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S I SR

Abstract: In this paper, we will investigate the influence of the microphysics schemes on the rainfall
pattern of the extreme storm that impacted Egypt on 12 March 2020. The aim is to improve rainfall
forecasting using the numerical Weather Research and Forecasting (WRF) model for an effective Early
Warning System (EWS). The performance of six microphysics schemes were evaluated using the
Model Object-based Evaluation analysis tool (MODE) forced by three selected satellite-based datasets
(CMORPH, PERSIANN, PERSIANN-CCS, etc.) and one reanalysis dataset (ERA5). Six numerical
simulations were performed using the WRF model, considering the following microphysics schemes:
Lin, WSM6, Goddard, Thompson, Morrison, and NSSL2C. The models were evaluated using both
conventional statistical indices and MODE, which is much more suitable in such studies. The results
showed that the Lin scheme outperformed the other schemes such as WSM6, Goddard, Thompson,
Morrison, and NSSL2C, in rainfall forecasting. The Thompson scheme was found to be the least
reliable scheme. An extension for this study is recommended in other regions where the observational
rain gauges data are available.

Keywords: WRF; microphysics schemes; QPF; satellite precipitation data; extreme storms

1. Introduction

Egypt’s climate is hyper arid, hence it is characterized by hot, dry in summers and
mild winters. Extreme storm is one of the severe weathers that occurs in hyper arid regions,
resulting in flash flooding which causes a devastating impact on the human lives and
environment. Extreme rainfall that occurs within relatively short periods over steep regions
can cause flash floods [1]. In Egypt and many other arid regions in the Middle East, there
has been a noticeable increase in flash floods, for instance, in 2020, the extreme rainfall
event on 12 March 2020 hit Egypt, affecting most of the cities due to its wide impacts on the
country. Therefore, higher accuracy of storm prediction is urgently needed in such regions,
especially with the current climatic changes and variations. An early warning system (EWS)
for flash floods is highly recommended to minimize such effects. An accurate prediction of
rainfall occurrence spatially and temporarily is essential for an effective EWS. Numerical
weather prediction models, such as the Weather Research and Forecasting (WRF) model,
are being widely used.

Microphysics is the process of removing moisture from the air using other thermody-
namic and kinematic fields described in numerical models. Six microphysics WRF schemes
were examined and used to simulate heavy rainfall over Egypt: (1) Lin [2], (2) WSM6 [3], (3)
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Goddard [4], (4) Thompson [5], (5) Morrison [6], and (6) NSSL2C [7]. The Lin, WSM6, and
Goddard schemes are single-moment bulk microphysical schemes that assume particle-size
distributions to forecast just the mixing ratios of hydrometeors (i.e., cloud ice, snow, grau-
pel, rain, and cloud water). The last three schemes (Thompson, Morrison, and NSSL2C)
use a double-moment approach, predicting not only the mixing ratios of hydrometeors but
also number concentration

Many studies have been performed globally for evaluating the performance of physical
parameterization schemes using WREF. For accurate precipitation forecast, the microphysics
scheme WSM6 is highly recommended over the MENA-CORDEX domain [8]. Microphysics
schemes Lin, WSM5, WSM6, and Thompson are the best choices for rainfall prediction
in Italy [9]. The microphysics schemes WSM6, Thompson, and NSSL2C give the best
performance in quantitative precipitation forecast (QPF), while WDMB6 gives a weak perfor-
mance over Italy [10]. The ensemble member of the WSM6 microphysics scheme, with the
boundary layer scheme MYJ and cumulus scheme BM], gives the best estimation of rainfall
over Greece [11]. The Thompson microphysics scheme gives the most accurate prediction
of extreme precipitation over the Central Himalayas [12]. Precipitation forecasting over the
west coast of India is best optimized when using microphysics schemes Lin and Thompson,
and KF, and Grell3D for cumulus schemes [13]. The Bitts Miller Junction (BM]) cumulus
scheme shows the best performance in extreme precipitation forecasts [14]. WRF precipi-
tation is always overestimated in extreme rainfall events [15]. The WRF configuration of
the WSM6 microphysics scheme with the Mellor-Yamada-Janjic (MY]) planetary boundary
layer scheme, and Grell-Freitas cumulus scheme, gives a good precipitation forecast [16].

Most WRF schemes sensitivity studies analyses were conducted based on the con-
ventional statistical error estimated indices such as mean absolute error (MAE) and root
mean square error (RMSE), etc. Additionally, the Model Object-based Evaluation analy-
sis tool (MODE) (https://met.readthedocs.io/en/main_v9.1/Users_Guide accessed on
1 November 2021), has been applied in many regions over the world, such as in Italy for
example [10], however, such an evaluation tool has not been applied in arid regions such
as Egypt. Accordingly, the main goal of the present study is to analyze the performance of
WRF microphysics schemes for QPF during the extreme rainfall event on 12 March 2020,
by using the MODE analysis technique for effective EWS for the first time in Egypt. For
this purpose, six simulations of different microphysics schemes have been performed. The
model output has been analyzed using the MODE analysis technique forced by different
satellite-based and reanalysis precipitation datasets.

2. Materials and Methods
2.1. Case Study

Egypt was selected for this study as a hyper arid region and additionally due to the
limited previous studies, as well as due to the increase of extreme weather storms within
the last two decades. It is located in the North of Africa and a part of the Middle East
and North Africa (MENA) region. Egypt’s climate is often classified as arid and semi-arid,
with hot, dry summers, moderate winters, and irregular rainfall. The Sahara Desert covers
the majority of the nation. The average annual rainfall ranges from 0 mm in the desert to
200 mm on the northern shore [17]. The majority of the rain falls in the country’s north. It
ranges between 150 and 200 mm such as in Alexandria city, and progressively diminishes
towards the south, reaching approximately 26 mm over Cairo and further southward
reaches 1 mm over Aswan (Egyptian meteorological authority) Table 1.
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Table 1. Average annual rainfall (mm) over Egypt stations (Egyptian Meteorological Authority
(EMA)).

Average Annual

Station Name Latitude Longitude Rainfall (mm)
Salloum 31°31' N 25°10" E 92
Mersa Matruh 31°20' N 27°13' E 141
Port-Said 31°17' N 32°14' E 83
Alexandria/Nouzha 31°11' N 29°57' E 189
El Arish 31°4' N 33°50" E 106
Dabaa 31°2' N 28°27' E 119
Tanta 30°47' N 31°0" E 51
Tahrir 30°39' N 30°42' E 34
Ismailia 30°35' N 32°15' E 37
Cairo 30°7' N 31°25' E 26
As-Suways/Suez 29°52' N 32°28' E 17
Helwan 29°52' N 31°21’ E 18
Ras Elnakb 29°35' N 34°47' E 20
Ras-Sedr 29°35' N 32°43' E 15
Siwa QOasis 29°12' N 25°29’ E 9
Beni Suef 29°4' N 31°5' E 6
St. Katrine 28°41' N 34°4' E 21
Bahariya 28°20' N 28°54' E 4
El Tor 28°13' N 33°39’' E 7
Minya 28°5' N 30°44' E 5
Ras Nsrany 27°59' N 34°24' E 5
Hurguada 27°8' N 33°42' E 5
Farafra 27°3' N 27°59" E 2
Sohag 26°33' N 31°41’ E 1
Kosseir 26°8' N 34°15' E 3
Luxor 25°40' N 32°42' E 1
Kharga 25°28' N 30°33’ E 1

The quasi-stationary Red Sea Trough (RST) is a surface low extended from the south
across the Red Sea toward the eastern Mediterranean and northern Red Sea [18]. Severe
weather including thunderstorms with rain showers and more flash flooding may occur
when RST is accompanied with an upper air trough extended southward [1]. The amount
of moisture flux in the lower tropospheric layer is the key that determines the severity of
RST [19]. On 12 March 2020 an extreme rainfall event due to active RST occurred over Egypt.
RST extended from the southeastern area over the Red Sea to the eastern Mediterranean,
with its center located in the northeastern area over Egypt with a mean sea level pressure
which fell to approximately 1000 mb, associated with a closed cell of approximately 5460
geopotential meters (gpm) of upper tropospheric with a 500 hpa pressure level which was
located southward as shown in Figure 1a. The lower tropospheric 700 hpa level contains
saturated air as exhibited in Figure 1b which shows that most of Egypt’s regions, except
those in the southern area, are covered with air with a relative humidity exceeding 75%.

A high amount of total air column water content is shown in Figure 1c, which indicates
the moistness of the air from the surface to upper level. Figure 1d shows the high value
of convective available potential energy (CAPE), which represents instability in order for
convection to happen. Suitable conditions for the moist mesoscale convective system
are available. A massive amount of rainfall over Egypt (Figure le) occurred including
thunderstorms (Figure 1f). Many ground state rain gauge stations in Egypt recorded 24 h
of accumulated rainfall that exceeded 40 mm as shown in Table 2. This massive amount
of rainfall exceeded some stations” average annual rainfall; Cairo International Airport,
for example, received 45 mm in one day, which is nearly twice its annual rainfall (26 mm
Table 1). A great impact on human lives and infrastructures were reported. According to
the Ministry of Social Solidarity (MoSS), at least 40 people passed away and more than
400 people were injured in Cairo (Analysis, 2020).
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Figure 1. (a) Daily average pressure mean sea level (shaded) [hpa] with a geopotential height
at 500 hpa (contour) [gpm], (b) daily average relative humidity at 700 hpa [%], (c) highest total
air column water content (kg m~2), (d) highest CAPE(J/kg), (e) daily accumulated rainfall [mm],
(f) daily total lightning locations from the World Wide Lightning Location Network (WWLLN) data
on 12 March 2020 from the ERA5 dataset.
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Table 2. Rain gauge stations in Egypt showed accumulated daily rainfall (mm) exceeded 40 mm
during the storm on 12 March 2020. (Egyptian Meteorological Authority (EMA)).

ICAO Number Station Name Latitude Longitude Rainfall (mm)
62317 Raselten 31.2 29.85 40
62324 Rashed 31.45 30.37 43
62365 Belbes 30.4 31.58 43
62437 Elsalhia 30.78 32.03 43
62380 Komoshem 29.55 30.88 42
62366 Cairo International 30.13 314 45

Airport
62372 Almaza 30.08 31.35 51
62332 Portsaid 31.55 32.33 66

2.2. Datasets

Due to the lack of weather radar data available to evaluate the performance of different
microphysics WRF schemes in forecasting massive rainfall systems, the alternative solution
would be daily fifth generation ECMWFEF atmospheric reanalysis of the global climate (ERA5)
precipitation data with a spatial resolution of 0.25x0.25 degree and different Satellite-based
Precipitation data with different spatial resolutions such as the Climate Prediction Center
morphing method (CMORPH), Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks (PERSIANN), Artificial Neural Networks—Dynamic
Infrared-Rain Rate (PDIR-now), Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks-Climate Data Record (PERSIANN-CDR), Precipita-
tion Estimation from Remotely Sensed Information using Artificial Neural Networks-Cloud
Classification System (PERSIANN-CCS), and Climate Hazards Group InfraRed Precipita-
tion with Station Data (CHIRPS). When choosing the most acceptable datasets for inclusion
in the performance evaluation of WRF microphysics methods, ERA5 and other Satellite-
based Precipitation datasets were compared to rain-gauge observations from 37 ground
stations.

Error estimating indices such as Mean Absolute Error (MAE), RMSE (Root Mean
Square Error), and RMAE (Relative Mean Absolute Error) are utilized for comparing a
variety of satellite-based and reanalysis datasets using the 24 h accumulated rainfall from
37 ground stations across Egypt. All available datasets were arranged based on their values
of error indices to select the most appropriate datasets to be used instead of weather radar
datasets (Table 3). Among six satellite-based precipitation datasets, only four satellite-based
datasets including PERSIANN-CDR, CMORPH, and PERSIANN-CCS, along with ERA5
reanalysis data, have been chosen as they show low values of RMSE, MAE, and RMAE
indices, as PERSIANN-CDR shows 11.9 for RMSE, 9.8 for MAE and 76% for the RMAE at
variance of CHIRPS which shows the highest error values (Table 3). Based on this result,
the four datasets will be used for the evaluation of the performance of different WRF model
microphysics schemes.
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Table 3. Average estimated error indices for different satellite-based data and reanalysis data when

compared with 37 rain gauges in Egyptian stations.

Data Available at Resolution RMSE MAE RMAE(%) Rank+
https:
/ /www.ncei.noaa.gov/data/cmorph-
CMORPH high-resolution-global-precipitation- 0.25 x 0.25 19.1 13.9 71 3
estimates/access/daily/0.25deg/,
accessed on 1 June 2021
PERSIANN https://chrsdata.eng.uci.edu/, 0.25 x 0.25 212 17.8 83 5
accessed on 1 June 2021
PDIR-now https://chrsdata.eng.uci.edu/, 0.04 x 0.04 25 19.3 92 6
accessed on 1 June 2021
PERSIANN- https:/ /chrsdata.eng.uci.edu/,
CDR accessed on 1 June 2021 0.25 > 0.25 11.9 98 76 1
PERSIANN- https:/ /chrsdata.eng.uci.edu/,
CCS accessed on 1 June 2021 0.04 > 0.04 19.5 159 60 4
ERAS https:/ /cds.climate.copernicus.eu, 025 x 0.25 153 11 50 2
accessed on 1 June 2021
https:
CHIRPS / /www.chc.ucsb.edu/data/chirps, 0.25 x 0.25 24.1 19.4 78 7

accessed on 1 June 2021

For more details about datasets structure please check the references in Table 3.

2.3. Model Configuration

Six numerical simulations were performed using the WRF model, with the ARW
core version 4 [20], which is a non-hydrostatic compressible model. WRF was nested
across two domains; the extent of each domain is illustrated in Figure 2. The simulation
period was 3 days starting from 11 March 2020 at 00 UTC until 14 March 2020 at 00 UTC,
using the Global Forecast system (GFS) data from National Centers for Environmental
Prediction (NCEP) based on 11/03/2020 at 00 as the initial and lateral boundary conditions
(https:/ /rda.ucar.edu/data/ds084.1, accessed on 14 March 2021). Analysis was completed
over exclusively the event day 12 March 2020, considering the day of 11 March as a
spin up for the model. In all of the following six experimental simulations, the used
microphysical schemes are the Purdue Lin bulk [2], WSM6 class graupel [3], Goddard
GCE [4], Thompson [5], Morrison [6], and NSSL2C [7]. Microphysical parameterization
includes six classes of hydrometers: water vapor, cloud water, rain, cloud ice, snow, and
graupel. The convective scheme was the BM] scheme [21]. The land surface scheme was
the NOAH unified land surface model [22], which represents the soil temperature and
moisture in four layers, fractional snow cover and frozen soil physics. The planetary
boundary layer (PBL) parameterization used was the Yonsei University scheme [23], which
includes counter-gradient terms to represent heat and moisture fluxes due to both local
and non-local gradients. Atmospheric shortwave and longwave radiation were computed
by the Dudhia scheme [24]. Finally, the land use categories of USGS dataset were used in
this study. All WRF-ARW model configurations are summarized in Table 4.


https://www.ncei.noaa.gov/data/cmorph-high-resolution-global-precipitation-estimates/access/daily/0.25deg/
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https://www.ncei.noaa.gov/data/cmorph-high-resolution-global-precipitation-estimates/access/daily/0.25deg/
https://chrsdata.eng.uci.edu/
https://chrsdata.eng.uci.edu/
https://chrsdata.eng.uci.edu/
https://chrsdata.eng.uci.edu/
https://cds.climate.copernicus.eu
https://www.chc.ucsb.edu/data/chirps
https://www.chc.ucsb.edu/data/chirps
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Figure 2. Weather Research and Forecasting (WRF) domains and topography (m). The WRF domains

are assigned in black and red polygons. The study area is assigned in red polygons with red closed

circles representing synoptic stations showing recorded precipitation on 12 March 2020.

Table 4. WRF ARW model configuration.

Dynamics Non-Hydrostatic
Data NCEP gfs 0.25 x 0.25 3-h interval
Output interval 1 Hour
Terrain and land use data USGS

Domainl: (293 x 362) x 34

Gris size Domain2: (376 x 475) x 34
Resolution Domainl: 18 x 18 Km
Domain2: 6 x 6 Km
Time step 60 Second
Long Wave Radiation Dudhia [24]
Short Wave Radiation Dudhia [24]
PBL scheme YUS [23]
Cumulus scheme BMJ [21]
Lin [2]
WSM6 [3]
Microphysics scheme Tig(ri:;;jn[g]

Morrison [6]
NSSL2C [7]
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2.4. Model Evaluation Using MODE Analysis

WREF-based simulations were evaluated using the method for Object-based Evalu-
ation analysis tool (MODE) introduced by Davis et al. [2006a, 2006b] [25,26]. MODE
analysis differs from other traditional statistical error estimating indices as it deals with
the forecast and observed fields as a pattern, not a point. A new spatial verification in-
dex is used by MODE. The summary of these spatial verified indices is summarized in
Table 5. Additionally, MODE analysis gives other statistical indices included in the contin-
gency table; bias, critical success index (CSI), probability of detection (POD), false alarm
ratio (FAR), Hanssen and Kuipers discriminant (HK), and Heidke Skill Score (HSS). A
detailed description of the statistical indices from MODE analysis is available at (https:
/ /met.readthedocs.io/en/main_v9.1/Users_Guide, accessed on 3 March 2021).

Table 5. Description of MODE indices used for analysis (https://met.readthedocs.io/en/main_v9.1
/Users_Guide, accessed on 3 March 2021).

Index Description

Centroid Difference: Provides a quantitative sense of spatial displacement
of forecast

ANG Diff For noncircular objects: Gives measure of orientation errors

Provides an objective measure of whether there is an over prediction or

Cen DIST

Area Rati -
rea Ratio under prediction of areal extent of forecast
. Provides a good summary statistic for how well forecast and objects
Symm Diff .
match Domain2:
Tot Intr Summary statistic derived from fuzzy logic engine user-defined interest

maps for all these attributes plus some others

2.5. Evaluation of Satellite-Based Rainfall Data

As the MODE technique is based on comparing the forecasted and observed patterns,
the observed pattern in defined grid size is essential for such analysis. Due to the limited
rain gauges and missing weather radar stations in Egypt at the time of the storm, using
satellite-based data or reanalysis data is the only available option for this study. Model
output dataset will be compared using the selected PERSIANN-CDR, CMORPH, and
PERSIANN-CCS satellite-based datasets and ERAS reanalysis datasets.

3. Results
3.1. WRF Simulations

The study focused on evaluating the performance of different microphysics schemes
in the WRF-ARW core model, representing the extreme rainfall event that hit Egypt on
12 March 2020. Due to the lack of rain gauges data, we have used the Satellite-based
Precipitation (SBP) along with reanalysis data in this study as seen in Figure 3. Daily
accumulated precipitation from six WRF-ARW simulations with different microphysics
schemes as shown in Figure 4 were evaluated by different reanalysis and Satellite-based
Precipitation datasets. The evaluation was completed against the inner nested domain with
a grid size of 6x6 km. WRF-ARW simulations output have been regridded to the same
grid size of the reanalysis and satellite-based datasets using climate data operators (CDO)
utility (https://code.mpimet.mpg.de/projects/cdo/wiki/Cdo#Documentation accessed
on 4 September 2021).

The different microphysics schemes of the WRF-ARW model (Figure 4) show an
acceptable level of agreement with the SBP datasets and ERAS in spatial distribution.
The rainfall pattern estimated from satellite ERA5 datasets almost covers the northern
part of Egypt, including Cairo city and the delta region with part of northeastern Egypt
matching rainfall patterns from WRF-based simulations. There are overestimations in all
simulations in the northwest part of Egypt. PERSIANN-CCS satellite-based data show
patterns different from the other patterns estimated from PERSIANN-CDR, ERA5, and
CMORPH data, perhaps due to its high resolution.
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Figure 4 shows the results of different microphysics schemes generated from WRF
simulations to simulate 24 h of accumulated rainfall during the flash flood on 12 March 2020.
In general, the spatial patterns of the different schemes (Lin, WSM6, Goddard, Thompson,
Morrison, and NSSL2C) well captured the massive rainfall that happened.

b)

1 3 5 ] 10 14 18 25 35 45 55 70 1 3 5 b4 10 14 18 25 35 45 55 70

Figure 3. 24 h accumulated rainfall amount on 12 March 2020 according to (a) PERSIANN-CDR,
(b) ERA5, (¢) CMORPH and (d) PERSIANN-CCS.
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Figure 4. 24 h accumulated rainfall on 12 March 2020 simulated from WRF with microphysics
schemes (a) Lin, (b) WSMS6, (c) Goddard, (d) Thompson, (e)Morrison, (f) NSSL2C.

3.2. Mode Analysis

From a traditional statistical point of view, average error indices (RMSE and MAE)
have been calculated for WRF simulations with different microphysics schemes against 24 h
accumulated rainfall from 37 rain gauge stations across Egypt. After that, microphysics
schemes’ performances, based on the lowest number of error indices, were ranked from the
best performance (lowest error values) to the weakest performance (highest error values),
as shown in Table 6.

Table 6. Estimated errors for different microphysics schemes against 37 Egyptian rain observations.

Microphysics RMSE MAE Order
Goddard_GCE 14.3 11.9 1
Thompson 18.3 14.5 2
Morrison 18.1 15.0 3
WSML_6 class_graupe 20.8 14.7 4
Lin 19.6 14.6 5
NSSL2C 19.2 15.6 6

Goddard and Thompson microphysics schemes had the best performances while Lin
and NSSL2C had weaker performances.

MODE analysis was performed twenty-four times, six times for different microphysics
schemes against one of the selected quantitative precipitation estimations from the se-
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lected satellites and Era5 datasets. The spatially verified statistical indices and traditional
statistical indices from MODE analysis are summarized in Tables A1-A4.

Each Table ends with two columns: GOOD and BAD, which represent the overall
performance score of each microphysics scheme. GOOD and BAD score columns from
all mentioned Tables are collected in Table A5. After ordering the microphysics schemes’
performance, based on their GOOD and BAD scores, indices showed that Lin and Goddard
had the best performance, while Thompson had the weakest performance as shown in
Table 7.

Table 7. Performance order of different microphysics schemes based on Mode analysis.

. . PERSIANN- PERSIANN-
Microphysics CDR CMORPH Era5 cCs Rank
Lin 1 3 1 1 1
Goddard_GCE 2 2 2 2 2
NSSL2C 3 1 3 5 3
WSM_6 3 5 1 4 4
class_graupe
Morrison 4 4 5 3 5
Thompson 5 6 4 6 6

This study calculated the sensitivity of accumulated rainfall to different microphysics
schemes in the WRF model. Hence, rainfall is affected by the choice of microphysics scheme.
The strong performances of Lin and Goddard and weaker performance of Thompson can
be explained as follows: Lin and Goddard showed the highest value (whilst Thompson
showed the lowest value), as well as a broad distribution of the water cloud mixing ratio in
the vertical cross-section, at 15 UTC at two selected international airports Cairo and Port
Said, as shown in Figure 5.

Cairo Ln Caire Goddard Calro Thomson

13 W il

[ 1]

1

o1 ="
! "
[ Wi &) 7 1] W m ‘“j?‘\,/ o W W 1] W il il R’ [ W T 7 7
T CAM——TLL1 ] ——— ]| ———— T CO_————LLL ] —
0080 10 VP00 110,030 150 570 500,310 330 350, 370, 30 10 430,430 470,44 001, 0.1 i 50,170 190 310 330,380 370 390 410430 480 47 490 5103 10, 11045011 W10 L S50 0. AN AN 480 4 10,630 B0

"Wy
i

Figure 5. Vertical cross-section of water cloud mixing ratio (g/kg) is shown in the shaded color at
15 UTC on 12 March 2020. (a) Lin, (b) Goddard, and (c) Thompson for Cairo International Airport
and (d) Lin, (e) Goddard, and (f) Thompson for Port Said International Airport. Vertical velocity
(m/s) is shown in the solid black color line contour.
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4. Conclusions

Early warning systems for extreme rainfall storms are an important issue for saving
lives and properties. On 12 March 2020 Egypt was affected by a catastrophic rainfall event,
causing death and damage of properties. Early warning for such events is a challenge
for meteorological forecasters. Thus, using the WRF model with 6 km grid spacing, six
different microphysical schemes were evaluated against different satellite and reanalysis-
based gridded data.

This work has been developed to investigate the performance of different microphysics
schemes’ ability to capture the extreme rainfall event which hit Egypt on 12 March 2020.
The microphysics schemes’ performances are evaluated by the MODE object-based analysis
technique and other conventional statistical indices.

Table 6 shows statistical estimated errors for different microphysics schemes and
indicates that the Goddard microphysics scheme has the lowest estimated error values when
compared with other schemes. The evaluation of the microphysics scheme performance,
based on the Object-based Evaluation analysis tool (MODE), showed the additionally
strong performance of the Goddard microphysics scheme, however, the Lin microphysics
scheme showed the best performance, as seen in Table 7, despite its weak performance
based on the statistical estimated errors, as shown in Table 6.

In analyzing the contradictory performance of the different microphysics schemes
using different evaluation concepts, one based on traditional statistics based on error indices,
and the other based on object analysis, this leads to dependence on statistical estimated
errors solely for the evaluation of the performance of different microphysics schemes.
However, this may give false conclusions due to other analytic parameters not being
considered, despite their importance in extreme precipitation events. These parameters
include the pattern shape, size, and angle, and are used so that we can anticipate upcoming
affected areas for accurate early warning systems.

MODE analysis is highly recommended for such studies due to false indication which
appeared when using the error indices method only. Depending solely upon error estimat-
ing indices is not recommended for the evaluation of performance in the study of rainfall
events. The Lin and Goddard schemes are highly recommended for such studies due to
their strong performances in comparison with the other schemes. Thompson is the worst
scenario based on this case study. We recommend this study be examined with other storm
events in an area with available rain gauges datasets or weather radar data: This will be
our future study, as four weather radar stations have been constructed in Egypt, which will
give valuable observation data for WRF-ARW model evaluation.
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Appendix A
Table A1. Mode analysis using PERSIANN-CDR satellite-based data.
. . Cen ANG Area SYMM Tot
Microphysics DIST Diff Ratio Diff INTR FBIAS POD FAR CSI HK HSS GOOD BAD
Lin 5.59 10.02 0.65 421 0.95 1.53 0.97 0.37 0.62 0.67 0.6 8 0
WSM_6 6.13 11.94 0.64 463 0.95 1.59 0.94 0.41 0.57 0.59 0.52 0 2
class_graupe
Goddard_GCE 6.04 12.78 0.66 444 0.95 1.48 0.93 0.37 0.6 0.63 0.57 2 0
Thompson 6.76 14.06 0.67 513 0.95 1.48 0.88 0.4 0.55 0.56 0.5 2 6
Morrison 6.35 11.99 0.62 516 0.95 1.59 0.94 0.41 0.57 0.59 0.52 0 3
NSSL2C 6.16 12.28 0.64 524 0.95 1.54 0.91 0.41 0.56 0.58 0.52 0 2
Best Small Small 1 Small 1 1 1 0 1 1 1
Table A2. Mode analysis using CMORPH satellite-based data.
. . Cen ANG Area SYMM Tot
Microphysics DIST Diff Ratio Diff INTR FBIAS POD FAR CSI HK HSS GOOD BAD
Lin 11.72 26.16 0.33 754.67 0.89 1.98 0.96 0.51 0.48 0.6 0.46 2 2
W5M_6 11.88 26.77 0.33 776.33 0.89 1.97 0.92 0.53 0.45 0.55 0.42 0 4
class_graupe
Goddard_GCE  11.85 26.96 0.34 739 0.89 1.93 0.94 0.51 0.47 0.59 0.45 0 1
Thompson 12.11 275 0.34 768.33 0.89 191 0.89 0.53 0.44 0.53 0.41 0 8
Morrison 11.85 26.48 0.33 766.33 0.89 2.05 0.98 0.52 0.47 0.6 0.45 1 3
NSSL2C 6.16 12.28 0.64 524 0.95 1.54 0.91 0.41 0.56 0.58 0.52 9 0
Best Small Small 1 Small 1 1 1 0 1 1 1
Table A3. Mode analysis using Era5 reanalysis data.
. . Cen ANG Area SYMM Tot
Microphysics DIST Diff Ratio Diff INTR FBIAS POD FAR CSI HK HSS GOOD BAD
Lin 2.9 7.49 0.71 391 0.98 1.39 0.95 0.32 0.66 0.67 0.63 6 0
WSM_6 345 95 071 385 098 136 094 031 066 068 063 6 0
class_graupe
Goddard_GCE 3.41 10.35 0.72 386 0.98 1.34 0.93 0.31 0.66 0.67 0.63 5 0
Thompson 4.12 11.67 0.73 394 0.97 1.34 0.92 0.31 0.65 0.66 0.62 3 4
Morrison 3.46 9.56 0.69 454 0.97 143 0.93 0.35 0.62 0.62 0.57 0 8
NSSL2C 3.19 9.85 0.71 441 0.98 1.39 0.92 0.34 0.62 0.62 0.58 1 3
Best Small Small 1 Small 1 1 1 0 1 1 1
Table A4. Mode analysis using PERSIANN-CCS satellite-based data.
. . Cen ANG Area SYMM Tot
Microphysics DIST Diff Ratio Diff INTR FBIAS POD FAR CSI HK HSS GOOD BAD
Lin 90.38 25.13 0.33 30,941.25 0.72 1.5 0.89 0.41 0.55 0.56 0.5 6 0
WSM_6 90.91 24.21 0.33 31,743.25 0.71 1.48 0.85 0.42 0.53 0.52 0.47 1 3
class_graupe
Goddard_GCE 90.76 23.72 0.33 30,654.25 0.71 1.45 0.86 0.41 0.54 0.54 0.49 3 0
Thompson 102.48 26.37 0.27 19,096.12  0.54 1.45 0.84 0.42 0.53 0.52 0.47 2 8
Morrison 90.95 24.41 0.32 31,840.25 0.75 1.54 0.9 0.42 0.54 0.55 0.49 1 2
NSSL2C 90.98 24 0.32 32,122.25 0.75 1.52 0.87 0.43 0.53 0.52 0.47 2 5
Best Small Small 1 Small 1 1 1 0 1 1 1




Climate 2023,11, 8 14 0of 15

Table A5. Sum of GOOD and BAD scores for 24hr of accumulated rainfall.

PERSIANN-CDR CMORPH Era5 PERSIANN-CCS
Microphysics
GOOD BAD GOOD BAD GOOD BAD GOOD BAD
Lin 8 0 2 2 6 0 6 0
WSM_6 0 2 0 4 6 0 1 3
class_graupe
Goddard_GCE 2 0 0 1 5 0 3 0
Thompson 2 6 0 8 3 4 2 8
Morrison 0 3 1 3 0 8 1 2
NSSL2C 0 2 9 0 1 3 2 5
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