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Abstract

This report provides a comprehensive assessmen
forecast performance during the fnensoon season (MAM) of 2023. Aimed at both forecasters and model
developers, the verification results are presented withcasfon biases in forecasted winds, temperature,
humidity, and rainfall. These crucial insights enable forecasters to effectively interpret the model guidanc
aiding in accurate and informed weather forecasting. The findings also offer valuable feedbaudet
developers, supporting continuous improvement efforts to enhance the model's forecasting capabilities.



1. Introduction

This comprehensive report documents the performance evaluation giiotted NCMRWF Unified Model
(NCUM-G) forecasts during the Praonsoon season (MAM) of 2023. The primary objective of this
assessment is to verify the accuracy and reliability of the forecasts by comparing them against moel| analy
and observations. Through meticulous verification, the results are skillfully summarized, shedding light ¢
the average biases, and forecast performances for the entire season. Given the diverse audiendasthe rej
thoughtfully oriented towards both forecasters and model developers, recognizing their distinct interests
understanding and improving the forecasting process. Sections 3 to 5 of the report delve into the system
biases found in the forecasteddascale upper fields, encompassing crucial elements such as wind,
temperature, humidity, and rainfall, among others. The insights provided in these sections prove to
invaluable in enabling forecasters to interpret the model forecasts more effeativeinake informed
decisions. Before delving into the forecast evaluation, Section 2 sets the foundation by presenting
comprehensive description of the NCUMmodel, including details about the sophisticated data assimilation
system employed at NCMRWEF. vepver, this section offers insights into the observational datasets utilized
in this study, ensuring transparency, and providing the context for the subsequent analyses. In Section
detailed examination of the seasonal mean analysis and resp@cinalies is presented, providing a holistic
view of the model's performance throughout therRomsoon season. Subsequently, Section 4 meticulously
investigates the model's systematic errors, followed by a thorough validation of foresastson 50ne of

the highlights of this report is covered in Section 6, where verification for significant weather events of MAN
2023 takes center stage. The verification process involves assessing the model's performance in predic
notable phenomena, includitfte By of Bengal extremely severe cyclonic system (ESCS) '"MOCHA' during
9-15 May 2023, Western Disturbarscand Heat Wave episodes. This analysis proves crucial for gauging the
model's capabilities in capturing extreme weather events, which are often of immense significance to varic
stakeholders. Finally, Section 7 serves as a comprehensive culminatieneritite MAM 2023 report. It
succinctly summarizes the key findings, strengths, and limitations of the NCMRWF model forecasts durir
this Premonsoon seas. The summary offers valuable takeaways for both forecasters and model developer

aiding them in refining the forecasting process and enhancing the model's performance in subsequent sea:

2. NCMRWEF Unified Modelling System & Verification datasets
2.1. Model Description

NCMRWEF started usingheUni fi ed Model (UM) Partnershipso6 s
since 2012 and this system was named NCUM. The N@lédal Numerical Weather PredictioiNWP)

system(NCUM-G) become operationad 2012 with a grid resolution of 2&n (NCUM-G:V1) for medium
2



range weather prediction. Thiss upgraded to 1kim horizontal resolutiofNCUM-G:V3) in 2015, 1Z&m
(NCUM-G:V5) in 2018 12 km resolution with improved model physics in 208CUM-G:V6). The present
version (NCUMG: V7) of NCUM-G has a horizontal grid resolution of ~12 km withvé@ticallevels in the
atmosphere eaching 80 km height. |1t uses AENDGameo d
of the solution of primitive model equations and reduced damping. This helps in producing finer details
the simulations of synoptic features such as cyclonestsfrtroughs, and jet stream winds. ENDGame also
increases variability in the tropics, which leads to an improveesentation of tropical cyclones and other
tropical phenomend he model uses improved physics options of GAR2lters et al., 2017). An advanced
DataAssimilation(DA) method of Hybrid 4Dimensional Variational (4B/ar) is used for the creation of
NCUM global analysis. The advantage of the HybridVi& is that it uses a blended background error, a
bl end of Acl i mat ol ogi c adday vdryng Hogvdependerd baekgroundr error a |
(derived from th&2 member ensemble forecasts). The hylapproach is scientifically attractive because it
elegantly combines the benefits of ensemble data assimilationdépendent coariances) with the known
benefits of 4BVar within a single data assimilation system (Barker, 20¥&Jious insitu and remote
sensing observations are being used in the N@QUidalDA system. New and novel observations are added
to the DA system througim-house R&D and collaboration& brief description of the NCUM Hybrid 4D

Var DA system is given in Kumar et aR@q21, 2020, & 2018). The surface analysis preparation system
(SURF) prepares the surface analysis of snow, SST, sea ice, soil mastyréor the NCUMG model
(SURF system includes Extended Kalman Filter based Land Data Assimilation System which is used for s

moisture analysis).

2.2. ObservedanalysisData used for theVerification
The seasonal mean analysis and anomalies are studied usififihtfgeneration European Centre for

MediumRange Weather Forecasts (ECMWF) reanalysis proddB®A{5) Hershbachet al., (2020)
climatology (19792018). The highresolution (12km) NCUMG analysis data is interpolated to EfAyrid
resolution (0.2% x 0.2%). For verification of the forecasts, the NCU® model analysis is used. All
systematic errors are computed at a native grid resolution of 12km.

Detailed quantitative rainfall forecast verification is based orirtlia Meteorological DepartmentMD )-
NCMRWF daily highresolution (0.2% rainfall analysis (Mitra et al. 2009, 2013). The rainfall analysis
objectively analyses India Meteorological Department (IMD) daily rain gauge observations ontogaifl.25
using a successive corrections technique with the GPM Satellite rainfall providing the first guess estimat
The model forecasts are gridded to the Odtserved rainfall grids over Indian land regions for 92 days from
15tMarch 2023 to 3%May 2023. As noted by Mitra et al. (2009), the merged analysis &t@ridFesolution

3



is appropriate for capturing the largeale rain features associated with the monsoon. The merging of the
IMD gauge data into GPM estimates not only corrects the mean biases in the satellite estimates but «
improves the largscale spatial patterns the satellite field, which is affected by temporal sampling errors

(Mitra et al. 2009). Verification of daillfemperature forecasts is carried out against the IMD daily observed

gridded (0.8 x 0.5°) maximum (Tmax) and minimum (Tmin) temperature data (SrivastavazsiQs).

3. NCUM-G Analysis Mean and Anomalies during MAM 2023
3.1. Winds at 850, 700, 500, and 200 hPa lesel

The NCUM-G mean analysis fields and anomalies relative to climatology are assessed in this section duri
MAM 2023. The discussion is presented for Winds, Temperature, and Relative Humidity at four standa
pressure levels of 850, 700, 500, and 200 hPa. drfomalies are computegainst thdifth-generation
European Centre for MediuRange Weather Forecasts (ECMWF) reanalysis pro@iRAS) climatology
(19792018). The mean winds and anomalies at 850 and 700hPa levels from18&ClnElysis are shown in
Figures 1ad. At 850 hPa and 700hPa, the NCWB/model seasonal mean analysis represents northwesterly
winds with increasing altitudes having magnitutiesging from 5 to 10 m/s and the presence of anticyclone
over the southern peninsular region. This anticyclonic circulation at 700 hPa level is clearly visible over tf
southern peninsular region in NCUGI model analysis. The anomalous condititorshe MAM 2023 Pre
monsoon period are estimated by removing the climatological mean computed using ERAS reanalysis fr
the NCUMG seasonal mean winds. The anomalous winds at 850hPa and 700hPa are showrsibckigure
Wind anomalies indicate contrasting features in north and south with weaker and stronger winds in NCUI
G analysis with respect to ERAlimatology, respectively, over the Indian subcontinent. At 850 hPa level,
an anomalous cyclonic circulation is present over the Northwestern Indiamgedibis circulation is
becoming enhanced at 700 hPa level. On the other hand, over the equatorial Indian Ocean, specificall
southern latitudes, the winds are weaker in NGCGMnalysis resultingn strong anomalous easterlies.
Overall, in the North India, the magnitude of winds is relatively lower compared to ERA&ologydue

to persistent anomalous easterlies.
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Figure 1. Mean winds at (a) 850 hPa and (b) 700 hPa in the NCUM Analysis during MAM 2023
(m/s). Right panels show theanomaly circulations at (c) 850 hPa and (d) 700 hPa.

The mean winds from NCUNE model analysis at 500Pa and 208Pa, representative of the mahd upper
tropospherareshown in Figure 2a and 2prespectively With increasing altitude, mean winds in the north
Indian region enhanced from ~18m/s at 500hPa to more than 40m/s in the upper troposphere. At the s:
time, winds are relatively weaker in the south Indian region. The associated anomalous winds ohethe mo
analysis are shown in Figures 2c¢ and 2d with respect to ERA&tology. In the mid and upjer troposphere,

the winds exhibit easterlies over northern India and westerlies over the southern peninsular regic
consequently creating an anomalous cyclonic circulation clearly visiblelweorthwestern Indian region
(Figures 2c and 2d)n the equatorial regions, the upper tropospheric winds are quite wiaikey Pre

monsoon 2023.
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Figure 2. Mean winds at (a) 500 hPa and (b) 200 hPa in the NCUM Analysis during MAM 2023
(m/s). Right panels show the anomaly circulatiosat (c) 500 hPa and (d) 200 hPa.

3.2. Temperature at 850, 700, 500,
The spatial distribution of seasonal mean temperature is shown in Figure 3. The mean daily temperatur
lower levels (i.e., at 850 hPa) exceed¥0ver the entire Indian region excluding the Ir@angetic plains

and northern parts of Jammu and Kashmir (Figure 3a). The anomalous temperatures in the lower troposp!

(i.e., at 85(hPa and 700Pa, Figure3c and 3d)

the climatology with magnitudes betwedA to -2°C in the northwest and centiadrts of India. The cooler

temperatures stretch from northwest to southeast India covering th&amdyetic plains. Over the oceans

and 200 hPavels

indicate the Pneonsoon season during 2023 is cooler than

surrounding the Indian subcontinent show warm anomalies with uniform magnit@sexduding the

northernArabian SeagAS). At 200hPa, the mean temperatures are nearly uniform throughout the Indian

subcontinent with local maxima over the H

imalayan redieigure 4c) Nevertheless, the temperature

anomalies across India still indicate cooler (warmer) than the climatology at 500 (200) hiP&idewek 4c

and 4d)
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Figure 3. Mean Temperature(Degree Celsius’C) at (a) 850 hPa and (b) 700 hPa in the NCUNG
Analysis during MAM 2023. Right panels show the Temperature anomasat (c) 850 hPa and (d
700 hPa.
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Figure 4. Mean Temperature(Degree Celsius®C) at (a) 500 hPa and (b) 200 hPa in the NCUNG
Analysis during MAM 2023. The right panels show the Temperature anom&sat (c) 500 hPa and
(d) 200 hPa.

3.3. Relative Humidity (RH) at 850, 700, and 500hPalevels

The spatialdistribution of humidity is an important field along with wind and temperature for its influence
on the rainfall. Hence, we further show the spatial distribution of seasonal mean RH from-S@uidel
analysis in Figure5a (850hPa) and 5b (700hPk)ean RHat 850 hPahows higher values over the south
relative to north IndigFigure 5a) At 700 hPa, the mean RHfmsund to behigher than 50%over the Indian

land regionsouth of the equatpand aroundheSouthChina Sea regi@(Figure 5b) Also, when we examine

the anomalies of MAM2023 indicates a higher percentage of RH compared to the climatology across Indi
and surrounding ocearigay of BengalBoB) and AS regions (Figusébc and 5d). At the same time, negative
anomalies are noted in the equatorial regions. These features are also evident in 700 hPa level but
enhanced magnitudes.
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Figure 5. Mean Relative Humidity (%) at (a) 850 hPa and (b) 700 hP& the NCUM-G Analysis
during MAM 2023. The right panels show the anomaésin Relative Humidity at (c) 850 hPa and (d)

700 hPa.

Further, we also showed in Figure 6, the spatial distribution of RH in théropdsphere at 500 hPa level.

The seasonal mean distribution of RH indicates dry congiterr the Indiarsubcontinent. Nevertheless,

occasionally RH can be increased due to the movement of sysoptedisturbances in north India during

Premonsoon. On the other hand, in the oceanic regions, specifically in the maritime continent, a significa

amount of theavailable moisture with RH magnitudes of more than 60% can besd¢Egure 6a) The

anomalous RH distribution is shown Figure 6 (right panel). The north Indian region shqwsitive

anomalies in RH with respect to climatology, but it may not be significant as the mean RH itself is extreme

low. However, negative RH anomalies can be noticed over the maritime continent where the me

distribution is generally higher.
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Figure 6: Mean Relative Humidity (%) at (a) 500 hPan the NCUM-G Analysis during MAM 2023.
The right panel shovs the anomalesin Relative Humidity at (b) 500hPa.
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4. Systematic Errors in NCUM-G Forecasts
This section briefly describesystematicerrors in the Dayl (24 hn, Day-3 (72 hr) and Day5 (120 hr)

forecasts during MAM 2023. The forecast errors with respect to model analysis are presented for Winds ¢
Temperature at 850, 700, 500, and 200 hPa leaets Relative Humidity at 850 and 700 hPa levels (Figure
7-16).

4.1. Winds at 850,700, 500, and 200 hPa levels

Mean winds at 850Palevel show the presence of ridgge circulation over central and northwestern Indian
regiors with prevailing westerly and northwesterly winds. The equatorial regions are also exhibiting mea
westerlies with maximum winds reaching ~4m/s (Figure 7a). Systematic errors in winds frahiddagasts

at this level show a westerly wind bias over thetmern Indianregionand along the west coaginhanced
north westerlies are more prominent along the west coast. The errors are consistent with forecast lead ti
but with enhanced magnitudes during-prensoon season (Figsréa-d). Similar systematic errors in winds

are also noticed at 700 hPa level over the Indian region. In addition, westerly wind bias is more prominent
700 hPa level over the eastern equatorial InGeeann Day-3 and Day5 forecasts (Figuss8c-d).

10
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Figure 7. (a) Mean winds(m/s) and systematic errors(m/s) in (b) Day-1, (c) Day3, and (d) Day5
forecastsat 850 hPaduring MAM 2023.
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Figure 8. (a) Mean winds(m/s) and systematic errors(m/s)in (b) Day-1, (c) Day3, and (d) Day5
forecastsat 700 hPaduring MAM 2023.

Mean winds at 500 hPa level show strong westerlies betwedf’B30and these westerly winds penetrated
over the north and centraddian region(Figure 9a) Errors in winds at 500hPa level are relatively small in
Day-1 forecasts. Theoutheasterlywind bias seen ovenostof theIndian land masand the westerly wind

bias ovethewesern equatorial India®ceanseems enhancing in D&/and Day5 forecasts. The enhanced
westerlies exhibit cyclonic circulation just above the equator in®foyecast around 50tPa level, which

is noteworthy (Figure9ad). Systematic errors at 200 hPa level winds show enhanced divergent circulatiol
centeredaround centrgbarts of Indisasseen in DayB forecasts andsimilar spatial pattern in winds is also

seen in Dayb forecasts with enhanced error magnitudes (Figured)O c
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Figure 9. (a) Mean winds(m/s) and systematic errors(m/s)in (b) Day-1, (c) Day3, and (d) Day5
forecastsat 500 hPaduring MAM 2023.
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