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ABSTRACT
Availability of high-quality data is a major problem for climate and hydrological studies, especially in 
basins with complex topography where gauge network is typically limited and unevenly distributed. This 
study investigates the performance of 14 precipitation products – seven satellite-based (SPPs), two 
gauge-based (GPPs) and five reanalysis products (RPPs) – against ground observations (1998–2007) in 
the transboundary Jhelum River basin (33 397 km2). Among the seven SPPs (bias corrected), five 
demonstrate a significantly high correlation coefficient (CC > 0.7) with observed rainfall. However, 
most of the products tend to underestimate the seasonal precipitation amount, particularly in winter 
and spring. Likewise, Asian Precipitation – Highly Resolved Observational Data Integration Towards 
Evaluation of water resources APHRODITE (GPPs) and Japanese 55-year Reanalysis JRA-55 (RPPs) are 
the best-performing products in daily streamflow predictions, with Nash-Sutcliffe efficiency values of 0.68 
and 0.62, whilst MSWEP (Multi-Source Weighted-Ensemble Precipitation), AgMERRA (Climate Forcing 
Dataset for Agricultural Modeling) and CHIRPS (Climate Hazards Group InfraRed Precipitation with Station 
data) have also good potential in flow prediction. Generally, our results indicate that APHRODITE and JRA- 
55 could be used as alternative sources of precipitation data in the Himalayas region.
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1 Introduction

Precipitation is the vital component of the hydrological cycle 
and the key forcing element of hydrological models. Thus, 
accurate precipitation assessment is important for hydrologi
cal simulation and water resources management (Liu et al. 
2017). Traditionally, in developing countries land-based sta
tions are unevenly distributed, and the quality of historical 
precipitation records can be questionable. For climatological 
purposes, the World Meteorological Organization (WMO) 
provides recommendations for the density of raingauges: 
from one gauge per 900 km2 in lowland areas to one every 
250 km2 in complex topography (WMO 2008). Using around 
one gauge per 15 000 km2, the Pakistan Meteorological 
Department has recently published 50 years’ worth of area- 
weighted precipitation on a monthly scale based on 56 gauges 
(Faisal and Gafar 2012). These factors affect the accuracy of 
hydrological model simulations and related research work 
(Zhu et al. 2016). Therefore, it is crucial to look at spatial 
and temporal variability based on observation gauge data. 
Last but not least, land-based data are often difficult to obtain 
due to data policies and boundary disputes in some countries.

To overcome the above shortcomings, researchers in recent 
years have developed many globally and regionally gridded 
precipitation datasets based on reanalysis and remote sensing 

data that are convenient for hydrological simulation in high
land and poorly gauged catchments. Additionally, these data
sets are freely available for scientific research. These gridded 
datasets have been widely used, especially where high-quality 
in situ rainfall measurements are not available.

Some of the most extensively used satellite precipitation 
products (SPPs) are those from the Tropical Rainfall 
Measuring Mission (TRMM) (Huffman et al. 2007) and the 
Precipitation Estimation from Remotely Sensed Information 
using Artificial Neural Network climate data record 
(PERSIANN-CDR) (Ashouri et al. 2015). Compared with the 
TRMM satellite data products, the integrated multisatellite 
retrievals for GPM (IMERG) (Global Precipitation 
Measurements (GPM) Integrated Multi-satellite Retrievals) 
satellite data has a relatively finer spatial resolution (0.1° × 
0.1°). However, the precipitation radar and the channels of the 
passive microwave (PMW) imager have been upgraded and 
expanded, which has enhanced the detection capability of 
weak and solid precipitation. Further, this makes it possible 
to detect rainfall in both arid and cold regions (Hamada and 
Takayabu 2016). Additionally, Multi-Source Weighted- 
Ensemble Precipitation (MSWEP), the AgMERRA Climate 
Forcing Dataset for Agricultural Modeling and the Global 
Land Data Assimilation System (GLDAS) using satellite- and 
ground-based observations are available at high spatial and 
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temporal resolution (Beck et al. 2017b). Climate Hazards 
Group InfraRed Precipitation (CHIRP) and CHIRP with sta
tion version (CHIRPS) are new quasi-global precipitation pro
ducts with a spatial resolution of 0.05° (Funk et al. 2015). 
Global reanalysis-based climate products such as Climate 
Forecast System Reanalysis (CFSR) and Modern-Era 
Retrospective analysis for Research and Applications version 
2 (MERRA-2) are widely used in hydrology and climate 
change research. Another dataset (gauge-based) with higher 
spatial and temporal coverage is the Asian Precipitation Highly 
Resolved Observational Data Integration Towards Evaluation 
of Water Resources (APHRODITE) (Yatagai et al. 2012). 
However, RPPs and SPPs are generally very uncertain due to 
complex climate dynamics and local topography. The discre
pancies in the SPPs commonly originate from the platform and 
sensor characteristics. For the RPPs, uncertainties and errors 
are mainly caused by the inadequacy of interpolation methods 
and the data assimilation system (Zhu et al. 2016). Therefore, it 
is essential to evaluate the suitability of these grid-based pre
cipitation products before further utilization.

Recently, many studies have been conducted for the evalua
tion of grid-based rainfall products over the different regions 
of the world (Lauri et al. 2014, Wong et al. 2017, Gebrechorkos 
et al. 2018, Senent-Aparicio et al. 2018, Wu et al. 2018, Tang 
et al. 2019b, Zandler et al. 2019, Ahmed et al. 2020). Tan et al. 
(2015) evaluated five SPPs and one ground-based rainfall pro
duct and found APHRODITE and TRMM3B42V7 (Tropical 
Rainfall Measuring Mission, Version 7) performed well, while 
other products slightly overestimate (PERSIAN-CDR) and 
underestimate (CMORPH: CPC (Climate Prediction Center) 
MORPHing technique) the rainfall. Moreover, several studies 
have focused on the evaluation of grid-based rainfall datasets 
in the hydrological modelling framework, which will provide 
useful information for water resources management and 
hydrological studies (Bui et al. 2019, AL-Falahi et al. 2020, 
Dembélé et al. 2020, Talchabhadel et al. 2020). For instance, 
TRMM and GPCC (Global Precipitation Climatology Centre) 
datasets are suitable for simulating the streamflow in the Dong 
Nai River basin, Vietnam (Nhi et al. 2018), MSWEP shows 
good performance for hydrological simulation of the Upper 
Huaihe River basin, China, and APHRODITE rainfall data is 
a good option for simulating the discharge of Amu Darya 
River basin (Sidike et al. 2016). Lauri et al. (2014) analysed 
the feasibility of five grid-based products (APHRODITE, 
TRMM3B42 (V6, V7), NCEP (National Centers for 
Environmental Prediction)-CFSR and the ERA (ECMWF 
(European Centre for Medium-Range Weather Forecasts) 
Reanalysis) Interim datasets) over the Mekong River basin 
and concluded that APHRODITE and TRMM (V7) simulate 
the flow very similarly to observed data. Birylo et al. (2018) 
computed the different components of the water budget using 
GLDAS data over Poland. Tang et al. (2019a) assessed the 
uncertainties of four precipitation products (AgMERRA, 
PERSIAN-CDR, MSWEP and TMPA (near-real time Multi- 
satellite Precipitation Analysis)) for Soil and Water 
Assessment Tool (SWAT) modelling in Mekong River basin. 
Generally, the results of the above studies show that the per
formance of precipitation products varies with different topo
graphy and climate conditions.

A few studies were conducted in Himalayan basins for the 
evaluation of SPPs and GPPs. Li et al. (2018b) evaluated four 
precipitation products (India Meteorological Department 
(IMD), APHRODITE, ERA-Interim and Weather Research & 
Forecasting (WRF)) and recommended the APHRODITE 
dataset for hydrological studies in the western Himalayas. 
Khan et al. (2018) assessed the suitability of the TRMM-3B42- 
V7 rainfall product over Upper Indus basin (UIB) and found 
underestimation of rainfall at most stations across the UIB; 
still, they suggested that TRMM is the best option in data-scar 
ce regions. Faiz et al. (2020) validated the performance of five 
precipitation products in two cryosphere catchments of UIB. 
Their study showed that the CHIRPS and APHRODITE pre
cipitation datasets perform well in simulating discharge, with 
NSE (Nash-Sutcliffe efficiency) values greater than 0.80 at both 
river basins.

Several other precipitation products such as MSWEP, 
GLDAS, AgMERRA, CFSR, Japanese 55-year Reanalysis 
(JRA-55) and Princeton Global Forcing (PGF) are available 
at fine resolution and have yet to be tested in this region. 
However, significant improvement in regional runoff model
ling using the different precipitation datasets (SPPs, GPPs and 
RPPs) is still needed. These precipitation datasets have been 
generally evaluated in different parts of the world, but the 
region, elevation and local climate dynamics could influence 
their accuracy. So, a detailed analysis of these data products 
may improve runoff modelling in the areas for which there is 
no or scarce climatic data. Based on a literature review and to 
the best of the authors’ knowledge, it was found that not 
a single study has been conducted to date that uses SPPs and 
GPPs for streamflow prediction in Jhelum River basin. Such 
a study is very important as 50% of the basin lies in a disputed 
area between Pakistan and India (Kashmir). This part of the 
basin has only a few weather stations, and data acquisition is 
difficult for Pakistan.

The available precipitation products fall into three different 
types: SPPs, GPPs and RPPs. However, all of these datasets 
produce very uncertain rainfall estimations due to complex 
topography and local weather conditions. SPPs have an inher
ent advantage due to their higher spatial observations, but they 
also have certain limitations due to platforms and sensor 
characteristics. Reflectance from land surface, particularly 
snow and ice, can cause distinctive biases (Huffman et al. 
2007). The GPPs are usually thought to be the most reliable, 
but users should be cautious when employing such data 
because of the inadequacy of interpolation methods and the 
unavoidable inferiority inherited from gauge measurements 
(Yang et al. 1998). RPPs are a combination of outputs from 
different observations and models. However, great caution 
must be exercised when using such data due to continuous 
changes in observing systems and model errors (Dee et al. 
2011). Therefore, before such precipitation datasets can be 
used with confidence, it is important to evaluate their accuracy 
and error characteristics by comparing them with data from 
ground-based observations.

The main objective of this study is to evaluate the perfor
mance of seven SPPs, two GPPs and five RPPs in simulating 
streamflow with the SWAT hydrological model – using as a case 
study the Jhelum River basin (JRB; Mangla Dam Watershed), 
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which is one of the three major rivers of the Indus basin irriga
tion system (IBIS). The accuracy of these products was evaluated 
at daily, monthly and seasonal scales over the period 1998 to 
2007 using the most widely applied statistical and graphical 
methods. Section 2 below provides a brief introduction to the 
study area together with a discussion of the observed raingauge 
and precipitation datasets. The methodology of the SWAT 
hydrological model is described in Section 3. In Section 4, eva
luation results of precipitation products and streamflow simula
tion are provided, and conclusions are given in Section 5.

2 Study area and data

2.1 Description of study area

The JRB (Mangla Dam Watershed) is located between 33 and 
35°N and between 73 and 75.62°E, and has a total drainage area 
of about 33 397 km2. Figure 1 shows the location of the study 
area and the spatial distribution of grid points of precipitation 
products at 0.25° resolution within and around the study area. 
The watershed topography is mountainous with elevation vary
ing from 232 m in lowland areas to 6287 m in highland areas. 
The catchment drains its whole flow into Mangla reservoir, 
which is the second largest reservoir of Pakistan. The water of 
this reservoir is mainly used for two purposes: to irrigate 6 Mha 
of agricultural land and to generate 1000 MW of electricity 
(which is 15% of the country’s total electricity produced through 
hydropower plants). About 70% of rainfall in the basin occurred 

from March to August in the period 1961–2012 (Saddique et al. 
2019a). Maximum and minimum rainfall occurs in July and 
November, respectively, whereas peak and low flows happen 
in June (more water due to snow melting) and January, respec
tively. The average annual flow at Azad Pattan is about 835 m3/s. 
The climate of the basin is mild, with monthly average 
temperatures ranging from 4.9°C in January (coldest month) 
to 24.3°C in July (hottest month) (Saddique et al. 2020). The 
temperature of the basin decreases with increasing elevation 
(from south to north) but precipitation does not follow 
a specific trend in such a complex topography.

The average annual precipitation of each station is shown at 
its respective location in Fig. 1. The JRB is characterized by 
highly heterogeneous soil and land cover; the main types of 
soil include Gleyic Solonacks (49%), Calaric Phaoeozems 
(23%) and Mollic Planosols (21%) (Saddique et al. 2019b). The 
basin drainage area includes diverse land cover types: agriculture 
(30.81%), grass-sparse vegetation (36.79%), forest (27.88%), 
water (2.07%) and settlement (2.43%) (Saddique et al. 2019b).

2.2 Data description

2.2.1 Observed data
In situ daily precipitation and maximum and minimum tem
perature datasets for 16 stations were obtained from the 
Pakistan Meteorological Department (PMD), the Water and 
Power Development Authority (WAPDA) of Pakistan, and the 

Figure 1. Location of Jhelum River basin, raingauges and grid points of precipitation products.
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IMD. Relative humidity, wind speed and solar radiation data 
were simulated from the CFSR dataset available on the SWAT 
website. Daily flows for JRB at seven gauging stations were 
made available for the period 1995–2007, obtained from 
WAPDA.

2.2.2 Satellite-based precipitation products (SPPs)
CHIRPS is a quasi-global satellite dataset developed by the 
US Geological Survey (USGS) and the Climate Hazards 
Group for drought and environmental monitoring. First, 
infrared precipitation pentad (five-day) estimates are cre
ated from satellite data using information on cloud tem
perature and are calibrated with respect to the TMPA 
pentads. These pentads are divided by the long-term 
(1981–2013) normal values, and the fractions, multiplied 
against the corresponding Climate Hazards Precipitation, 
provide CHIRP estimates. Finally, pentad CHIRP values 
are redistributed to daily precipitation estimates based on 
daily National Oceanic and Atmospheric Administration – 
Climate Forecast System (NOAA-CFS) data (Zandler et al. 
2019). CHIRPS was established by blending ground station 
data with rainfall derived from cold cloud duration (CCD) 
by the synergistic use of satellite infrared (IR). The rainfall 
product is available at a high spatial resolution (0.05°) from 
1981 to the present at daily, pentad and monthly scale 
(Funk et al. 2015). In the current study, we have used 
both products (CHIRP and CHIRPS) of the Climate 
Hazard Group to evaluate their accuracy in the high- 
elevation basin.

AgMERRA high-resolution meteorological forcing datasets 
were designed to observe the impacts of climate variability and 
climate change on agriculture. AgMERRA daily temperature, 
precipitation and solar radiation were produced by combining 
MERRA daily resolution data with the 0.5° × 0.5° precipitation 
product of Climate prediction center unified (CPCU) from 
1980 to 2005 and the real-time precipitation product of CPC 
from 2006 to 2010 with satellite observational datasets (Ruane 
et al. 2015). These datasets are available at a high spatiotem
poral resolution (0.25° and daily), for the period 1980–2010.

PERSIAN-CDR daily rainfall data are available at 0.25° 
spatial resolution for the period 1983–present. Ashouri et al. 
(2015) estimated rainfall using the Gridsat-B1 IR data as input 
into an artificial neural network (ANN) algorithm and 
adjusted the high-resolution data using monthly data from 
the Global Precipitation Climatological Product Project 
(GPCP, 2.5°). Thereby, satellite estimates are rescaled to 
GPCP resolution and a correction factor is calculated using 
the ratio of the two products (Ashouri et al. 2015).

MSWEP version 2.1 is a three-hourly global precipitation 
dataset for the period 1979–2016 with a spatiotemporal resolu
tion of 0.1°, specifically designed for hydrological modelling 
(Beck et al. 2019). This data includes a bias-corrected long- 
term climate mean obtained from the Climate Hazards Group 
Precipitation Climatology (CH-Pclim), streamflow data from 
the USGS Geospatial Attributes of Gages for Evaluating 
Streamflow (GAGES)-II, Precipitation-elevation Regressions 
on Independent Slopes Model (PRISM) climatic precipitation 
data, and data from the Global Runoff Data Centre (GRDC). 
MSWEP is based on merging the highest quality satellite, 

gauge and reanalysis data as a function of location and time. 
The temporal variability of the dataset was determined by the 
weighted average of global precipitation (P) anomalies of seven 
datasets such as NCEP-CFSR and JRA-55 and many gridded 
satellite-based precipitation products like PERSIANN, 
CMORPH, TMPA 3B42RT, SM2RAIN- 
ASCAT (Soil Moisture to Rain-Advanced SCATterometer), 
and GSMaPMVK (Global Satellite Mapping of Precipitation 
moving vector with Kalman filter).

TRMM data are based on microwave observations, precipi
tation radar and IR data. A number of precipitation datasets 
are produced by these sensors, such as 2A25 and 2B31 at level 2 
and 3A25, 3B21, 3B42 and 3B43 at level 3. TRMM 3B42 data is 
available at a spatial resolution of 0.25° and temporal scales of 
three hours and daily. TRMM product uses multiple micro
wave and IR satellite precipitation estimates that are recali
brated with different GPCC datasets. Satellite data are adjusted 
using the large-scale means of the gauge analysis and com
bined by applying an inverse estimated-random-error variance 
weighting. In areas with high numbers of stations, the station 
values have a high effect on the resulting precipitation 
(Talchabhadel et al. 2020). However, in regions with poor 
gauge coverage (like our research area), the satellite input has 
much higher weight than the gauge adjustment (Huffman et al. 
2007).

GLDAS is an extension of the North American Land Data 
Assimilation System (NALDAS) project (Rodell et al. 2004). 
The GLDAS fine-resolution precipitation product was gener
ated by integrating satellite and ground station datasets with 
land surface models (LSMs). At present, GLDAS is generated 
by four different LSMs: Noah, Catchment, Community Land 
Model (CLM) and Variable Infiltration Capacity (VIC) model. 
In the present study, GLDAS V2.0/Catchment Land Surface 
Model daily 0.25° × 0.25° resolution was used to simulate the 
discharge.

2.2.3 Gauge-based precipitation products (GPPs)
APHRODITE is a state-of the-art high-resolution daily pre
cipitation dataset. In the current study, we used the latest 
version for monsoon Asia at a spatial resolution of 0.25° 
available for the period 1951–2007. The precipitation data 
from a dense network of raingauges is first interpolated onto 
a grid of 0.05° using the modified version of the distance- 
weighting interpolation method, which considers sphericity 
and orography by the Spherema and the Mountain Mapper 
methods, respectively. This dataset is then regridded to 0.25° 
and 0.5° products using the area-weighted mean. The algo
rithm is improved in that the weighting function considers the 
local topography between the raingauge and interpolated point 
(Yatagai et al. 2012). APHRODITE uses the maximum number 
of observed gauges among interpolated available rainfall pro
ducts, and this is therefore the most accurate dataset for Asia 
(Ménégoz et al. 2013).

CPCU is a global daily precipitation dataset from the 
NOAA CPC produced by using optimal interpolation (OI) 
on information from national and international agencies 
gauge reports that is collected from multiple sources, including 
the Global Telecommunications System and Cooperative 
Observer network (Chen et al. 2008). For data interpolation, 
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data from more than 30 000 gauges was used. CPCU 
version 1.0 was used in this study, and data was available at 
a spatial resolution of 0.5° over the period 1979–present.

2.2.4 Reanalysis precipitation products (RPPs)
PGF datasets are available at three different spatial (0.25°, 0.5° 
and 1°) and temporal (three-hourly, daily and monthly) reso
lutions from January 1948 to December 2016. The dataset was 
developed by the Terrestrial Hydrology Group at Princeton 
University by combining observation-based data with National 
Centers for Environmental Prediction – National Center for 
Atmospheric Research (NCEP-NCAR) reanalysis (Sheffield 
et al. 2005). We have used the latest version (V3) of PGF at 
0.25° spatial resolution and at daily temporal resolution.

CFSR is a global coupled atmosphere–ocean–land surface– 
sea ice system. The CFSR includes (1) coupling of atmosphere 
and ocean during the generation of the six-hour guess field, (2) 
an interactive sea-ice model, and (3) assimilation of satellite 
radiances. CFSR uses the Noah land surface model, which is 
forced with the NOAA pentad CPC Merged Analysis of 
Precipitation and the CPCU daily gauge analysis instead of 
using the precipitation generated by the atmospheric model, 
which is considered too biased (Saha et al. 2010). The dataset is 
available at a daily time scale and a global atmosphere resolu
tion of 0.31° (~38 km) from 1979 to the present. In this study, 
we have used CFSR version DS094.1.

MERRA-2 products are based on the assimilation of 
a vast number of in situ and remote sensing observations 
into an atmospheric general circulation model (AGCM) 
(Gelaro et al. 2017) and provide land and atmospheric 
conditions for the whole world. MERRA-2 is the most 
recent reanalysis dataset, and not many studies have been 
published analysing the improvement from its predecessor 
MERRA-1 (available from 1979 to 2010). MERRA-2 data 
are available at daily temporal and 0.5° spatial resolution 
over the period 1980–present.

The JRA-55 dataset was developed by the Japanese 
Meteorological Agency (JMA) to overcome the deficiencies 
in the previous generation, the Japanese 25-year Reanalysis 
(JRA-25). JRA-55 adopts a high-resolution model as well as 
an advanced data assimilation scheme (4D-Var) for the pro
duction of long-term atmospheric data (Ebita et al. 2011). In 
addition, JRA-55 uses several new observational datasets and 
greenhouse gases to improve the data quality. Table 1 provides 
a summary of the SPPs, GPPs and RPPs.

3 Methodology

3.1 Hydrological modelling

SWAT is a physically based semi-distributed hydrological model 
operating on sub-daily and daily time steps. It can be used to 
simulate the runoff, sediment and modelling of best management 
practices (BMPs) in meso- and macro-scale river basins (Arnold 
et al. 1998). It discretizes the watershed into sub-basins based on 
elevation and slope, which will be further divided into hydrologi
cal response units (HRUs) based on land use, topography and soil 
data. Soil Convention Service (SCS) runoff curve and Hargreaves 
methods were used to calculate the surface runoff process and 
evapotranspiration (ET), respectively. Table 2 provides 
a description of the datasets used in the SWAT model.

The SUFI-2 (Uncertainty in Sequential Uncertainty Fitting) 
algorithm in SWAT- 
CUP (Calibration and Uncertainty Programs) was used for 
calibration and validation of model. Before calibration, global 
sensitivity analysis (GSA) was conducted in SWAT-CUP to 
analyse the sensitivity of 30 parameters selected from other 
studies. All information related to parameters (initial ranges 
and best-fit values) and calibration can be found in Saddique 
et al. (2019b). After the parameter sensitivity analysis, the 
model was run with the initial ranges of more sensitive para
meters, and 3–4 iterations were used to calibrate the model 
(Saddique et al. 2019b). The lower and upper bounds of the 

Table 1. Summary of satellite-based, gauge-based and reanalysis precipitation products. S: satellite, G: gauge, R: reanalysis.

Datasets Data source Spatial resolution (°) Temporal coverage Temporal resolution Reference

SPPs CHIRPS S, G, R 0.05 1981–present Daily Funk et al. (2015)
AgMERRA S, G 0.25 1980–2010 Daily Ruane et al. (2015)
CHIRP S, R 0.05 1981–present Daily Funk et al. (2015)
PERSIAN CDR S, G 0.25 1983–present Daily Ashouri et al. (2015)
MSWEP S, G, R 0.25 1979–2015 Daily Beck et al. (2017a)
TRMM 3B42 S, G 0.25 1998–present Daily Huffman et al. (2007)
GLDAS S, G 0.25 1948–present Daily Rodell et al. (2004)

GPPs APHRODITE G 0.25 1951–2007 Daily Yatagai et al. (2012)
CPCU G 0.5 1979–present Daily Chen et al. (2008)

RPPs PGF R 0.25 1948–2016 Daily Sheffield et al. (2005)
CFSR R 0.313 1979–2017 Daily Saha et al. (2014)
MERRA-2 R 0.5/0.625 1980–2017 Daily Gelaro et al. (2017)
MERRA-1 R 0.5/0.66 1979–2010 Daily Rienecker et al. (2011)
JRA-55 R 0.5 1958–present Daily Ebita et al. (2011)

Table 2. Description of different datasets (DEM, land-use map, soil map) used in the SWAT model.

Data type Data description Resolution Data source

Topography Digital elevation map (DEM) 30 m Shuttle Radar Topography Mission, NASA
Land-use types Land-use/land-cover map 30 m USGS Landsat 7
Soil types Soil map 30 arc-seconds Food and Agriculture Organization of the United Nations (FAO)
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parameters are qualified as physically reasonable based on the 
SWAT model official documentation (Neitsch et al. 2005). One 
thousand simulations were run in each iteration; after each 
iteration, a new set of parameter ranges was given by SUFI-2 
for the next simulation. The next iteration was performed based 
on the new parameter ranges. Detailed information about 
SUFI-2 and the protocol to calibrate the SWAT can be found 
in Abbaspour (2015).

3.2 Performance evaluation of precipitation datasets
Point-to-pixel and basin-averaged analysis was used to exam
ine the raingauge observations and the corresponding precipi
tation products (Shayeghi et al. 2020). For the comprehensive 
evaluation, all the precipitation products are interpolated at 
a common grid resolution (0.25° × 0.25°) to overcome the 
spatial differences by using bilinear interpolation in climate 
data operators (CDOs). The most commonly used statistical 
indices, such as Pearson correlation coefficient (CC), percent 
bias (Pbias), root mean square error (RMSE) (Moazami et al. 
2013), probability of detection (POD), false alarm ratio (FAR) 
and critical skill index (CSI) (Wilks 2011) are used for the 
performance evaluation of products (SPPs, GPPs and RPPs) 
with respect to station data. CC (Equation (1)) measures the 
strength of the relationship between products and observed 
values, and ranges between −1 and 1 (perfect fit). Pbias 
(Equation (2)) indicates the direction of the discrepancy bias 
and it varies between −∞ and ∞. Positive values of Pbias show 
overestimated precipitation product values, whereas negative 
values indicate underestimation. RMSE (Equation (3)) is 
a well-known goodness-of-fit indicator, which marks the dif
ferences between product outputs and observed values. POD 
(Equation (4)), FAR (Equation (5)), and CSI (Equation (6)) 
range from 0 to 1. A higher value represents a perfect fit for 
POD and CSI, whereas a lower value represents the ideal 
condition for FAR. Model simulation will be considered satis
factory if NSE values are greater than 0.5, PBIAS is within ± 
25% (Moriasi et al. 2007) and R2 is greater than 0.5 (Santhi 
et al. 2001). 

CC ¼
Pn

i¼1 Si � Sð Þ: Oi � Oð Þ

Pn
i¼1 Si � Sð Þ

2
q

:
Pn

i¼1 Oi � Oð Þ
2

q (1) 

Pbias ¼
Pn

i¼1 Si � Oið Þ
Pn

i¼1 Oi
� 100 (2) 

RMSE ¼

Pn
i¼1 Oi � Sið Þ

2
q

n
p (3) 

POD ¼
H

H þM
(4) 

FAR ¼
F

H þ F
(5) 

CSI ¼
H

H þ F þM
(6) 

Here Si and Oi are the precipitation products and observed 
values, respectively; n is the number of paired values; S and Ō 
are the mean of product outputs and observed rainfall, respec
tively; H is the observed precipitation correctly detected; M is 
the observed precipitation not detected; and F is precipitation 
detected but not observed.

Moreover, a linear scaling bias correction method was 
used to correct the biases present in selected precipitation 
datasets using the historical observations (1998–2007). 
Monthly correction factors (CF = observed/precipitation 
products) were calculated at each station with the respec
tive precipitation product and then these factors were mul
tiplied with raw daily precipitation values in the 
corresponding months. Only the results of bias-corrected 
precipitation are presented in the Results and discussion 
section.

4 Results and discussion

4.1 Comparing observed data with SPPs, GPPs and RPPs

The spatial distribution of mean annual precipitation of 
seven 0.25° SPPs, two GPPs and five RPPs during the period 
1998–2007 are presented in Fig. 2. All the precipitation 
products showed low rainfall in the southern and north
eastern parts of the considered area except JRA-55 and 
MSWEP. In general, most of the products revealed high 
precipitation at elevation ranges from 600 to 2500 m a.s.l. 
Pang et al. (2014) and Dahri et al. (2016) also reported that 
the precipitation decreases significantly in Himalayas at 
elevations above 2400 m a.s.l. However, our results contrast 
with those of Immerzeel et al. (2012), who found a linearly 
increasing relationship between precipitation and altitude. 
Not surprisingly, two satellite (CHIRPS and CHIRP) and 
two reanalysis (MERRA-2 and MERRA-1) datasets show 
a similar spatial pattern with little difference in magnitude. 
Visually MSWEP, MERRA-2 and JRA-55 products showed 
high precipitation values in all grids compared to the other 
datasets.

Table 3 presents the performance evaluation of daily 
observed precipitation with 14 precipitation products (SPPs, 
GPPs and RPPs). The evaluation of each precipitation pro
duct showed a different degree of agreement with observed 
data. The CCs of the seven satellite datasets, two gauge 
datasets and five reanalysis datasets ranged from 0.68 to 
0.77, 0.46 to 0.79 and 0.52 to 0.76, respectively, while RMSE 
values ranged from 1.55 mm to 2.65 mm for SPPs, 1.51 mm to 
3.52 mm for GPPs and 1.61 mm to 3.65 mm for RPPs. Pbias 
values were low in magnitude for SPPs and high for RPPs for 
the period 1998–2007. The negative value of Pbias for 
MERRA-1 indicates that the data underestimated the 
observed daily precipitation (by −17.1%). In contrast, the 
positive value of Pbias for the JRA-55 product indicates it 
significantly overestimated the observed precipitation (by 
11.4%). POD values ranged from 0.59 to 0.93 while FAR 
values ranged from 0.16 to 0.45. APHRODITE has the highest 
POD and the lowest FAR. The poor performance of CPCU 
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indicates that the number of raingauges used to construct this 
dataset was lower compared to APHRODITE (Rana et al. 
2015). Among the seven SPP datasets, it is interesting to 
find that five products (CHIRPS, AgMERRA, CHIRP, 
MSWEP and CDR) have significantly higher CCs (>0.70) 
and lower RMSE and Pbias values. More interestingly, the 
performance of the CHIRPS dataset was found to be good 
compared to CHIRP, as ground station data (collected from 
different regional meteorological organizations) was blended 

during production of satellite output (Funk et al. 2015). In 
general, APHRODITE followed by AgMERRA, JRA-55, 
MSWEP and CHIRPS proved to be the most accurate pre
cipitation datasets at a daily time scale. These findings are in 
agreement with those of similar studies (Gebrechorkos et al. 
2018, Li et al. 2018, Iqbal et al. 2019, Tang et al. 2019).

The agreement of SPPs, GPPs and RPPs with observed data 
increases with decreasing temporal resolution, from daily to 
monthly and seasonal resolution. Appendix Table A1 provides 

Figure 2. Spatial distribution of annual precipitation of SPP, GPP and RPP datasets. Values >1600 mm are assigned a grey colour to make the distribution more 
distinctive.
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the same statistical indices (CC, RMSE and Pbias) that are used 
in the evaluation of daily rainfall. Not surprisingly, all the indices 
improved at the monthly scale. Figure 3 presents a comparison 
of mean monthly-observed rainfall with the 14 precipitation 
products at the same spatial resolution of 0.25° over the JRB.

It can be seen that all of the datasets were able to capture the 
pattern of observed mean monthly precipitation and showed 
two distinct peaks of precipitation, one in March (produced due 
to western disturbance) and the other in July (produced due to 
summer monsoon) in the study area. In general, of the 14 
precipitation datasets, 10 underestimate the peak in March 
(with different magnitudes). MSWEP and MERRA-2 exhibited 
overestimation in all months compared to observed data (about 
80% in peak precipitation months). In addition, most of the 
SPPs overestimate the peak of precipitation in July (summer 
monsoon). Overall, SPPs and GPPs showed higher agreement 
with observations in producing monthly precipitation com
pared to RPPs. The agreement of all the rainfall products 
increases from daily to monthly resolution; this is consistent 
with other studies (Gebrechorkos et al. 2018, Shayeghi et al. 
2020). As most of the SPPs were corrected by using the monthly 
correction factors from station data, the inclusion of monthly 
station data can be assumed to improve the performance of 
SPPs compared to other rainfall products (RPPs).

At the seasonal scale (Table 4), SPPs and GPPs showed 
low precipitation amounts except MSWEP, whereas RPPs 
(CFSR, MERRA-2 and JRA-55) produced high amounts. 

CPCU is characterized by the lowest estimates in all sea
sons, which led to an underestimation of annual precipita
tion. On the other hand, MERRA-2 produced the highest 
estimates, with a deviation of 138 mm and 388 mm in 
autumn and summer, respectively. More interestingly, 
SPPs (CHIRPS, CDR and AgMERRA) showed autumn pre
cipitation amounts exactly the same as those observed. Our 
results are consistent with Hu et al. (2016), who reported 
significant overestimation of precipitation by reanalysis 
datasets (MERRA-2 and CFSR) and underestimation by 
the TRMM precipitation product in Central Asia at high 
elevations. MERRA-2 products give higher rainfall estimates 
than their counterparts by MERRA-1 in the JRB.

4.2 Calibration and validation of SWAT model

The SWAT model performance evaluation results are shown 
in Fig. 4. The model was calibrated and validated using the 
observed data of seven gauging stations in the JRB. The daily 
and monthly flow data for the period 1995–2007 (including 
a three-year warm-up period) were used during calibration 
(1998–2003) and validation (2004–2007). The results at Azad 
Pattan (where about 80% area of the basin contributes) 
revealed that the simulated flow well captured the observed 
flow pattern at daily and monthly scale. However, peak (mon
soon) and very low (dry winter) flows are not well captured 

Table 3. Summary of statistical indices (CC, RMSE, Pbias) and categorical indices (POD, FAR, CSI) for the evaluation of SPPs, GPPs and RPPs on a daily time scale over the 
study area.

Precipitation products Datasets CC RMSE (mm) Pbias (%) POD FAR CSI

SPPs CHIRPS 0.73 1.63 −2.9 0.79 0.32 0.56
AgMERRA 0.77 1.59 4.3 0.89 0.20 0.59
CHIRP 0.70 1.76 −1.6 0.77 0.36 0.53
CDR 0.71 1.55 −0.5 0.81 0.21 0.57
MSWEP 0.75 2.65 1.2 0.72 0.26 0.61
TRMM 0.68 1.84 5.3 0.70 0.35 0.53
GLDAS 0.69 1.57 −0.7 0.76 0.25 0.56

GPPs APHRODITE 0.79 1.51 −2.3 0.93 0.16 0.63
CPCU 0.61 2.12 −20.1 0.65 0.24 0.47

RPPs PGF 0.64 2.19 −3.3 0.75 0.23 0.49
CFSR 0.59 2.49 1.1 0.75 0.29 0.44
MERRA-2 0.52 2.86 8.1 0.59 0.45 0.39
MERRA-1 0.62 3.15 −17.1 0.65 0.37 0.42
JRA-55 0.76 1.61 11.4 0.90 0.18 0.61

Figure 3. Comparison of observed mean monthly precipitation (basin-averaged) 
with 14 precipitation products (SPPs, GPPs, RPPs) over the Jhelum River basin for 
the period 1998–2007.

Table 4. Mean seasonal precipitation (in mm) estimated by three different 
products.

Precipitation products Datasets Winter Spring Summer Autumn

Observed 284 353 449 146
SPPs CHIRPS 195 241 461 148

AgMERRA 233 310 453 144
CHIRP 179 270 496 133
CDR 196 255 535 144
MSWEP 468 581 797 268
TRMM 214 218 483 142
GLDAS 170 270 372 116

GPPs APHRODITE 214 297 359 138
CPCU 161 263 347 106

RPPs PGF 176 251 426 131
CFSR 421 539 305 123
MERRA-2 455 546 837 284
MERRA-1 280 327 288 95
JRA-55 472 547 369 177
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during the simulation period. Not surprisingly, this may have 
occurred due to the uneven distribution of meteorological 
stations across the basin, particularly at higher elevations. At 
the daily and monthly scale, simulated values show good 
agreement with observed streamflow, resulting in good NSE 
(0.72 and 0.82), Pbias (−13.6%) and R2 (0.75 and 0.84), respec
tively, during calibration.

Similarly, NSE values of 0.71 and 0.81, Pbias of 1% and R2 of 
0.72 and 0.83 were obtained at daily and monthly temporal 
resolution, respectively, for the validation period. In addition, 
indices indicate that calibration results are slightly better than 
validation results. Overall, performance of the SWAT model falls 
within the “good category” according to Moriasi et al. (2007). 
Detailed information about calibration and validation at JRB can 
be found in Saddique et al. (2019b).

4.3 Hydrological evaluation of precipitation products

The discharge simulations from different precipitation products 
(SPPs, GPPs and RPPs) are calculated using a calibrated SWAT 
model over the study area. Figure 5 depicts the scatter plots of 
daily observed versus simulated discharge during 1998–2007. The 
statistical evaluation of SWAT driven by the results of 14 pre
cipitation products is also presented in Fig. 5. It can be seen that 
APHRODITE (GPPs) displayed the best performance in simulat
ing the flow, with higher NSE (0.68) and R2 (0.71) and acceptable 
Pbias (−13%), followed by JRA-55 (NSE = 0.62, R2 = 0.64, 
Pbias = −5%) and MSWEP (NSE = 0.59, R2 = 0.61, 
Pbias = 6%). Other precipitation products such as CHIRPS, 
AgMERRA and CHIRP (SPPs) gave satisfactory performance as 
their NSE, Pbias and R2 values lie within the range suggested by 
Moriasi et al. (2007). Among all the satellite datasets, TRMM’s 

performance was poor with the lowest NSE (0.43). Generally, the 
results suggest that the performance of SPPs in simulating the 
daily streamflow was much better than that of GPPs and RPPs. 
Overall, out of 14 products, 11 showed underestimation in simu
lating daily flows as is clear from their negative Pbias values. 
Additionally, peak flows are overestimated by most of the pre
cipitation product-driven simulations, as shown in Fig. 5.

To further validate the performance of the 14 precipitation 
products, flow duration curves at daily temporal resolution are 
presented in Fig. 6. The comparison shows that all the product- 
driven simulations overestimate the high (Q5) and low (Q95) 
flows while underestimating the median flows (Q50). 
Precipitation products are not able to capture the extreme events 
efficiently. These results are in line with a previous study by Try 
et al. (2020) who found that the SPPs, GPPs and RPPs had 
overestimated the high and low flows. Additionally, it can be 
seen that MERRA-2 overestimated all the flows compared to 
observations in the JRB. The performances of the precipitation 
products vary significantly over topographically complex 
regions and are complicated by significant elevation change, 
seasonality, and snow cover (Derin and Yilmaz 2014). Another 
study, by Stampoulis and Anagnostou (2012), found that over 
mountainous regions in Europe, SPP products significantly 
overestimate precipitation in the cold season because of snow/ 
cold surface contamination.

In line with the comparison of daily simulations over the 
JRB, the evaluation was extended from daily to monthly tem
poral resolution using the same statistical indices as those 
defined by Moriasi et al. (2007). Figures 7 and 8 illustrate the 
monthly simulated results with observations. For this, daily 
streamflow simulations driven by the 14 precipitation products 
(SPPs, GPPs and RPPs) were aggregated to monthly 

Figure 4. SWAT calibration and validation with observed meteorological data at (a) daily and (b) monthly temporal resolution at Azad Pattan (station) in the Jhelum 
River basin.
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resolution. At the monthly scale, the agreement of the product- 
derived simulations with the observed simulation remarkably 
improved during the simulation period.

In addition to increasing the CC, Pbias and RMSE values 
decreased at the monthly scale. Similar to its performance in the 
daily evaluation, APHRODITE displayed a remarkable perfor
mance at the monthly resolution, with NSE of 0.80, R2 of 0.81 
and Pbias of −13.8%, followed by JRA5, MSWEP, AgMERRA 
and CDR with similar NSE (0.77) and R2 (0.88) but different 

Pbias values (−5.5%, 6%, −7.3% and −7.6%, respectively). 
Interestingly, the performance evaluation results of four SPPs 
(CHIRPS, CHIRP, TRMM, GLDAS), one GPPs (APHRODITE) 
and two RPPs (PGF, CFSR) showed agreement with Moriasi 
et al.’s (2007) definition of satisfactory results (NSE > 0.5, 
R2 > 0.5 and Pbias < ±25%). In addition, the performance of 
MERRA-2 and MERRA-1 was found to be unsatisfactory in 
simulating the monthly discharge. Overall, all of the satellite 
product-driven simulations displayed good performance.

Figure 5. Scatter plot and evaluation indices (NSE, R2, Pbias) of daily simulated flow driven by 14 precipitation products and observations.
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4.4 Comparison with previous studies
Selection of the best SPPs or gridded precipitation 
products (GPPs and RPPs) is always challenging, particularly 
over regions with complex terrain. Therefore, the use of these 
products to simulate the discharge in catchments has always 
attracted scholarly interest, especially in areas with low density 
of raingauge stations (Tong et al. 2014, Nhi et al. 2018). We 
compared statistical and hydrological applications of SPPs, 
GPPs and RPPs with previous studies that applied these 

products over different regions of the world. Our results showed 
agreement with Thom et al. (2017), who used three satellite 
precipitation products (e.g. APHRODITE, PERSIAN-CDR, 
TRMM) in Vietnam and found that APHRODITE can be used 
as an alternative to observed rainfall for simulating daily flow. 
Faiz et al. (2020) used APHRODITE, CHIRPS, CPC, TRMM 
and PERSIAN-CDR in a hydrological model for a high- 
elevation basin and reported that the APHRODITE and 
CHIRPS displayed good performance in simulating the 

Figure 6. Flow duration curves (FDCs) of observed and simulated flows driven by 14 precipitation products (SPPs, GPPs, RPPs) on a daily time scale during the period 
1998–2007. Q5: high flows, Q50: median flows, Q95: low flows.

Figure 7. Monthly flow performance evaluation indices of satellite-based, gauge-based and reanalysis precipitation products over the Jhelum River basin.
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discharge. According to Wang et al. (2018) and Zhu et al. (2016), 
TRMM-driven simulations exhibited the lowest NSE and high
est Pbias. Lakew et al. (2020) evaluated the hydrological perfor
mance of multiple precipitation products over the Nile basin, 
Ethiopia, and reported that MSWEP can be used alternatively to 
observations. Wang et al. (2020) analysed hydrological simula
tions in the Xihe River basin and found that satellite products 
performed better than reanalysis products.

5 Conclusion
Availability of high-quality data is a major problem for climate 
and hydrological studies, especially in a developing country 
like Pakistan where gauge network is typically limited and 
unevenly distributed. Recently, a number of freely available 
climate datasets have been developed for better estimation of 
precipitation and other atmospheric variables. This study 

investigates the applicability of 14 precipitation datasets with 
high spatiotemporal resolution over a transboundary high- 
altitude catchment (JRB) using both statistical and hydrologi
cal evaluations during the period 1998–2007.

At a daily time scale, APHRODITE (GPP), AgMERRA 
(SPP) and JRA-55 (RPP) showed remarkable results compared 
with observed rainfall data, with the highest CC and lowest 
RMSE and Pbias. Among the seven SPPs, five (CHIRPS, 
CHIRP, AgMERRA, CDR and MSWEP) have significantly 
high CC values (>0.7). As the temporal resolution becomes 
coarser (monthly), the agreement of precipitation products 
with observed data significantly increases but most of the 
products showed dry biases (underestimation) in the mean 
monthly rainfall amount.

We have found that observed rainfall well reproduced the 
observed discharge at both daily and monthly scales at Azad 
Pattan gauge (where about 80% area of the basin contributes) in 

Figure 8. Comparison of simulated monthly flow driven by (a) SPPs, (b) GPPs and (c) RPPs with observed flow in the Jhelum River basin.
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the JRB, indicating the SWAT hydrological model has the 
ability to capture hydrological processes and can be used with 
confidence for the evaluation of precipitation products. 
APHRODITE (GPP), JRA-55 (RPP) and MSWEP (SPP) 
demonstrated the best performance in simulating the daily 
flow, with NSE values of 0.68, 0.62 and 0.59, respectively, for 
the period 1998–2007. Interestingly, in simulating the monthly 
flow all the satellite-based products showed good performance, 
with NSE > 0.6. However, peak and low flow are overestimated 
by all of the product-driven simulations during the simulation 
period. Overall, the performance of SPPs was found to be good 
compared to the GPPs and RPPs. In conclusion, it can be said 
that APHRODITE, JRA-55, MSWEP, CHIRPS and AgMERRA 
have significant potential in hydrological studies where the 
observed raingauge network is limited and unevenly distributed.
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Appendix

Table A1. Summary of statistical indices (CC, RMSE, Pbias) for the evaluation of SPPs, GPPs and RPPs on a monthly scale over the study area.

Precipitation products Datasets CC RMSE (mm) Pbias (%)

SPPs CHIRPS 0.87 37.4 −2.9
AgMERRA 0.91 29.03 4.3
CHIRP 0.88 31.45 −1.6
CDR 0.89 30.67 −0.5
MSWEP 0.90 30.23 1.2
TRMM 0.82 44.0 5.3
GLDAS 0.85 40.0 −0.7

GPPs APHRODITE 0.94 27.51 −2.3
CPCU 0.75 53.76 −20.1

RPPs PGF 0.82 54.33 −3.3
CFSR 0.78 28.43 1.1
MERRA-2 0.72 48.25 8.1
MERRA-1 0.54 74.23 −17.1
JRA-55 0.89 36.57 11.4
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