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ABSTRACT

Rainfall–runoff models are valuable tools for flood forecasting, management of water resources, and drought warning. With the advancement in

space technology, a plethora of satellite precipitation products (SPPs) are available publicly. However, the application of the satellite data for the

data-driven rainfall–runoff model is emerging and requires careful investigation. In this work, two satellite rainfall data sets, namely Global Precipi-

tation Measurement-Integrated Multi-Satellite Retrieval Product V6 (GPM-IMERG) and Climate Hazards Group Infrared Precipitation with Station

(CHIRPS), are evaluated for the development of rainfall–runoff models and the prediction of 1-day ahead streamflow. The accuracy of the data

from the SPPs is compared to the India Meteorological Department (IMD)-gridded precipitation data set. Detection metrics showed that for

light rainfall (1–10 mm), the probability of detection (POD) value ranges between 0.67 and 0.75 and with an increasing rainfall range, i.e.,

medium and heavy rainfall (10–50 mm and .50 mm), the POD values ranged from 0.24 to 0.45. These results indicate that the satellite precipi-

tation performs satisfactorily with reference to the IMD-gridded data set. Using the daily precipitation data of nearly two decades (2000–2018) over

two river basins in India’s eastern part, artificial neural network, extreme learning machine (ELM), and long short-time memory (LSTM) models are

developed for rainfall–runoff modelling. One-day ahead runoff prediction using the developed rainfall–runoff modelling confirmed that both the

SPPs are sufficient to drive the rainfall–runoff models with a reasonable accuracy estimated using the Nash–Sutcliffe Efficiency coefficient, corre-

lation coefficient, and the root-mean-squared error. In particular, the 1-day streamflow forecasts for the Vamsadhara river basin (VRB) using LSTM

with GPM-IMERG inputs resulted in Nash-Sutcliffe Efficiency Coefficient (NSC) values of 0.68 and 0.67, while ELMmodels for Mahanadhi river basin

(MRB) with the same input resulted in NSC values of 0.86 and 0.87, respectively, during training and validation stages. At the same time, the LSTM

model with CHIRPS inputs for the VRB resulted in NSC values of 0.68 and 0.65, and the ELMmodel with CHIRPS inputs for the MRB resulted in NSC

values of 0.89 and 0.88, respectively, in training and validation stages. These results indicated that both the SPPs could reliably be used with LSTM

and ELM models for rainfall–runoff modelling and streamflow prediction. This paper highlights that deep learning models, such as ELM and LSTM,

with the GPM-IMERG products can lead to a new horizon to provide flood forecasting in flood-prone catchments.

Key words: artificial neural networks (ANN), deep learning, extreme learning machines (ELM), long short time memory (LSTM), rainfall-runoff

modelling, satellite rainfall products

HIGHLIGHTS

• Evaluated applicability of satellite rainfall products for rainfall - runoff modelling in Vamsadhara and Mahanadi river basins.

• GPM-IMERG and CHIRPS data could be reliably used with LSTM and ELM models for rainfall -runoff modelling and streamflow forecasting.

• Deep learning models with the CHIRPS products can lead to a new horizon to provide flood forecasting in flood-prone catchments.
1. INTRODUCTION

Rainfall–runoff modelling is vital in reservoir management, hydropower, environmental flow, water management, flood
assessment, and so on. Owing to its immense importance, this topic has gathered attention worldwide, and numerous
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approaches were developed for rainfall–runoff modelling. Broadly, rainfall–runoff models can be classified into the following:

(i) data-driven-based methods (Khac-Tien Nguyen & Hock-Chye Chua 2012; Elsafi 2014; Nguyen et al. 2014; Yaghoubi et al.
2019; Hadid et al. 2020; Xiang et al. 2020), (ii) conceptual model-based approaches (Nash & Sutcliffe 1970; Brath & Rosso
1993; Kan et al. 2017; Unduche et al. 2018), and (iii) physical model-based methods (Vieux et al. 2003; Chen et al. 2016; Setti
et al. 2020). Of these methods, data-driven-based models were found to be of a great value due to their accuracy and simplicity
(Teegavarapu & Chandramouli 2005; Wu et al. 2009; Wu & Chau 2010; Orouji et al. 2013; Nguyen et al. 2014; Steyn et al.
2017; Ahani et al. 2018; Mazrooei & Sankarasubramanian 2019). Precipitation is a significant input variable of the different
input parameters required for rainfall–runoff models (Mazrooei & Sankarasubramanian 2019; Guntu et al. 2020). For reliable
modelling, precipitation plays a crucial role; hence, the quality of the precipitation used must be reliable. For many decades,
ground-based data sets were used to develop forecasting models, but it is also well-known that ground-based gauged data are
scarce and are limited to few locations.

In recent decades, there is a rise in remote sensing data to analyze various meteorological parameters like temperature,
precipitation, humidity, and several others. Some of the recent successful applications of remote sensing data included the
works of Yeditha et al. (2020) and Valipour & Bateni (2021). In the case of precipitation, due to an increase in various sat-

ellite-derived precipitation products and having advantages of easy availability in real-time and high temporal and spatial
coverages, they are being used as alternatives for ground-based gauged data sets. Some of the commonly used satellite pre-
cipitation products (SPPs) include Tropical Rainfall Measuring Mission (TRMM); Precipitation Estimation from Remote

Sensed Information using Artificial Neural Networks (PERSIANN) (Hiep et al. 2018); Global Precipitation Measurements
(GPM); Global Precipitation Measurement-Integrated Multi-Satellite Retrievals (GPM-IMERG) (Huffman et al. 2020; Tang
et al. 2020); and Climate Hazards Group Infrared Precipitation with Station data (CHIRPS) (Funk et al. 2015).

A multitude of studies have been reported on the utility of these SPPs for applications such as hydrological modelling, water

balance (Su et al. 2008; Zhang et al. 2015; Xu et al. 2017; Vu et al. 2018; Gadhawe et al. 2021), drought monitoring (Lai et al.
2019), streamflow modelling (Munzimi et al. 2019; Sulugodu & Deka 2019; Yeditha et al. 2020), and water quality modelling
(Ali & Shahbaz 2020). Indeed, a large number of studies have been carried out to understand the application of satellite pre-

cipitation and their evaluation (Janowiak et al. 2004; Nair et al. 2009; Rahman et al. 2009; Bitew & Gebremichael 2011;
Meng et al. 2014; Prakash & Gairola 2014; Prakash et al. 2015; Tang et al. 2016; Li et al. 2018; Wei et al. 2018). A very
few studies showed the evaluation of different SPPs to apply data-driven rainfall–runoff models.

There are a significant number of studies (Adamowski et al. 2012; Kisi̧ 2008; Islam 2010; Yaseen et al. 2015; Couta et al.
2019; Ding et al. 2019; Ali & Shahbaz 2020; Kasi et al. 2020; Wagena et al. 2020; Yadav et al. 2020; Yeditha et al. 2020)
reporting the efficiency of machine learning methods such as artificial neural networks (ANN), extreme learning machines
(ELM) (Huang et al. 2006), and long short-term memory (LSTM) (Kratzert et al. 2019) models based on the rain gauge data

for rainfall–runoff applications. Several studies (Huang et al. 2006; Atiquzzaman & Kandasamy 2016; Yaseen et al. 2018;
Sulugodu & Deka 2019) showed that ELM models outperformed ANN, Support Vector Regression (SVR), and General
Regression Neural Network (GRNN) in terms of modelling accuracy and computation time. This increase in performance

is because ELM does not use gradient-based techniques, which makes it run faster and also it is not subjected to an issue
like local minima, improper learning as observed in the ANN models. Furthermore, all the parameters are tuned once,
and ELM does not need iterative training and also produces the same result at all times, unlike ANN (Alizamir et al. 2018).

Similarly, in recent years, the LSTM variant of recurrent neural networks has higher capabilities than the traditional neural
network in producing robust results when dealing with long-time series information (Sit & Demir 2019; Xiang et al. 2020). On
comparing the performance of LSTM with other traditional models like convolutional neural networks and multilayer per-

ceptron for different hydrological applications, LSTM showed better understanding (Kratzert et al. 2018; Tiwari & Vaibhaw
2020). Along similar lines, Couta et al. (2019), Ding et al. (2020), and Hu et al. (2020) used LSTM models for streamflow
forecasting. Li et al. (2020) and Ni et al. (2020) employed LSTM for rainfall–runoff modelling and streamflow and rainfall
forecasting. Similarly, Zhou & Ushiama (2019) have developed LSTM models for forecasting streamflow in the Tunxi catch-

ment in Southeast China and compared the performance of the LSTM model with SVM. The results showed superior
performance of LSTM compared to SVM. Similarly, Li et al. (2020) developed a high-resolution rainfall–runoff model
using the LSTM approach and found that the models efficiently predicted discharge and achieved robust modelling

performance.
The critical analysis of the recent literature revealed that despite significant progress in new machine learning algorithms

and their applications for hydrological problems, there has been little work reported on the application of SPPs for rainfall–
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runoff modelling and their forecasting capabilities. With increasing reliance on SPPs in the modern age due to either poor

ground-based data or unavailability, it is of utmost importance to understand their accuracy and capabilities in the
domain of rainfall–runoff modelling and forecasting. Therefore, this study aims to build machine learning-based rainfall–
runoff models driven by different SPPs. For this purpose, deep learning models were developed for two river basins using

state-of-the-art methods such as ELM and LSTM models. We have selected these models since many studies have shown
them superior to other contemporary models (Yaseen et al. 2015; Le et al. 2019; Sahoo et al. 2019; Sulugodu & Deka
2019; Li et al. 2020; Ni et al. 2020). As a part of the study, we also develop models based on the traditional methods such
as feedforward neural networks (FFNN) and multiple linear regression (MLR) for benchmarking the results.

2. STUDY AREA AND DATA USED

2.1. Study area description

We considered two major river basins, namely Vamsadhara river basin (VRB) and Mahanadi river basin (MRB), in India.
Figure 1 shows the geographical location of the VRB and the MRB in India. Both the river basins are prone to frequent

floods leading to loss of lives and property. During monsoon seasons, .150 villages and thousands of acres face flood threats.
Flash floods were observed in 1980 and 2013, leading to a severe loss of lives and property in the VRB. The MRB is con-
sidered to have recorded one of the most notorious floods in India. Some of the recent flood events recorded are the

floods during the monsoon months in 2008, where 16 people lost lives during the river bank breach. Flash floods during
the year 2011 in the monsoon season led to the flooding of 25 villages upstream of the river. The Central Water Commission
has developed a rainfall–runoff model using MIKE tools for flood forecasting applications; however, the model is data-inten-

sive and requires higher computational effort. Hence, there is an urgent need for a straightforward and dependable model for
these river basins with high reliability.

2.1.1. Vamsadhara river basin

Vamsadhara river is an east-flowing river originating from Lanjigarh in the Kalahandi district of Orissa at 18°150 to 19°550

North latitudes and 83°200 to 84°200 East longitudes that joins the Bay of Bengal at Kalingapatnam in Andhra Pradesh.
The total catchment area is 10,830 km2, out of which 8,015 km2 is in Odisha and the remaining 2,815 km2 is in Andhra Pra-
desh that runs for about 254 km between the Mahanadi and Godavari rivers. The basin receives 1,400 mm of annual average

rainfall, and its average discharge is 125 m3/s. Climate is characterized by hot summers and mild winters. The maximum
temperature in plains during May rises to 43 °C and goes down to 12 °C in December–January. The river basin is influenced
by the southwest monsoon and occasional cyclones due to depressions in the Bay of Bengal.

2.1.2. Mahanadi river basin

Mahanadi river is an east-flowing river originating from Sihawa in the Dhamtari district of Chhattisgarh at 85°400 to 86° 450

East longitudes and 19°400 to 20°350 North latitudes. It flows through a distance of 900 km from Chhattisgarh to Odisha.
Mahanadi river has a total catchment area of about 139,681 km2 and is the eighth largest basin in India. The average dis-

charge is 2,119 m3/s with a maximum discharge of 57,000 m3/s, almost as the Ganges during monsoon, and has an
annual average rainfall of 1,291 mm. Of the tributaries, the upstream catchment of the Basantpur gauging station (having
a catchment of 59,000 m2) is considered in this study as it is flood-prone and contributes to maximum flow. The climate

in the region of Mahanadi is sub-tropical. The temperature in summer and winter is around 29 and 21 °C, respectively.
The southwest monsoon starts in the middle of June and continues until the end of September.

2.2. Data used

This study has assessed the utility of two SPPs, namely GPM-IMERG V6 and CHIRPS. For comparison, we have used the

gauge-based India Meteorological Department (IMD)-gridded data set. A brief description of the data set is provided here.

2.2.1. GPM-IMERG data

The GPM project is developed by the combined effort of the Japan Aerospace Exploration Agency and the National
Aeronautics and Space Administration of the United States. GPM is a widely used precipitation product over the

globe, and it is also an updated precipitation product of the TRMM. GPM has two primary sensors: GPM Microwave
Imager, which means precipitation size, type, and intensity; and Dual-frequency Precipitation Radar, which gauges the
storm’s internal structure of clouds (Kim et al. 2017). GPM Microwave Imager has more frequency channels than
om http://iwaponline.com/jh/article-pdf/24/1/16/995970/jh0240016.pdf
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Figure 1 | Geographical location of the VRB and the MRB. The red and black colour dots indicate the gauging stations and IMG-gridded
stations available at the basin.
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TRMM, and the precipitation radar is more advanced (Tan & Santo 2018). More importantly, the spatial coverage (60°
S–60°N) and the spatiotemporal resolution (30 min and (0.1°�0.1°)) have been improved compared to the previous
SPPs.
://iwaponline.com/jh/article-pdf/24/1/16/995970/jh0240016.pdf
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The GPM team has developed GPM-IMERG precipitation products using the IMERG algorithm, which combines three

SPP features, including PERSIANN-CDR, CMORPH, and TRMM (Prakash 2019). Three types of IMERG products are
made available: early run, late run, and final run with a latency period of 4 h, 14 h, and 3.5 months. The first two products
are useful in a real-time application, whereas the latter can be used for water balance studies. All these products are available

at 0.1°�0.1° spatial resolution over the fully global domain.
Presently, IMERG is at its Ver 06 stage (https://gpm.nasa.gov/missions/two-decades-imerg-resources). The latest update is

Ver 06 IMERG that allows for fusing the data collected during the TRMM era (2000–2014) with the precipitation estimates
compiled during the GPM era. Owing to this, IMERG is now available from June 2000 (https://pmm.nasa.gov/data access/

downloads/gpm). The ‘Final run’ of IMERG combines the GPCC monitoring product, the V8 Full Data Analysis, for most of
the time (currently 1998–2019). Here, we have used the GPM-IMERG V6 final run precipitation product.
2.2.2. CHIRPS data

CHRPS is a satellite-based precipitation product that provides a quasi-global rainfall data set at about three decades. The data
set is available at 0.05° with the integration of station data from 1981 to near the current date. For extracting CHIRPS data,

IMD-gridded point coordinates over the catchment areas of Vamsadhara and Mahanadi were considered. They were down-
loaded from the website of the Climate hazards Center, UC Santa Barbara (https://data.chc.ucsb.edu/products/CHIRPS-2.0/
global_daily/netcdf/p25/).

The downloaded data sets are obtained as NetCDF files and are extracted using a script in MATLAB 2019a.
2.2.3. IMD data

We used IMD-gridded daily data (IMD 4), having a spatial resolution of 0.25°�0.25° and covering the entire Indian landmass,
as ground validation. The data sets were developed based on the rainfall records from 6,955 rain gauges spread across the
country (Pai et al. 2014). These rain gauges were partly maintained by the IMD, Agromet Department and mainly by the
state government. Using the Shepard Interpolation method, the rain gauge collected rainfall has been converted into the

gridded data set. For detailed information, see Pai et al. (2014). The data set is available from 1901 to date; however, the
data set for 2000–2018 is considered for this study. The data sets can be obtained from the IMD, Pune (http://www.
imdpune.gov.in/).
2.2.4. Streamflow data

The daily streamflow data sets used to develop forecasting models were obtained from the Central Water Commission and

were downloaded from https://indiawris.gov.in/wris/. The gauging stations chosen for the VRB and the MRB are Kashinagar
and Basantpur stations, respectively (Figure 1). This study used the data from 2000 to 2018 to calibrate and validate the
models.
3. METHODOLOGY AND METHODS

We have shown a schematic of the proposed methodology in Figure 2. We used two different SPPs (GPM-IMERG and
CHIRPS) for VRB and MRB catchments to understand the relationship between rainfall–runoff and predict 1 day ahead

of streamflow. A sensitive analysis was carried out to understand the accuracy by comparing SPP with IMD data sets
based on detection and error components in the SPP. Furthermore, correlation analysis was carried out for the three data
sets (GPM-IMERG, CHIRPS, and IMD) with runoff to understand their relationship and determine the lagged variables
used as input models. Linear regression (MLR) and machine learning models (FFNN, ELM, and LSTM) were developed

for 1-day ahead runoff prediction using the selected variables. After successful calibration and validation of the models,
the accuracy of the resulted runoff from the models was checked using evaluation measures like root-mean-squared error
(RMSE), Nash–Sutcliffe Efficiency (NSE), and correlation. Based on the values of the evaluation measures, the best

models were chosen, and their accuracy for the prediction of peak flow was tested. A few case studies of the peak flow analy-
sis are carried out using the best models, and its accuracy is analyzed using evaluation measures. The best-performing model
and the best-performing SPP are determined for each considered catchment.
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Figure 2 | Schematic representation of the methodology adopted for rainfall–runoff modelling.
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3.1. Categorical analysis of satellite precipitation

To assess the SPP’s ability to capture the occurrence of rainfall, we have used specific statistical measures known as detection
metrics. In this study, GPM-IMERG and CHIRPS data sets are compared with the IMD data sets to evaluate the chosen sat-

ellite data sets for 16 years from 2000 to 2015. The following metrics were used in this study.
The probability of detection (POD) determines the number of events correctly detected by the satellite data sets concerning

IMD data sets shown mathematically in the following equation:

POD ¼ Hit
HitþMiss

(1)

Hit represents the number of days when rainfall events are recorded at the rain gauge and the satellite. Miss represents the
number of days where rainfall event is not recorded in the satellite. Still, its presence is shown in the IMD data set. The POD
value ranges from 0 to 1. If the obtained value of POD tends towards 0, the data sets have less accuracy, whereas it represents
high accuracy if it tends towards 1.

The false alarm ratio (FAR) determines the fraction of satellite values where the satellite data have reported precipitation,
but no precipitation was indicated in IMD data sets. The FAR is mathematically represented in the following equation:

FAR ¼ False Alarm
Hitsþ False Alarm

(2)

False Alarm shows that the rainfall event is recorded at the satellite when no event is represented in IMD data. If the

obtained FAR value tends towards 0, it denotes that the data are accurate, whereas if the value tends towards 1, it represents
that the value is inaccurate regarding IMD data.

The critical success index (CSI) shows the correct estimation of the rain occurrence while removing the negative occur-
rence (Ayoub et al. 2020). It provides a critical success rate that blends the POD and the FAR, where a perfect score of 1

implies zero False Alarm and misses and can be mathematically represented in the following equation:

CSI ¼ Hits
HitsþMissþ False Alarm

(3)

3.2. Machine learning models

3.2.1. Long short-term memory

Recurrent neural networks are the models which use input data over long sequences to obtain outputs based on the previous

computations. These models help deal with non-linear time series but have drawbacks when dealing with predetermining
time lags to learn temporal sequence processing (Gers et al. 1999; Gers & Schmidhuber 2001). To overcome the disadvantage
of long-distance dependence tasks and diminish gradient in RNNs, LSTMs were introduced by Hochreiter (1997). Typically,

an LSTM is made up of memory cells, and memory is transferred based on cell state and hidden state. The cell state’s primary
role is to pass the unchanged data forward, and the data in this cell state can be changed using sigmoid gates. Gates are simi-
lar to layers that are assigned individual weights. To avoid dependency problems for long intervals, LSTMs use gates for
control of the memory process.

1. Input gate: The input gate of the model generates input coefficients (it) generated based on the current input (xt) and the
previously hidden layer (dt�1), and based on the input coefficient (it), the cell state (Lt) is calculated based on the amount of

information used out of the current input (xt).
2. Forget gate: The amount of information of the previous cell state (Lt�1) to be stored in the current cell state (Lt) is deter-

mined based on the coefficient of forget gate (ft).
3. Output gate: The final output of the network (dt) is governed by the output coefficient (Ot) based on the relation dt ¼Ot

tanh (Lt)

The structure and equations of each gate used for the development of LSTM are presented in Figure 3.
LSTMs capture short-term and long-term relationships in time series using these three gate mechanisms and avoid vanish-

ing the gradient. The main feature of the LSTM is to store the components of input for each time step in input features for
om http://iwaponline.com/jh/article-pdf/24/1/16/995970/jh0240016.pdf
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Figure 3 | A typical representation of the network of LSTM.

Journal of Hydroinformatics Vol 24 No 1, 23

Downloaded from http
by guest
on 25 July 2022
developing long-term memory. In addition, all the information features up to the current moment are stored in the hidden

layers. Generally, these hidden layers are expressed using vectors of defined length and hence as time passes, the network
compresses all the information from input components.

3.2.2. Extreme learning machines

Capturing the relationship between rainfall and runoff is quite tricky due to the high non-linear relationships between the
variables. The interpretation of these non-linear relationships among these variables is out of the capacity of traditional
models. A new approach using single-layer feedforward neural networks was proposed by Huang et al. (2004) to understand

in-depth relationships in the data sets with fast learning capabilities and high generalization. In this approach, training of
complex applications can be done in seconds which cannot be quickly done using orthodox neural network algorithms
and produced the smallest training errors (Huang et al. 2006). ELM works on the same principles as that of backpropagation
in prediction problems and data classification. Based on these features, analysis of components of climate like air tempera-

ture, rainfall, and solar energy with complex data sets can be easily carried out; hence, it can be considered as an ideal
algorithm for forecasting atmospheric features (Wu & Chau 2010; Şahin 2013; Deo & Şahin 2015). The parameters that
mainly govern the capacity of ELMs are the hidden nodes in the network, which can be mathematically expressed using

the following equation as seen in the works of Huang et al. (2006), Şahin (2013), and Yaseen et al. (2016):

Xs

i¼1

Mini (aixi þ bi) ¼ Pi (4)

where M represents the output vector weight between s number of nodes to the output nodes, G(a, b, x) represents the acti-
vation function of the hidden layer with a, b being the biases in the algorithm, and the ELMmodel’s output is given by P. The
hidden neuron index is represented by i.

The output from the network is governed by an activation function ( f (x)). In this work, the sigmoidal function is chosen
based on the previous works of Deo & Şahin (2015, 2016) and is represented in the following equation:

f(x) ¼ 1
1þ exp (�x)

(5)

and the number of sample sets (N) can be given by the following equation:

XN
t¼1

pt � qtk k (6)
://iwaponline.com/jh/article-pdf/24/1/16/995970/jh0240016.pdf
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where the output of the ELMmodel at periods (t)¼ 1,2,3…N is given by pt, and the response variables used for developing the

network are denoted by qt.
In agreement with Equation (4), the output vectorM can be estimated using theN number of data sets with a chain of linear

equations

Y ¼ GM (7)

G(a, b, x) ¼
n(xi)
:
:

n(xN)

2
664

3
775 ¼

ni(aixi þ bi) . . . . . .nL(asxi þ bs)
:
:

ni(aNxN þ b1) . . . . . .nL(asxN þ bH)

2
664

3
775
N X s

(8)

and

M ¼
Mj

i
:
:

Mj
s

2
664

3
775

s X 1

and Y ¼
yji
:
:
yjN

2
664

3
775
N X 1

(9)

where j represents the transpose of the vector or a matrix, and the hidden layer output matrix is represented as G..
Referring to the works of Yaseen et al. (2016), the output weights of the hidden layer network are show using the Moon-

Penrose generalized inversion function (þ) by inverting the hidden layer matrix

M̂ ¼ GþY (10)

The output weights from the N data sets used in the modelling procedure are represented as M̂.

Using Equation (11) with testing data sets (xt), the predicted values of y can be obtained as

y ¼
Xs

i¼1

M̂ini (aixt þ bi) (11)

Readers are encouraged to refer to the works of Huang et al. (2006, 2015a, 2015b) for a detailed explanation of ELM.
Figure 4 represents a distinct network of ELM. The descriptions of FFNN and MLR are presented in the Appendix.
Figure 4 | A typical representation of a network of ELMs. Here, W represents the input layer weights, b represents randomly generated
biases that are not involved in further training, ƒ is the activation function, hi represent the hidden neurons, Xi are the input data sets, β are
the optimal values, and ti are the target/output data sets.
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3.3. Experimental setup

3.3.1. Selection of input variables

Choosing the potential input variables based on their relationship with output variables is more important than the algor-

ithm’s choice. This work’s primary purpose is to understand the capability of SPPs in capturing the rainfall–runoff
relationship, which can be an alternative ground-based rainfall data sets in real-time applications.

In this study, a rainfall–runoff modelling framework is considered where the dependent variable is runoff (output variable)

and precipitation and historical runoff are the independent variables (input variables).
The framework of the adopted methodology can be mathematically represented as

St ¼ f(RtRt�1 . . . :Rt�m . . . . . . . . .St�1 . . . :St�n) (12)

where f(.) denotes the machine learning model, St represents the runoff at a time ‘t’, and rainfall at the time ‘t’ is represented
by Rt . m and n denote the lag memory in the rainfall and runoff time series, respectively, and the number of inputs for the
model is a function of m and n. Cross-correlation between rainfall and runoff and autocorrelation of rainfall and runoff has

been used to get the m and n. For each precipitation data set and catchment, the importance of m and n was estimated, and
accordingly, input variables were selected for the model training.

3.3.2. Model training

The total data length is divided into 70:30 for calibration and validation of the developed models. All the models were devel-

oped in MATLAB 2019a.
For MLR models, the regression model was fitted using the least-squares approach, and the error statistics were estimated

for both calibration and validation periods. In FFNN, the number of hidden neurons used varied between 10 and 15. The

transfer function used is TANSIG, and the Levenberg Marquardt (LM) algorithm is used as a training function. Several
studies (Adamowski & Sun 2010; Maheswaran & Khosa 2013) have shown that the LM algorithm is the most robust training
algorithm for feedforward networks.

For the ELM model, the number of neurons is determined using a trial and error approach to obtain the best calibration
result. Validation data sets are then used as inputs at the same neurons for obtaining the forecasted results. For LSTMmodels,
in order to determine the hyperparameters such as gradient threshold, initial learn rate, learn rate drop period, and learn rate
factor, an optimization algorithm, namely Adam optimization (Kingma & Ba 2015), is used as it has been proven to be fruitful

in determining the hyperparameters in LSTM models. Following the approach of Le et al. (2019), the maximum number of
epochs was taken as 100,000 and early stopping techniques were used for the prevention of overfitting of the model.

3.4. Performance measures

Performance measures have been used as an index to determine the performance and understand the confidence limits of the

model. The performance measures used in this study are RMSE, correlation (R2), and NSE.
If the value of R2 and NSE is inclined towards 0, it represents that the model’s output is not a good representation of the

original values. Whereas, if the value is inclined towards 1, the model is a good representation of the original system and its

values. RMSE represents the amount of error in the output value of the model when compared to the original value. The
lower the value of RMSE, the better the fitness of the model to the original system.

The performance measures are mathematically represented as

1. RMSE

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

(Xobs
i �Xsim

i )
2

n

vuuut
(13)

2. Correlation (R2)

R2 ¼

Pn
i¼1

(xobsi � �xobs)(xsimi � �xsim)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

(xobsi � �xobs)
2
(xsimi � �xsim)

2

s
2
66664

3
77775

2

(14)
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3. NSE

NSE ¼ 1�

Pn
i¼1

(Xobs
i �Xsim

i )
2

Pn
i¼1

(Xobs
i � �xobs)

2

2
6664

3
7775 (15)

where Xobs
i and Xsim

i denote the observed and model-simulated streamflow values at any time instant ‘i’; �xobs and �xsim rep-
resent the mean values of ‘n’ observed and simulated values, respectively.

4. RESULTS

We presented results in three sections. The first section shows the statistical analysis of SPP compared with the IMD data
using metrics such as POD, FAR, and CSI. The selection of dominant timestep for input variables, namely CHIRPS,
GPM-IMERG, and IMD, using Auto Correlation Function (ACF), Partial Auto Correlation Function (PACF), and cross-cor-

relation to develop rainfall–runoff models is shown in section 4.2. Furthermore, the performance analysis of all the developed
rainfall–runoff models is discussed. Finally, the accuracy of the best-performing models is shown to predict flood peaks in
section 4.3.

4.1. Evaluation of precipitation products

This section presents the results from comparing precipitation products with ground-based (IMD) data sets using the metrics
mentioned in section 3.1. In this study, the satellite-derived products are GPM-IMERG and CHIRPS, which are compared
with IMD data sets (actual values) for accessing the capabilities of SPPs for the prediction of runoff. The cumulative distri-

bution function (CDF) plots of IMD, GPM-IMERG, and CHIRPS data during the entire period for the VRB and the MRB are
shown in Figure 5(a) and (b) with x-axis representing rainfall (x) and y-axis representing the probability. Based on the CDF
plots, both the SPPs have similar CDF patterns compared to IMD data sets for the VRB and the MRB (Figure 5(a) and (b)).

However, for Figure 5(a) in the rainfall range of 10–30 mm, underestimation is evident from the inset figure (zoomed plot) for
both the data sets. In Figure 5(b), an underestimation of the rainfall event is observed in GPM-IMERG data for the range of
10–30 mm, whereas an underestimation in the 10–40 mm range is observed in the CHIRPS data.

In Table 1, POD values are in the range of 0.67–0.75, highlighting that both SPPs perform satisfactorily in capturing light
rainfall (1–10 mm). However, for moderate (10–50 mm) and heavy (.50 mm) rainfalls, the POD values range between 0.29
and 0.45 for both the SPPs in both catchments. The same is in congruence with the FAR, highlighting false alarm for mod-
erate and heavy rainfall in both the catchments for both SPPs. The CSI values show that SPPs have more than a 50% success

rate for capturing light rainfall. However, the success rate ranges from 27 to 38% in capturing medium and heavy rainfall. All
the observations from statistical parameters were further supported by RMSE, both the SPPs exhibited low RMSE values
(,1.5) for the rainfall range of 1–10 mm, confirming that the accuracy of SPPs in capturing lower rainfall is robust. Whereas

for medium and high rainfall (10–50 and.50 mm), higher RMSE values are observed, indicating a significant deviation of the
rainfall values from the original values (IMD).

Based on the above analysis, both the SPPs are close to IMD data sets, but CHIRPS data are better than GPM-IMERG for

medium and high rainfall. Based on this understanding, models for 1-day ahead discharge prediction and peak flow predic-
tion are developed. Also, this analysis helps understand the probable reason for abnormalities in the predictive capacity of the
model inflows, along with the proposal of the best replacement of IMD data.

4.2. Model parameters and performance analysis

The cross-correlation function between the input variables such as CHIRPS, GPM-IMERG, and IMD data and runoff is
plotted in Figure 6(a)–(c), (e) and (f) for the VRB and the MRB, respectively. To select the number of lags in rainfall time
series having significant correlation with runoff, a threshold value of 0.25 is considered. The cross-correlation (Figure 6)

reveals that rainfall–runoff dependency is up to 4 days, 1 day, and 7 days for the VRB and 3 days, 3 days, and 4 days for
the MRB, respectively. The ACF and PACF corresponding to the river basins’ runoff variable are plotted in Figure 7(a)–(d),
respectively.
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Figure 5 | Cumulative distributive function for satellite data sets and IMD-based precipitation for the VRB (a) and MRB (b) The inner plot
shows the zoomed plot.
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Table 1 | Estimating the detection metrics for the SPPs with reference to the gauge-based IMD data in Vamsadhara and Mahanadi river
basins for different rainfall thresholds

Basin

Metrics

Vamsadhara Mahanadi

GPM-IMERG CHIRPS GPM-IMERG CHIRPS

1–10 mm 10–50 mm . 50 mm 1–10 mm 10–50 mm . 50 mm 1–10 mm 10–50 mm . 50 mm 1–10 mm 10–50 mm . 50 mm

POD 0.71 0.38 0.29 0.73 0.41 0.34 0.67 0.37 0.30 0.75 0.45 0.35

FAR 0.32 0.62 0.72 0.30 0.60 0.68 0.31 0.57 0.67 0.25 0.56 0.65

CSI 0.54 0.35 0.30 0.56 0.36 0.32 0.56 0.34 0.27 0.65 0.38 0.30

RMSE
(mm)

1.24 7.34 10.14 1.10 6.5 9.14 1.31 8.23 9.61 1.45 8.76 7.12
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The ACF and PACF show that the runoff has significant lag memory up to 7 days and 8 days. Selected lagged variables are

used to develop the rainfall–runoff models, including linear regression (MLR) and machine learning models like FFNN, ELM,
and LSTM. All the models are calibrated and validated for rainfall–runoff using the approaches mentioned in section 3.4.
Each model is trained until the calibration error decreases and reaches a minimum. For the least error model, validation

data set is used for obtaining the predicted runoff. In MLR, a simple linear relation is used for training, whereas in FFNN,
ELM, and LSTM models, the least error is obtained by trial and error by changing the number of neurons and learning
rates. The obtained predicted runoff data sets are compared to the observed data sets and are evaluated using the performance

measures in section 3.5.
Table 2 represents the results of all the rainfall–runoff models generated with different rainfall products resulting from the

different models considered in the study. The values of the performance measures for accessing the quality of the predicted
Figure 6 | The cross-correlation function between the input variables (IMD, GPM-IMERG, and CHIRPS data) and runoff (a–c) and (d–f) for VRB
and MRB, respectively.
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Figure 7 | Correlation plots for a runoff with (a) and (c) are representing ACF and PACF for the VRB, and (b) and (d) for the MRB, respectively.

Table 2 | Performance measures of various models in calibration and validation for the Vamsadhara and Mahanadi river basins

Data

Models

IMD

Vamsadhara river basin Mahanadi river basin

Calibration Validation Calibration Validation

RMSE (m3/s) R2 NSE RMSE (m3/s) R2 NSE RMSE (m3/s) R2 NSE RMSE (m3/s) R2 NSE

MLR 230.84 0.50 0.23 163.47 0.625 0.360 325.30 0.65 0.39 373.70 0.69 0.46

FFNN 202.45 0.64 0.41 145.67 0.702 0.492 228.02 0.83 0.74 243.12 0.77 0.72

ELM 120.42 0.82 0.67 110.38 0.83 0.69 190.25 0.92 0.89 198.34 0.92 0.87

LSTM 105.42 0.86 0.69 93.60 0.85 0.71 191.52 0.92 0.87 201.30 0.92 0.84

GPM-IMERG

MLR 227.95 0.52 0.25 162.20 0.62 0.37 356.30 0.73 0.70 394.34 0.78 0.71

FFNN 184.70 0.71 0.51 142.12 0.72 0.51 238.60 0.83 0.79 293.42 0.82 0.76

ELM 128.24 0.81 0.63 129.45 0.81 0.63 221.45 0.89 0.86 215.45 0.89 0.87

LSTM 105.72 0.82 0.68 94.10 0.81 0.67 223.42 0.86 0.82 220.56 0.88 0.85

CHIRPS

MLR 206.52 0.62 0.39 157.18 0.64 0.40 357.07 0.72 0.69 391.80 0.79 0.70

FFNN 159.68 0.76 0.57 145.31 0.79 0.59 243.81 0.82 0.78 254.92 0.81 0.75

ELM 138.45 0.83 0.60 135.52 0.83 0.61 200.47 0.91 0.89 208.27 0.92 0.88

LSTM 107.54 0.84 0.68 98.32 0.84 0.65 220.87 0.89 0.83 217.50 0.89 0.83

Bold values represent the models with best performance.
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discharge are mentioned in section 3.5, i.e., RMSE, R2, and NSE for both the VRB and the MRB in calibration and validation

stages. Values of these measures are used to understand the best-performing model and the best SPP as a replacement of IMD
data sets. Results are discussed for each considered basin separately.

4.2.1. Vamsadhara river basin

4.2.1.1. Models based on the IMD data. Comparing the models developed using IMD data sets (Table 2) shows that the
LSTM model performs better than other MLR, FFNN, and ELM models. For example, during the calibration and

validation stages, the LSTM model has an NSC value of 0.69 and 0.71, whereas MLR, FFNN, and ELM models have
values of 0.23, 0.41, 0.67 and 0.36, 0.49, 0.69, respectively. Similarly, lower values of RMSE and higher correlation were
observed for LSTM in validation with values equal to 93.6 and 0.85, respectively.
4.2.1.2. Models based on the GPM-IMERG data. Investigating the performance of the models with the GPM-IMERG data,
models such as MLR, FFNN, and ELM were unable to produce good modelling results during both calibration and validation
stages. In this case, LSTM models produced comparatively better results than the rest of the models with NSC values equal to

0.68 and 0.67 in calibration and validation stages. In contrast to this, the values of 0.25, 0.51, 0.3 and 0.37, 0.51, 0.63 were
observed for MLR, FFNN, and ELM models, respectively. Similarly, better values are observed for RMSE and correlation in
LSTM models.
4.2.1.3. Models based on the CHIRPS data. Using CHIRPS as input data, Table 2 shows that the LSTM model produces

better results than the other developed models. Higher values of RMSE and correlation were observed for LSTM models
along with high NSC values. For example, MLR, FFNN, and ELM models produced results with NSC values of 0.39,
0.57, 0.60 and 0.40, 0.59, 0.61 in calibration and validation stages. Whereas, LSTM models produced values of 0.68 and

0.65, respectively, in calibration and validation stages.

4.2.2. Mahanadi river basin

4.2.2.1. Models based on the IMD data. Investigating the performance of several linear regression (MLR) as well as machine
learning models (FFNN, ELM, and LSTM) with IMD data sets, results (Table 2) show that MLR, FFNN, and LSTM have

obtained NSC values of 0.39, 0.74, 0.87 and 0.69, 0.77, 0.92 in calibration and validation stages. The best model output
was observed in ELM models with NSC values of 0.89, 0.92 in calibration and validation stages. Similarly, the least
RMSE and high correlation values are observed in ELM models.
4.2.2.2. Models based on the GPM-IMERG data. Several models were developed using GPM-IMERG data as input for the

rainfall–runoff modelling. ELM models produced the best results with high correlation, NSC with least RMSE in both
calibration and validation stages. For example, ELM obtained NSC values of 0.86 and 0.87 in calibration and validation
stages, respectively. Whereas the MLR, FFNN, and LSTM produced values of 0.70, 0.79, 0.82 and 0.71, 0.76, 0.85 in

calibration and validation stages, respectively.
4.2.2.3. Models based on the CHIRPS data. Comparing the results obtained using CHIRPS data sets as input, ELM models
showed better modelling results with the least RMSE and high NSE and correlation. For example, MLR, FFNN, and LSTM

models have NSE values of 0.69, 0.78, 0.82 and 0.70, 0.75, 0.88 in calibration and validation stages, respectively, when
compared to the ELM models having NSE values of 0.89 and 0.88.

Overall, LSTM models in the VRB and the MRB outperform other models with all precipitation sets. Comparing LSTM
models with GPM-IMERG and CHIRPS data sets for the VRB, both the models were found to produce similar results,

but comparatively, CHIRPS model results were closer to the results of models with IMD data. For example, the correlation
of IMD-based models is 0.85, whereas GPM-IMERG- and CHIRPS-based models have a significance of 0.81 and 0.84,
respectively, in the validation stage. Similarly, comparing the results of ELM models with GPM-IMERG and CHIRPS

data sets for the MRB, both the models were found to produce similar results. Still, the CHIRPS model results were closer
to the results of models with the IMD data. For example, the correlation of IMD-based models is 0.92, whereas GPM-
IMERG- and CHIRPS-based models correlate at 0.89 and 0.92, respectively.
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4.3. Application of the best model for forecasting flood peaks

Although promising results were observed in models for 1-day ahead runoff prediction, there is yet a concern regarding the
capabilities of the models for peak flow prediction during extreme events. Models have been applied to estimate 1-day ahead

flood prediction during the monsoon season to assess their ability to capture the peak events. For this purpose, we analyzed
four flood events, each in the VRB and the MRB, and the corresponding results obtained from the models. In this section,
only the best models for each river basin are reported, as their superiority over other models has been proven in the earlier
section. Accordingly, for Vamsadhara, the LSTM model is considered, and the ELM model is considered for the Mahanadi

basin. Figure 8(a) and (b) represents the spatial variation of 1-day GPM-IMERG precipitation in the VRB and the MRB for
one of the extreme events that occurred on 8 August 2009. Figure 9(a) and (b) shows the results of LSTM and ELM models
with different precipitation products along with the observed runoff for the VRB, and Figure 9(c) and (d) shows the runoff

forecasts from LSTM and ELM models for the MRB. The result statistics only for the best models are presented in Table 3.
In the VRB, for the year 2009, based on the value of peak error percentage, the IMD-LSTM model produced a reasonable

forecast of the flood peak with 17.65%, followed by CHIRPS-LSTM with 27.23%. Similarly, in 2010, the percentage error in

estimating the flood peak was least for IMD-LSTM with 9.60%, followed by CHIRPS-LSTM with 16.20%. In the flood event
in 2011, the least peak error was observed in IMD-LSTM, followed by the model with CHIRPS as input. In 2012, CHIRPS-
LSTM was the best model with a peak error percentage of 25.61%, which outperformed the model with IMD data, an error
percentage of 35.85%. In all the years, the performance of GPM-IMERG-based models in terms of flood peak is not satisfactory.

In the MRB, for the year 2009, the CHIRPS-ELM model produced good flood peak forecasts based on the peak error per-
centage with a value of 7.75%, followed by IMD-ELM models with �7.32%. Similarly, in 2010, the percentage error in the
estimation of flood peak was least for IMD-ELM with �8.30%, followed by CHIRPS-ELM with 19.23%. In the flood event in

2011, the least error was found for the ELMmodel with CHIRPS input. For the flood event in 2012, the CHIRPS-ELM model
Figure 8 | (a) The spatial distribution of the rainfall on 8 August 2009 as obtained using the GPM-IMERG data set in (a) the MRB and (b) the
VRB.
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Figure 9 | (a) Hydrographs of flood peak in the VRB with LSTM models. (b) Hydrographs of flood peak in the MRB with ELM models.
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obtained an error percentage of 3.05%, which outperformed IMD-ELM. The results show that CHIRPS models have pro-
duced good results in predicting flood peaks with the least errors in most flood events and were closely followed by
models with IMD data sets, which over-predicted the flood events.
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Table 3 | Accuracy of the best models in each basin to predict the flood peak timing and the amount of error in the predicted peak compared
to the observed values

Year Model
Observed flood
value (m3/s)

Predicted flood
value (m3/s)

Error
(%) Model

Observed flood
value (m3/s)

Predicted flood
value (m3/s)

Error
(%)

Vamsadhara river basin Mahanadi river basin

2009 IMD_LSTM 1,553 1,320 17.65 IMD_ELM 16,120 17,310 �7.32
GPM-IMERG_LSTM 1,020 34.32 GPM-IMERG_ELM 13,220 17.99
CHIRPS_LSTM 1,130 27.23 CHIRPS_ELM 14,960 7.75

2010 IMD_LSTM 1,563 1,426 9.60 IMD_ELM 8,406 9,104 �8.30
GPM-IMERG_LSTM 1,056 48.01 GPM-IMERG_ELM 6,765 24.25
CHIRPS_LSTM 1,345 16.20 CHIRPS_ELM 7,050 19.23

2011 IMD_LSTM 1,948 1,654 17.77 IMD_ELM 23,370 19,230 21.52
GPM-IMERG_LSTM 1,452 34.15 GPM-IMERG_ELM 18,370 27.21
CHIRPS_LSTM 1,545 26.08 CHIRPS_ELM 20,580 13.55

2012 IMD_LSTM 729.3 532.9 36.85 IMD_ELM 8,825 9,857 �10.40
GPM-IMERG_LSTM 500.1 45.80 GPM-IMERG_ELM 8,459 4.32
CHIRPS_LSTM 580.6 25.61 CHIRPS_ELM 8,563 3.05

Bold values represent the models with least error in prediction of flood peak.
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Overall, for both river basins, the models were able to capture the peak floods and the time to peak to greater accuracy.

Comparing the performance of the models between two rivers basins, the models perform less accurately in the VRB than
the MRB. This difference in the model performance across the two river basins could be attributed to higher variations in
the hydrograph and more complexity in rainfall–runoff relationships in Vamsadhara. Owing to the large catchment size,

in the MRB, the storage-induced inertia dampens the non-linear features and makes the catchment more amenable for mod-
elling (Maheswaran & Khosa 2012). Whereas, the non-linear features are more prominent in the VRB, which is 10 times
smaller.

5. DISCUSSION

This study aims to develop a machine learning-based rainfall–runoff model using SPPs. The statistical analysis of the precipi-
tation products showed that the performance of the SPPs was dependent on the rainfall ranges. GPM-IMERG is sensitive to
light and medium rainfall; however, it underestimates heavy rainfall. On the contrary, the performance of the CHIRPS data

set can capture the heavy rainfall more accurately than GPM-IMERG.
Further comparison of the model performance observed that the LSTM and ELM models performed better than the FFNN

and linear regression models. Of the two best models, LSTM was more accurate for the VRB and ELM to be the best model

for the MRB. Comparing the results for 1-day ahead forecasts in the MRB obtained by Nanda et al. (2016) from TRMM-driven
wavelet-based non-linear autoregressive with exogenous inputs (WNARX) models found that that the results from the present
are superior. In their study, Nanda et al. (2016) reported NSE values of 0.85 during the testing period using the TRMM-RT

rainfall dataset-driven WNARX model. However, the present study showed that the GPM-IMERG-ELM models and
CHIRPS-ELM model yielded NSE values of 0.87 and 0.88, respectively.

Furthermore, models using GPM-IMERG and CHIRPS data in combination with ELM and LSTM have been shown to out-

perform the TRMM-based WNARX models as reported by Nanda et al. (2016). Similarly, in another study, Yeditha et al.
(2020) developed WNARX models using TRMM for the VRB and obtained NSE results of 0.629 during the validation
period. Comparing that with the present study using GPM-IMERG-LSTM (NSE¼ 0.67) and CHIRPS-LSTM (NSE¼ 0.65)
shows that the present study results are superior.

From the above comparison of the results, the GPM-IMERG and CHIRPS data sets are performing better in capturing the
rainfall than the TRMM data set for the two river basins. Similar observations were obtained by Liu & Zipser (2015) and
Prakash et al. (2018). The authors show that the GPM-IMERG data set shows significant improvement in reduced false

alarms and improved extreme rainfall detection over the TRMM data. Furthermore, the deep learning models, ELM and
LSTM, showed a better rainfall–runoff relationship than the other contemporary models. Overall, these SPPs can be used
as an alternative for ground-based data for rainfall–runoff modelling with prediction capability. Since GPM-IMERG data
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are available in real time, they can be explored for real-time forecasting purposes. Additionally, these models can be applied

reliably for multistep ahead forecasting when precipitation forecasts from weather models such as European Center for
Medium Weather Forecast are used.

One possible alternate method to improve the model performance is developing a framework for correcting the SPPs and

the same can be considered as a future direction. Similarly, considering the ensemble model approach and wavelet-based
hybrid approach would reduce the uncertainty in the model results.

6. CONCLUSIONS

A novel data-driven rainfall–runoff model is proposed using two different satellite-based precipitation products. Satellite-

based precipitation products GPM-IMERG and CHIRPS were evaluated with ground-based IMD data sets. Results
showed that the CHIRPS data sets are a better proxy of the IMD data sets compared to the GPM-IMERG data. Following
this, the model is tested on two flood-prone river basins. These SPPs were used to drive ELM, LSTM, FFNN, and MLR rain-

fall–runoff models. SPP-driven LSTM and ELM models produced reliable forecasts in both the river basins and are
comparable to the IMD data-driven models. The CHIRPS-LSTM and CHIRPS-ELM models produced robust VRB and
MRB results, respectively. For simulating the peak floods, the models driven by the CHIRPS data set were accurate than

the GPM-IMERG data. Nevertheless, the results based on the latter were promising.
Nonetheless, the present outcomes regarding the applicability of the SPPs, their accuracy, and the capabilities of the pro-

posed models need to be confirmed and supported further through their application to various river basins with different
climate and catchment characteristics.
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