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1. Introduction

Precipitationmeasurementisthe primaryinputfordifferenthydro-meteorological
and climate models, which are used to predict different natural hazards such as floods,
droughts and landslides (Li et al., 2013). Further, accurate estimation of precipitation
is very important for development, calibration and validation of hydrological models
(Sharifi et al., 2018). However, measuring accurate precipitation is always a challenging
task for all meteorological authorities and scientists because of its discrete nature in
both space and time (Nepal et al., 2021).

There are various methods of precipitation measurement. Among them, the rain
gauge (i.e., point measurements) measurements are the most widely used techniques
for precipitation estimation (Qiaohong et al, 2017). Rain gauges provide a direct
measurement of precipitation, however, data collected from gauges may subject to
many potential operational errors such as instrumental and measurement error related
to rain type (heavy rainfall) or associated with an external factor such as wind and
evaporation and the distribution of gauges especially in mountainous regions (Hamal
etal., 2020a; Hamal et al., 2020b; Sharma et al., 2020a). The use of ground-based weather
radar enables the monitor and measurement of rainfall over relatively large areas in
near real time; however, radar measurement suffers from error characteristics such as
random error, obstruction by topography, range dependent systematic errors (Germann
et al., 2007). Besides these limitations, radar systems is too expensive and difficult to
maintain, thus, are not feasible option for least developed as well as most of developing
countries (Coning, 2013). Hence, freely available satellite precipitation products (SPPs)
with quasi-global coverage are potential alternatives for precipitation measurement,
especially for the data-sparse region (Soo et al., 2020).

In the recent years, several satellite-based precipitation product has been
developed and applied in various hydro-meteorological application globally. Satellite
precipitation products (SPPs) are emerging as a potential measurement approach in
recent decades (Tan et al., 2015; Xu et al., 2017). Recently developed SPPs and their use
in various hydro-meteorological applications has drawn much attention towards its
reliability (Sunilkumar et al., 2019). Several studies have been conducted on evaluating
SPPs reliability across the globe. Sunilkumar et al., (2019) compared IMERG product
with gauge based gridded precipitation products i.e. Asian Precipitation—Highly
Resolved Observational Data Integration towards Evaluation (APHRODITE) over
Asian region and found that IMERG showed a good agreement with APHRODITE at
different rainfall intensities, although it underestimated heavy precipitation events.
Similarly, Tang et al., (2015) concluded that the IMERG has a very high correlation with
ground-based measurements at daily scale in China but only a moderate correlation in
Iran (Sharifi et al., 2016) and Blue Nile Basin (Sahlu et al., 2016). These studies found
that in general the monthly and annual precipitation measurements of SPPs are more
reliable than the daily precipitation measurement.

Moreover areas having insufficient gauge network and radar system, satellite
derived rainfall can be “a critical tool for identifying hazards from smaller-scale rainfall
and flood events”(Coning, 2013). Since, SPPs are indirect measurement and suffers
from various uncertainties and discrepancies, it should be evaluated and validated
before operational use.
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A recent study carried out by Sharma et al., (2020) found that IMERG products
shows better performance on detecting precipitation events than TMPA. In addition,
IMERG products show superior performances on daily time scales, while TMPA
performs better at monthly time scale. Additionally, authors also mentioned that
IMERG product can be a potential alternative to monitor extreme precipitation events
and drought over Nepal. Furthermore, Nepal et al.,, (2021) revealed IMERGs better
performance on capturing daily precipitation extremes (RX1Day and RX5Day) against
GSMaP over Nepal’s complex terrain.

Most of the above-mentioned studies (Nepal et al., 2021; Sharma et al., 2020a;
Hamal et al., 2020a) were focused on evaluating SPPs performance based on various
statistical skill scores and extreme precipitation indices. Karki et al., (2018) has also
revealed about the spatial shifting of precipitation areas in IMERG estimates over
Nepal for one single event and suggested for further study on this. Therefore, in this
study an attempt is done to use MODE verification tool on assessing IMERGS ability to
detect precipitation location focusing on extreme events over Nepal utilizing the large
number (310) of observation station data as a reference. Traditional forecast verification
techniques calculate skill scores based on point to point or grid to grid forecast-
observation statistics. These approaches do not give any insight about the ways about
the right or wrong forecast. Therefore, this cannot be used to find faults which can
be helpful in improving the forecast. Method of Object-Based Diagnostic Evaluation
(MODE) is new generation spatial verification method (Davis et al., 2009). These
approaches permit an evaluation of forecast skill in more consistent way. Two fields can
be compared using the MODE. Forecast can be referred as field one and observation can
be referred as second field. Object attributes are calculated and compared, and are used
to associate (merge) objects within a single field, as well as to match objects between
the forecast and observed fields. The main goal of this research work is to evaluate
the performance of IMERG product using large scale ground stations over Nepal and
to examine the accuracy of the IMERG in estimating extreme events and detect the
position of heavy rainfall events.

2. Materials and Methods
2.1 Study Area

Nepal is a mountainous country located on the southern slope of the central
Himalayas (Figure 1) covering an area of 1, 47,516 km2. It is extended within an east-
west distance of about 885 km and north -south distance of about 193 km from 26°
22" N to 30° 27" N in latitude to 80° 40" E to 88° 12’ E in longitude. Rapid altitudinal
gradient from 59 m in the southern Terai plane to Mount Everest 8,848.86 m in the
northern Himalayan range leads to heterogeneous weather and climatic distribution
over the country. South Asian Summer Monsoon (SASM) and westerlies dominate the
seasonal variability with maximum rainfall during the summer monsoon season (June
-September) with ~80% of annual precipitation followed by pre-monsoon (March-May,
12.5%), post-monsoon (October-November, 4.0%), and winter (December—February,
3.5%) (Karki et al., 2017; Nayava, 1980). Monsoon season is extensively wet with large
amount of rainfall throughout the country. Nepal receives winter precipitation during
the winter season in the form of snow in the high elevation areas. The annual cycle of
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precipitation shows that July receives the highest precipitation followed by August, and
it is equal to half of the total annual precipitation (Talchabhadel et al., 2018).
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Figure 1. Study area and spatial distribution of selected 310 ground stations over the study
region. The study area was divided into three subregions: Western (80-82°E), Central (83-85°E)
and Eastern (86-88°E).

2.2 Data sets
2.2.1 Ground station data

For this study, the rainfall observations from 310 ground stations maintained by
the Department of Hydrology and Meteorology (DHM), Nepal were used for the time
period from December, 2015 to December, 2017 (Figure 1). Each 24 hour cumulative
rainfall is measured at 03:00 UTC due to local time is 5 hour 45 minutes ahead of UTC
time. This implies that a measurement dated 1st December includes the interval from
30th November 03:00 to 1st December 03:00 UTC.

2.2.2 IMERG product

In order to provide a finer and more accurate global precipitation estimation,
NASA and JAXA have launched Global Precipitation Measurement (GPM) as the
successor of TRMM in early 2014. Among different products of GPM, IMERG product
with 0.1° spatial resolution and half an hour temporal resolution is used in this study.
Depending on the calibration time, IMERG provides three types of products: the
near-real-time “Early” run and “Late” run product, and the post-real-time “Final”
run product. The IMERG “Early” run (hereafter called IMERG-E) and the “Late” run
(hereafter called IMERG-L) product are released about 4 h and 12 h after the observation
time respectively while the IMERG “Final” run (hereafter called IMERG-F) product is
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released about 2.5 months after the observation. Early and Late run are multi-satellite
precipitation product, while, Final run is calibrated with the Global Precipitation
Climatology Centre (GPCC) precipitation gauge analysis (Hou et al., 2014; Huffman
et al., 2019), and mostly recommended for research. The IMERG satellite constellation
consists of one core observatory (GPM-CO) satellite and about ten partner satellites,
equipped with the latest Dual-frequency Precipitation Radar (DPR), conical-scanning
multichannel IMERG Microwave Imager (GMI) and many other advanced instruments,
which can detect heavy to light rain and snow (Huffman et al., 2019). In this study, freely
available IMERG L3 Day-1 IMERG Final Run V06 (IMERG_3IMERGHH) (hereafter
IMERG), data is used.

2.3 Methodology
2.3.1 Gridded data preparation

The daily data collected from DHM were made interpolated in R Studio using
widely used interpolation technique, ordinary kriging. Kriging incorporates spatial
correlation between stations and provides unbiased predictions with minimum
variance (Li et al., 2013). Kriging has become a widely preferred interpolation method
to estimate the spatial distribution of climate variables including rainfall (Adhikary et
al.,, 2017). Therefore, in this study observed rainfall from stations were interpolated to
0.1° x 0.1° using ordinary kriging method to be used for assessment of IMERG at grid
level.

2.3.2 Evaluation statistics

The continuous statistical metrics such as Standard Deviation (SD), Correlation
Coefficient (CC), Root Mean Square Error (RMSE) and Relative Bias (RB) were used to
quantitatively compare the performance of the Satellite Precipitation estimates relative
to the precipitation gauges taken as the reference.
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Where,
n=number of samples;
R=mean precipitation;
Si= i value of satellite estimated rainfall;
S = mean satellite estimated precipitation;
0i= i value of Gauged precipitation;
0= Mean Gauged Precipitation

To evaluate the precipitation detection capability, we used following categorical
statistical metrics:

Accuracy: Accuracy shows the overall percent correctness of the forecast. The
value ranges from 0 to 1 and the perfect score is 1.

Bias Score or Frequency Bias (BIAS): The bias score or frequency bias (BIAS) is
the ratio of the total events forecast to the total events observed. The forecast system is
said to have a tendency to over-forecast or under-forecast events if BIAS>1 or BIAS<1
respectively.

Probability of Detection (POD): POD represents the ratio of precipitation
occurrences correctly detected by the SPPs to the total number of actual precipitation
events. The perfect score is 1 which represents the accurate detection (forecast).

False Alarm Ratio (FAR): FAR reveals the ratio of precipitation occurrences
falsely detected to the total number of detected precipitation events. The perfect score
for FARis 0.

Threat score (TS): TS describes the overall ratio of precipitation events correctly
detected by the SPPs. The value ranges from 0 to 1 with upper limit representing perfect
score.

2.3.3 MODE verification

For this study, MODE is applied for manual observed data and IMERG. Firstly,
all these precipitation data are regridded to regular lat/lon grid of 4 km using bilinear
interpolation in NCAR Command Language (NCL). MODE analysis is carried out
by considering manual observation as a reference. Precipitation objects are defined
for threshold values 150/100 mm, 100/75mm, 75/50mm/24hr. for individual objects
and cluster. Here in 150/100mm, 150mm denotes the 24 hour rainfall in a station and
100 mm denotes rainfall within defined cluster and similar definition for other two
threshold values. This allows us to focus on very intense phenomena only, and to
eliminate regions with little precipitation amounts that are not relevant in the context
of this extreme precipitation study. For a particular object pair, the total interest (Davis
et al., 2009)is defined as:

PINATLY
I =&= 5
L Xlem ©

Where, |j is the j-th objects pair and i indicates the number of the single evaluation
attributes. M is the total number of attributes considered. F is the interest function which
covers a scale from 0 to 1 and quantifies the agreement of the observed and modeled
object characteristics.
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3. Results
3.1 Extreme Rainfall Event: A Case Study

Here in this study, one of the severe extreme rainfall events that occurred on 12-
13 August, 2017 in the central and south-eastern parts of the country is investigated,
which resulted floods in 21 districts in Terai belt (Disaster & Governments, 2017). The
highest rainfall of 516.2 mm recorded on 13 August at Hetauda climate station, while 18
stations reported greater than 250 mm/day rainfall.

The performance of IMERG in estimating precipitation of that particular event,
which occurred on 13 August, 2017 was investigated. The spatial distribution of
observed rainfall shows the highest rainfall area around foothill of central Himalayan
(Figure2). In addition, other two isolated rainfall areas around south-east Terai and
western Terai are shown from spatial distribution of observed rainfall (Figure 2a).
However, the spatial extent of the extreme precipitation estimated by IMERG shows
that the IMERG captures the general pattern of extreme precipitation reasonably well
with underestimation of rainfall amount. Further, the zone of maximum precipitation
is spatially shifted towards west (Figure 2b). Also, the statistical verification of IMERG
satellite product is carried out by calculating several statistical metrics.
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Figure 2. Spatial distribution of 1-day extreme rainfall on 13 August, 2017

Table 1. Categorical scores for extreme rainfall event

Threshold Accuracy POD FAR TS
>Imm 0.96 1.00 0.05 0.95
>10 0.78 0.84 0.15 0.73
>25 0.77 0.81 0.27 0.62
>50 0.82 0.74 0.34 0.53
>75 0.80 0.50 0.65 0.26
2100 0.84 0.44 0.85 0.12
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Table 2. Summary for continuous statistical scores for extreme rainfall event

CC SD BIAS RMSE
0.54 42.13 0.62 76.47

Statistical performance measures like Accuracy, POD, FAR, BIAS and TS were
applied for each threshold across the whole country, by using a 2x2 contingency table.
In this study, primarily higher thresholds of precipitation were focused since the
devastating flood and landslide are consequences of high precipitation rates.

Table 1 indicates that the IMERG has good precipitation detection ability (POD)
at lower threshold value. The detection capacity decreases with increasing threshold
value. Higher accuracy and lower FAR for threshold value of >Imm depicts the
good estimation of rainy days. On increasing threshold values of rainfall, accuracy is
simultaneously found to be increasing with threshold values which conclude that the
IMERG gives comparatively accurate result for this particular event. Statistical metrics
of the IMERG during the 2017 flood event is shown in Table 2.

3.2 MODE Object Based Verification

Following the MODE technique using NCAR MET tool, precipitation objects for
SPPs and observation have been identified corresponding to different threshold value of
150/100, 100/75 and 75/50 mm/24 hr. (Figure 3, 4 and 5) for individual object and cluster.
This process allows us to focus only on intense phenomenon by filtering out lighter rain
areas which are not meaningful for this study. The extreme events are selected based
on having rainfall equal or greater than 75 mm rainfall or more in one day. According
to this criterion, seven events (July 22, 2016, July 2, 2017, July 9, 2017, July 10, 2017,
Aug 4, 2017, Aug 12, 2017 and Aug 13, 2017) were identified during the study period
which exceeds the 75mm threshold value. For this study, the satellite estimated rainfall
object is denoted as forecast object. Red and green object means forecast are matched
with observation object while blue object shows the unmatched between observed
and forecast. Forecast objects are shown by the outlines. In this study, forecast means
IMERG estimated rainfall.

3.2.1 Threshold value of 150/100mm/24hr

The MODE analysis of individual object and cluster for threshold value of
150/100 mm/24hr. is summarized in Figure 3. Among the seven rainfall events, MODE
identified two extreme rainfall events at this particular threshold value. IMERG failed
to estimate rainfall for other events taken under consideration except for July 22, 2016
and Aug 13, 2017. The total interest value is higher (0.96) for July 22, 2016 showing
the better performances of IMERG for that particular event. The highest rainfall area
around Hetauda region is shown by IMERG. However, the eastern and western rainfall
areas are not captured by IMERG. In July 22, 2016, forecast area is greater (71grid
squares) than observed area (58grid squares) means there is overestimation of areal
extent of IMERG whereas in August 13, 2017, forecast area (245grid squares) is less
than observed area (596grid squares) means there is underestimation of areal extent of
IMERG estimated rainfall (Annex 1). Additionally, IMERG shows westward shifting of
location than observation (Figure 3).

86



Regmi et al., (2021)/ Assessment of Heavy Rainfall.../79-95

(a) July 22, 2016 (b) Aug 13,2017

Figure 3. Observation object with forecast outlines for 150/100mm/24 hr. Red and green object
means forecast are matched with observation object while blue object shows the unmatched
between observed with forecast.

3.2.2 Threshold value of 100/75mm/24hr

The summary of forecast and object field compared at threshold value of
100/75mm/24hr. is shown in Figure 4 and summarized in Annex 2. In addition to
events identified under 150/100 mm/24hr. threshold criteria, two new rainfall events
are detected for threshold value of 100/75mm/24 hr. Altogether, four rainfall events
(July 22, 2016; July 10, 2017; Aug 4, 2017 and August 13, 2017) were detected by MODE
analysis. Similar results is obtained for this threshold value showing the west ward
shifting of rainfall area by IMERG which is consistent with (Karki et al ., 2018), which
may be due to a coarser resolution of IMERG. Also, it is evident that the number of
detected pairs increases as the threshold value decreases for some of the events (Figure
4). As the total interest value measures the degree of correspondence between observed
and satellite estimated precipitation pattern, this indicates that the IMERG satellite
estimates is capable to reproduce some of the patterns of extreme rainfall events. Total
interest value is highest (0.98) for July 22, 2016 whereas lowest (0.76) for Aug 4, 2017.
The number of detected pair is higher for Aug 13, 2017. Forecast areas of three events
i.e. July 22, 2016; July 10, 2017 and Aug 4, 2017 is greater than observed areas means
there is overestimation of areal extent of IMERG estimation, but forecast area of Aug 13,
2017 is less than observed area means there is underestimation of areal extent of IMERG
estimation.

(a) July 22, 2016 (b) July 10, 2017
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(c) Aug 4, 2017 (d) Aug 13, 2017

Figure 4. Observation object with forecast outlines for 100/50mm/24hr. Red and green
object means forecast are matched with observation object while blue object shows the
unmatched between observed with forecast.

3.2.3 Threshold value of 75/50mm/24hr.

MODE analysis of IMERG rainfall estimates and observation is also carried
out for threshold value of 75/50mm/24hr (Figure 5). From the whole study period,
seven rainfall events are selected for MODE analysis. Intersection area of forecast and
observation area on July 2, 2017 and July 9, 2017 is zero indicating false estimates of
IMERG to observation which is also verified from the low total interest value Annex
3. The total interest value for July 10, 2017 and August 4, 2017 is 1 indicates the best
correspondence between satellite estimates and observation. The number of satellite
estimates object is highest (6) for July 10, 2017 which is higher than observed objects
(2) for same day showing the overestimation of rainfall by IMERG. Forecast area of
six events i.e., July 22, 2016; July 10, 2017; July 2, 2017; July 9, 2017; August 4 2017; and
August 12, 2017 is greater than observed area means there is overestimation of areal
extent of SPPs, but forecast area of August 13, 2017 is lower than observed area means
there is underestimation of areal extent of SPP. Westward shifting of satellite estimates
is also seen for some of the events.

Taking all three thresholds in one, we see as on decreasing threshold values,
the number of objects detected by satellite increases. There is underestimation of areal
extent of SPP in the event of August 13, 2017 in all three threshold values. Except this
event, there is an overestimation of areal extent of SPP of the other six events of heavy
rainfall in all three threshold values. Centroid distance provides a quantitative sense
of spatial displacement of forecast (SPP). Centroid distance is less means there is small
displacement of forecast, which is good.
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(a) July 22, 2016 (b) July 22, 2017

(c) July 9, 2017 (d) July 10, 2017

(e) Aug 4, 2017 (f) Aug 12, 2017

(g) Aug 13,2017

Figure 5. Observation object with forecast outlines for 75/50mm/24hr. Red and green
object means forecast are matched with observation object while blue object shows the
unmatched between observed with forecast.
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4. Discussion

This study evaluated the performance of IMERG satellite product in detecting
heavy rainfall events with reference to the observed rainfall over Nepal during the
study period from Dec, 2015 to Dec, 2017. As seen from the results presented above, the
performance of satellite precipitation estimates in depicting the precipitation changes
over Nepal is location dependent. Consistent with this suggestion, earlier studies have
also noted that the performance of IMERG in depicting precipitation changes over other
regions is location dependent; (Prakash et al., 2016; Sahlu et al., 2016). For example,
Gaona et al., (2016) noted that IMERG tends to underestimate the total precipitation
amount over the Netherlands, while Prakash et al., (2018) noted that IMERG tends to
overestimate the precipitation amount over the Arabian Sea and the Bay of Bengal.

It is identified that the spatial extent of an extreme precipitation on August 13,
2017 was east-west oriented band of maximum precipitation around the foothills of
the Himalayas. It is important to mention that whole country experienced widespread
distribution of rainfall during that event. Moreover, that particular event features three
isolated centers located in western, central and eastern Nepal and the zone of extreme
precipitation was localized in central Nepal. Record highest 24 hour accumulated
rainfall of 516.2 mm was observed at Hetauda station, located in central Terai region
(less than 500 m elevation) ( Figure 2). This result is consistent with Tachabhadel et al.,
(2020). They found one day extreme precipitation peaks are found at lower elevation
(<1000m) which lies in first southern lower mountain range (Churiya range). As
mentioned by Kadel et al., (2017), extreme precipitation is expected to be more severe in
future on different warning scenario. Hence, the high spatial and temporal resolution
of IMERG satellite product is indeed a better source of rainfall data to study extreme
events over Nepal.

Compared to observed data, IMERG underestimates the 24-hour precipitation
amount. IMERG estimates shows west ward shifting of extreme precipitations area
which may be due to the low spatial resolution of IMERG satellite data. It agrees with
the similar research done by for extreme rainfall events of August 14, 2014 over Nepal
(Karki et al., 2018).

MODE analysis was done to detect the spatial location of heavy rainfall. During the
study period, seven events were detected as heavy rainfall events. They were analyzed
using different thresholds i.e. 150/100mm/24hr, 100/75mm/24hr and 75/50mm/24hr. In
150/100mm/24hr threshold, only two events were detected. In 100/75mm/24hr, four
events were detected and in 75/50mm/24hr, seven events were detected. Also, number of
objects detected by IMERG increases as threshold value decreases. In most of the heavy
rainfall events, westward shifting of satellite rainfall is observed. Observation area and
forecast area of all events were calculated to see either the over or under estimation of
areal extent of SPPs. Among the cases in consideration for different threshold values,
event of August 13, 2017 was the widespread event. SPP also indicated the same
however event coverage/areal extent was underestimated by SPPs. Also, in all three
cases of August 13, 2017 event, forecast area is less than observation area means there is
an underestimation of areal extent of SPPs.
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5. Conclusions

This study evaluates the recently released multi-satellite IMERG precipitation
product for its accuracy to represent the extreme precipitation events using 310 DHM
rain gauge observations over Nepal between December, 2015 and December 2017.

Overall, the IMERG products underestimated the observed extreme precipitation
events over Nepal. We have also analyzed the extreme precipitation event occurred
at Hetauda climate station on August 13, 2017 having rainfall of 516.2 mm. IMERG
product well captured the heavy rainfall amount; however, it failed to capture the exact
locations estimated by gauge station (with westward location shifting). Analysis using
MODE tool further revealed that the IMERG estimates shows westward shifting of
heavy rainfall areas in most of the events, which may be related to spatial resolution of
IMERG product. Furthermore, on decreasing the threshold value of rainfall the number
of detected pair of objects is increased. Moreover, this study recommends to future
study need to focus on the applications of satellite rainfall products in hydrological
modeling, flood forecasting and natural hazard prevention over this mountain region.
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