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RESUMEN

La energia potencial convectiva disponible (CAPE, por su sigla en inglés) y la inhibicion convectiva (CIN)
son indicadores termodinamicos ampliamente utilizados para diagnosticar entornos convectivos y respaldar
la prediccion inmediata del potencial de tormentas eléctricas. Dado que los productos de reanalisis propor-
cionan una cobertura espacial continua y consistencia a largo plazo, se aplican cada vez mas en evaluaciones
regionales de inestabilidad convectiva. Sin embargo, su confiabilidad depende de qué tan bien reproduzcan
la estructura termodinamica vertical observada. Este estudio evalua la CAPE y la CIN derivadas de ERAS
frente a observaciones de radiosonda para la temporada premonzoénica (marzo-mayo) en el este de la India:
durante 1987-2016 en Bhubaneswar y Calcuta y durante 1994-2016 en Ranchi. El analisis muestra que los
sesgos de la CAPE de ERAS dependen en gran medida de la estacion, el mes y la hora de lanzamiento. A
las 00:00 UTC, la CAPE de ERAS esta ligeramente subestimada en Bhubaneswar durante marzo, pero se
sobreestima en abril y mayo, mientras que en Calcuta se observa una sobreestimacion constante de marzo
a mayo. Por su parte, la CAPE de Ranchi muestra una sobreestimacion significativa a las 00:00 UTC, que
se intensifica en mayo. A las 12:00 UTC, los valores de CAPE de ERAS estan subestimados en marzo en
Bhubaneswar y Calcuta, pero cambian a significativamente sobreestimados en abril-mayo. Respecto a la
CIN, ERAS sobreestima constantemente los valores a las 00:00 UTC en las tres estaciones (excepto en Cal-
cuta en mayo), en tanto que a las 12:00 UTC, estd generalmente sobreestimada en Bhubaneswar y Ranchi 'y
muestra un cambio de signo en Calcuta (negativo en marzo, positivo en abril-mayo). Las correlaciones entre
los valores de CAPE y CIN de ERAS y los de radiosonda son débiles, lo que sugiere una capacidad limitada
para reproducir la variabilidad diaria. Los diagnosticos del perfil indican, ademas, que la temperatura esta
bien representada por ERAS, mientras que los errores de humedad relativa (mas pronunciados en Ranchi)
dominan los sesgos de inestabilidad.

ABSTRACT

Convective available potential energy (CAPE) and convective inhibition (CIN) are widely used thermo-
dynamic indicators for diagnosing convective environments and supporting nowcasting of thunderstorm
potential. Because reanalysis products provide continuous spatial coverage and long-term consistency,
they are increasingly applied for regional assessments of convective instability. However, their reliability
depends on how well they reproduce the observed vertical thermodynamic structure. This study evaluates
ERAS-derived CAPE and CIN against radiosonde observations for the pre-monsoon season (March-May)
over eastern India, during 1987-2016 at Bhubaneswar and Kolkata, and 1994-2016 at Ranchi. The analysis
shows that ERAS CAPE biases are strongly dependent on station, month, and launch time. At 00:00 UTC,


https://doi.org/10.20937/ATM.53487
mailto:tyagib@nitrkl.ac.in

210

A. Bandary et al.

ERAS CAPE is slightly underestimated at Bhubaneswar in March but becomes overestimated in April and
May, while Kolkata exhibits consistent CAPE overestimation across March to May; Ranchi shows a significant
overestimation at 00:00 UTC, intensifying toward May. At 12:00 UTC, ERAS5 CAPE underestimated values
in March at Bhubaneswar and Kolkata but shifted to significantly overestimated values in April-May. For
CIN, ERAS consistently overestimates values at 00:00 UTC at all three stations (except for Kolkata in May),
while at 12:00 UTC, it is generally overestimated at Bhubaneswar and Ranchi, and it shows a sign change
at Kolkata (negative in March, positive in April-May). Correlations between ERAS and radiosonde CAPE
and CIN are weak, suggesting limited skill in reproducing day-to-day variability. Profile diagnostics further
indicate that temperature is well represented by ERAS, whereas relative humidity errors (most pronounced

at Ranchi) dominate the instability biases.
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1. Introduction

Understanding the connection between energy avail-
able for atmospheric convection and the occurrence
of convective activity is crucial (Adams and Souza,
2009). Convective activity in the atmosphere is
fuelled by the instability that permeates the entire
atmosphere (Jayakrishnan and Babu, 2014; Samanta
etal., 2020). Environmental parameters to assess the
development of convective activity are derived from
vertical profiling of meteorological variables, e.g.,
temperature, humidity, and wind (Rasmussen and
Blanchard, 1998; Brooks et al., 2003; Pucik et al.,
2015; Sahu et al., 2020a, b; Taszarek et al., 2020a).
Due to differences and uncertainties in available
human reports, remote sensing methodologies, and
computational techniques, climatological analysis of
convective weather events is challenging (Varga and
Breuer, 2022). The thermodynamic indices, which
calculate potential, conditional, latent, and convective
instability, are widely used to accurately examine the
physical and dynamic evolution of the atmosphere
(Kunz, 2007; Tyagi et al., 2011). The two environ-
mental proxies that are most frequently employed to
describe convective evolution across any region are
convective available potential energy (CAPE) and
convective inhibition (CIN) (Murugavel et al., 2014;
Westermayer et al., 2017; Liu et al., 2020; Sahu et
al., 2022a, b). CIN represents the negative buoyant
energy required to lift an air parcel upward to its level
of free convection (LFC) for convective event initi-
ation. CAPE represents the positive buoyant energy
associated with the parcel. The favorable conditions
for convective events commonly occur under low
CIN, high CAPE environments (Brooks et al., 2007;
Riemann-Campe et al., 2009, 2011).

The calculation of CAPE and CIN is based on
vertical profiling of temperature and humidity in
the atmosphere, which is usually achieved with
radiosonde observations (Tyagi et al., 2013). Radio-
sonde observations often capture the thermodynamic
characteristics of an area of interest; however, they
generally have limited geographical and temporal
coverage. Radiosonde observations have been used as
benchmarks for verifying and calibrating soundings
retrieved from satellites (Kuo et al., 2005), which sup-
plement in-situ observations in regions with no data
recording available. Despite broad coverage, space-
borne observations have poor temporal sampling
(Das et al., 2016). Temporal and spatial continuity
would be helpful for accurately understanding and
predicting the development of any convective activ-
ity over the region of interest. The excellent global
coverage of climate reanalyses makes them popular
for understanding atmospheric events (Virman et
al., 2021). Climate research applications currently
rely heavily on reanalyses (Hersbach et al., 2020).
The European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis product ERAS is one
of the most frequently used datasets for the spatial
analysis of convective variables due to its proven
accuracy (Sahu et al., 2022a; Sahu and Tyagi, 2022;
Bandary et al., 2025).

However, ERAS monthly mean CAPE is overes-
timated by 20 J kg™' when convection is at its peak
(April to September) over the European regions. In
contrast, ERAS underestimates CIN by nearly 5 J kg !
(Varga and Breuer, 2022). For most sites east/west of
the Rocky Mountains, extreme CAPE is typically un-
derestimated/overestimated by ERAS (Lietal., 2020).
Eastern India experiences severe thunderstorms
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and is one of the lightning hotspots during the
pre-monsoon season (Tyagi et al., 2014, 2022; Ty-
agi and Satyanarayana, 2015). Several studies have
reported using ERAS data for spatial analysis of
convective variables over eastern India (Sahu et al.,
2020a, b). The ERAS bias estimation for convective
variables has not been reported in eastern India. The
present work aims to evaluate the performance of
CAPE and CIN convective variables derived from
ERAS dataset over eastern India.

2. Study sites, data description, and methodology
For the current study, we have considered three
state capital cities in eastern India: Bhubaneswar,
Kolkata, and Ranchi. Eastern India experiences high
convective activities during the pre-monsoon season
(March-May). The Bay of Bengal, located near these
areas, provides a substantial moisture supply, facil-
itating the generation of severe convective events
(Tyagi et al., 2022). Figure 1 represents the three site
locations in eastern India. Radiosonde observations at
00:00 and 12:00 UTC were obtained from the Univer-
sity of Wyoming archive (https://weather.uwyo.edu/
upperair/sounding.html) and were used for plotting

% Study location
District boundary

only after quality control, including removal of miss-
ing values and physically unrealistic outliers. Daily
text soundings were converted to spreadsheet format
and limited to pressure, air temperature, and dew-
point temperature. Because vertical resolution varied
by day and dew-point temperature was frequently
unavailable at several levels, all March-May profiles
for the three stations were re-gridded to a common
27-level pressure framework (1000-100 hPa),
with missing levels retained as NaN. Vertical gaps
were filled using MetPy interpolation (MetPy,
2025), applied only to soundings containing at least
five observed levels. Convective instability indices
(SBCAPE, MLCAPE, and MUCAPE) were then
computed from the interpolated profiles, considering
only soundings with at least 12 valid levels to ensure
robust estimates. For visualization and additional
outlier control, only values between the Sth and
95th percentiles were retained. ERAS reanalysis
data were obtained from the ECMWF Copernicus
Climate Data Store (ECMWF, 2024). ERAS (Hers-
bach et al., 2020) was analyzed at 00:00 and 12:00
UTC at 0.25° x 0.25° resolution and matched to each
radiosonde site using the nearest ERAS grid point
(ERAS provides 137 vertical levels [Gensini et al.,
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Fig. 1. Study locations over eastern India.
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2021]). The study period covers 1987-2016 (March-
May) for Bhubaneswar and Kolkata, and 1994-2016
(March-May) for Ranchi, based on data availability
at both synoptic hours. From ERAS as well, we have
calculated the convective indices using MetPy, so
that, when comparing, there will be no uncertainty
due to different methods of calculation.

2.1 Convective available potential energy (CAPE)
The potential energy in the atmosphere that can cause
upward motion and form turbulent (convective)
clouds is measured by the CAPE (positive buoyant
energy). Assuming a parcel of air is raised from the
surface to a specific level, it is computed as the ver-
tical integral of the differential between the virtual
temperature of the air parcel and the atmosphere at
each level (Moncrief and Miller, 1976).

Z
LNB T, - Tvp
T, (1)

CAPE(J kg_1> - J g
ZLFc

where gisthe acceleration caused by gravity (9.81 ms2),
ZLNB is the height of the level of neutral buoyancy,
ZLFC is the height of the level of free convection,
T, is the environmental virtual temperature, 7, is
the air parcel virtual temperature that has been raised
from the surface to the upper level of the atmosphere,
and Z represents the height above the ground. CAPE
is also indicated by the area enclosed between the
moist adiabat and temperature line from the level of
free convection (LFC) to the equilibrium level (EL),
representing the positive buoyancy associated with
the parcel to support the convective growth.

2.2 Convective inhibition (CIN)

CIN (negative buoyant energy) measures the energy
needed to start updrafts and convective clouds by
overcoming the atmosphere’s stability. It is comput-
ed as the vertical integral of the virtual temperature
differential between the atmosphere and a parcel of
air raised to the LFC from the surface (Colby, 1984).

Ziop
CIN(Jkg‘1)= J g

Zpottom

Tv,parcel - Tv,env dz
Tv,env (2)

where T, . Tepresents the virtual temperature of the
lifted air parcel, T, .,,, represents the temperature of the
surrounding environment, CIN is the area between

the parcel’s origination level (e.g., the ground) to the
LFC enclosed by temperature and the adiabat/moist
adiabats (Riemann-Campe et al., 2009; Stull, 2017).

CAPE and CIN values for the radiosonde pro-
files are available from the University of Wyoming
(https://weather.uwyo.edu/upperair/sounding.html);
however, the CAPE and CIN values obtained from
the University of Wyoming cannot be directly com-
pared to those from ERAS because the Wyoming da-
tabase provides mixed-layer CAPE (MLCAPE) and
CIN, whereas the ERAS diagnostic uses a different
methodology to compute CAPE. To calculate ML-
CAPE we used the temperature and relative humidity
variables from ERAS and followed the approach,
as outlined in the flow chart shown in Figure 2.
Calculations were performed using the Python pack-
age MetPy (MetPy, 2025), which uses vertical and
dewpoint temperatures. Vertical temperature was
obtained from ERAS, while dewpoint temperature
was calculated using the MetPy package, which
uses relative humidity and temperature. Using the
package, we calculated the MLCAPE and MLCIN
values and compared them with the radiosonde data
provided by the University of Wyoming (UW, 2024).

2.3 Calculation of error metrics

For the statistical analysis of ERAS-derived tempera-
ture, relative humidity, CAPE, and CIN values, we
used root mean square error (RMSE), mean absolute
error (MAE), mean bias error (MBE), and Pearson
correlation coefficient (r). RMSE is defined as the
square root of the average of the squares of all er-
rors. It gives the standard deviation of the residuals
(errors).

I « 2
RMSE =, /;Z} (x,— ) ©)

where x; and y; represent the obtained and true values
for the i pair of n pairs.

MAE is defined as the arithmetic average of the
absolute difference between the obtained and true
value.

1 n
MAE=— Y |x;—;
ng,lt yil 4)

where x; and y; represents obtained and true values for
the i™ pair of n pairs. MBE is defined as the mean of
the differences between the obtained and true values.
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Fig. 2. Flow chart depicting the calculation of MLCAPE and MLCIN

values from ERAS data.

1 n
MBE=— »" (x; =) (%)
i=1
where x; and y; represents the obtained and true values
for the /™ pair of n pairs.
Pearson correlation coefficient (r) is determined
by the ratio of the covariance between two variables

to the product of their standard deviations.
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{

n—1
S8 52 0 ©

Here, x represents the average of all the x values,
and y represents the average of the y values. where
x; and y represent the obtained and true values, re-
spectively, for the /™ pair of n pairs.

1
n—1

1
n—1

3. Results and discussion

3.1 Observed biases in ERAS5-derived CAPE and
CIN

The present study employs CAPE and CIN to eval-
uate the performance of ERAS5 datasets in capturing
atmospheric convective instability over eastern India.
Box-whisker diagrams have been used to define the
CAPE and CIN values, including the mean, median,
maximum, and minimum, for the study period across
the sites. Figure 3 compares CAPE and CIN values
derived from radiosonde measurements and ERAS

data at 00:00 and 12:00 UTC across three study
locations. All values were subjected to physical ver-
ification to exclude any extreme or unrealistic data
before being included in the analysis. The statistical
significance calculated using a two-sample t-test, as
shown in Figure 4 for CAPE at 00:00 and 12:00 UTC,
is significant at the 1 and 5% levels for all months
and all stations.

3.1.1 CAPE bias characteristics for 00:00 UTC

At 00:00 UTC, ERAS exhibits station- and month-de-
pendent CAPE biases, with a clear tendency toward
CAPE overestimation in April and May, particularly
mland at Ranchi. At 00:00 UTC, ERAS5-derived CAPE
shows a clear station- and month-dependent bias rel-
ative to radiosonde observations. Over Bhubaneswar,
ERAS is marginally lower than the radiosonde esti-
mates in March (MBE =—162.3 J kg ™). Still, the bias
reverses sign and becomes positive in April (MBE =
+155.9 T kg'!) and strengthens further in May (MBE
=+530.8 T kg ). In contrast, Kolkata exhibits a con-
sistent positive bias throughout the season, with ERA5
overestimating CAPE by +103.2 J kg™' in March,
+344.6 T kg ! in April, and +540.6 T kg ™! in May. The
most substantial positive departures occur at Ranchi,
where ERAS overestimation increases sharply from
+130.7 J kg ! in March to +497.3 J kg ™! in April and
peaks at +1076.6 ] kg™! in May. The error magnitudes
also increase toward the late pre-monsoon period,
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Fig. 3. Month-wise box plots are portrayed for radiosonde and ERAS to compare CAPE (upper panel) with CIN (lower
panel) over Bhubaneswar (red), Kolkata (green), and Ranchi (blue). The first column shows the 00:00 UTC variability,
while the second column shows the 12:00 UTC variability. The solid fill box shows radiosonde, and the patterned fill
box represents the ERAS values. The quartiles are 25%, median (line), mean (dot), and 75%.
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Fig. 4. Statistical significance calculated

using a two-sample t-test for CAPE (first
row) and CIN (second row) variables at

00:00 UTC (first column) and 12:00 UTC
(second column). Red and black stars in-
dicate statistical significance at the 1 and
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5% levels, respectively.
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especially for CAPE. For instance, RMSE reaches
1389.6 J kg™! (Bhubaneswar, May), 1379.3 J kg™
(Kolkata, May), and 1699.8 J kg™' (Ranchi, May) at
00:00 UTC. Across all stations, CAPE correlations are
near zero (~—0.05 to 0.10), indicating that ERAS does
not reliably reproduce day-to-day CAPE variability
during this season.

3.1.2 CAPE bias characteristics for 12:00 UTC
At12:00 UTC, ERAS CAPE biases are generally larg-
er in magnitude than at 00:00 UTC, with pronounced
positive departures during April-May at Bhubaneswar
and Kolkata. Over Bhubaneswar, ERAS is slightly
negatively biased in March (MBE = —125.7 J kg!)
but shifts to substantial overestimation in April (MBE
= +430.7 J kg'!) and May (MBE = +959.2 J kg ™).
A similar seasonal transition is observed at Kolkata,
where the bias is near neutral in March (MBE =
—15.3 T kg ') but becomes strongly positive in April
(MBE = +265.7 J kg!) and peaks in May (MBE =
+1012 J kg™). In contrast, Ranchi shows negative
biases in March (MBE = —24.3 J kg™!) and April
(MBE =-80.56 J kg ), followed by a sign reversal
to a positive bias in May (MBE = +207.9 J kg™").
Consistent with these patterns, the most significant
CAPE errors occur at 12:00 UTC, with RMSE reach-
ing 1847 J kg™! at Bhubaneswar (May) and Kolkata
(May), and 1499.9 J k™! at Ranchi (May), confirming
that ERAS instability representation is most uncertain
during the daytime sounding window. Moreover, the
two-sample t-test results (Fig. 4) show that ERAS and
radiosonde CAPE distributions differ significantly for
most station-month combinations at the 1 and/or 5%
levels, indicating that these discrepancies are system-
atic rather than attributable to sampling variability.

3.1.3 CIN bias characteristics for 00:00 UTC

At 00:00 UTC, ERAS exhibits a consistent overes-
timation of CIN relative to radiosonde observations
at all three stations throughout March-May, as indi-
cated by positive MBE values in every case. Over
Bhubaneswar, CIN is overestimated by +14.2 T kg™
in March, increasing to +33.8 J kg™! in April and
+44.1 Tkg ! in May. Kolkata also shows persistent CIN
overestimation, with MBE values of +26.0 T kg ! in
March, +17.7 Jkg ! in April, and +13.52 T kg in May.
The strongest excessive inhibition is evident at Ran-
chi, where ERAS overestimates CIN by +33.8 T kg

in March, rising sharply to +91.6 J kg ! in April and
remaining high in May (+86.5 J kg™'), highlighting
larger inland departures. Consistent with this, CIN
RMSE reaches as high as 190.7 J kg™! at Ranchi
in April, reinforcing that CIN errors are more pro-
nounced inland at 00:00 UTC. Similar to CAPE, CIN
correlations are weak (near zero, occasionally slightly
negative), indicating that ERAS does not reliably
reproduce the day-to-day variability of observed
inhibition during the pre-monsoon season.

3.1.4 CIN bias characteristics for 12:00 UTC

At 12:00 UTC, CIN biases are generally smaller in
magnitude than the corresponding CAPE biases; yet,
they still exhibit systematic station- and month-de-
pendent behavior. Over Bhubaneswar, ERAS
consistently overestimates CIN, with MBE values
of +13.2 J kg'! in March and +9.9 J kg! in April,
increasing markedly to +44.5 J kg in May. Kolkata
shows a sign change, with ERAS underestimating
CIN in March (MBE = —13.5 J kg!) but shifting to
overestimation in April (MBE = +13.5 J kg™!) and
May (MBE = +16.3 ] kg'!). Ranchi maintains posi-
tive biases throughout the season, with MBE values
of +8.1 J kg™! in March, +23.7 J kg ! in April, and
+19.4Jkg ! inMay. Consistent with these comparative-
ly more minor biases, CIN RMSE values at 12:00 UTC
remain modest overall (typically ~70.2-120 J kg!
across stations and months). However, correlations
remain weak, indicating limited ability to capture
day-to-day CIN variability. The two-sample t-test
results (Fig. 4) further indicate that ERAS5-radio-
sonde CIN differences are statistically significant
in many station-month combinations. However, the
significance level and strength vary across locations
and months.

These findings indicate that ERAS data exhibit
altered buoyancy, leading to an overestimation
of CAPE values over Bhubaneswar, Kolkata, and
Ranchi at 00:00 UTC. Conversely, the data show
decreased buoyancy and underestimation of CAPE
values specifically for March. At the same time, the
overestimation of CIN represents the suppression of
convection. Although CAPE may be underestimated
and CIN overestimated, as seen with the 12:00 UTC
profiles for Kolkata (which suggests changed con-
vection magnitude in the reanalysis datasets), the
relationship between CAPE, CIN, and the resultant
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convective activity is complex; thus, some convective
activity could still occur. However, for CAPE, at all
three sites, 12:00 UTC values have higher biases,
as evident by RMSE, MAE, MBE, and r. The CIN
values, however, show slightly higher biases at 00:00
UTC for all three sites, as shown in Table 1. Both
CAPE and CIN utilize temperature and humidity
profiles, and biases in these variables can significantly
impact the estimation of these variables in ERAS5 data
(Varga and Breuer, 2022).

3.2 Analyzing temperature and relative humidity
profile errors from ERAS5 and radiosonde values to
understand their impact on CAPE/CIN biases
To diagnose the source of the CAPE and CIN biases,
we evaluated ERAS performance against radiosonde
(RS) temperature and relative humidity (RH) profiles
(Table II). It was observed that although the ERAS
temperature profiles are close to the observations, the
humidity profiles exhibit a considerable deviation
(Figs. 5, 6, and 7). Overall, ERAS5 reproduces tem-
perature profiles well at all stations, with very high
correlations (r = 0.99) at Bhubaneswar and Kolkata
for both 00:00 and 12:00 UTC, and similarly strong
agreement at Ranchi (r = 0.99 at 00:00 UTC and r =
0.97 at 12:00 UTC). Consistent with this, temperature
errors are small, with MAE <0.88 °C at Bhubaneswar
and < 0.68 °C at Kolkata, although errors increase
inland at Ranchi, reaching 2.55 °C at 12:00 UTC.
In contrast, ERAS RH skill is substantially weaker,
particularly at Ranchi, where correlations are very
low (r = 0.16 at both 00:00 and 12:00 UTC) and
errors are large (RMSE = 28.75% at 00:00 UTC and
19.93% at 12:00 UTC). Bhubaneswar also shows
degraded daytime RH agreement (r = 0.27 at 12:00
UTC) with a large RH RMSE of 22.8%, consistent
with the significant daytime CAPE RMSE at this
station. Kolkata exhibits the best RH representation,
with correlation (r) values of 0.86 at 00:00 UTC and
0.77 at 12:00 UTC, and comparatively moderate RH
errors (RMSE ~9-10%). Collectively, these results
indicate that the ERAS instability biases over eastern
India are primarily linked to moisture-profile (RH)
errors rather than temperature errors, with the stron-
gest degradation evident at the inland station Ranchi.
CAPE biases may also be associated with errors in
the representation of boundary-layer height, low-level
moisture content, or the temperature change with

height (Celinski-Mystaw et al., 2020). Another prob-
able cause may be a change in surface elevation in the
ECMWF model, which may produce bias in estimating
CAPE and CIN over eastern India. Pucik et al. (2017)
reported that the model simulates simple convective
parameters better, which does not require integration
across levels, unlike CAPE and CIN, which might ex-
plain the bias in ERAS. Taszarek et al. (2021) reported
that ERAS underestimates the lifting condensation
level (LCL), overestimates the level of free convection
(LFC), and underestimates the equilibrium level (EL),
leading to overestimates of CIN and underestimates
of CAPE compared to soundings over Europe and
North America. Bias in estimating CAPE and CIN can
also be due to data assimilation, boundary layer, and
convective parameterizations (Taszarek et al., 2020Db).
CAPE underestimation/overestimation indicates the
reduced/enhanced buoyancy of the air parcel.

The overestimation of CAPE indicates that the
model outputs incorporated into the ERAS data
overestimate buoyant conditions during the night/ear-
ly-morning hours at these tropical stations. CIN over-
estimation indicates excessive inhibition or negative
buoyancy defined by the ERAS datasets, which may
limit or prevent convective activity development.
There may be many factors responsible for these
over- and underestimations of CAPE and CIN, and
one reason is the deviation of the ERAS temperature
and RH profiles from the radiosonde. When it comes
to terrain elevation, Ranchi is located higher than the
coast compared to Kolkata and Bhubaneswar, and
the gridded elevation used in reanalyses means the
effective model “station elevation” can differ from
the radiosonde launch elevation. For sites where
the station elevation differs substantially from the
ERAS grid-box mean, near-surface temperature and
moisture are biased, which in turn leads to MLCAPE
differences. Also, the proximity of Bhubaneswar
and Kolkata to the Bay of Bengal may produce
more homogeneous low-level moisture (sea-breeze
influenced, relatively consistent surface humidity) at
the scale resolved by ERAS, so the reanalysis better
represents the sounding. In contrast, inland stations
such as Ranchi (the latter located in a complex delta-
ic/urban plain) may experience sharper local moisture
gradients, land-sea contrasts, or urban effects that are
under-resolved by the reanalysis, resulting in larger
biases in low-level RH and MLCAPE.
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Table II. ERA5-RS skill scores (MAE, RMSE, bias, and Pearson correlation) for

temperature (Temp) and relative humidity (RH) at 00:00 and 12:00 UTC.

Station Metric Temp at 00:00 Temp at 12:00 RH at00:00 RH at 12:00
UTC (°C) UTC (°C) UTC (%) UTC (%)

§ MAE 0.49 0.88 8.93 10.6
7 RMSE 0.7 1.2 13.3 22.8
g Bias 03 03 23 64
= Corr 0.99 0.99 0.75 0.27
- MAE 0.53 0.68 6.91 6.54
E RMSE 0.67 0.81 9.92 9.23
E Bias -0.1 0.1 3.76 2.32

Corr 0.99 0.99 0.86 0.77

MAE 0.72 2.55 14.38 11.08
= RMSE 1.39 7.26 28.75 19.93
CS:“ Bias 0.13 1.32 —-4.01 -9.06

Corr 0.99 0.97 0.16 0.16
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Fig. 5. Vertical profiles of temperature (first
row) and relative humidity (second row) for
Bhubaneswar. The first column represents 00:00
UTC, while the second column represents 12:00
UTC. Green and black lines indicate averaged
values for radiosonde and ERA-5 data for each
level and the blue and red dots indicates the
profile daily data values.
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Fig. 6. Vertical profiles of temperature (first row) and relative hu-
midity (second row) for Kolkata. The first column represents 00:00
UTC, while the second column represents 12:00 UTC. Green and
black lines indicate averaged values for radiosonde and ERA-5 data
for each level and the blue and red dots indicates the profile daily

data values.

4. Conclusions

The present study compared CAPE and CIN values
from ERAS5 and radiosonde observations (00:00 and
12:00 UTC) for the pre-monsoon season over eastern
India. The results indicate that the uncertainties as-
sociated with ERAS5 CAPE and CIN are significant
over eastern India. The biases associated with CAPE
and CIN differ between 00:00 and 12:00 UTC, and

variability also varies across sites. The findings can
be summarized as:

* At 00:00 UTC, the CAPE bias shows strong spa-
tial and seasonal dependence, with Bhubaneswar
shifting from a negative bias in March (MBE =
—162.3 J kg™') to positive biases in April (+155.9
J kg™") and May (+530.8 J kg '), while Kolkata
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Fig. 7. Vertical profiles of temperature (first row) and relative hu-
midity (second row) for Ranchi. The first column represents 00:00
UTC, while the second column represents 12:00 UTC. Green and
black lines indicate averaged values for radiosonde and ERA-5 data
for each level and the blue and red dots indicates the profile daily

data values.

remains consistently positively biased throughout
March-May (+103.2, +344.6, +540.6 J kg™!), and
Ranchi exhibits the largest positive departures,
intensifying sharply toward May (+130.7, +497.3,
+1076.6 T kg ™).

At 12:00 UTC, CAPE errors are generally larg-
er, with Bhubaneswar showing —125.7 J kg™!
in March followed by strong overestimation in
April (+430.7 J kg™") and May (+959.2 J kg™"),

Kolkata similarly shifting from near-neutral in
March (—15.3 J kg™!) to large positive biases in
April (+265.7 T kg'!) and May (+1012 J kg™),
and Ranchi remaining negatively biased in March
(—24.3 T kg'!) and April (—80.56 J kg!) before
turning positive in May (+207.9 J kg™'); corre-
spondingly, CAPE errors peak at 12:00 UTC
with RMSE reaching 1847 J kg ! in May at both
Bhubaneswar and Kolkata.
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e« For CIN, ERAS5 overestimates inhibition at
00:00 UTC for all stations and months (e.g.,
Bhubaneswar: +14.2 to +44.1 J kg!, Kolkata:
+13.52 to +26.0 J kg'!, and Ranchi: +33.8 to
+91.6 J kg!), while at 12:00 UTC, CIN is gen-
erally slightly overestimated at Bhubaneswar
and Ranchi. Kolkata shows a sign change from
underestimation in March (—13.5 J kg™!) to over-
estimation in April-May.

» Across both CAPE and CIN, correlations are
consistently near zero, indicating weak temporal
agreement and poor reproduction of day-to-day
variability. Thermodynamic-profile evaluation
(Table IT) further indicates that temperature is well
represented (r =~ 0.99 at most stations; 0.97 at Ran-
chi at 12:00 UTC with small MAE), whereas RH is
the dominant limitation—most notably at Ranchi
where RH correlation is only 0.16 at both 00:00
and 12:00 UTC and RMSE reaches 28.75%—con-
sistent with the largest inland CAPE/CIN errors.

Overall, these findings suggest that using ERAS
CAPE/CIN directly for instability thresholds or
convective-environment classification over eastern
India, particularly for station-scale applications
and daytime diagnostics, may introduce systematic
and statistically significant biases. Therefore, bias
correction or explicit uncertainty quantification is
recommended before downstream use.
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