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Abstract: Accurate estimation of precipitation from satellite precipitation products (PPs) over the
complex topography and diverse climate of Pakistan with limited rain gauges (RGs) is an arduous
task. In the current study, we assessed the performance of two PPs estimated from soil moisture
(SM) using the SM2RAIN algorithm, SM2RAIN-CCI and SM2RAIN-ASCAT, on the daily scale across
Pakistan during the periods 2000-2015 and 2007-2015, respectively. Several statistical metrics, i.e., Bias,
unbiased root mean square error (ubRMSE), Theil’s U, and the modified Kling—Gupta efficiency (KGE)
score, and four categorical metrics, i.e., probability of detection (POD), false alarm ratio (FAR), critical
success index (CSI), and Bias score, were used to evaluate these two PPs against 102 RGs observations
across four distinct climate regions, i.e., glacial, humid, arid and hyper-arid regions. Total mean
square error (MSE) is decomposed into systematic (MSEs) and random (MSEr) error components.
Moreover, the Tropical Rainfall Measurement Mission Multi-Satellite Precipitation Analysis (TRMM
TMPA 3B42v7) was used to assess the performance of SM2RAIN-based products at 0.25° scale during
2007-2015. Results shows that SM2RAIN-based product highly underestimated precipitation in
north-east and hydraulically developed areas of the humid region. Maximum underestimation for
SM2RAIN-CCI and SM2RIAN-ASCAT were 58.04% and 42.36%, respectively. Precipitation was also
underestimated in mountainous areas of glacial and humid regions with maximum underestimations
of 43.16% and 34.60% for SM2RAIN-CCI. Precipitation was overestimated along the coast of Arabian
Sea in the hyper-arid region with maximum overestimations for SM2RAIN-CCI (SM2RAIN-ASCAT)
of 59.59% (52.35%). Higher ubRMSE was observed in the vicinity of hydraulically developed
areas. Theil’s U depicted higher accuracy in the arid region with values of 0.23 (SM2RAIN-CCI)
and 0.15 (SM2RAIN-ASCAT). Systematic error components have larger contribution than random
error components. Overall, SM2RAIN-ASCAT dominates SM2RAIN-CCI across all climate regions,
with average percentage improvements in bias (27.01% in humid, 5.94% in arid, and 6.05% in
hyper-arid), ubRMSE (19.61% in humid, 20.16% in arid, and 25.56% in hyper-arid), Theil’s U (9.80% in
humid, 28.80% in arid, and 26.83% in hyper-arid), MSEs (24.55% in humid, 13.83% in arid, and 8.22% in
hyper-arid), MSEr (19.41% in humid, 29.20% in arid, and 24.14% in hyper-arid) and KGE score (5.26%
in humid, 28.12% in arid, and 24.72% in hyper-arid). Higher uncertainties were depicted in heavy and
intense precipitation seasons, i.e., monsoon and pre-monsoon. Average values of statistical metrics
during monsoon season for SM2RAIN-CCI (SM2RAIN-ASCAT) were 20.90% (17.82%), 10.52 mm/day
(8.61 mmy/day), 0.47 (0.43), and 0.47 (0.55) for bias, ubRMSE, Theil’s U, and KGE score, respectively.
TMPA outperformed SM2RAIN-based products across all climate regions. SM2RAIN-based datasets
are recommended for agricultural water management, irrigation scheduling, flood simulation and
early flood warning system (EFWS), drought monitoring, groundwater modeling, and rainwater
harvesting, and vegetation and crop monitoring in plain areas of the arid region.
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1. Introduction

Precipitation is one of the most critical components of global energy and water cycles and ranked
first by the Global Climate Observing System (GCOS) [1,2]. Reliable long-term temporal precipitation
records at fine spatiotemporal (<20 km at daily and sub-daily scales) resolution is crucial for planning
and managing water resources, drought assessment, flood forecasting, assessment of crop water
requirements, hydrometeorology, and climate studies [3-7]. Precipitation also plays an important role
in weather prediction, agricultural management, vector and water-borne diseases [8].

Precipitation is highly erratic spatiotemporally, which makes its estimation challenging both with
ground observation (rain gauges and meteorological radars) and satellite precipitation products (PPs).
The complex topography, varying climate, dense vegetation, and coastal regions attribute to further
complexity in precipitation estimation [9,10]. Ground-based rain gauges (RGs) provide accurate local
precipitation estimates [11], and are considered as the most reliable precipitation record source for
hydrological modeling and monitoring purposes. However, their non-homogeneous coverage, limited
spatial representativeness, and high maintenance cost restrain their global scale application [12].

Meteorological models, such as reanalysis products, are alternatively used to estimate precipitation,
especially in regions with scarce RGs and reliable ground observations [13]. The uncertainties associated
with these estimates in areas with scarce RGs can be substantial [14]. Therefore, in the past 30 years,
different remote sensing techniques have been developed to improve the precipitation estimations
and provide full regional and global spatial coverage [15]. The standard precipitation measurement
methods are based on instantaneous precipitation measurements from space retrieved from microwave
radiometers, radars, and infrared sensors [16]. These methods invert the atmospheric signals reflected
or radiated by hydrometeors and known as the “top-down” approach [9].

PPs estimate precipitation from thermal infrared sensors onboard geosynchronous earth orbit
(GEO), and microwave sensors (both passive and active) onboard low-earth orbit (LEO) satellites [10,17].
Some PPs combine infrared- and microwave-based estimates by utilizing high temporal resolution
infrared platforms and shows high precision in precipitation estimation of microwave sensors [18].
Such PPs include the most recently developed PPs with high spatial (0.1°) and temporal (30 minutes)
resolution, i.e., Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) of
the Global Precipitation Measurement (GPM) mission [15], near-real-time and post real versions of the
Tropical Rainfall Measurement Mission Multi-Satellite Precipitation Analysis (TRMM TMPA 3B42RT,
3B42V6/V7) [19], the Climate Hazards Group InfraRed Precipitation with Stations (CHIRPS) [20],
Climate Prediction Center (CPC) Morphing (CMORPH) [21], Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks (PERSIANN) [22,23], Global Satellite Mapping
of Precipitation (GSMaP) [24] and many more.

Soil Moisture (SM) TO RAIN (SM2RAIN) is an algorithm based on approaches provided by
Crow et al. [25] and Pellarin et al. [26] and further developed by Brocca et al. [27], which can be used
for direct precipitation estimation from in-situ and/or satellite-based SM observations. The method
provides daily precipitation estimates on a global scale and has been successfully applied to satellite
SM data [9,28,29]. SM2RAIN approach is appropriate for accumulated precipitation estimates and has
been verified against in-situ SM data and single-sensor SM products [30,31] providing reliable results
at the regional scale [32-34].

SM2RAIN is based on the “bottom-up” approach that estimates precipitation from various
single-sensors surface soil moisture (SSM), as opposed to “top-down” approach of other PPs [27,30,
35,36]. The bottom-up approach differs from top-down approach in such a way that the bottom-up
approach considers accumulated precipitation while the top-down approach is based on instantaneous
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precipitation rate. The bottom-up approach has an edge over top-down when accumulated precipitation
(e.g., daily precipitation) estimates are desirable as this approach requires a limited number of satellite
sensors and measurements. On the other hand, the limitations of the bottom-up approach are its
dependence on topography (low accuracy over complex topography) and land use (low accuracy
over dense vegetation), unable to estimate precipitation in over-saturated soil, and applicable only to
terrestrial rainfall [9].

The bottom-up approach has been extensively validated over extended-spectrum of spatial
scales, including global [9,25,37], continental [35,38], and regional [32,39-42] scales. Different SM
PPs are considered, such as SMOS (Soil Moisture Ocean Salinity Mission, [35]), ASCAT (Advanced
SCATterometer, [43]), AMSR-E (Advanced Microwave Scanning Radiometer, [44]), and SMAP (Soil
Moisture Active and Passive, [28,29]). Recently, a number of studies have employed precipitation
estimates from satellites obtained through the bottom-up approach in hydrological and water resources
applications [3,17,31,45]. These studies demonstrated the potential benefits and main limitations of the
bottom-up approach in estimating precipitation from space. The accuracy of the bottom-up approach
is strongly influenced by the accuracy and temporal resolution of satellite SM products [46].

The objectives of this study were two-fold, i.e., to assess the performance of SM2RAIN-CCI
and SM2RAIN-ASCAT for the first time in Pakistan, a country with a complex topography and
diverse climate, and to evaluate the performance of SM2RAIN-derived products against extensively
evaluated PP in Pakistan (TRMM TMPA 3B42v7, hereinafter referred as TMPA). The analysis was
performed in four climate regions of Pakistan, i.e., glacial, humid, arid and hyper-arid regions, during
the period 2000-2015. This study is the first of its kind that evaluates the quality of SM2RAIN-based
precipitation datasets across Pakistan. This study can be used as a reference for hydrological modeling,
water resources management, and agricultural water management practices. Moreover, there are very
limited studies on integrated performance evaluation of SM2RAIN-based precipitation datasets in
regions with complex topography and diverse climate, especially in Pakistan.

Pakistan is a developing country that has very limited/scarce rain gauges (RGs), which are
non-homogenously distributed. Even with a significant increase in the number of RGs over the
last few decades, their density does not meet scientific and practical requirements. To overcome
the current scenario, Pakistan needs the application of advanced remote sensing techniques for
hydrological and meteorological applications, climate change studies, agricultural water management,
and water resources management. This study evaluated the soil moisture-based precipitation datasets,
which will be a useful alternative to conventional precipitation products for different hydrological and
meteorological applications and will address the data scarcity problems in Pakistan.

The significance of the current study is: (1) This study demonstrates the worth/quality of
SM2RAIN-based datasets by evaluation on spatial and temporal scales, (2) the spatial and temporal
evaluation helps us to understand where, when and how these precipitation products might be used,
(3) better performance of these products in the arid (and semi-arid regions), i.e., Punjab province
of Pakistan considered as agricultural hub of the country, illustrates the potential application of
SM2RAIN-based datasets for agriculture (vegetation and crop growth monitoring) and agricultural
water management, and much more.

2. Materials and Methods

2.1. Study Area

Pakistan lies between latitude 23.5°-37.5°N and longitude 62°-75°E in the western region of
South-Asia with an area of 803,940 km? (Figure 1a). Pakistan is bounded by China at its north, Iran and
Afghanistan at the west, India at the east, and the Arabian Sea at the south. The study area has complex
topography with a diverse climate. Elevation of Pakistan ranges from 8600 m (at Hindukush-Himalaya
mountain ranges) at the extreme north to 0 m (at the coast of Arabian Sea) [47]. The climate of Pakistan
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changes abruptly, ranging from glacial to humid, arid and hyper-arid regions. According to climate
variability, the study area is divided into glacial, humid, arid and hyper-arid climate regions (Figure 1b).

00'0"F °0'0"E 00'0"F.
65 010 N " 010 E . 010 N 65°0'0"E 70°0'0"E 75°0'0"E

KYRGYZSTANY

L l‘ P
“ TE A

Tasdikent

40°0'0"N
=
]

40°0'0"N

PATTKISTAN

35°0'0"N
35°0'0"N

35°0"0"N
35°0°0"N

N

30°0'0"N
30°0'0"
30°0'0"N
30°0'0"N

£ z
= B
i, ~"~~ Major Rivers E
Elevation (m) z z
i whopat | Z 2
Arabian Sea st 0- 500 : . . :
T 500-1 (m()I N ] ® Meteorological Stations | &
[ | | 000 ..z 000 C3 Glacial Region
£ 20003000 | £ CQ Humid Region
£ [ 13000-4000 [2 C3 Arid Region
4 y s S 0 140 280 560 840 N N
S| — = - st 40008572 | S CQ Hyper-Arid Region

65°0'0"E 70°00"E 75°0'0"E (S00E 00E SV0E

Figure 1. Study area and geographical location of rain gauges (RGs). (a) The elevation map of Pakistan
derived from Shuttle Radar Topography Model (SRTM), (b) The four climate regions considered in
this study.

The glacial region, situated in the extreme north of Pakistan, is characterized by permanent
glaciers and snow cover. Mean elevation of the glacial region is 4158 m, with the mean annual
precipitation of 348 mm. Snow and glaciers from the glacial region melt in summer and feed the
Indus river and its branches. Water from snowmelt is the primary source of agricultural, domestic,
and industrial water use in Pakistan. Moreover, the country is threatened by excessive snow and glacier
melt that causes acute flooding, such as the 2010 flood which severely damaged the infrastructure,
the country’s economy and took thousands of lives. The glacial region is located between 34°N to
38°N and comprised of the world-famous mountains of Hindukush Himalayas, which are famous for
snow after the polar regions.

The humid region consists of mountains ranges of Hindukush-Karakoram-Himalaya (HKH)
ranges, and all of the main rivers originating from these mountains, including Indus, Kabul, Gilgit,
Hunza, Swat, Panjkora, Kurram, and Jhelum rivers. Mean elevation and mean annual precipitation of
the humid region is 1286 m and 852 mm, respectively. The humid region is the hydraulically developed
region of the country which consists of the largest dam, Tarebla dam, and Mangla dam. The Tarbela
dam, constructed on the Indus river, has 3500 MW of capacity, while the Mangla dam constructed on
Jhelum river has 1000 MW hydropower capacity [48]. Moreover, the humid region is built up with
extensive barrages, headworks, and a developed integrated irrigation canal system. The secondary
purpose of the hydraulic structures is to support the agriculture sector of the country by meeting the
extensive irrigation water requirements [48].

The arid region is mostly comprised of the major agricultural regions of Punjab province. The Indus
river and other rivers flowing through this region are the primary sources of water for agricultural,
domestic, and industrial purposes. Mean elevation of the arid region is 663 m with mean annual
precipitation of 322 mm. Extreme west (elevated mountainous areas) of this region is cold in winter
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(with snowfall in December and January) and hot in the summer seasons. The remaining of the arid
zone is dry and hot in nature where maximum temperatures are recorded in Sibbi and Jacobabad.
The area is plain with some area included in the famous Thar Desert [49].

Sindh and Balochistan provinces and the south part of the Punjab province of Pakistan lie
in the hyper-arid region. Most of the hyper-arid region is comprised of deserts, plateaus, barren
lands, dry mountains, and coastal region along the Arabian Sea. Mean elevation and mean annual
precipitation in the hyper-arid region are 444 m and 133 mm, respectively.

Precipitation in Pakistan is spatially varying from the maximum of 1500 mm/a in the north to a
minimum of 100 mm/a in the south. Monsoon and winter (western disturbance) are the dominant
seasons where maximum rainfall occurs [50]. Monsoon (July to September) precipitation in Pakistan
commences from the Bay of Bengal entering Pakistan from northeast and east sides. Heavy and intense
precipitation accounting 55%-60% of precipitation per annum occurs in Pakistan during the monsoon
season [51]. Winter (December to March) precipitation originating from the Mediterranean Sea enters
Pakistan through Afghanistan and Iran. Only 30% of total precipitation (moderate magnitude) occurs
during winter. Precipitation across Pakistan varies spatially in magnitude; low precipitation in
the glacial region from 34 to 36° N (<100 mm/month), high in the humid region from 29 to 33° N
(>700 mm/month in North-East) and low again in the hyper-arid region from 24 to 28° N (around
100 mm) [47].

2.2. Ground-Based Precipitation Data

Rain gauges (RGs) are considered as standard sources of precipitation estimates that are used for
satellite precipitation calibration and validation processes. The Pakistan Meteorology Department
(PMD) and the Snow and Ice Hydrology Project (SIHP) of Water And Power Development Authority
(WAPDA) own the climate and hydrological data in Pakistan. SIHP operates the meteorological
stations at high elevation mostly located in glacial and humid regions. For the current study,
daily precipitation records from 102 meteorological stations for the period 2000-2015 were collected
from both organizations, where precipitation records of 79 RGs were collected from PMD and 23 from
WAPDA. The location of meteorological stations across Pakistan is shown in Figure 1b. RGs in the
current studies are named with respect to each climate region, i.e., RGs in glacial, humid, arid and
hyper-arid regions are represented as GRG, HRG, ARG, and HARG, respectively. Main features and
number of RGs in selected climate regions are presented in Table 1.

Table 1. Main features of the selected four climate regions.

Climate Region Area Mean Mean Annual Meteorological
(km?2) Elevation (m) Precipitation (mm) Stations
Glacial 72,774 4158 348 19
Humid 137,753 1286 852 39
Arid 270,484 633 322 19
Hyper-Arid 322,929 444 133 25

The data obtained from PMD and WAPDA were manually collected, and consequently might
be subjected to personal and instrumental errors. Besides, the stations located at high elevation
may also be subjected to splashing and wind errors. These associated errors affect the quality of the
data. Therefore, PMD and WAPDA correct the RGs precipitation following the World Meteorology
Organization’s standard code (WMO-N). Moreover, the quality of the data was tested using skewness
and kurtosis methods, and missing data was filled using the zero-order method [47].
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2.3. Satellite-Based Precipitation Products

2.3.1. SM2RAIN-CCI

The European Space Agency Climate Change Initiative (ESA-CCI) released the ESA CCI SM (Soil
Moisture) v3.2 datasets in early 2017. SM retrievals from active and passive microwave instruments
onboard different satellite platforms were merged to develop the dataset, which provides global
daily SM estimates with 0.25° spatial resolution from 1978-2015 [52-54]. Accumulated precipitation
estimates between 00:00 to 23:59 UTC are obtained from an application of a weighted average-based
integration procedure. Quality flag provided within the raw SM observations (i.e., EA CCI SM v3.2) is
used to remove the low-quality data and observations distinguished by retrieval issues (e.g., glacial
regions, frozen soil, complex topography, and dense vegetation). The SM2RAIN algorithm was
calibrated on a pixel-by-pixel basis during the periods of 1998-2001, 2002-2006, and 2007-2013 against
Global Precipitation Climatology Centre Full Daily Data (GPCC-FDD) [37]. These different calibration
periods are dependent on types of data and sensors that have been utilized in developing the active
and passive SM datasets.

The SM2RAIN algorithm, a novel approach, estimates precipitation from SM using the inverted
soil water balance equation [9]. The basic assumption of the SM2RAIN algorithm is that surface runoff
and evapotranspiration rate are insignificant during the precipitation event [9,32]. The simple form of
soil-water balance equation can be illustrated as

p(t) = 2250 o s W

where p(t) is precipitation rate [L/T], Z*=nZ is soil water capacity [L] in the soil layer with a depth
of Z and porosity of 1, s(t) represents relative soil saturation, ¢ is time [T], and the two parameters a
and b represent the nonlinearity between drainage and soil saturation. The parameters Z*, a, and b
are calculated through calibration analysis [37]. The main limitation of the SM2RAIN algorithm is
that it is not able to estimate the precipitation when the soil is saturated or nearly saturated, because
the SM algorithm is unable to derive SM variation as the SM approaches saturation [30]. A more
detailed description of SM2RAIN algorithm can be found in [32]. In the current study, v2.0 of the
SM2RAIN-CCI product, available from 1 January 1998 to 31 December 2015 (released in July 2018)
with 0.25° spatial and daily temporal resolutions, is used.

2.3.2. SM2RAIN-ASCAT

The SM2RAIN algorithm was applied to three surface SM products obtained from Advanced
Microwave Scanning Radiometer for Earth Observing (AMSR-E), Soil Moisture and Ocean Salinity
(SMOS), and Advanced SCATterometer (ASCAT) to develop the SM2RAIN-ASCAT dataset [9]. ASCAT
is a scatterometer and consists of the space segment of the EUMETSAT Polar System (EPS), operating at
5.255 GHz (C-band VYV polarization) onboard MetOp A, B, and C satellites [55]. The spatial resolution
of SM2RAIN-ASCAT is the same as the parent ASCAT SM dataset (previously developed datasets
were resampled to spatial resolutions of 0.5° and 1°). SM2RAIN-ASCAT has 12.5 km spatial and daily
temporal resolutions available for the period 2007-2018 [46]. The SM2RAIN-ASCAT showed more
accuracy when evaluated on the basis of root mean square error (RMSE), Pearson correlation coefficient
(R), and detection of precipitation [9].

The main differences between SM2RAIN-CCI and SM2RAIN-ASCAT datasets are the input SM
datasets (input products for SM2RAIN-CCI are the ESA CCI SM product [56], and the time span of
SM2RAIN-CCI that is available, namely, the period of 1998-2015). Moreover, the SM2RAIN-ASCAT
is bias-corrected and calibrated against the Medium-Range Weather Forecasts (ERA5) instead of
GPCC-FDD as SM2RAIN-CCI [43,46]. In the current study, version 1.0 of SM2RAIN-ASCAT, released
in March 2019, is used.
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2.3.3. TRMM TMPA

TRMM TMPA 3B42 v7 (hereinafter TMPA) was established by the joint efforts of the National
Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC) and the Japan
Aerospace Exploration Agency (JAXA). TMPA has 0.25° (~25 km at the equator) spatial resolution
ranging from 50° S and 50° N bands with 3 hours temporal resolution available from January 1998
to the present. Precipitation estimation is based on the observations in infrared and microwave
bands obtained by satellites. Re-analyzed precipitation data from the GPCC-FDD dataset was used to
compute these multi-satellite precipitation estimates [57,58]. The complete description of TMPA is
provided by reference [19]. The motivation behind the selection of TMPA is the fact that it has been
evaluated comprehensively by many studies and is reported for its supremacy in comparison to other
datasets [47,59].

2.4. Methods

Figure 2 represents the flow chart of the proposed methodology applied in the current study.
SM2RAIN-CCIis compared and evaluated against the RGs during 2000-2015; while, SM2RAIN-ASCAT
is evaluated during 2007-2015. Moreover, due to the difference in time duration of the considered
PPs, the performance of each dataset is compared with TMPA during the shared period from 2007
to 2015. To ascertain the impartial inter-comparison of SM2RAIN-ASCAT with SM2RAIN-CCI and
TMPA, SM2RAIN-ASCAT has been re-gridded using nearest neighbor algorithm at 0.25° spatial
resolution. Figure 2 shows that inter-comparison of daily precipitation estimates from SM2RAIN-CCI,
SM2RAIN-ASCAT, and TMPA with RGs is conducted to assess the spatial consistency of precipitation
datasets over Pakistan. Further, the performance of precipitation datasets is also assessed based on
precipitation topography and seasonal time scale using continuous and categorical metrics. Finally,
systematic and random error components of SM2RAIN-CCI and SM2RAIN-ASCAT are also assessed
utilizing a decomposition method (the final step in Figure 2).

Step 1: Confirmation of spatial consistency
Resampling based on nearest
sM2RAIN-ASCAT [ e SM2RAIN-ASCAT

12.5 km, daily > 0.25°, daily

Clipped with Pakistan mask

Step 2: 1. Statistical evaluation of SM2RAIN-CCI and SM2RAIN-ASCAT
ii. Comparison of SM2RAIN-bascd products with TMPA

sM2RAIN-ASCAT [ / SM2RAIN-CCI
0.25°, daily P 0.25°, daily 0.25°, daily

i i / i
1 1 1 1
! Pixel-based validation H ' . Pixel-based evaluation H
! Continuous Metrics: Bias (%), ubRMSE (mm/day), | : Pl Error Decomposition '
! and Theil’s U ! ' : ! 1. Systematic Error (%) !
! Categorical Metrics: POD, FAR, CSI and Bias score ! ' 2. Random Error (%) !
1 1 1 1
1 1

TRMM TMPA

Rain Gauges (RGs)

Figure 2. A general framework for the proposed methodology.
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Three continuous metrics were used to assess the performance of SM2RAIN-CCI and
SM2RAIN-ASCAT against the RGs. These metrics were based on inter-comparison of precipitation
estimates from each product with precipitation records from RGs on a pixel scale. The Bias (B), unbiased
root mean square error (uUbRMSE), and Theil’s U coefficient (U) are considered in this study (Table 2).
B is used to estimate the over/under-estimation of precipitation by each product, where positive
values indicate overestimation and negative values underestimation. ubRMSE measures the difference
between estimated and observed precipitation values. ubRMSE attain only positive values where
minimum values indicate better performance. Theil’s U predicts the forecasting accuracy of PPs with
respect to RGs. The lower bound of Theil’s U is zero, indicating the perfect forecast; the value of 1
indicates that PPs forecast the same error as the naive no-change extrapolation. A value greater than 1
indicates the worst forecasting and has to be rejected [60].

Table 2. Statistical metrics used to assess the performance of SM2RAIN-CCI and SM2RAIN-ASCAT. E is
the estimated precipitation (PPs), O is the observed precipitation records from RGs, 7 is the total number
of data points, E is the average of estimated precipitation, and O is the average of observed precipitation.

Statistical Metrics Formula Perfect Value
Bias p= Lo 0
Root Mean Square Error RMSE = /% ‘)El(E,' -0;)? 0
Unbiased root mean square error ubRMSE = \;m 0
Theil’s U u=— %;ng 0

Moreover, the method developed by AghaKouchak, et al. [61] is used to decompose the total mean
square error (MSE) in PPs into random (MSEr) and systematic (MSEs) errors, which are presented as

MSE = MSE, + MSE, @)
1v A2
MSE, = ~ Z(Ei ~E) )
i=1
MSE, = + Zn:(E -0, 4
= (50 @
1=
E? =ax0O;+0b %)

E; (mm/day) in Equations (3)—(5) is calculated on the daily scale by least squared linearly regressing
the PPs estimates against the RGs at each pixel. Therefore, 2 and b in Equation (5) are offset and scale
parameters [62].

In addition, the performance of PPs was also assessed using the modified Kling-Gupta efficiency
(KGE) score. KGE combines correlation coefficient (r), bias ratio () and variability ratio (y) [63],
which is represented as follows:

KGE =1 \[(r=1+ (=12 + (y—1)° ©)
o Y1 (Ei~E)(0;-0)
VEL(E-B) YL, (0-0)

B=

@)

®)

Oll i
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(CV) Iy 225 ly 0)/0
Ve (e =\ L(E-E/E (@0 = |1 Y (0i-0) /O ©)

7/:

where CV denotes the coefficient of variation. The perfect values of KGE, g and y are all 1.

The precipitation detection competences of SM2RAIN-CCI and SM2RAIN-ASCAT are examined
using four categorical metrics (Table 3), including the probability of detection (POD), false alarm ratio
(FAR), critical success index (CSI), and Bias score (BS). POD represents the capability of PPs to detect
precipitation events. A threshold of 1 mm is considered to distinguish precipitation from dry days (no
precipitation) at any time scale [64]. FAR indicates the fraction of predicted precipitation event that
did not occur. POD and FAR ranges between 0-1 with a perfect values of 1 and 0, respectively [62].
CSl is a fraction of precipitation events correctly detected by PPs. The CSI value ranges between 0 to 1,
with the perfect value of 1 [65]. BS represents the fraction of all PPs precipitation events that were
correctly predicted. The range of BS values is 0 to 1 with perfect score equal to 1.

Table 3. Categorical metrics, where hit indicates the number of precipitation events correctly detected
both by PPs and RGs, miss indicates the number of precipitation events not detected by PPs but recorded
by RGs, false_alarm is number of precipitation events detected by PPs while no precipitation records are
available at RGs, and N is the total number of events.

Statistical Metric Formula Perfect Score
Probability of Detection POD = hlit E%iss 1
False_alarm_ratio FAR = hfmﬂ 0
it+ false_alarm
Critical-Success-Index CSI = %t 1
: __ hit+false_alarm
Bias score BS = I 1

3. Results

3.1. Regional Evaluation of SM2RAIN-CCI Dataset

Accuracy of daily precipitation estimates from the SM2RAIN-CCI and SM2RAIN-ASCAT were
assessed using the RGs data as a benchmark for each climate region during the period 2000-2015 and
2007-2015, respectively. The continuous metrics (listed in Table 2) values are statistical quantification of
variations in the amount of precipitation from SM2RAIN-CCI/ASCAT datasets from the RGs data at the
pixel scale (considered only the common pixels). The ordinary kriging method is used to interpolate
the pixel base data over entire Pakistan (climate regions) to comprehensively understand the spatial
distribution trend of error characteristics.

Figure 3 shows the spatial distribution of statistical metrics of SM2RAIN-CCI over four distinct
climate regions, i.e., glacial, humid, arid and hyper-arid regions in Pakistan. Precipitation data for
SM2RAIN-CCI is not available in the glacial region and high elevated areas of humid region due
to masking, i.e., precipitation data of SM2RAIN-CCI is masked out in frozen soil, snow-dominated
regions and complex topography.

Figure 3a represents the spatial distribution of SM2RAIN-CCI biases (B) across Pakistan in
comparison with RG observations for the study period (2000-2015) on a daily temporal scale. In the
humid region, larger negative biases (underestimation) are evident over north-east of the humid region
but decreases gradually towards the west (slightly overestimated). The north-east of humid region
consists of the Mangla dam, barrages, headworks and an extensively developed integrated irrigation
canal system (comprised of 12 interlink canals and 43 independent irrigation canals commands) of the
country (hereinafter called hydraulically developed areas), which results in the groundwater level
rise in the vicinity of these structures and the soil water saturation in irrigated land after irrigation.
Besides, the area is also subjected to heavy and intense precipitation that may saturate the soil in a
quick span of time. Since the SM2RAIN-based products work on the principles of soil-water balance,
the excessive precipitation cannot be considered when the soil gets saturated, and hence resulting in
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higher biases (higher underestimation). The sign of biases shows an interesting feature along the west
of arid region indicating a considerable underestimation of precipitation. Western side of arid regions is
comprised of mild elevated mountainous ranges (i.e., Koh-e-Suleman, Koh-e-Chiltan, Koh-e-Murdaar,
and Koh-e-Takatu) having cold weather in winter and hot in summer with mean annual precipitation
of 317 mm [47]. Precipitation is underestimated in this region due to the low infiltration capacity (the
area is mostly covered with rocks) and also due to the snow factor in the winter season. However,
precipitation is overestimated in the plain agricultural areas of the arid region (east and south-east).
Hyper-arid region is the hottest region located at the coast of the Arabian Sea and experience mean
annual precipitation of 133 mm. Precipitation is overestimated in the region by SM2RAIN-CCI,
which may be due to seawater intrusion from the Arabian Sea [66]. High overestimation is observed in
the south-east coastal area which gradually decreases towards the west.

Figure 3b presents the spatial distribution of ubRMSE over different climate regions of Pakistan.
A common trend of lower ubRMSE towards the west in comparison to the east of each climate region
is observed in the figure. Higher ubRMSE is observed in the hydraulically developed areas in the
north-east of humid region. Lower ubRMSE is observed in the hyper-arid region, most specifically
near the coast of the Arabian Sea. The hyper-arid region is a precipitation deficit region where there is
plenty of time for precipitation to infiltrate and saturate the soil. The reason for lower ubRMSE in the
hyper-arid region is low intensity and low magnitude precipitation. Higher ubRMSE was observed at
HRG23 (12.44 mm/day) while minimum at HARGS (1.83 mm/day).

Figure 3c depicts the distribution of Theil’s U coefficient that shows the accuracy of SM2RAIN-CCI
to accurately detect a precipitation event. Smaller values (close to zero) represent better forecasting
accuracy, while values closer to 1 depicts poor forecasting. The figure reveals better forecasting
accuracies at ARG16 (0.24) and ARGS (0.23), with poor forecasting accuracies in north-east of humid
region, more specifically at HRG23 (0.66) and HRG24 (0.69), respectively. Locations of high accuracies
(minimum Theil’s U) in the arid region are in the vicinity of the agricultural region (ARG9) and the
Thar desert (ARG16) where soil is mostly unsaturated. The only source of water for agriculture is
irrigation water. Agriculture in the location helps to preserve the water in the soil. Beside the arid
region, moderate accuracy is depicted in south-east of the hyper-arid region near HARG18, HARG19,
HARG20, and HARG21. The average values of Theil’s U in the humid, arid and hyper-arid regions
were 0.51, 0.40, and 0.42, and the median values were 0.53, 0.43, and 0.41, respectively.

Spatial distributions of mean square error components, i.e., random and systematic errors,
in SM2RAIN-CCI across Pakistan are presented in Figure 3d,e. Before the integration of any PP in the
hydrological application, the knowledge about systematic and random errors for implementation of
any statistical adjustment and bias correction is extremely vital [61]. In comparison with the random
error component, systematic errors have larger contributions over Pakistan. The analysis depicts
that SM2RAIN-CCI needs proper adjustments in biases before assimilating into any hydrological
application. Larger systematic errors are observed in the hyper-arid and downstream portion of arid
regions while minimum values are in the humid region.

Figure 3f presents the spatial distribution of KGE score for the SM2RAIN-CCI product as
compared to RGs observation. Results shows smaller KGE scores in the humid region, which increases
to maximum values in the middle of the arid region, then decreasing at the end of the arid region.
Smaller KGE scores in north-east of the humid region might be due to the relatively poor performance
of SM2RAIN-CClI in the hydraulically developed areas. Besides that, the uncertainties in gauge-based
estimates associated with sparse gauge density also play a vital role. The highest KGE scores were
observed at ARG3 (0.78), HRG11 (0.74), and ARG15 (0.73). The minimum KGE score was observed at
HRG24 (0.13).
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Figure 3. Spatial distribution of bias (a), ubRMSE (b), Theil’s U coefficient (c), systematic error (d),
random error (e), and KGE score (f) based on a daily scale across Pakistan from SM2RAIN-CCI
compared to RGs data for the period of 2000-2015.
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3.2. Regional Evaluation of SM2RAIN-ASCAT Dataset

Figure 4 shows the spatial distribution of statistical metrics of SM2RAIN-ASCAT. The bias of
SM2RAIN-ASCAT (Figure 4a) shows an almost similar trend compared to SM2RAIN-CCI (Figure 3a).
However, the magnitude of biases at each RG is significantly reduced when compared to SM2RAIN-CCI.
Precipitation is highly underestimated at the north-east sides of the glacial and humid regions of the
country, which gradually decreases towards the west of the regions. The reason for high underestimation
might be the abundant water availability in the specific region due to dams, barrages, headworks,
and well-developed irrigation systems. Besides, snowmelt and high precipitation events that saturate
the soil also contribute to an underestimation of precipitation in high elevated regions (i.e., the glacial
region and upstream areas of the humid regions). SM2RAIN-ASCAT highly overestimated precipitation
in the south-east of the hyper-arid region. The average (median) values of bias in the glacial, humid,
arid and hyper-arid regions were —28.76% (—29.25%), —29.86% (—23.31%), —6.18% (—12.68%) and
34.87% (27.66%), respectively.

SM2RAIN-ASCAT depicts an improved performance in comparison with SM2RAIN-CCI
considering ubRMSE (Figure 4b). ubRMSE shows the same spatial trend as compared to SM2RAIN-CCI
with maximum and minimum values in the humid and hyper-arid regions, respectively. The regional
average (median) ubRMSE values were 3.73 mm/day (3.57 mm/day) in glacial, 7.87 mm/day
(7.54 mm/day) in humid, 4.83 mm/day (4.32 mm/day) in humid and 2.21 mm/day (2.19 mm/day) in
hyper-arid regions. Maximum and minimum ubRMSE values were depicted by HRG12 (9.91 mm/day)
and HARGS (1.21 mm/day).

SM2RAIN-ASCAT shows high forecasting accuracy at the south-east of the arid region while
moderate accuracies in extreme south of hyper-arid region (Figure 4c). Lower accuracies are depicted
in humid region mostly in the vicinity of hydraulically developed areas. The regional average (median)
values of Theil’s U coefficient were 0.40 (0.39) in glacial, 0.46 (0.48) in humid, 0.25 (0.19) in arid, and 0.30
(0.28) in hyper-arid regions. The maximum and minimum of Theil’s U values were 0.59 (HRG39) and
0.12 (ARG10).

The comparison reveals that SM2RAIN-ASCAT dominates the SM2RAIN-CCI across all climate
regions. The average percentage improvements in humid, arid and hyper-arid regions were: Bias
(27.01%), ubRMSE (19.61%), Theil’s U (9.80%), MSEs (24.55%), MSEr (19.41%), and KGE (5.26%) in
the humid region; Bias (5.94%), ubRMSE (20.16%), Theil’s U (28.20%), MSEs (13.83%), MSEr (29.20%),
and KGE (28.12%) in the arid region; and Bias (6.05%), ubRMSE (25.56%), Theil’s U (26.83%),
MSEs (8.22%), MSEr (24.14%), and KGE (24.72%) in the hyper-arid region.

Figure 4d,e represents the spatial distribution of systematic and random errors of SM2RAIN-ASCAT
over four climate regions of Pakistan. Higher random errors were observed in the humid region,
which decreases towards the arid and hyper-arid regions. The regional average (median) random
errors were 15.41% (13.81%), 57.12% (59.87%), 22.81% (21.97%), and 6.04% (6.75%) in glacial, humid,
arid and hyper-arid regions, respectively. Overall the random error average across Pakistan was
25.35%. On the other hand, systematic errors were larger than a random error with an average of
74.65% across the whole of Pakistan. Maximum systematic errors were depicted in hyper-arid (average:
93.96%, median: 93.25%) and glacial (average: 84.76%, median: 86.20%) followed by arid (average:
77.19%, median: 78.03%) and humid (average: 41.59%, median: 40.13%) regions.

Figure 4f displays the spatial distribution of KGE score compared with RG observations. Maximum
KGE is observed in the hyper-arid region showing a high performance of SM2RAIN-ASCAT in the
region. Smaller KGE scores are observed in the humid and glacial regions depicting poor performance
in those mentioned climate regions. However, the KGE score illustrates moderate performance in the
arid region. Average (median) KGE scores in glacial, humid, arid and hyper-arid regions were 0.36
(0.34), 0.38 (0.41), 0.64 (0.64), and 0.72 (0.77), respectively.
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Figure 4. Spatial distribution of bias (a), ubRMSE (b), Theil’s U coefficient (c), systematic error (d),
random error (e), and KGE score (f) based on a daily scale across Pakistan from SM2RAIN-ASCAT
compared to RGs data for the period of 2007-2015.
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3.3. Seasonal Evaluation of SM2RAIN-CCI and SM2RAIN-ASCAT

SM2RAIN-CCI and SM2RAIN-ASCAT are compared during four seasons, i.e., pre-monsoon
from April to June (A-M-]), monsoon from July to September (J-A-S), post-monsoon from October
to November (O-N), and winter from December to March (D-J-F-M) [47,67] for a common period of
2007-2015. Table 4 shows the statistical evaluation of SM2RAIN-CCI in four seasons across Pakistan.
The analysis shows poor performance of the precipitation products with an increase in precipitation
magnitude and intensity, i.e., monsoon and pre-monsoon seasons. Table 4 shows higher KGE scores in
winter season with maximum and minimum values of 0.75 and 0.49, depicting better performance in
winter while poor performance in monsoon season (KGE scores ranged between 0.53 (maximum) to
0.19 (minimum)). Similarly, lower biases, ubRMSE, and Theil’s U values were observed in winter and
post-monsoon seasons. It is concluded from the results that SM2RAIN-CCI shows higher performance
in winter followed by post-monsoon season.

Table 4. Seasonal evaluation of SM2RAIN-CCI across Pakistan during 2007-2015.

Season Statistics Bias (%) ubRMSE (mm/Day) Theil'sU KGE Score
Maximum 6821 9.81 0.63 0.59
Minimum ~ —36.12 0.73 0.20 0.31
Pre- A-M-

re-monsoon (A-M-J) Average 16.80 465 0.45 0.58
Median 16.19 428 0.44 0.56
Maximum  79.53 19.69 0.68 0.53
Minimum ~ —40.44 1.16 0.23 0.19
Monsoon (J-A-5) Average 20.90 10.52 0.47 0.47
Median 22,01 1027 0.48 0.48
Maximum 5643 7.45 0.57 0.68
Minimum -32.28 0.56 0.18 0.42

Post- -
ost-monsoon (O-N) Average 13.76 2.65 0.38 0.65
Median 1459 212 0.38 0.63
Maximum 53.88 6.96 0.47 0.75
. Minimum ~ —33.22 0.39 0.15 0.49

Winter (D-J-F-M
inter (DJ-F-M) Average 11.45 3.39 0.34 0.69
Median 10.98 3.85 0.33 0.67

Table 5 represents the seasonal evaluation of SM2RAIN-ASCAT. SM2RAIN-ASCAT also depicts
poor performance in heavy and intense precipitation seasons such as the monsoon and pre-monsoon.
Lowest biases and ubRMSE values are observed during the winter season. Theil’s U also depicts
better performance of SM2RAIN-ASCAT during the winter and post-monsoon seasons. Moreover,
similar to SM2RAIN-CCI, the highest KGE scores are observed in winter and post-monsoon seasons
while the lowest score in the monsoon season, depicting better performance during low precipitation
seasons. Overall, high performances are depicted in winter and post-monsoon seasons. However,
SM2RAIN-ASCAT outperformed SM2RAIN-CCI in all four seasons.

3.4. Performance of SM2RAIN-CCI and SM2RAIN-ASCAT in Detecting Precipitation Events

Table 6 shows the daily scale averaged regional categorical metrics of SM2RAIN-CCI and
SM2RAIN-ASCAT during a common period of 2007-2015. The categorical metrics are calculated by
using a threshold of 1 mm/day. Higher POD (lower FAR) values were detected in the hyper-arid region.
The humid region has a lower POD (higher FAR) because of high precipitation magnitude and intensity
in the region. Moreover, saturated soil and water storage in hydraulic structures might be the cause of
lower POD (higher FAR) in the humid region. Similarly, CSI and the bias score (BS) was also higher in
the hyper-arid region and lower in humid region. About the skill of detecting precipitation events,
SM2RAIN-ASCAT outperformed SM2RAIN-CCI across three climate regions of Pakistan. In terms of
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POD (FAR), SM2RAIN-ASCAT improved the precipitation detection capability by 11.94% (15%) in
humid, 10.67% (14.28%) in arid and 8.53% (19.05%) in hyper-arid regions.

Table 5. Seasonal evaluation of SM2RAIN-ASCAT across Pakistan during 2007-2015.

Season Statistics Bias (%)  ubRMSE (mm/day) Theil'sU KGE Score
Maximum 61.72 8.23 0.54 0.70
Pre-monsoon Minimum -33.20 0.56 0.16 0.42
(A-M-]) Average 11.20 3.97 0.38 0.61
Median 12.29 4.02 0.40 0.60
Maximum 71.38 17.94 0.59 0.62
Monsoon Minimum —47.03 0.82 0.20 0.26
(J-A-S) Average 17.82 8.61 043 0.55
Median 17.31 8.47 0.42 0.53
Maximum 49.21 6.38 0.52 0.78
Post-monsoon Minimum -29.09 0.52 0.15 0.49
(O-N) Average 12.32 2.39 0.36 0.65
Median 12.62 2.31 0.33 0.66
Maximum 43.29 5.91 0.44 0.84
Winter Minimum —-25.90 0.44 0.12 0.55
(D-J-F-M) Average 8.59 2.04 0.29 0.71
Median 8.55 1.97 0.28 0.70

Table 6. Daily scale averaged regional categorical metrics of SM2RAIN-CCI (SM2RAIN-ASCAT)
during 2007-2015.

Climate Region Statistics POD FAR CSI Bias Score
Humid Average 059 (0.67)  040(0.34)  057(0.63)  0.67(0.73)
umt Median 0.62(0.69)  039(0.35)  0.56(0.65)  0.72 (0.74)

Arid Average 0.67(0.75)  028(024)  0.72(0.79)  0.76 (0.81)

“ Median 0.69(0.73)  024(0.23)  071(0.77)  0.77(0.84)
Hyper-Arid Average 075(0.82)  021(0.17)  0.81(0.90)  0.82(0.88)

Median 075(0.81)  0.18(0.14)  0.82(0.89)  0.80 (0.89)

3.5. Evaluation of SM2RAIN-CCI/ASCAT against TMPA

Previous studies [47,59,67] reported the better performance of TMPA across Pakistan than other PPs,
including TRMM-3B42RT, PERSIANN-CDR, PERSIANN-CCS, and CMORPH. Therefore, TMPA was
selected to comprehensively assess the performance of SM2RAIN-CCI and SM2RAIN-ASCAT.
Three statistical metrics, i.e., Bias, ubRMSE, and Theil’s U are used to assess the performance of
SM2RAIN-CCI/ASCAT against TMPA during the common period of 2007-2015. Figure 5 shows a
comparison of performances of three precipitation products using box-plots. SM2RAIN-CCI data was
not available for the glacial region, therefore this region is neglected.

In the humid region, SM2RAIN-CCI underestimated precipitation (negative Biases) and
SM2RAIN-ASCAT under/overestimated precipitation (slightly positive Biases), however, TMPA
had completely overestimated (positive Biases) precipitation. Moreover, the SM2RAIN-based product
showed over/underestimation in the arid region while TMPA overestimated precipitation. A contrasting
scenario is observed in the hyper-arid region where TMPA underestimated, and SM2RAIN-CCI/ASCAT
overestimated precipitation. Overall, smaller biases are observed when TMPA is compared with RGs,
in comparison with SM2RAIN-CCI/ASCAT.

In the case of ubRMSE, TMPA outperformed the SM2RAIN-ASCAT in all three climate regions,
while both of them were superior to the SM2RAIN-CCI. The ubRMSE of SM2RAIN-ASCAT and TMPA
were almost comparable in humid and hyper-arid regions. Moreover, ubRMSE decreased significantly
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from humid region to hyper-arid region, which might be associated with the precipitation magnitude,
intensity and any other hydrological (hydraulic) activities in these climate regions.

Among these three PPs, Theil’s U coefficient depicts the best performance of TMPA, followed by
SM2RAIN-ASCAT and SM2RAIN-CCI. Theil’s U shows higher variation (as well as best forecasting
accuracy) in the arid region. Overall, TMPA dominated the SM2RAIN-based products across all
Pakistan. SM2RAIN-ASCAT and SM2RAIN-CCI need proper bias adjustments before integrating into
any hydrological applications.
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Figure 5. Daily box-plots for Bias (%), ubRMSE (mm/day) and Theil’s U for SM2RAIN-CCI (black box)
and SM2RAIN-ASCAT (blue box) against TMPA (red box) during the period 2007-2015. The line in
each box indicates the median values and each box (top and bottom lines) depicts the 25th and 75th
percentile, while the lines perpendicular to boxes (whiskers) extend to the extreme data points.

4. Discussion

The performance of SM2RAIN-CCI (2000-2015) and SM2RAIN-ASCAT (2007-2015) precipitation
products against the RGs observations (obtained from PMD and WAPDA departments of Pakistan)
was assessed using six statistical and four categorical metrics. Both precipitation products were
evaluated over the complex topography and diverse climate of Pakistan, and their performance was
also compared with TRMM TMPA 3B42v7 (TMPA) during the period from 2007 to 2015. SM2RAIN-CCI
precipitation observations were not available over snow cover, frozen soil, high topographical regions,
and rainforests because of the mask used to remove the areas characterized by issues in SM retrieval [45]
(shown in Figure 3). Inputs for SM2RAIN-CCI are based on integrating the active and passive ESA
CCI SM datasets with bias-corrected and calibrated observations from GPCC-FDD [37]. However,
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SM2RAIN-ASCAT observations are obtained from application of the SM2RAIN algorithm to ASCAT
SM data without consideration of any filter [32]. The observations are calibrated and bias-corrected
based on the ERAS reanalysis data [43].

Soil moisture-based precipitation products, i.e., SM2RAIN-CCI and SM2RAIN-ASCAT, captured
the precipitation both spatially and temporally relatively well. However, both of them tended to fail to
estimate the precipitation in the humid region characterized with high precipitation intensity and heavy
magnitude (>700 mm), and more specifically in the hydraulically developed region with dams, barrages,
headworks, and an extensively developed irrigation canal system (Figures 3 and 4). The performance
of SM2RAIN-based products is strongly influenced by spatial and temporal variation of precipitation.
Comparatively better performance is observed in the arid and hyper-arid region, which is characterized
by low precipitation magnitude (<100 mm). Furthermore, the temporal (seasonal) evaluation also
revealed poor performance in monsoon and pre-monsoon seasons, having high precipitation intensity
and magnitude. References [9,30] confirmed the poor performance of SM2RAIN algorithm that is
unable to adequately estimate precipitation when the soil is close to saturation because the algorithm
is unable to derive SM variation when the SM is constant. Similarly, references [41,42] evaluated the
performance of SM2RAIN-CCI over north-eastern Brazil and concluded its poor performance in wetter
precipitation regimes.

SM2RAIN-CCI and SM2RAIN-ASCAT highly overestimated and underestimated the precipitation
in the coastal hyper-arid and mountainous regions of Pakistan, respectively (Figures 3a and 4a). This can
be considered as SM retrieval uncertainties, which significantly deteriorate the accuracy of precipitation
estimates from the SM2RAIN algorithm (i.e., due to error propagation) [43]. Underestimation of
precipitation is associated to poor infiltration capacity and soil moisture storage capacities of rocks
(hills), permanent snow and glacier cover, hydraulic developmental activities, and intense and heavy
precipitation during monsoon and pre-monsoon seasons, while overestimation is associated to low
precipitation intensity and magnitude.

Though SM2RAIN-ASCAT underestimated the precipitation significantly in humid and glacial
regions, the locations of heavy rainfall were relatively accurately detected as compared to SM2RAIN-CCI
(Figures 3 and 4). Larger biases and uncertainties at those locations are due to the impact of complex
topography and diverse climate, which have been well documented in previous literature [47,59,67,68].
Higher positive or negative biases for SM2RAIN-based products are expected over densely vegetated
and forest regions (glacial and hilly areas of the humid region) where signals of satellite sensors do
not breach into dense vegetation [69], or in the region where the soil remains saturated for longer
period of time such as flooded regions (the humid region, especially the hydraulically developed
areas) [9], respectively. Considering other statistical metrics, all the metrics showed poor performance
in precipitation dominated regions and seasons (Figures 3 and 4, Tables 4 and 5). References [9,41]
confirm the findings of the current study.

Concerning the error components, the analysis revealed that SM2RAIN-CCI and SM2RAIN-ASCAT
were similar in the spatial distribution of systematic and random errors (Figure 3d,e and Figure 4d,e).
The results revealed that systematic error contributed significantly in comparison with random errors,
supporting the findings of previous studies conducted by Prakash [6] and Paredes-Trejo, Barbosa and
dos Santos [41] in India and Brazil, respectively. Therefore, these products require refinement and
corrections before their integration into a particular hydrological application [70].

Seasonal evaluation of SM2RAIN-CCI and SM2RAIN-ASCAT presented a better performance
in moderate to low precipitation seasons, i.e., post-monsoon and winter seasons (Tables 4 and 5).
During these two seasons, precipitation has had enough time to infiltrate into the soil and then saturate;
therefore, the precipitation estimation capabilities of SM2RAIN-based precipitation products are high
and hence produce relatively accurate results. However, precipitation in summer (monsoon season),
which is distinguished by intense and short duration precipitation events, is the influential factor that
affected the performance of both SM2RAIN-based products in terms of biases. Therefore, the possibility
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exists that the sensors might have not accurately estimated (or missed) the precipitation during the
period [41].

The TMPA precipitation product performed reasonably well across different climate regions
when compared with SM2RAIN-CCI and SM2RAIN-ASCAT (Figure 5). A different trend is observed
in the humid and arid regions where SM2RAIN-based products overestimate and underestimates
the precipitation; TMPA overestimates the precipitation. In contrast, in the hyper-arid region,
TMPA underestimates while SM2RAIN-based product overestimates the precipitation. SM2RAIN-CCI
depicted poor performance, implying high uncertainties when compared to SM2RAIN-ASCAT and
TMPA across all three climate regions. TMPA showed comparatively good agreement with gauged based
observations in different climate regions and different seasons relative to the SM2RAIN-based products.

The performance of SM2RAIN-based products across glacial, humid, arid and hyper-arid regions
during the common period (2007-2015) are summarized in Tables 7 and 8.

Table 7. Summary of the performance of SM2RAIN-CCI datasets across the four climate regions of

Pakistan during 2007-2015.

****Lowest among all climate
regions

Climate Region Evaluation Metrics Performance Reasons
*Bias . . .
**ubRMSE *Underestimation (majority) *I;lhgh underestlmatlon
. **Theil’s U **Poor performance ue to hydraulically
Humid “KGE _— P . developed area
ower magnitude _— :
***Systematic error **** Higher magnitude ue to intense and
s & & heavy precipitation
****Random error
*Underestimation over
mountainous areas while *Underestimation is due
overestimation in plain areas to poor infiltration
**Comparatively better capacity of rock in the
*Bias ubRMSE while higher east of the region, '
“*bRMSE accuracy is detected over moreover, snow cover in
“*Theil’s U agricultural areas and low  winter also contributes to
Arid “KGE accuracy at over underestimation
- . mountainous areas **Higher performance in
ystematic error “High KGE in plai th ionin t f
4 Random error g plain areas e region in terms o
while low in mountain areas ubRMSE and Theil’s U is
**Highest in the south while ~ due to agriculture and
higher in rest of the region moderate precipitation
****Lowest in the south while in the region
lower in rest of the region
*Overestimation in all the
regions (higher in south-east)
*Bias **Lowest ubRMSE while
**ubRMSE moderate to lower *Overestimation due to
Hyper-arid **Theil’s U forecasting accuracy seawater intrusion and
*KGE **Moderate KGE minimum precipitation
***Systematic error **Highest among all climate in the region
****Random error regions
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Table 8. Summary of the performance of SM2RAIN-ASCAT dataset across four climate regions of

Pakistan during 2007-2015.

Climate Region Evaluation Metrics

Performance

Reasons

*Underestimation, high in east
while relatively low in west

Bias **Relatively better performance *Underestimation due to
**ubRMSE y in cas tp permanent snow and
Glacial “Theil’s U **Poor forecasting in middle of glacier cover
*KGE the reeion **Errors due to low
***Systematic error **Lowe;%KGE infiltration and storage
****Random error ++Highest toward the east capacity in the region
***Lowest toward the east
* .
“Bi Underegtlmatlon m the. . *High underestimation is
ias north-east while overestimation in due to heavy and intense
**ubRMSE the west of the region precipii,a tion in
Humid **Theil’s U **Poor performance north-east
*KGE **Poor forecasting accuracy “Hvdraulicall
***Systematic error **Lower KGE score d 1y d Y d
****Random error ***Lower systematic error eveloped areas an
er 8y flooded regions
****High random error
*Underestimation in the
mountainous region while *Underestimation in the
overestimation in plain west due to snow cover
*Bias agricultural lands in winter season, poor
**ubRMSE **Moderate RMSE and high infiltration and soil water
Arid **Theil’s U forecasting accuracy in plain areas storage capacity of
*KGE **High KGE in plain areas while hilly areas
***Systematic error low over mountain areas **Moderate precipitation
****Random error **Highest over elevated areas and agricultural
while moderate in plain areas activities which preserve
****Lowest over mountain areas soil moisture
while moderate in plain areas
**QOverestimation in all the regions
(higher in south-east) *Hyper-arid region
*Lowest ubRMSE (west) while receives very low
*Bias moderate (extreme south along ~ precipitation. Seas water
**ubRMSE the coast of Arabian Sea) to lower  intrusion might be the
H . **Theil’s U forecasting (north of the region) reason for the
yper-arid “KGE S
accuracy overestimation

***Systematic error
****Random error

**High KGE along the coast,
moderate to relatively low in rest
of the region
***Highest systematic error
****Lowest random error

**Low precipitation
magnitude in the region
causes lower
uncertainties

Based on spatial and temporal evaluation of SM2RAIN-CCI/ASCAT precipitation products across
Pakistan along different climate regions, and the obtained results, the following recommendations
are suggested for further studies and applications: (1) Agricultural water management and irrigation
scheduling in the arid region (the Punjab province, which is agricultural hub of the country),
where SM2RAIN-based PPs performed comparatively better, (2) An early flood warning system
(EFWS) and flood simulation, where soil moisture (besides the precipitation intensity) plays important
role, and bias-corrected SM2RAIN-based products will be helpful for reducing the impact of flood on
society, (3) Drought monitoring in drought-prone arid and hyper-arid regions, including hydrological
drought (shortage in water storage as well as net precipitation at same time) and meteorological
drought (shortage in the catchment’s water fluxes such as precipitation), (4) Vegetation and crop
growth monitoring, and (5) Groundwater modeling and rainwater harvesting studies.
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5. Conclusions

In this study, the performance of SM2RAIN-CCI and SM2RAIN-ASCAT were assessed extensively
across Pakistan using the rain gauge (RGs) observations. The assessment was carried across four
different climate regions of Pakistan, namely glacial, humid, arid and hyper-arid regions during
the period 2000-2015 (for SM2RAIN-CCI) and 2007-2015 for (SM2RAIN-ASCAT) on a daily scale.
Three statistical metrics, i.e., Bias (%), ubRMSE (mm/day), and Theil’s U coefficient, and four categorical
metrics, i.e., POD, FAR, CSI and Bias score, were used to assess the performance of SM2RAIN-based
products. Moreover, the total mean square error was also decomposed to random and systematic error
components, while KGE was also used to evaluate the performance of PPs. Finally, SM2RAIN-CCI
and SM2RAIN-ASCAT were compared and evaluated against an extensively evaluated satellite
precipitation product, i.e., TRMM TMPA 3B42 v7 (TMPA). Based on the results, following conclusions
were drawn:

(1) Both SM2RAIN-CCI and SM2RAIN-ASCAT underestimated precipitation in north-east of the
humid region and hydraulically developed areas, i.e., regions with barrages, headworks, dams and
an extensively developed irrigation canal system. Maximum underestimation for SM2RAIN-CCI
(SM2RIAN-ASCAT) was 58.04% (42.36%).

(2) SM2RAIN-based product underestimated precipitation over mountainous and glacial regions
(SM2RAIN-ASCAT). In mountainous regions, the maximum underestimation of SM2RAIN-CCI
was 43.16% (at ARG12) and 34.60% (at GRG17). This underestimation is due to low infiltration
and soil water storage capacities of these mountainous areas.

(3) Besides, overestimation is also observed in coastal hyper-arid areas (near the coast of Arabian
Sea), which can be considered due to soil moisture retrieval errors, i.e., propagation errors that
affect the quality of precipitation estimates from the SM2TAIN algorithm and soil water intrusion
from the Arabian Sea. Maximum overestimation for SM2RAIN-CCI (SM2RAIN-ASCAT) was
59.59% (52.35%) at HARG20.

(4) Based on the Theil’s U, high forecasting accuracies for SM2RAIN-based products were observed
in the arid region (plain areas). Theil’s U for SM2RAIN-CCI (SM2RAIN-ASCAT) was 0.23 at
ARGI15 (0.15 at ARG16).

(5) SM2RAIN-ASCAT outperformed SM2RAIN-CCI across all climate regions of Pakistan.
The average percentage improvements were: Bias (27.01% in humid, 5.94% in arid, and 6.05%
in hyper-arid), ubRMSE (19.61% in humid, 20.16% in arid, and 25.56% in hyper-arid), Theil’s U
(9.80% in humid, 28.80% in arid, and 26.83% in hyper-arid), MSEs (24.55% in humid, 13.83% in
arid, and 8.22% in hyper-arid), MSEr (19.41% in humid, 29.20% in arid, and 24.14% in hyper-arid)
and KGE score (5.26% in humid, 28.12% in arid, and 24.72% in hyper-arid).

(6) Thereliability of SM2RAIN-based products is dependent on topography and climate (precipitation
variability), for instance, SM2RAIN-based products failed to estimate precipitation in mountains
and semi-arid climate (west of arid region).

(7) Among the systematic and random errors of SM2RAIN-CCI and SM2RAIN-ASCAT, systematic
error dominated random error across all Pakistan, which suggest that the products need bias
correction before integrating them in any hydrological application.

(8) SMZ2RAIN-based products failed to accurately capture the intense (short duration) and heavy
(long term events) precipitation during the monsoon and pre-monsoon seasons. Average values
of statistical metrics during the monsoon season for SM2RAIN-CCI (SM2RAIN-ASCAT) were
20.90% (17.82%), 10.52 mm/day (8.61 mmy/day), 0.47 (0.43), and 0.47 (0.55) for Bias, ubRMSE,
Theil’s U, and KGE score, respectively. However, the performance improved from post-monsoon
to the winter season as the precipitation magnitude decreased. Average values for statistical
metrics during winter seasons for SM2RAIN-CCI (SM2RAIN-ASCAT) were 11.45% (8.59%),
3.39 mm/day (2.04 mm/day), 0.34 (0.29), and 0.69 (0.71) for Bias, ubRMSE, Theil’s U, and KGE
score, respectively.
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(9) Comparison of SM2RAIN-based products with TMPA revealed the better performance of TMPA
across all climate regions in terms of all statistical metrics.
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