33%, 12%, and 55%, respectively. The weighted CN value was found to be 83-85.
Sensitivity analysis was conducted to detect the influence of each parameter on the runoff simulation performance of the
model and the results are as shown in Table 4. Similar to SWAT, HEC-HMS was run for gauge and satellite datasets. The
daily runoff simulation performance measures of the models, in terms of NSE and RMSE, are given in Table 6 for both data-
sets. In terms of both performance measures, the model well-simulated runoff for gauge datasets having 0.777 NSE at the
validation stage (see Figure 9(b)). The model performance was also good for CMORPH datasets with an NSE of 0.750 at
the validation phase. However, the result exhibits a slight overestimation of high flows and an underestimation of low
flows (see Figure 8); this is the usual limitation of hydrological models (Zhang & Savenije 2005) because of uncertainties
resulting from model structures and input data. Scatter plots of observed versus simulated runoff using gauge and satellite
data for SWAT, HEC-HMS, and HBV are shown in Figure 7.

The HBV model was configured for five elevation groups (Figure 6) and three vegetation classes by using nine model par-
ameters (see Table 2) and the Monte Carlo runs were applied to simulate the streamflow. The automatic calibration and
validation of the model were carried out using 2000-2018 daily rainfall (gauge and satellite) and temperature data, in addition
to the spatial datasets. The first two years of data were used to spin up the model, 2002-2007 and 2008-2018 data were used

Table 6 | Rainfall-runoff results of SWAT, HEC-HMS, and HBV for gauge and satellite datasets

NSE RMSE
Model Rainfall source calibration validation calibration validation
SWAT Gauge 0.834 0.807 31.624 34.312
CMORPH 0.815 0.785 32.542 35.929
3B42RT 0.794 0.761 48.042 51.672
3B42 0.785 0.754 49.524 52.432
HEC-HMS Gauge 0.801 0.777 33.714 36.834
CMORPH 0.796 0.750 35.342 38.436
3B42RT 0.776 0.752 37.434 42.652
3B42 0.764 0.746 39.092 45.382
HBV Gauge 0.814 0.782 32.654 36.482
CMORPH 0.803 0.762 34.748 38.085
3B42RT 0.788 0.758 36.647 41.247
3B42 0.775 0.751 38.541 44.262

Note: RMSE is in m%/s.
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Figure 7 | Scatter plot of the observed and simulated flows: (a) SWAT-gauge, (b) HEC-HMS-gauge, (c) HBV-gauge, (d) SWAT-CMORPH,
(e) HEC-HMS-CMORPH, and (f) HBV-CMORPH, at the validation stage.

for validation and calibration, respectively. The watershed average rainfall and temperature were computed using the
recorded datasets from the five gauging stations by the Thiessen polygon method and evapotranspiration was calculated
by the Hargreaves method using maximum and minimum daily temperatures. The physical characteristics of the watershed
were classified into elevation-vegetation classes to better understand the semi-distributed behavior of the watershed (Table 8).
NSEs of the model at validation were 0.782 and 0.762 when using gauge and CMORPH datasets, respectively (Table 6). The
runoff simulated by HBV by both gauge and satellite-driven datasets at the validation phase showed a good agreement with
the measured runoff. Hence, it is worth mentioning that the HBV is well-calibrated and its parameter optimization is phys-
ically meaningful and the satellite dataset could be used for hydrological modeling in the catchment. As depicted in Figure 8,
the HBV model was capable of simulating low and mean flows, whereas it slightly underestimated peak flows. These indicate
the model’s soil and runoff generation routine capability and well represent the capability of the catchment’s physical pro-
cesses, and reproduce a reliable rainfall-runoff relationship.

3.3. Results of modeling by input data fusion

In the next step, rainfall driven from gauge and satellite sources was combined to deploy rainfall-runoff modeling to evaluate
the combined effects on streamflow simulation (Table 9). Commonly, before using satellite-driven rainfall for hydrological
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Figure 8 | Simulated runoff by SWAT, HEC-HMS, and HBV: (a) at calibration, (b) at validation phases for gauge dataset, (c) at calibration, and
(d) at validation phases for satellite (CMORPH) dataset.

Table 7 | Physiographic features of the watershed

Sub-basin Area (km?) slope (%) CN Lag (hours)
Sub-basin 1 (S1) 561.34 22.5 85.2 4.43
Sub-basin 2 (S2) 386.12 15.18 83.87 3.12
Sub-basin 3 (S3) 233.58 14.45 84.26 2.71
Sub-basin 4 (S4) 188.97 19.51 83.75 242
Sub-basin 5 (S5) 268.24 17.33 84.57 1.92

simulation, it should be ‘bias-corrected’ via a statistical relation with gauge rainfall datasets (Bitew et al. 2012). The most
common approaches for satellite rainfall datasets’ bias correction are based on the following steps. First, the bias on the rain-
fall satellite datasets is computed as the ratio of daily average satellite rainfall products on the specific grid that covers the
gauge station to the corresponding rainfall recorded by the gauge. Second, the satellite rainfall dataset that was originally
obtained is multiplied by the bias determined in the first step and the bias is removed. Nevertheless, in the current study,
the raw satellite dataset has been imposed into the models alongside gauge datasets, which could perform as a bias cor-
rection strategy for satellite datasets. For HBV, the weighted average of the rainfall datasets from both data sources was
used as the combined input, since HBV accepts only single climate data. The modeling performance in rainfall data
fusion (Table 9) reveals that the simulation efficiency of modeling could be significantly improved when compared
with using individual satellite dataset results but it only slightly improved the modeling by gauge dataset results
(Table 6). In the particular case of using a satellite dataset, the simulation enhancement of the modeling performance
could be the bias rectification in input fusion. The result depicted that the runoff simulation capacity capability of the
gauge dataset is superior to that of the satellite dataset. The logic behind this could be the fact that gauge-based rainfall
could capture the most accurate and valid hydrological information that can represent physical processes at the basin
scale. The quality and accuracy of the satellite rainfall dataset depended on factors such as sky cloud coverage, revisit
time of satellites, and corresponding orbital positions. The temporal and spatial variability of the mentioned factors
could cause bias in satellite rainfall estimation. Combining rainfall products from both sources boosted the simulation
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Figure 9 | Simulated runoff using gauge rainfall via SWAT, HEC-HMS, and HBV: (a) at the validation step and (b) details for the year 2004.

Table 8 | The HBV sensitive parameters and their optimized values for each vegetation zone

Parameter Range Vegetation class 1 Vegetation class 2 Vegetation class 3
EFC 100-1,000 625.7 957.3 566.2

K, 0.01-0.1 0.04 0.02 0.05

B 1-6 0.91 0.54 0.47

LP 0.3-0.7 0.37 0.41 0.53

Table 9 | Modeling performance for rainfall datasets’ fusion

NSE RMSE
Model calibration validation calibration validation
SWAT 0.852 0.821 28.436 32.618
HECH-HMS 0.816 0.785 32.672 35.657
HBV 0.824 0.794 31.842 34.675

Note: RMSE is in m%/s.

performance as it is compared with results that were simulated using rainfall from single sources. Therefore, it is logical to
mention that gauge datasets have amended the bias of satellite datasets and improved the rainfall-runoff simulation
capacity of the models.

All applied models simulated the catchment runoff with good performance at both calibration and validation stages. How-
ever, the modeling result of satellite-based datasets over/underestimated the simulated runoff and showed slightly lower
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performance. The reason could be due to the accuracy of satellite sensors in retrieving data and topography fluctuations of the
study area. As indicated by Gebremichael ef al. (2014), three satellite rainfall datasets (CMORPH, 3B42RT, and 3B42) may
overestimate daily rainfall in lowland areas and underestimate it in highland areas. Hence, the study area has a high elevation
that deviates between 1,866 and 3,543 m above sea level (see Figure 6); therefore, it could be more exposed to topographic
influences. The satellite rainfall estimation precision also depends on the algorithms that were used to convert the sensed
information into rainfall. The performance of the satellite rainfall dataset that uses microwave algorithms surpasses the
one that utilizes infrared waves (Bitew & Gebremichael 2010). As the result depicts, the microwave-based CMORPH outper-
formed the infrared-microwave combination-based 3B42RT and infrared-based 3B42 rainfall products (see Table 6).

Based on the given performance measures, the runoff simulation of all models led to promising results using both datasets
(see Figure 9); nevertheless, all models could not equally perform and capture the existing physical relationship of the water-
shed. For instance, SWAT surpassed the HEC-HMS and HBV models in both calibration and validation phases for all data
sources in the overall result (see Table 6). If the details of simulated runoff for a specific season by each model are accounted
for, the strength and weaknesses of each model would be better visualized. Hence, to further evaluate modeling capability in
rainy and dry seasons, two different points for each season were randomly selected, and the simulated runoff values by each
model were compared with the observed runoff. For the dry season, February 8 and November 16, 2004 (indicated as points 1
and 4 in Figure 9), respectively, were selected. For the rainy season, July 9 and August 7, 2004 (points 2 and 3), respectively,
were picked up. The corresponding runoff values of observed and predicted runoff by different models at each selected point
are shown in Table 10.

As shown in Table 10, different models showed different performances in predicting runoff at different points in the
time series. The details in Table 10 indicate that HBV simulated closer runoff to the observed value in the dry season
whereas HEC-HMS overestimated dry-season flow but well-captured peak flows and SWAT is good at simulating average
flows. The results at the selected dates indicate that each model at different seasons could infer different outcomes.
Hence, the combination of different models’ outputs via the ensemble method could improve the simulation capacity
of modeling and could lead to more accurate results. To this end, outputs from single models were utilized as inputs,
and two linear (SAE and WAE) and one nonlinear (NNE) ensemble modeling were carried out, as discussed in the fol-
lowing section.

3.4. Results of ensemble modeling

Ensemble modeling could enhance the runoff simulation of the single model (SWAT, HEC-HMS, and HBV). The simulation
results of single models obtained from the input fusion stage were imposed into the SAE, WAE, and NNE ensemble tech-
niques. The weight for WAE was obtained from NSE at the validation phase according to Equation (11). The NNE
ensemble technique was developed via FFNN by BP training with one hidden layer and changing the number of neurons
until the optimum epoch was achieved. The ensemble modeling results are presented in Table 11 and according to NSE
and RMSE values, the ensemble techniques significantly improved the simulation performance of single models as compared
with both steps 1 and 2 modeling results (see Tables 6, 9 and 11). Among the ensemble techniques employed, the superiority
of NNE was indicated over the SAE and WAE techniques. The NNE technique improved the performance of low-performing
(3B42) satellite dataset-based modeling by 16.6%, 17.5%, and 17% for SWAT, HEC-HMS, and HBYV, respectively, at the vali-
dation phase. The NNE technique also increased the performance of gauge-satellite fusion modeling of SWAT, HEC-HMS,
and HBV by 9.2%, 13.3%, and, 12.2%, respectively, at the validation step. From the findings, it is worth mentioning that the

Table 10 | Observed and predicted runoff values at different points

Runoff values (m®/s)

Selected points Observed SWAT HEC-HMS HBV

1 4.03 9.36 12.2 2

2 60.66 55.26 83.2 44

3 387.94 363.67 390.6 302.8
4 5.15 139 212 3.3
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Table 11 | The ensemble modeling results of rainfall data fusion

NSE RMSE (m%/s)
Ensemble methods Calibration Validation Calibration Validation
SAE 0.875 0.825 26.473 31.311
WAE 0.891 0.854 24.582 29.163
NNE 0.952 0.904 20.864 25.601

Note: RMSE is m%/s.

ensemble of runoff from different sources could significantly improve the simulation performance of single models that used
separate rainfall data from different sources.

The scatter plots of simulated runoff at the validation stage for a single model (SWAT) using both datasets, data fusion of
both sources and NNE model versus observed flow, are indicated in Figure 10. As is seen in the scatter plots, NNE signifi-
cantly improved the performance of the models. The superiority of NNE over SAE and WAE could be the nonlinear models’
ability to well understand the nonlinear and complex physical relationship between rainfall and runoff. The linear models
have shown less performance than the NNE model for the following reasons. Unlike NNE, the SAE and WAE methods
are linear and they could only perform well at exploring the direct relationship between the inputs and output of the
models. Hence, the weakness of single models might propagate and combine through linear ensemble models because the
models directly amalgamate outputs from the single models.

The performance of SAE, WAE, and NNE are also indicated by the two-dimensional explicit transparency Taylor diagram
(see Figure 11) that can visibly display the simulated and measured flow for precise comparisons. In the Taylor diagram, NSE
and standard deviation were combined to form a multi-performance measure matrix in a single diagram and it could elabor-
ate on the statistical relationship between the simulated and observed flow. This diagram aims to recapitulate multiple
performances in a single arrangement that evaluates how close the simulated flow is to the observed flow. The Taylor diagram
for the three ensemble techniques is given in Figure 11. In this method, if the ensemble technique result is closer to the
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Figure 10 | Scatter plots for (a) SWAT-gauge, (b) SWAT-CMORPH, (c) NNE ensemble, (d) SWAT-combination in the validation phase.
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Figure 11 | Taylor diagram showing performance of SAE, WAE, and NNE ensemble techniques.

observed flow, the model is more efficient. As is indicated in Figure 11, NNE is closer to the observed flow than SAE and
WAE; hence, it is more accurate than the rest.

4. CONCLUSIONS

The current study was motivated by rainfall-runoff modeling by SWAT, HEC-HMS, and HBV using five station gauges and
three satellite-driven rainfall datasets in the Gilgel-Abay catchment situated in the upper Blue Nile basin, Ethiopia. The most
sensitive parameters on rainfall-runoff modeling for each model were analyzed and CN2 and ALPHA_BF for SWAT, initial
abstraction and lag time for HEC-HMS, and FC and K, for HBV were identified. First, rainfall-runoff modeling by each
model using each satellite and gauge as well as rainfall dataset fusion was simulated, separately. Second, the runoff simu-
lated by each model using rainfall dataset fusion was imposed to ensemble modeling via SAE, WAE, and NNE
techniques to improve modeling accuracy. From the satellite datasets, CMORPH provided better performance for all
models; nevertheless, it tends to overestimate the low flow. The result using 3B42 and 3B42RT underestimates the peak
flow, and particularly, 3B42 produced arbitrary false pseudo-spikes in the dry season. Among the applied models,
SWAT revealed the best performance for all data sources, which could be due to the ability of the model to well distinguish
the physical relationship at each HRU since it uses multiple layers of spatial input data. The fusion of rainfall datasets from
different sources indicated a substantial improvement over the results using only satellite datasets; it also showed a slight
improvement over gauge-based runoff simulations. To further enhance the modeling accuracy, two linear (SAE and WAE)
and nonlinear (NNE) ensemble techniques were employed using rainfall data fusion. Among the ensemble techniques,
NNE was superior over the others and enhanced the performance of low-performing (3B42) satellite-based modeling by
16.6%, 17.5%, and 17% for SWAT, HEC-HMS, and HBYV, respectively, at the validation stage. Similarly, it increased the
performance of gauge-satellite combination modeling of SWAT, HEC-HMS, and HBV by 9.2%, 13.3%, and, 12.2%, respect-
ively, at the validation stage. From the employed ensemble methods, NNE was a vigorous and accurate ensemble method
for rainfall-runoff simulation as the model could examine the nonlinear relation of the hydrologic process. In general, the
result of the current study would be a pioneering step to exploit rainfall datasets combined from multiple satellite sources in
data-scarce ungauged and irregularly gauged catchments. This could be a good option to get reliable rainfall datasets in
developing countries. Furthermore, future studies should focus on validating satellite rainfall products using the local
rain-gauge time series data as the reference data; hence, the relevance and credibility of the satellite datasets would be
better verified.
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