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Numerical weather modelling has piqued the attention of the hydrological community because precise
predictions from the models might lessen the extreme hydrological repercussions. Despite the paucity of
existing studies, significant tropical storms frequently aAect the Asian island of Sri Lanka. This research
investigates the Weather Research Forecast (WRF-ARW) model’s cumulus parameterization condition
and physical parameterization schemes for a 2019 northeast monsoon event over the Badulu Oya Basin,
Sri Lanka. Three cumulus schemes (Kain–Fritsch (KF), Betts–Miller–Janjic (BMJ) and Multi-scale
Kain–Fritsch (MKF)) and four microphysics schemes (WRF single-moment 5-class (WSM5), WRF
single-moment 6-class (WSM6), Kessler (KSL) and WRF double moment 6-class (WDM6)) were eval-
uated for their impact on modelled rainfall. The model performances were assessed using 24-hr accu-
mulated model rainfall and observed rainfall with various model conBgurations at a horizontal grid
resolution of 3 km using categorical and two quantitative comparison techniques. The study concluded
that the activated KF scheme with a Bner domain resolution (3 km) would be preferred for cumulus
parameterization in the study region. The KF-WSM5 combination was the best since it produced the
highest statistics: ETS is 0.38, B is 0.95, r is 0.76, NSD is 1.06, NRMSE is 0.72, and CCPA is 75%.

Keywords. High-resolution WRF-ARW model; northeast monsoon rainfall; Badulu Oya catchment;
cumulus condition; microphysics.

1. Introduction

The Indian Ocean possesses robust intraseasonal
atmospheric Cuctuation, where a boreal summer
oscillation can substantially modify the phases of
the South Asian monsoon as it propagates towards
the Bay of Bengal (Lawrence and Webster 2002;

Bandurathna et al. 2021). Sri Lanka, a country
adjacent to the Indian subcontinent, is susceptible
to dramatic shifts in rainfall due to the advent of
low-pressure systems that trigger pressure gradi-
ents in the Bay of Bengal. These Cuctuations
develop into intense tropical storms across the
island during the early phase of the northeast
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monsoon and the late phase of the southwest
monsoon (Perera et al. 2017; Rajapaksha et al.
2020; Ruwangika et al. 2020). The northeast
monsoon is prevalent from December to March,
whereas the southwest monsoon is prevalent from
May to September. These storms typically create
significant Cooding and landslides around the
nation, drowning entire areas and damaging
dwellings. Therefore, accurate forecasting of severe
precipitation episodes at various temporal scales
has substantial scientiBc and economic
ramiBcations.
In Sri Lanka, monsoon-induced heavy precipi-

tation events have not received much attention
from various perspectives or numerical weather
prediction models (NWPs) over the previous few
years. Darshika and Premalal (2015) applied the
Weather Research and Forecasting (WRF) model
to examine rainfall events associated with the 2014
northeast monsoon across Sri Lanka at a 30 km
lower resolution. They concluded that Kessler and
Kain–Fritsch, WSM5 and Kain–Fritsch, WSM6
and Betts–Miller–Janjic were able to forecast
observed rainfall patterns across the island’s
northeastern coastline regions and in the interior
areas next to the coast as microphysics and
cumulus parameterization, but those combinations
were failed to record the distribution of rainfall
anywhere else on the island. Another WRF model
investigation was conducted by Nandalal et al.
(2012), who examined rainfall episodes associated
with the 2008 and 2009 at a 5 km resolution. The
investigation concluded that the Ferrier micro-
physics and Kain–Fritsch cumulus schemes yielded
good rainfall forecasts for the Nilwala river basin.
Muhammadh et al. (2017) attempted to replicate
two monsoon rainfall events in Sri Lanka over the
Upper Mahaweli basin using the RegCM model by
selecting appropriate physics options with a 10 km
resolution and arrived at the conclusion that the
Emanuel cumulus convection scheme (Emanuel
1991) in the RegCM model is the Bnest. Ban-
durathna et al. (2021) evaluated the forecasting
ability of existing dynamic models for modelling
the southwest monsoon by leveraging ECMWF
simulation data from the S2S project (subseasonal
to seasonal prediction project of the World
Weather Research Program/World Climate
Research Program) over Sri Lanka. The results of
the experiment revealed that the wind index is
more accurately predicted by the ECMWF
(European Centre for Medium-Range Weather
Forecasts) model than the rainfall index. Because

all of these studies are primarily concerned with
establishing the optimal physics scheme combina-
tion to simulate the observed monsoon precipita-
tion events, little is known regarding performance
when the cumulus physics scheme (CPS) is turned
oA within the Bner domain resolution.
The CPS in NWPs indicates the inCuence of

convection on environmental variables, whereas a
microphysics scheme (MPS) describes precipita-
tion with grid-resolved variables (Kwon and Hong
2017). Earlier studies have shown that NWPs’
precipitation predictions are directly inCuenced by
the CPSs and MPSs, while the precipitation sim-
ulation is less dependent on MPS than the CPS
(Nasrollahi et al. 2012; Chawla et al. 2018; Liu et al.
2018). CPS is crucial for controlling the amount of
water vapour present in a computational model
that simulates latent heat discharges and vertical
Cuxes (Arakawa 2004). Heat is released from con-
densation in convective processes when atmo-
spheric motion is combined, providing a credible
explanation for observations (Zhang et al. 1998;
Donner et al. 2001). The CPSs are multiplied by
their numerous intricate subgrid Cux parameteri-
zations (Kwon and Hong 2017). The moisture
convergence type, adjustment type and mass-Cux
type are the three leading CPS classes (Kwon and
Hong 2017). The two primary objectives of dra-
matically extended CPSs are to locate mass-speci-
Bc vertical integration of cumulus heating and to
acquire vertical scatterings of cumulus amounts
(heating and drying amounts) (Kuo 1974; Arakawa
2004).
The leading assumption while making the med-

ium-range forecasts using the Global Climate
Models (GCMs) is that the amount of upCow
clouds is minimal compared in relation to the grid
box in the model. In the context of climate com-
munities, this supposition applies to GCMs with a
grid size greater than 10 km, but it is erroneous for
grid resolution of less than 5 km (Kwon and Hong
2017). Many investigations on the MPSs of regio-
nal models with horizontal grid spacing under 5 km
have been performed, omitting CPSs, which are
assumed to be a scale for resolving clouds (Bryan
and Morrison 2012; Schwartz and Liu 2014;
McMillen and Steenburgh 2015). All the conducted
studies are unable to reach the best conclusion even
when the CPSs are disregarded because grid-scale
impact at the tested resolution, which is less than 5
km, does not adequately resolve the precipitating
convection (Clark et al. 2012). The ‘gray zone’
eAect refers to this phenomenon and beyond the
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upper bound of model horizontal grid spacing,
which is in the 2–10 km range. To assess if a CPS
is best for their horizontal grid scale, users must
either disregard the scale altogether or conduct
straightforward testing (Hong and Dudhia 2012;
On et al. 2018). Even though no CPS is utilised in
the high-resolution inner domains, the eAects of the
CPS may spread from the outer domain to the
high-resolution inner grids across the borders in
NWPs (Li et al. 2018). Given these facts, the
employment of cumulus parameterization schemes,
frequently with model grid resolutions below 10
km, is still controversial (Li et al. 2018).
TheMPS, regarded as more robust than the CPS,

is activated when the average relative humidity in
grid cells is more than 100%. Water vapour, cloud
droplets, graupel, raindrops, snow and hail are
significant species on a microscopic scale, and the
segregation of these species is determined by the
characteristics of atmospheric dynamics and ther-
modynamics (Huang and Wang 2017). Most MPSs
contain two or three ice categories used in NWPs
and climate models. The significance of micro-
physical processes in forecasting precipitation from
thunderstorms and synoptic scale convective sys-
tems has been underlined in numerous studies (De
Meij et al. 2018; Maheskumar et al. 2018). Incor-
porating microphysics of clouds with a mixed
ice–water phase into the NWP model improves
convection model outcomes notably and becomes
more significant for rainfall situations linked to
surface cyclone systems connected to monsoonal
precipitation (Lim and Hong 2005). According to
Huang et al. (2016), the distribution of large-scale
vertical motion was closely related to the Cuctua-
tion of precipitation intensity with MPSs.
Regional Climate Models (RCMs) are strenu-

ously focused on reCecting the regional character-
istics rather than the global conditions that are
dynamically combined to GCMs for overcoming
the GCM constraints (Mukhopadhyay et al. 2010;
Yang et al. 2012; Ji et al. 2013; Bliznak et al. 2019).
One of the most prominent RCMs for simulating or
forecasting regional weather and climate at a rea-
sonably high resolution is the WRF model (Avolio
and Federico 2018; Hasan and Islam 2018; Ska-
marock et al. 2019; ScaA et al. 2020). Advanced
Research WRF (ARW) dynamical core within the
WRF model is extensively utilised in regional cli-
mate research with Bne tweaking its inherent
physics schemes: microphysics scheme (MPS),
cumulus physics scheme (CPS), surface layer
scheme, planetary boundary layer scheme, land

surface scheme, short wave radiation scheme and
long wave radiation scheme (Kumar et al. 2008;
Dudhia 2014; Dasari and Salgado 2015; Skamarock
et al. 2019). Previous research has revealed that the
Penn State/NCAR Mesoscale Model 5 (MM5) has
lesser simulation capabilities than the WRF-ARW
model (Bruno et al. 2014; Lee et al. 2015; Tian et al.
2017).
This study’s primary goal is to analyse any

ambiguity regarding the suitability of CPSs for Bne
resolution. A number of WRF-ARW model simu-
lations were executed to assess the results of using
and not using a CPS (Kain–Fritsch (KF), Betts–
Miller–Janjic (BMJ) and Multi-scale Kain–Fritsch
(MKF)) within the innermost nest (3 km). An
actual rainfall event in December 2019 was emu-
lated to assess how eAectively the tested model
combinations performed in correctly predicting the
spatial distribution of daily accumulated rainfall
across the Badulu Oya basin. An inter-comparison
was performed at one-by-one rainfall stations using
model results and recorded precipitation daily data
for the selected northeast monsoon rainfall event
over the catchment. Reliability of the amount and
position location of the rainfall was evaluated
using categorical and two quantitative comparison
techniques, which involved correlating the mod-
elled 24-hr precipitation result to the real 24-hr
precipitation quantities. The research methodol-
ogy, including the study location, precipitation
event of interest, model conBguration, design of
experiments, data and result comparison method-
ologies utilised for the tested event, are presented
in section 2 of this article. After an overview of the
Bndings in section 3, general conclusions are pre-
sented in section 4.

2. Materials and procedures

2.1 Study area and extreme precipitation event
in December 2019

Sri Lanka is a country in South Asia situated in the
main Indian Ocean Sea lanes within a latitude
range of 5�550–9�510N and a longitude range of
79�420–81�530E. The Badulu Oya watershed is a
key sub-catchment of the upper Mahaweli drainage
basin, covering an area of 404 km2 inside the dis-
trict of Badulla (Bgure 1). The Badulu Oya travels
59 km across the country’s central highlands before
joining the Mahaweli River, Sri Lanka’s largest
river. The catchment receives between 1500 and
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2000 mm of rain each year (Atukorala 2012;
Ruwangika et al. 2020). High showers in the
Badulla area result from the northeast monsoon,
which is characterised by a predominance of
mesoscale characteristics over synoptic features
due to poor wind stream on the northeast side and
a poor significant pressure variation. The extreme
rainfall events often trigger massive landslides on
the steep farmlands within the Badulu Oya region.
This typically occurs whenever there is 75–100 mm
of continuous rain over two days (Perera et al.
2017).
The Badulu Oya watershed received high pre-

cipitation in numerous areas in December 2019.
During the Brst week of December 2019, the Indian
Ocean Dipole was significantly positive ([2), and
the Madden–Julian Oscillation (MJO) was in
phases 2-3, which were favourable for the devel-
opment of northeast monsoonal storms in Sri
Lanka (Balachandran et al. 2020). The northeast
monsoon produced a severe rainfall event from
December 1–8, 2019, with the daily maximum
rainfall amount of 130 mm reported in the Lower

Spring Valley area within the Badulu Oya catch-
ment on December 4, 2019 (Ministry of Defense
2019; DMSL 2020). A total of 14,164 people (4153
families) across 14 districts, including the Badulla
area, were impacted by the rainfall event. Since
November 30th, 2019, one person has been reported
missing, and Bve deaths have been reported. Severe
storms and landslides caused 259 houses to be
slightly destroyed, six houses to be completely
destroyed, and 3149 people from 946 families to be
shifted into one of the 29 sites put up throughout
numerous districts, including the Badulla area, to
support those who were aAected (Government of
Sri Lanka World Food Programme 2019). Many
main roadways in Badulla and the surrounding
regions were impassable due to earth slips and
inundations caused by the extremely heavy rainfall
(StaA Writer 2019).

2.2 WRF model and experimental design

The National Center for Atmospheric Research’s
(NCAR) WRF model, version 4.1.3, was utilised

Figure 1. Badulu Oya catchment including locations of the selected rainfall gauges.
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for the simulations. The WRF-ARW dynamical
core model includes physics options such as radia-
tion schemes, boundary layer options, and cumulus
schemes, which also has the potential to support
several nesting. Available physics choices of
parameterization schemes differ in complexity,
eAectiveness, applicability, and computing expense
cost (Skamarock et al. 2019; National Center for
Atmospheric Research 2020). Only the micro-
physics and cumulus schemes were altered for the
present investigation, while the other schemes
remained unchanged, and the same scheme was
introduced into all domains for the particular
model experiment in order to attempt to reduce
discrepancies at the processing grid interface
(Warner et al. 1997). Table 1 lists the WRF-ARW
model options utilised in this investigation. This
study used a two-way nested domain conBguration
due to its better precipitation prediction ability
compared to a one-way nesting setup. This is
attributed to the absence of inconsistency between
the outcomes of parent and nested grids. In this
setup, wherever the coarse and nested grids over-
lap, there is an interaction between the two, and
the solution on the coarse grid depends on the
nested grid (Madhulatha et al. 2021). This research
evaluated the daily accumulated rainfall as of 0600
UTC on each day over a span of 7 days. This model
start time (0600 UTC) was selected so as to

account for minor temporal variations of the Bled
recording time in the 24-hr rainfall data provided
by the Department of Meteorology in Sri Lanka
(DMSL).
Lateral boundary and starting conditions from

the GCMs are mandatory for the WRF-ARW
model to run as a high-resolution area-speciBc
model (Skamarock et al. 2019). For preliminary
and lateral constraints, 1-degree by 1-degree grids
with high-resolution NCEP (National Centers for
Environmental Prediction) Final Analysis (GFS-
FNL) produced at 6-hr intervals were utilised
(National Center for Atmospheric Research 2019).
The outer domain received the preliminary and
lateral constraints during the model simulations,
which resulted in the necessary boundary con-
straints for the inner domains. The most widely
utilised terrestrial dataset in WRF studies was
provided through the WRF users’ website
(National Center for Atmospheric Research 2020),
which was inserted as the model’s input terrestrial
data here.

2.3 Cumulus and microphysical
parameterization sets

For the investigation, three CPSs and four MPSs
were chosen with enough variation in the treat-
ment of ice particles, parameter distribution and

Table 1. Modelling selections in this research.

Variables Selected alternative Citations/comments

Software WRF-version 4.1.3 (National Center for Atmospheric Research 2020; Skamarock et al.

2019); Advanced Research WRF (ARW) dynamical core was

engaged

Domains 27 km (D1)/9 km (D2)/3 km (D3) 100 9 100, 100 9 100 and 34 9 34 were selected for horizontal and

vertical grid points, see Bgure 2

Time step 100 seconds A ratio of 3:1 was used for nests

Modelling

duration

Start: 0600 UTC (Coordinated

Universal Time) on 01 December

2019

End: 0600 UTC on 09 December 2019

8 days; Brst 24 hours (Brst day) considered as the spin-up period and

each day within remaining 7 days were investigated

Planetary

boundary

layer

Yonsei University scheme (YUS) (Hong et al. 2006); eAectively applied to real-time convective

predictions

Long wave

radiation

The Rapid Radioactive Transfer

Model (RRTM)

(Mlawer et al. 1997); represent subgrid scale radiative processes

Short wave

radiation

Dudhia scheme (Dudhia 1989); eAect of solar zenith angle was taken into account

Land surface UniBed Noah scheme (Mukul Tewari et al. 2004); surface heat Cuxes compared favorably

with observations

Surface layer Revised MM5 scheme (Jimenez et al. 2012); proper represents the land surface properties
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complexity between them. Every experiment com-
bines a CPS with an MPS while activating cumulus
parameterization for every domain despite the res-
olution. Numerous comparative studies to examine
the eAects of using (or not using) the various
schemes could not be performed due to computer
capabilities and time framework. On the basis of
their performance in previous studies, Bve model
combinations relating to the identiBed CPSs and
MPSs were evaluated (Kumar et al. 2008; Nandalal
et al. 2012; Darshika and Premalal 2015; Chawla
et al. 2018; De Meij et al. 2018; Rodrigo et al. 2018;
Singh et al. 2018; Samarasingha et al. 2021). Only
the inner grid’s output meteorological data was
evaluated in this research study. The inner grid
lies within the gray zone grid scale limit, where
it is uncertain whether to use the cumulus
scheme (Hong and Dudhia 2012; On et al. 2018).
Given this information, a simulation with explicit
cumulus formation at a 3-km resolution (D3) and
the activation of CPS in the outer domains (D1 and
D2) was included in this investigation to examine
the relationship between precipitation and the
status of the CPS. This research consists of ten
trials: Bve with the chosen CPSs and MPSs and Bve
with the CPS turned oA in the inner domain of the
same speciBed combinations.

2.3.1 A simple overview of selected cumulus
schemes

The three CPSs that are the focus of this study are
the following:

(a) The Kain–Fritsch (KF) scheme is a vertical
momentum dynamic with Lagrangian parcel
approach-based mass-Cux type parameteriza-
tion scheme. Generally, it can be divided into
three sections: the mass Cux generation, the
convective trigger mechanism, and the closure
presuppositions. These sections can describe
sub-grid scale characteristics of updraft and
downdraft processes that produce intense con-
vection. The small-scale processes that result
in convection can be explained by this model
(Kain 2004).

(b) The thermally-generated turbulent mixing in
convection is included in the Betts–
Miller–Janjic (BMJ) convective adjustment
scheme. An empirically derived quasi-equilib-
rium thermodynamic proBle is employed in
place of a wet adiabat as the reference state for
the deep convection. Deep convection has
more consistent temperature proBles, while
the moisture proBles vary more between equi-
librium states (Vaidya and Singh 2000).
According to Vaidya and Singh (2000), the
BMJ scheme suppresses the erroneous distri-
bution of rainfall in the Arabian Sea and the
Bay of Bengal.

(c) TheMulti-scale Kain–Fritsch (MKF) scheme is
an improved version of the Kain–Fritsch (KF)
scheme that accounts for the lifting condensa-
tion level-based entrainment and the subgrid-
resolution eAect of cloud radiation reactions
with the cloud updraft mass Cuxes. With the
intention of obtaining climate predictions at
grid spacings ranging from 3 to 9 km, these
modiBcations establish scale dependency for
several of these essential KF scheme elements
(Zheng et al. 2016).

2.3.2 A simple overview of selected microphysics
schemes

An overview of the selected MPSs is presented
below:

(a) The basic WRF single-moment 3-class
(WSM3) scheme provided development to the
WRF single-moment 5-class (WSM5) micro-
physics scheme. The mixed phase WSM5
incorporates Bve different species of water
(snow, ice, cloud, rain, and vapour) as prog-
nostic water substance variables (Hong and
Lim 2006). According to Hong and Lim (2006),

Figure 2. WRF domain conBguration with grid resolutions of
27 km (D1)/9 km (D2)/3 km (D3).
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the amount of rainfall increases as the number
of hydrometers increases for higher resolutions.
Additionally, their research stated that cloud
ice accumulation is a crucial element for
improving the simulation of monsoonal heavy
rainfall and large-scale in the eastern part of
Asia.

(b) Another predictive variable introduced to the
WSM5 in the WRF single-moment 6-class
(WSM6) scheme is the grain (six water spe-
cies). The representations of the ice cloud
attributes in these schemes are more accurate
when cloud radiation feedback is accounted. In
terms of upper-level mean temperature, the ice
cloud significantly impacts longwave heating
more than shortwave heating (Hong and Lim
2006).

(c) The Kessler (KSL) scheme is the most estab-
lished microphysics scheme utilised by the
WRF model. This liquid-only scheme incorpo-
rates rain, cloud water and water vapour. The
primary processes in this scheme are the
production, fall, and evaporation of rain, the
accretion and auto-conversion of cloud water
and the production of cloud water from
condensation (Mielikainen et al. 2013).

(d) The WRF double moment 6-class (WDM6)
system can account for the aerosol eAect of
clouds by taking into account both the mass
and concentration of cloud droplets. The
WDM6 scheme is an upgraded version of the
WRF single-moment 6-class microphysics
scheme (WSM6) that takes into account the
number of concentrations of cloud droplets
and rain. This scheme is superior to other
double-moment microphysics schemes because
it accounts for radar reCection (Lim and
Hong 2010).

In the following sections, each experiment will be
referred to as a combination of the ‘Cumulus-
Microphysics’ options; for example, the experiment
that combined Kain–Fritsch cumulus scheme with
the WRF single-moment 5-class microphysics
scheme will be referred as ‘KF-WSM5’. Five com-
binations: (i) KF-WSM5, (ii) KF-WSM6, (iii)
BMJ-KSL, (iv) MKF-WDM6 and (v) MKF-WSM6
were selected to assess the model performances.
The MPS solves for total precipitation when a CPS
is disabled inside the innermost domain (D3).
When this occurs, the combination is known as
‘OA-Cumulus-Microphysics’. For instance, ‘OA-
KF-WSM5’ refers to an experiment that combines

Kain–Fritsch cumulus scheme with the WRF sin-
gle-moment 5-class microphysics scheme and dis-
ables the CPS (KF) within the innermost domain
(D3).

2.4 Observation data and veriBcation methods
for WRF simulations

Surface observations provided by DMSL stations
in Kandaketiya, Ledgerwatte Estate, Badulla,
Telbedda Estate and Lower Spring Valley were
utilised to compare precipitation variables during
the examined duration of the event. The coordinates
for these Bve selected rain gauges are (7�1000.0000N,
81�100.0000E), (7�1060.0000N, 81�100.0000E),
(6�58060.0000N, 81�2060.0000E), (6�58042.0000N,
81�502.0000E) and (6�5500.0000N, 81�5060.0000E) as
shown in Bgure 1. Badulla and Kandekatiya are the
only stations of their type that have an automatic
recording period of 3 hours. The remainingmanually
operated stations have a precision of up to 0.1 mm.
Daily rainfall totals from these particular gauges
were used to evaluate the performance of the tested
models. The model simulations’ inner domain (see
Bgure 2) is where all comparisons are made. In the
WRF model, precipitation can be generated explic-
itly using the MPS (i.e., implicit precipitation) or
implicitly using the CPS (i.e., explicit precipita-
tion). This study deBned total precipitation as the
sum of these two types. The amount and location of
rainfall were examined using a categorical (2 9 2
contingency table) and twoquantitative comparison
techniques (normalised Taylor diagram and spa-
tiotemporal analysis), which involved correlating
the predicted 24-hr precipitation result to the
observed 24-hr precipitation quantities at each sur-
face rain gauge station.

2.4.1 2 9 2 Contingency table

The 2 9 2 cross-tabulation approach is extensively
employed in the statistical evaluation of predicted
and observed data in the categorical evaluation.
The accumulated daily rainfall of the selected Bve
rainfall stations over a seven-day period, which
contributed a total of 35 data pairs, was examined
for this evaluation. Threshold values for cumula-
tive rainfall of 1, 2, 5, 10, 25, and 50 mm/day are
commonly inferred for many documented cate-
gorisation computation techniques in the litera-
ture, with higher limits suggested if high-value
events have been recorded (Brown et al. 2004). As
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a result, this study assessed the 35 data pairings
using 10, 25, and 50 mm/day thresholds that have
more than Bve occurrences in the dataset, with
higher threshold limits equivalent to a substan-
tially regarded heavy precipitation event. The
proportion correct (PC), probability of detection
(POD), and false alarm ratio (FAR) were calcu-
lated separately under three threshold limits
(Wilks 2011). The bias (B) and equitable threat
score (ETS) were calculated separately for three
threshold limits and averaged to acquire an overall
view of the model performance (Wilks 2011). The
proportion of accurate projections is calculated by
PC and is inCuenced by both correct rejections and
hits. The PC can be between 0 and 1, with 1 being
the highest possible score. The POD, where 1 is the
best possible score, is derived by comparing the
percentage of observed precipitation that the
model correctly predicted and has a range of 0 to 1.
It is susceptible to the intensity of precipitation
that occurs throughout the event. FAR measures
the percentage of the predicted rainfall that did not
happen. This index disregards ‘misses’ and con-
siders how frequently rain fell during the event.
The bias (B), where the optimum value is 1, and
the value can range from 0 to inBnity, determines
how WRF simulated precipitation at more or fewer
stations than what was really recorded. The ETS
(Gilbert Skill Score) compares two sets of data and
applies the correction term for a successful simu-
lation caused by probability-driven simulation
success, with 1 being the best performance and 0
representing the same accuracy of the compared
data. The average values of ETS and B across the
three rainfall thresholds were utilised to succinctly
summarise the model’s performance in forecasting
rainfall. Below are the equations (1–5) for these
categories’ indices:

PC ¼ YYþNN

n
ð1Þ

POD ¼ YY

YYþNY
ð2Þ

FAR ¼ YN

YYþYN
ð3Þ

B ¼ YYþYN

YYþNY
ð4Þ

ETS ¼
YY� YYþYNð ÞðYYþNYÞ

n

YYþYNþNY� YYþYNð ÞðYYþNYÞ
n

: ð5Þ

The n possible combinations of modeled and
observed precipitation data with a rain/no-rain
scenario were compared using a 2 9 2 contingency
table to calculate the aforementioned indices. The
YY implies correct predictions that resulted in
precipitation (hits), the YN indicates correct
predictions that resulted in no precipitation being
recorded (false alarms), the NY denotes incorrect
predictions that resulted in precipitation being
recorded (misses), and the NN indicates incorrect
predictions that resulted in no precipitation being
either predicted or recorded (correct rejections).

2.4.2 Normalised Taylor diagram

Precipitation forecasts can be examined directly by
comparing them to observed data and computing
several statistical measures, such as standard devia-
tion, correlation coefBcient, bias, and root mean
square error. Integrating a wide range of variables
with a variety of different units, normalised Taylor
diagrams graphically display measures of correlation
and standard deviation (NCAR 2019). NSD (nor-
malised standard deviation), r (correlation coefB-
cient), bias error (Bias), and NRMSE (normalised
root mean square error) were calculated using the
accumulated daily rainfall of the selected Bve rainfall
stations over a seven-day period, yielding a total of
35 data pairs (see equations 6–9 below).

NSD ¼ rf
rr

ð6Þ

r ¼
1
N

PN
i¼1ðf i � f Þðri � rÞ

rfrr
ð7Þ

Bias ¼
ðf � rÞ

r
ð8Þ

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1
ðri�f iÞ2

N

r

rr
ð9Þ

where f i stands for forecast cumulative precipita-
tion values of the models, ri for reference (ob-
served) precipitation values, which are deBned at N
discrete points (in time and space). f and r are the

area-averaged mean values and rf and rr are the
standard deviations of f and r, respectively. Nor-
malised Taylor diagrams were used to visually
portray these statistics after reviewing the NCAR
website’s technical speciBcations (NCAR 2019).
WRF models that match reference accurately will
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be located closest to the x-axis point in the diagram
labelled ‘REF’. These WRF models will have
modestly low NRMSE, a fair amount of correlation
and the correct amplitude of variation (NSD). A
smaller bias score also indicates that the predic-
tions are reasonably close to the data.

2.4.3 Spatiotemporal analysis

The ArcGIS software with the inverse distance
weighting (IDW) technique tool was utilised to
compare the spatiotemporal distribution of pre-
dicted WRF rainfall data to rainfall gauge data
within 3 km 9 3 km (44 grid boxes) on the maxi-
mum daily rainfall recorded day. The IDW
approach employs an interpolation process in
which the inCuence of one point in relation to
another decreases as the distance from the grid
node increases by assigning weights to data points
with a weighting power (Lu et al. 2008). In the
present investigation, a power of two with a 3 km
output grid size, a variable search radius, the
observed values from Bve rainfall gauge stations as
input data, 44 cell points as output locations, and
the entire Badulu Oya catchment as a barrier were
utilised. The observed precipitation values for the
day with the highest total rainfall were computed
using the IDW interpolation method at the mid-
point of each of the 44 grid units. Finally, 44
observed values at the same grid points were
compared to the WRF output data. The Mean
Absolute Model Error Percentage (MAME; see
equation (10) below) was used to visualise the
difference between daily rainfall that was predicted
and observed (Samarasingha et al. 2021).

MAME ¼ ðf i � riÞ
r

� 100 ð10Þ

where f i denotes the model’s predicted cumulative
precipitation values, and ri is the reference
(recorded) precipitation values deBned at the grid
points. r is the area averaged mean value of
r. Grid-wise correctly predicted area (GCPA),
which was determined between –50% and 50% of
MAME, was utilised to evaluate the overall com-
petency of the models that were tested.

3. Results and discussions

According to the Thiessen polygon approach, the
acquired area-averaged precipitation values for
the modelled event are in Bgure 3 for the Bve

rainfall stations inside the study area. This
technique involves the construction of polygons
that perpendicularly intersect the midpoint of the
connecting line between two rain stations in the
study area. Subsequently, the area-averaged
rainfall value of Bve stations on a particular day
is calculated by computing the product of each
polygon’s area and the corresponding rainfall
value of the station located within the polygon,
and dividing the sum of these products by the
total area (Arianti et al. 2018). Combinations of
the KF-WSM5, KF-WSM6, OA-KF-WSM6,
MKF-WDM6, OA-MKF-WDM6 and MKF-
WSM6 follow the pattern of the area-averaged
observed value plot. Although the area-averaged
forecasted maximum rainfall amounts did not
match the area-averaged observed peak (86.4
mm/day) on December 4, 2019, KF-WSM5, KF-
WSM6, OA-KF-WSM6, MKF-WDM6, MKF-
WSM6 and OA-MKF-WSM6 were able to cap-
ture the peak.
As explained in the previous section, three

methods are used to evaluate the model’s 24-hourly
cumulative precipitation at the Bve observational
stations that collected 24-hourly gauge precipita-
tion data. The results of these methods are indi-
cated below.

3.1 Categorical veriBcation method comparison
– 2 9 2 contingency table

Figure 4 depicts the pertinent Bndings for the 2 9 2
contingency table analysis. OA-BMJ-KSL achieves
the greatest PC value (0.83) at the 25 mm limit,
whereas OA-MKF-WSM6 achieves the best PC
value (0.83) at the 10 mm bound. At the 50 mm
limit, KF-WSM5, OA-KF-WSM6, and MKF-
WDM6 had the most significant PC values (0.94).
MKF-WSM6 has the maximum POD value in both
the 10 mm (0.96) and 25 mm (1.00) limits. In the
50 mm limit, POD values of 1.00 are observed for
BMJ-KSL, OA-BMJ-KSL, MKF-WSM6, and OA-
MKF-WSM6. OA-MKF-WSM6 achieves the best
FAR in the 10 mm limit (0.06). In 25 and 50 mm
limits, OA-KF-WSM5 and OA-KF-WSM6 have
zero FAR values, respectively. The FAR value
relevant to OA-KF-WSM5 in the 50 mm threshold
could not be calculated since hits and false alarms
were zero during the calculation stages. In the 10
mm and 25 threshold categories, OA-MKF-WSM6
and OA-BMJ-KSL show the best forecasting abili-
ties when considering the entire statistical indices.
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In general, OA-KF-WSM6 and MKF-WDM6
combination results in the highest threshold cate-
gory are superior.

Figure 5 depicts the averaged ETS and bias
(B) values calculated from the results of the three
threshold classes, and turning oA the CPS in the

Figure 3. Area-averaged rainfall values.

Figure 4. Statistical indices for (a) 10 mm limit; (b) 25 mm limit; and (c) 50 mm limit. The x-axis represents the combination
reference number.
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innermost domain (D3) yields mixed results among
the tested cases analysed. Pursuant to the ETS
metrics, only combinations with the BMJ and
MKF schemes demonstrate an increase in
their cumulus scheme-oA conBgurations, while the
KF scheme exhibits a decline. Except for the MKF-
WDM6 combination, almost all investigated com-
binations have lower bias values after disabling the
CPS in their innermost domain, implying improved
bias metrics. So, when the outcomes from ETS
and the Bias metrics are combined, the combina-
tions that show improvement on both metrics after
turning oA the CPS in the innermost domain are
BMJ-KSL and MKF-WSM6, whereas OA-MKF-
WSM6 has the highest ETS value (0.43).
Moreover, OA-MKF-WSM6, KF-WSM5, and

KF-WSM6 have better overall performances,

according to Bgure 5. Concerning the prediction of
different rainfall intensities among these three best
combinations (KF-WSM5, KF-WSM6, OA-MKF-
WSM6), KF-WSM5 demonstrates the best capa-
bility in reproducing heavy rainfall intensity (50
mm threshold), whereas OA-MKF-WSM6 exhibits
the best capability in regenerating light rainfall
intensity (10 mm threshold).

3.2 Continuous veriBcation method comparison
– normalised Taylor diagram

Figure 6 graphically depicts the results relevant to
the normalised Taylor diagram. The KF-WSM5,
KF-WSM6 and MKF-WDM6 models have corre-
lation coefBcients above 0.60 and the lowest
remaining parameter values. They are close to

Figure 5. Averaged ETS and bias (B) for three limits.

Figure 6. Normalised Taylor diagram results.
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the dashed arc in this Taylor diagram and gen-
erally agree well with the observation data. Even
though OA-KF-WSM6 does have the highest
correlation, it differs more from the observed
precipitation values than KF-WSM6. Although
BMJ-KSL and MKF-WSM6 have normalised
standard deviation values greater than 1.6,
MKF-WSM6 exhibits noticeably higher correla-
tion (correlation value is 0.77) and lower NRMSE
value (NRMSE value is 1.20) compared to the
cumulus scheme oA domains setup. When con-
sidering overall performances, the ability to
predict rainfall was not improved by turning oA
the cumulus scheme in the Bner domain.

3.3 Continuous veriBcation method comparison
– spatiotemporal analysis

The results of the spatiotemporal analysis for the
day with the most rainfall (04/12/2019) are shown
in Bgure 7. In each diagram, the grid-wise correctly
predicted area (GCPA) is indicated to facilitate the
spatiotemporal evaluation. According to the com-
puted GCPA values, the KF-WSM5 and MKF-
WDM6 models significantly degrade their perfor-
mance in the tested cumulus scheme-oA conBgu-
ration, but the BMJ-KSL and MKF-WSM6 models
exhibit conCicting behaviour. OA-BMJ-KSL has
the highest GCPA (GCPA value is 97.7%).

Furthermore, the tested cumulus scheme oA setup
does not show an overly improved KF-WSM6
model. However, when the cumulus scheme is dis-
abled inside its Bner domain, the MKF-WSM6
model shows a notable improvement. OA-KF-
WSM5 spatially underestimates the rainfall, while
MKF-WSM6 spatially overestimates it.

3.4 Summary of results

The acquired categorical veriBcation results are
consistent with the work of Jeworrek et al. (2019)
and Han and Hong (2018), which implies that
turning oA the CPS may enhance the rainfall
forecast. As shown in table 2, in the cumulus
scheme-oA conBguration, four of the Bve combina-
tions (excluding MKF-WDM6) exhibit improve-
ment in bias metrics, while three (except
combinations with the KF scheme) demonstrate
advancement in ETS metrics. It should also be
highlighted that 3-km resolution in the innermost
domain (D3) may still be insufBcient to explicitly
explain the convection that triggers rainfall in the
basin. Moreover, the inclusion of solely the highest
recorded precipitation day (December 4, 2019) in
the present investigation does not yield any alter-
ations to the current key Bndings of the categorical
veriBcation analysis (not shown).
However, analysis of the results in Bgure 6 per-

taining to the normalised Taylor diagram suggests
that deactivating the cumulus scheme does not
significantly enhance predicting skill (see table 2).
Cumulus is disabled for the innermost domain (D3)
in the cumulus scheme oA conBguration. Hence
it is possible that the setting could conceivably
emanate from the outer domain (D2). Cumulus
scheme-oA conBgurations prevent precipitation
rapidly because the temperature and humidity Cow
from the radiation physics and boundary layer
physics schemes can significantly inCuence the
grid-wise temperature distribution patterns and
mixing conditions. This result is in line with other
research investigations conducted by Sun and
Barros (2014) and Lee et al. (2011).
According to the results of the comparative

spatial analysis in table 2, the BMJ-KSL combi-
nation with activating and deactivating conBgu-
rations is the most eAective. The BMJ is a moist
adjustment parameterization that was created for
the convective clouds and posited that the tem-
perature and moisture proBles in a column with
enough resolved-scale vertical motion and

Figure 7. Spatial distribution of WRF model results on
04/12/2019.
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instability are instantly relaxed toward observed
neutral structures (Betts and Miller 1986). In ear-
lier investigations, the BMJ scheme has been found
to more closely match the ground truth observa-
tions in the spatiotemporal evaluations compared
with the other CPSs (Ratna et al. 2014; Remesan
et al. 2015). In this evaluation, the BMJ
scheme performs well with the KSL scheme despite
the fact that it does not clearly deBne the upward
and downward movements of the air current at
subgrid scales. The KSL scheme utilises a lower
limit during the condensation, leading to rapid
precipitation that increases total precipitation and
shifts downpours upstream (Mielikainen et al.
2013).
The variations in topography or circulation

across the catchment are not taken into account
during the spatiotemporal analysis in ArcGIS with
the inverse distance weighting (IDW) technique
tool. In contrast to the spatiotemporal analysis
results, the 2 9 2 contingency table and normalised
Taylor diagram results were therefore discussed in
greater detail (see table 2 and Bgure 6).
The model combinations that use the KF

cumulus scheme produce the best performances in
this research. This assertion is consistent with the
Bndings of Pennelly et al. (2014), who used Bve
alternative cumulus schemes for three Cooding
events in Alberta, Canada, at a grid resolution of
15 km over three summer events. However, this
scheme exhibits poor scores in spatiotemporal
analysis across the catchment when combined with
other physics. A similar Bnding was discovered by
Gallus Jr (1999) during his spatial evaluation, and
he also reported that greater rainfall rates are
simulated with the higher model grid resolutions,

and the highest recorded rainfall is displaced by a
great distance.
The KF-WSM5 combination is the best overall

since it records excellent statistical indicators for
the northeast extreme rainfall event modelled and
tested over the catchment, among other combina-
tions. Explicit feedback from the KF parameteri-
zation to mesoscale processes include temperature
convection, mixing ratio of water vapour, and a
wide variety of hydrometeors (Kuell et al. 2007).
The KF trigger mechanism may be connected to
the area of intensely heavy rainfall over the Badulu
Oya watershed. Its trigger function mostly depends
on the convective accessible potential energy
(CAPE). As long as there is CAPE present, the
convection will continue to take place. The ther-
modynamic characteristics and impacts of clouds
are simulated using a cloud model when the KF
scheme is triggered. This process permits modest
amounts of heat and water vapour to be entrained
into the updraft, which increases precipitation
production (Kain and Fritsch 1990). Perhaps due
to its interaction with the microphysics parame-
terization, the KF method also impacted the dis-
tribution and intensity of explicit precipitation. In
general, WSM6 outperformed WSM5 (Kar and
Tiwari 2016). Except for graupel, Bve water con-
tinuity equations in the WSM5 may be solved by
the WSM6. Even if a graupel particle was added to
the WSM5 scheme to make it more complicated, its
performance in this investigation was still inferior
to that of the WSM5 with KF combination. Similar
to the outcome reported by Akinola and Yin (2019)
across the southern portion of Nigeria, WSM6’s
inability to anticipate heavy rainfall may be due to
the slowdown in condensation.

Table 2. Statistical indices related to evaluated methods. Bold values indicate the Brst three highest
performed combinations in each statistical indices category.

Combination

Categorical veriBcation Taylor diagram
Spatial distribution

ETS B r NSD NRMSE GCPA (%)

KF-WSM5 0.38 0.95 0.76 1.06 0.72 75.0

OA-KF-WSM5 0.08 0.28 0.64 0.35 0.82 20.5

KF-WSM6 0.36 1.04 0.65 0.92 0.81 68.2

OA-KF-WSM6 0.32 0.61 0.84 1.40 0.78 77.3

BMJ-KSL 0.30 1.58 0.36 2.24 2.20 86.4

OA-BMJ-KSL 0.38 1.52 0.56 1.63 1.36 97.7

MKF-WDM6 0.31 1.03 0.72 0.82 0.71 88.6

OA-MKF-WDM6 0.36 1.13 0.54 1.13 1.03 22.7

MKF-WSM6 0.22 1.94 0.77 1.80 1.20 20.5

OA-MKF-WSM6 0.43 1.36 0.56 1.61 1.31 72.7
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Additionally, OA-MKF-WSM6 and MKF-
WDM6 combinations based on the MKF cumulus
scheme performed well during the evaluations.
According to Zheng et al. (2016), the MKF
scheme could perform better for greater resolution
ground rainfall forecasts, which is consistent with
the aforementioned remark. This scheme takes into
account the subgrid-scale cloud-radiation interac-
tion, the impact of convective cloud vertical pro-
Bles, and the saturation level of a parcel. In this
investigation, the KF scheme was superior to the
BMJ scheme. Bukovsky and Karoly (2009) repor-
ted similar results after evaluating a few numbers
of physics combinations in the WRF-ARW model,
including such two cumulus schemes and land
surface schemes, for four months at 30 km across
the United States.
Different cumulus and microphysics parameter-

izations and cumulus scheme activation circum-
stances may result in studies with noticeable
variations. This makes it challenging to select the
experiment with the best performance. Further-
more, this study utilises the same physics option in
each domain rather than assessing the eAect of
altering different physics schemes in each domain,
particularly in the innermost domain. According to
Dudhia (2014), model outputs can differ when
using alternative parameterization schemes in
available domains. Consequently, the research
requires further instances to investigate the sta-
tistical implications.

4. Conclusions

An assessment of cumulus parameterization con-
ditions and physical parameterization schemes of
the WRF-ARW model was carried out for an
extreme northeast monsoon event over the Badulu
Oya Basin, Sri Lanka. The results revealed sus-
ceptibility to the veriBcation method, whether it
was a continuous or categorical veriBcation
method.
The statistical measures produced from this case

study make it very evident that KF experiments
are the most eAective. Additionally, the skill is not
enhanced by deactivating this scheme for the 3 km
resolution domain. This assertion is substantiated
by higher values of ETS and correlation in the
categorical veriBcation approach and in the Tray-
lor diagram method, respectively, when activation
of the KF scheme in the Bner domain is compared
to its counterpart. Furthermore, in the spatial

analysis, the KF-WSM5 combination exhibits a
noticeable decline in performance, deBned by the
GCPA value, when the cumulus-oA setup is uti-
lised. As a result, there was no added beneBt from
turning oA the KF scheme at this resolution. More
studies are required to Bnd out how sensitive this
cumulus scheme is to the domain integration
resolution.
The KF experiment utilising the WSM5 micro-

physics scheme was selected as the most appro-
priate combination out of all the parameterized
cumulus experiments, improving one’s ability to
depict the extreme northeast monsoon precipita-
tion event generated in the case study. The KF
scheme’s feedback improved and preconditioned
the environment, enabling a relatively accurate
portrayal of the isolated convective cells and the
precipitation that resulted from them.
Despite the complexity of the WSM6 system

with the KF scheme, it was found that the WSM5
scheme, which employed the rime ice particles, was
able to recreate the accumulated surface rainfall
more accurately. Particles of dense rime ice called
graupel make up WSM6. The presence of the
graupel as a further forecasting parameter in the
WSM5 scheme makes the WSM6 more sophisti-
cated. The inability of WSM6 to predict severe
rainfall in this study could be attributed to the
slowness of condensation.
Overall, this study evaluated how the WRF

represented the extreme rainfall event that occur-
red from 1 to 8 December 2019 during the north-
east monsoon over Badulla, Sri Lanka, and
determined a physics scheme combination that
more accurately describes this particular event.
Ultimately, it was determined that the KF-WSM5
experiment performed the best in this instance.
Additionally, the KF cumulus parameterization
should be used for domain resolutions of 3 km since
higher skill was discovered when activating this
cumulus scheme at this resolution. The represen-
tation of extreme precipitation events in Sri Lanka
should be improved further by future research that
examines the physical mechanisms within these
combinations and identiBes adjustments connected
to the selected domain resolutions in these
schemes.
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