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Abstract: Temperature is responsible for the rise of air parcels in the atmosphere, which in turn impairs the transmission

of electromagnetic waves. Therefore, atmospheric stability is a function of the temperature of the rising and sinking air

parcel with respect to the environmental air temperature at the lifted condensation level (LCL). Refractivity-based lifted

index (RLI), a stability index model, uses an approximate LCL value. This study modifies the RLI using the exact formula

of the LCL to obtain a precise modified refractivity-based lifted index (MRLI) model for the computation of refractivity-

based atmospheric stability profiles. Two years (2020–2021) reanalysis data of atmospheric parameters (temperature,

relative humidity and atmospheric pressure) were obtained from European Centre for Medium-Range Weather Forecasts

(ECMWF) satellite for Lagos (6.6018� N, 3.3515� E), Abuja (9.0765� N, 7.3986� E) and Yola (9.2095� N, 12.4782� E) at

500–1000 hPa. RLI and MRLI were analysed at four synoptic hours (0, 6, 12, and 18 h) Local Time (LT). The trend shows

that when RLI is negative, MRLI is negative; when RLI becomes less negative, MRLI is less negative, except in some

cases where a significant amount of water vapour is observed at 500 hPa. Furthermore, a higher negative MRLI value

indicates more environmental moisture and is supportive of convective activity, which implies an unstable atmosphere.

MRLI has higher night-time (18–0 h LT) values compared to the daytime (6–12 h LT) due to low temperature and high

humidity. Also, MRLI negative value decreases as the altitude increases with seasonal averages of - 97, - 86, and - 83

N-units over Lagos, Abuja, and Yola, respectively. A strong positive relationship was observed between MRLI and RLI,

with correlation coefficients of 0.99999 for Lagos, 0.99823 for Abuja, and 0.99765 for Yola. MRLI attempts to lower the

approximation error exhibited by RLI values for dry season months over Abuja and Yola.

Keywords: Radio refractivity profile; Air parcel; Atmospheric stability; Refractivity-based lifted index (RLI); Modified

refractivity-based lifted index (MRLI)

1. Introduction

An extensive understanding of different meteorological

parameter variations and formulations is crucial in solving

problems related to atmospheric events under different

climatic and environmental conditions. This is one of the

fundamental requirements for proper radio transmission,

weather forecasting and meteorological predictions

because weather and climatic conditions are space- and

time-varying unpredictably with instabilities across the

globe. Instability is released when the air parcel is set in

motion by a low-level moisture mechanism present in an

unstable atmosphere. Thus, resulting in weather phenom-

ena such as rain, thunderstorms, and convective weather

are possible. Severe weather could be produced by mois-

ture in the lower atmosphere, higher level divergence, and

convergence [1].

Weather phenomena take place in the troposphere,

which is the lowest part of the atmosphere that contains

virtually all of the water vapour. Rigorous and appropriate

weather forecasting models and formulations are needed to

determine future climatic expectations and adequately

understand the thermodynamic nature of our atmosphere.

Having precise and accurate prediction formulations for*Corresponding author, E-mail: dairof@run.edu.ng
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atmospheric events can be very important for individuals,

organisations, and national infrastructures. For instance,

precise weather predictions on thunderstorms, cloud for-

mations, severe turbulence, and other air hazards are

essential to network connectivity and visibility. Using the

conditional, latent, absolute, potential, or convective

instability concepts, Peppler [2] stated that indices were

created to examine the atmosphere’s static stability level.

The wind profile and potential disruption in the atmo-

spheric boundary layer (ABL) can be determined from a

stable atmosphere [3, 4]. However, due to turbulence and

the positive vertical heat flux produced by ground stability

or the water surface being warmer than the upper air, an

unstable atmosphere may develop [5, 6].

Furthermore, studies [7–15] have shown that severe

thunderstorms are often linked with high-intensity rain-

storms, which naturally result in disaster and favour con-

vection’s triggering or initiation. Unstable weather like

thunderstorms can also create ionospheric disturbances that

affect radiofrequency communication. Several stability

indices such as the Lifted Index (LI) [6, 16], Showalter

Index [17], Modified Showalter Index [2, 18], and Ade-

dokun Indices [19, 20], were developed. However, further

research is needed to investigate and formulate an effective

modified meteorological prediction and stability formula

based on refractivity. Hence, it is a difficult challenge to

enhance the prediction of thunderstorms, especially severe

ones [21], which may help avoid or lessen damage. The

thunderstorm rains are usually generated within the

cumulonimbus cloud systems [22].

The initial temperature of the air parcel, Tp and the water

vapour mixing ratio would define the vertical profile of the

parcel temperature. Convection formation is more favour-

able by the buoyancy of an air parcel due to the warmer

surrounding area. However, a cold environment will result

in a stable air parcel, and the environment will be less

supportive of convection occurrence. It should be noted

that calculations of parcel temperature are essentially the-

oretical and only apply to environments for which mea-

surement is possible. As a result, as pressure rises in a

parcel until it is in equilibrium with the environment, it is

possible to utilize that information to deduce the stability

of the atmosphere by comparing the parcel’s refractivity to

that of the environment at various pressure levels [23, 24].

Several analytical and approximate expressions were

proposed and formulated for this purpose, such as formu-

lations for lifted condensation level LCL height and tem-

perature. Lifted Condensation Level (LCL) represents the

elevation (height) where the parcel of air would become

saturated after undergoing adiabatic lifting [25]. A sim-

plified approach for calculating an equivalent potential

temperature still relevant in the tropics was described by

Bolton’s famous expressions [26]. In these formulations,

absolute inaccuracy of several degrees can result due to a

missing term in the derivation of the conventional formula.

Similarly, Lawrence [27] used a very simple rule of thumb

to approximate the conversion between relative humidity

(RH) and temperature at the dew-point (td) for moist air

(RH[ 50%). Another study [28] developed an empirical

shortcut for calculating the pressure and temperature at the

LCL.

More so, planning terrestrial radio links requires an

understanding of surface refractivity as well as diurnal and

seasonal variability. Hence, a higher refractivity seasonal

variation is observed in the rainy season than in the dry

[29]. Atmospheric stability can be described using different

techniques and parameters such as Lapse Rate (U), mea-

sured in �C km-1 and defined as the rate at which the

temperature changes with height. Dry Adiabatic Lapse

Rate (DALR) is when unsaturated parcels cool at a rate of

9.8 �Ckm-1 while Moist Adiabatic Lapse Rate (MALR),

for a saturated air parcel, is when T ¼ Td it cools at the rate

of 6 �C km-1. Condensation occurs as saturated air rises,

expands, and cools, releasing latent heat within the parcel.

The cooling caused by expansion is compensated and

reduced by the latent heat energy. Warm, moist air parcels

have lower lapse rates than dry, adiabatic air parcels above

the Lifted Condensation Level because the latent heat of

vaporisation is released as the water vapour in the air parcel

turns to liquid [23].

This study modifies the RLI using the exact formula of

the LCL to obtain a precise model for the computation of a

refractivity-based atmospheric stability profile known as

the modified refractivity-based lifted index (MRLI).

Hence, MRLI can provide a reference point for estimating

or forecasting meteorological events to mitigate satellite

communication network brownouts before extreme adverse

weather situations. Satellite atmospheric parameter data

over three geographical locations in Nigeria, namely Lagos

(6.6018� N, 3.3515� E), Abuja (9.0765� N, 7.3986� E), and

Yola (9.2095� N, 12.4782� E), were used to compute the

MRLI. Similarly, this study uses the RLI formulation to

simulate atmospheric stability based on the refractivity

profile using the exact formula of the LCL. These were

achieved by analysing the diurnal and seasonal influence of

the exact equation of the LCL on the MRLI over the

tropical study sites at four synoptic hours of the day (0, 6,

12, and 18 h LT). Also, the correlation between MRLI and

RLI were estimated.

2. Radio Refractivity (N)

Radio refractivity, N, a derivative of the index of refraction

[30, 31], is given by Eq. (1):
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N ¼ ðn� 1Þ � 106 ð1Þ

Early studies [32, 33] showed radio refractivity as a

mixture of dry air and water vapour at microwave

frequencies. The radio refractivity, N, is a function of the

local meteorological parameters and is formalised as (2)

[34]

N ¼ 77:6
P

T
� 5:6

e

P
þ 3:75 � 105 e

T2
ð2Þ

where, P (hPa) refers to the total atmospheric pressure, e

(hPa) is the water vapour pressure and T (K) is the absolute

air temperature. For temperatures in the range - 50 �C
to ? 40 �C. Equation (2) is summarised as

N ¼ q1

P

T
þ q2

e

T2
ð3Þ

where q1 ¼ 77:6 K hPa-1 and q2 ¼ 373000:0 K2hPa-1.

Refractivity is a dimensionless parameter (N is expressed

in N-units). The first and second terms in the above

refractivity equation of the atmosphere represent dry and

wet terms, respectively [34–37].

The relationship between the relative humidity H (%)

and water vapour pressure e is given by:

e ¼ H es=100 ð4Þ

and,

es ¼ a exp
b t

t þ c

� �
ð5Þ

At temperature t (�C), es refers to the saturation vapour

pressure (hPa) with the coefficients a ¼ 6:1121,

b ¼ 17:502, and c ¼ 240:97(being valid between - 20

to ? 50 �C, with an accuracy of 0.20%) [33].

3. Lifted Index (LI)

LI is one of the common measures of atmospheric insta-

bility and is defined as the temperature difference between

the environment, Te (�C) and that of the air parcel, Tp (�C)

at a particular pressure level in the lower atmosphere

[6, 16, 23]. The surface air cools as it rises. It can some-

times cool more slowly than its surroundings, which leads

to storm formation. As a result, atmospheric temperature

decreases with altitude. The values of LI in Eq. (6) can be

either negative or positive. The more negative LI is, the

more unstable the air becomes, and the stronger the

updrafts are likely to be with possibility of thunderstorms

occurrence.

LI ¼ Te � Tp ð�CÞ ð6Þ

where Te is the environmental temperature, and Tp is the air

parcel temperature (Table 1).

4. Refractivity-Based Lifted Index (RLI)

Refractivity-based Lifted Index (RLI) was developed to

provide results comparable to those of the lifted index

usually generated from the radiosonde’s relative humidity,

pressure, and temperature profiles [23, 24].

The RLI equation is given as

RLI ¼ q1

P LI

TpTe
� q2

e

T2
e

ð7Þ

where q1 ¼ 77:6 K hPa-1 and q2 ¼ 373000:0 K2hPa-1. P

is the pressure at 500 hPa, Te refers to environmental

temperature (K), Tp denotes the temperature of the air

parcel (K) and e (hPa) denotes water vapour pressure of the

environment. LI represents the lifted index (Te - Tp) [6].

5. Exact Formula of the Lifted Condensation Level

(LCL)

Romps [25] successfully modified LCL formulation

through optimized constant thermodynamic properties

using the W-1 branch of Lambert W function to give exact

formulations for LCL. As the air parcel undergoes adia-

batic lifting to its LCL, the air parcel’s potential tempera-

ture is perfectly conserved. This makes it possible to

compare its temperature T and pressure p at the initial point

to its temperature and pressure at the LCL. Exact equations

of the LCL are given by

TLCL ¼ c W�1 RH
1=a
l cec

� �h i�1

T ð8Þ

PLCL ¼ p
TLCL

T

 !cpm=Rm

ð9Þ

zLCL ¼ zþ cpm
g

T � TLCLð Þ
ð10Þ

a ¼ cpm
Rm

þ cvl � cpv
Rv

ð11Þ

b ¼ �E0v � cvv � cvlð Þ Ttrip
RvT

ð12Þ

c ¼ b=a ð13Þ

RLI: Refractivity-Based Lifted Index.

MRLI: Modified Refractivity Based Lifted Index.

LCL: Lifted Condensation Level.

LI: Lifted Index.

RH: Relative Humidity (%).

T: Temperature (0 C or K).

P: Pressure (Pa).

Z: Height (m or Km).
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W-1: Lambert W function (the negative branch).

C: Specific heat capacity (J kg-1 K-1).

RHl: Parcel’s relative humidity with respect to liquid

water.

TLCL: Temperature at the Lifted Condensation Level.

PLCL: Pressure at the Lifted Condensation Level.

ZLCL: Height of the parcel at the Lifted Condensation

Level.

qv: The mass fraction of water vapour present in the air

parcel.

Cpm: The specific heat capacity at constant pressure

(subscript m denoting the appropriate values for moist air).

Cpa: Dry air’s specific heat capacity at constant pressure

(J kg-1 K-1).

Cpv: Specific heat capacity of water vapour at constant

pressure (J kg-1 K-1).

Cvv: Specific heat capacity of water vapour at constant

volume (J kg-1 K-1).

Ra: The dry air-specific gas constant (J kg-1 K-1).

Rm: The air parcel’s specific gas constant (J kg-1 K-1).

Rv: Water vapour’s specific gas constant (J kg-1 K-1).

E0v: Difference between the specific internal energy of

liquid and water at the triple point.

Td: Dew-point Temperature.

Te: Temperature of the Environment (K).

Tp: Parcel Temperature (K).

hw: Wet-bulb Potential Temperature.

LT: Local Time.

6. Materials and Methods

6.1. Data Source

Hourly, daily and monthly temperature and relative

humidity reanalysis datasets spanning 2020–2021 at

1000—500 hPa were used for this study. The tropical sites

considered are Lagos (6.6018� N, 3.3515� E), Abuja

(9.0765� N, 7.3986� E) and Yola (9.2095� N, 12.4782� E)

in Nigeria. The datasets of these sites, at four synoptic

hours (0, 6, 12, and 18 h) Local Time (LT), were obtained

from from the archives of European Centre for Medium-

Range Weather Forecasts, 2017 (ECMWF

https://climate.copernicus.eu/). The fifth generation atmo-

spheric re-analysis (ERA-5), which provides hourly mete-

orological data (relative humidity, pressure, and

temperature), was required for characterise the propagation

conditions. ERA-5 uses complex modelling and data

assimilation technologies to turn massive volumes of his-

torical data into global estimations. It gives an hourly

worldwide value of atmospheric parameters with 137 ver-

tical levels from the surface to 0.01 hPa and a horizontal

resolution of 31 km (

https://cds.climate.copernicus.eu/cdsapp#!/dataset/

reanalysis-era5-complete?tab=form). The ERA5 data,

downloaded in Network Common Data Form (NetCDF)

format, were processed using the ferret and python pack-

ages [38].

6.2. Methodology

Daily data of four synoptic hours (0, 6, 12, and 18 h LT),

which represent the diurnal variation, were averaged to

provide monthly diurnal variation. Subsequently, they were

averaged to create monthly data points, which were used to

simulate refractivity-based lifted index (RLI) and modified

refractivity-based lifted index.

6.3. Formulation of Modified Refractivity-Based Lifted

Index

The modified refractivity-based lifted index (MRLI) was

derived using the exact expression of the LCL. The

improved model considers the saturation processes’ tem-

perature and pressure due to expansion and condensation

caused by the dry lifting of an air parcel.

Considering the exact equation of the LCL, the tem-

perature (TLCL) and pressure (PLCL) of the parcel are given

by [24]

TLCL ¼ c W�1 RH
1=a
l cec

� �h i�1

T ð14Þ

Table 1 LI values interpretation [24]

Lifted Index Stability

Over 0 ([ 0) Stable but weak convection possible for LI = 1–3 if strong lifting is present

0 to - 3 Marginally unstable

- 3 to - 6 Moderately unstable

- 6 to - 9 Very unstable

Below - 9 (\- 9) Extremely unstable
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PLCL ¼ p
TLCL

T

 !cpm=Rm

ð15Þ

From Eq. (14), the initial air parcel temperature T is

given by

T ¼ TLCL

c W�1 RH
1=a
l cec

� �� ��1
ð16Þ

From Eq. (15), pressure P can also be expressed as

PLCL TCpm=Rm ¼ P T
Cpm=Rm

LCL ð17Þ

P ¼ PLCL TCpm=Rm

T
Cpm=Rm

LCL

ð18Þ

Hence,

P ¼ PLCL
T

TLCL

� �Cpm=Rm

ð19Þ

Substitute Eq. (16) into Eq. (19), we have

P ¼ PLCL

TLCL

c W�1 RH
1=a
l

cec

� �h i
�1

TLCL

0
BBB@

1
CCCA

Cpm=Rm

ð20Þ

P ¼ PLCL
TLCL

c W�1 RH
1=a
l cec

� �� ��1
� 1

TLCL

0
BBB@

1
CCCA

Cpm=Rm

ð21Þ

P ¼ PLCL
1

c W�1 RH
1=a
l cec

� �� ��1

0
BBB@

1
CCCA

Cpm=Rm

ð22Þ

P ¼ PLCL

W�1 RH
1=a
l cec

� �

c

0
BB@

1
CCA

Cpm=Rm

ð23Þ

Substituting the Eq. (23) into the RLI Eq. (7), gives

MRLI ¼ q1

PLCL
T

TLCL

� �Cpm=Rm

LI

TpTe
� q2

e

T2
e

ð24Þ

Thus, Eq. (24) is known as MRLI in terms of initial

temperature T, temperature and pressure at the LCL (TLCL,

pLCL).

where,

TLCL ¼ c W�1 RH
1=a
l cec

� �h i�1

T ð25Þ

PLCL ¼ p
TLCL

T

 !cpm=Rm

ð26Þ

cpm ¼ ð1 � qvÞcpa þ qvcpv ð27Þ

Rm ¼ ð1 � qvÞRa þ qvRv ð28Þ
Cpv ¼ Cvv þ Rv ð29Þ

Cpa ¼ Cva þ Ra ð30Þ

According to [28, 39], Eqs. (27 and 28) becomes

cpm
�
Rm

¼ 7=2 ¼ 3:5 ð31Þ

where qv is the mass fraction of water vapour present in the

air parcel, Rm, the air parcel’s specific gas constant, cpm is

the specific heat capacity at constant pressure with the

subscript m denoting the appropriate values for moist air.

Ra is the dry air specific gas constant, cpa is dry air’s

specific heat capacity at constant pressure, Rv is the water

vapour’s specific gas constant and cpv is the specific heat

capacity of water vapour at constant pressure. LI is the

lifted index and q1 ¼ 77:6 K hPa-1 and

q2 ¼ 373000:0 K2 hPa-1.

Rv = 461 J kg-1 K.-1.

cvl = 4119 J kg-1 K.-1.

cvv = 1418 J kg-1 K.-1.

ptrip = 611.65 Pa.

Ttrip = 273.16 K.

E0v = 2.3740 9 106 J K.-1.

Ra = 287.04 J kg-1 K.-1.

cva = 719 J kg-1 K.-1.

Where,E0v refers to the difference between the specific

internal energy of liquid and water at the triple point [25].

7. Results and Analysis

Hourly, diurnal, and monthly values of meteorological

parameters (temperature, pressure, and relative humidity)

obtained for the years spanning 2020–2021 were used for

the study. The data were collected over Lagos—a coastal

area, Abuja—located in the tropical savannah, and Yola—a

semi-arid region site. The study obtained values of satu-

ration vapour pressure, es, water vapour partial pressure e,

pressure P, and temperature T at the LCL using the

reanalyses data of 1000 hPa level. Given the parcel- and

environmental-temperature profiles, and humidity, the LI

and the RLI were calculated using Eqs. (6) and (7),

respectively. These values were determined for an air

parcel originating at 1000 hPa. The LI and RLI values

were then used to simulate the MRLI using Eq. 24 for a
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parcel of air raised from 1000 to 500 hPa. TLCL values of

the exact formula of LCL were obtained using Wolfram

Alpha Computational Intelligence software [40].

7.1. Diurnal Variation RLI over Lagos, Abuja and Yola

The diurnal variation of Refractivity-Based Lifted Index

(RLI) for a parcel lifted from 1000 hPa level at 0, 6, 12,

and 18 h LT over Lagos, Abuja and Yola is presented.

Table 2 shows the typical distribution of RLI over Lagos at

the four synoptic hours considered. Using Eq. (7), the

determination of this index is possible with the availability

of the refractivity profile and pressure, temperature and the

water vapour mixing ratios at the surface or at the lower

level where the air parcel is assumed to be originated. RLI

in N-units ensures negative results whenever the LI is

negative [23, 24]. At 500 hPa, the presence of a significant

amount of water vapour can result in large positive RLI

values even with smaller values of the LI, which indicates

some form of stable atmosphere. Thus, for very large

positive LI values, RLI gives positive values indicating the

presence of a small amount of environmental moisture.

Very high negative RLI values indicate support for con-

vective precipitation and the presence of more moisture in

the surrounding environment. On the other hand, since RLI

was modelled to provide results comparable to the lifted

index, RLI may be favourable for convective activities but

if other conditions are not met as regards other atmospheric

parameters, then no storms form. Thus, the fact that the

lifted index is a theoretically derived parameter and not a

measured quantity results in some sort of approximation

Table 2 Calculated daily refractivity based lifted index (RLI) for Lagos at four synoptic hours of the day (0, 6, 12, and 18 h LT)

RLI (N-units)

Day 0 h 6 h 12 h 18 h

1 - 120.69610 - 122.11407 - 118.34860 - 118.66255

2 - 108.48832 - 115.48003 - 124.12073 - 124.68236

3 - 121.24086 - 120.60081 - 122.90089 - 125.52610

4 - 127.51274 - 122.57273 - 121.50921 - 122.05620

5 - 116.43778 - 115.57586 - 114.24080 - 117.30777

6 - 121.42909 - 121.39022 - 121.83310 - 120.38405

7 - 117.47827 - 119.32615 - 119.49054 - 121.14728

8 - 122.13086 - 122.86967 - 118.84047 - 122.55687

9 - 117.26620 - 117.88796 - 116.43169 - 118.61570

10 - 116.52985 - 118.74396 - 119.21793 - 119.74080

11 - 116.58679 - 117.84564 - 115.37140 - 117.11486

12 - 118.36622 - 118.85692 - 115.19755 - 118.55174

13 - 117.94492 - 118.79639 - 119.72187 - 120.42460

14 - 117.42180 - 120.32878 - 118.59789 - 121.73850

15 - 120.94192 - 119.57950 - 118.67046 - 120.73426

16 - 125.60241 - 126.98400 - 121.29622 - 120.89098

17 - 123.27601 - 123.80415 - 118.51357 - 120.64438

18 - 117.78543 - 116.52386 - 111.41275 - 115.59827

19 - 116.12075 - 117.67881 - 116.44601 - 118.13403

20 - 116.68154 - 118.95969 - 117.62564 - 118.32688

21 - 120.83624 - 117.75813 - 112.84310 - 117.26448

22 - 117.97437 - 117.66712 - 112.68291 - 112.59508

23 - 116.94940 - 112.49426 - 114.55399 - 117.72439

24 - 118.00287 - 119.59049 - 116.44150 - 118.35419

25 - 120.88065 - 117.82342 - 120.01188 - 122.20691

26 - 119.45256 - 116.58832 - 117.61595 - 115.53832

27 - 118.59584 - 120.14071 - 115.94627 - 117.64268

28 - 120.71689 - 116.60688 - 114.59201 - 113.83098

29 - 114.74593 - 117.26549 - 116.72011 - 117.09604

30 - 115.38053 - 114.67082 - 113.98240 - 112.29807
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error on the RLI values obtained. Applying the exact for-

mula of the LCL on RLI minimises this error.

Figures 1a–d show the trend of the diurnal variation of

Refractivity-Based Lifted Index at 1000 hPa for 0, 6, 12

and 18 h LT over Lagos, Abuja and Yola. Similarly, Fig. 2

shows the trend of the monthly RLI values over Lagos,

Abuja and Yola at 1000 hPa.

From Fig. 1a–d, it was observed that the refractivity-

based lifted index (RLI) is higher at midnight (0 h), mostly

between - 108 and - 139 N-units with the exception of

Yola having value as high as - 146 N-units. RLI value is

between - 110 and - 129 N-units at 6 h of the day and

- 100 to - 124 N-units at 12 h of the day for all the three

locations except Abuja with the highest value of - 139

N-units at 6 h. The pattern of variation between these

periods showed a slight drop in the RLI value from

morning through the mid-day with Abuja and Yola mostly

affected by this drop. In the evening period (18 h), the RLI

values for all three locations oscillate between - 112 and

- 138 N-units. Temperature is normally higher during the

day. Thus, the variation of this RLI can probably be

attributed to a fall in temperature value thereby making the
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Fig. 1 Diurnal Variation of RLI for a parcel lifted at 1000 hPa for a 0 h, b 6 h, c 12 h, and d 18 h local time over Lagos, Abuja and Yola
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environment more humid across each location as time

shifts towards the night-time. The variation in the RLI

value observed is linked to the stability of the atmosphere

and moisture parameters [24].

7.2. Monthly Variation of RLI over Lagos, Abuja

and Yola

This section presents the monthly variation of the Refrac-

tivity-Based Lifted Index at 1000 hPa over Lagos. Figure 2

reveals that RLI decreases as the altitude increases from

November till around May, probably due to low environ-

mental moisture content and high temperature alongside

other atmospheric parameters. Hence, an increase in

the water content increases the RLI as the altitude increa-

ses from June—October. It was observed that the average

RLI value between March and November is - 98 N-units,

- 96 N-units, and - 95 N-units, while - 95 N-units, - 64

N-units, and - 60 N-units between December and Febru-

ary for Yola for Lagos, Abuja, and Yola, respectively. This

also shows an increase in negative RLI value as altitude

increases during this period. Thus, RLI has a higher neg-

ative mean value in most of the wet months of the year in

the three locations than in the dry months. This pattern can

be attributed to the presence of high-water vapour content.

Since a high negative RLI value can lead to the develop-

ment of severe weather, it can be a threat to effective radio

propagation. The pattern of RLI variation between

December to February can be as a result of high temper-

atures with a very small environmental moisture of Abuja

and Yola compared to Lagos which is close to the shore.

Also, the yearly mean RLI value of - 97 N-units, - 88

N-units, and - 86 N-units follow the same trend for Lagos,

Abuja, and Yola, respectively. Lagos has the highest neg-

ative RLI values in a year, followed by Abuja and Yola

being the least. This formulation ensures that RLI is neg-

ative whenever the temperature-based lifted index (LI) is

negative. Hence, the tendency of convective activity

increases as RLI becomes more negative [23].

7.3. Daily Variation of Modified Refractivity-Based

Lifted Index

The daily variation of MRLI for a parcel of air lifted from

1000 hPa level at 0, 6, 12, and 18 h LT over Lagos, Abuja

and Yola is hereby presented. Unlike the dry component of

the RLI that used temperature-based stability indices and

pressure of the air parcel lifted, MRLI (N-units) model

takes care of a situation where the parcel is expressed in

terms of its pressure P at LCL and temperature T at LCL.

MRLI was designed to give similar as RLI but with more

accurate results. Hence, it ensures negative results when-

ever either temperature-based LI and the RLI is negative.

The height difference between this parameter (LCL) and

the LFC, which is the level of free convection is very

important when determining convection initiation. MRLI

combines the environmental water vapour information at

the pressure at which the parcel was lifted (1000–500 hPa)

with the atmospheric stability.

Furthermore, at 500 hPa, the presence of high-water

vapour content can result in positive MRLI values just like

the RLI even with a smaller value of the LI indicating some

form of stable atmosphere. Hence, very high negative

MRLI values indicate support for a convective weather

condition with the presence of more moisture in the sur-

rounding environment, which may have an undesirable

effect on the performance of the radio communication link.

From Figs. 3a–d, it was observed that the MRLI is

higher at midnight (0 h LT) with values mostly between -

108 and -139 N-units except for Yola with the highest

value of -146 N-units. At 6 h LT, MRLI values are

between the range of -109.6 and -129 N-units for all three

locations except Abuja having the highest value of -139

N-units. Also, at 12 h LT, all three locations have a value

range of -98 to -124 N-units. The pattern of variation

between these periods also showed a slight drop in the

MRLI value between 6 and 12 h mid-day. Abuja and Yola

were mostly affected by the drop in the MRLI values. At

the evening hour of the day (18 h LT), the negative MRLI

value for all three locations begins to rise from -112 to -137

N-units. Temperature is normally higher than night-time

during the day, which can be as high as 31, 37, and 41 �C
for Lagos, Abuja and Yola, respectively. Thus, this

observation of unstable values that rise and fall can prob-

ably be attributed to a drop in the temperature resulting in

high humidity and or moisture content across each location

as time swings towards the evening or night-time [41, 42].

7.4. Monthly Variation of MRLI

Refractivity-Based Lifted Index (RLI) at 1000 hPa over

Lagos, Abuja and Yola is presented.

Figure 4 shows that the modified refractivity-based lif-

ted index (MRLI) decreases as altitude increases from

November to May, possibly, as a result of low environ-

mental moisture along with other varying atmospheric

parameters. Hence, as the humidity and moisture content

begin to increase, MRLI increases as altitude increases

from June to October. More so, it was observed that the

average negative MRLI value between March and

November is - 97.8 N-units for Lagos, - 95 N-units for

Abuja, and - 92.8 N-units for Yola. On the other hand, the

average MRLI value between December and February is

- 95 N-units, - 58.8 N-units, and - 52.9 N-units for

Lagos, Abuja, and Yola, respectively. The pattern of MRLI

variation from December to February can be attributed to
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high temperatures and low environmental moisture content

over Abuja and Yola compared to Lagos which is close to

the coastline. Thus, the yearly average MRLI values of

- 97 N-units, - 86 N-units, and - 83 N-units for Lagos,

Abuja, and Yola, respectively, show that the MRLI value

decreases as the latitude increases. Lagos has the highest

monthly negative MRLI values in a year, followed by

Abuja and Yola being the least.

7.5. Seasonal Variation of the RLI with MRLI

and Estimation of Correlation Between MRLI

and RLI

The seasonal variation shows the correlation between

MRLI and RLI. Figures 5a–c represent the seasonal vari-

ation of the RLI and MRLI for Lagos, Abuja and Yola. It

Fig. 3 Daily Variation of MRLI for a parcel lifted to 500 hPa for a 0 h, b 6 h, c 12 h, and d 18 h local time over Lagos, Abuja and Yola

Fig. 4 Monthly variation of Refractivity-Based Lifted Index (RLI) at

1000 hPa over Lagos, Abuja and Yola
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was observed that a high negative RLI value results in a

high negative MRLI value with better accuracy than RLI

northward in the Savannah and Sahel climates over Abuja

and Yola, respectively.

MRLI values are very close to RLI from January to

December with a correlation coefficient of 0.99999 and a

standard error (SE) of approximately 0.14. This is obvious

in Fig. 5a showing an almost perfectly fit plot between RLI

and MRLI. The correlation coefficient can fall within the

range of -1– ? 1.0 (where a correlation of - 1.0 repre-

sents a perfect negative correlation, while a correlation of

1.0 shows a perfect positive correlation). The closeness in

their values for Lagos from January to December can be

attributed to its tropical climate with high humidity year-

round and little interruption in the convective activity

between July and August.

In addition, Fig. 5b shows this variation increases with

latitude for dry periods across the three locations. This is

attributable to the expression of the dry component of the

RLI model in terms of the temperature-based lifted index

(LI) for an air parcel lifted from 1000 to 500 hPa, without

considering other events from the surface to when the air

parcel is forced into the vertical lifting. From Fig. 5b, the

variation of the RLI and MRLI gives a correlation coeffi-

cient of 0.99823 with a standard error (SE) of 1.8 for

Abuja.

Figure 5c shows some variation between the RLI and

MRLI values from January to March and Novem-

ber to December for Yola. This variation is a bit higher

compared to Lagos and Abuja. Similarly, Fig. 5c shows

that RLI values exhibit more deviation in the dry seasons

than the wet seasons with a correlation coefficient of

0.99765 and SE of 2.08. There is also the existence of a

strong relationship between the RLI and MRLI. Hence,

MRLI attempts to lower the approximation error exhibited

by RLI values for dry season months over Abuja and Yola.

Thus, the ability of the MRLI model to integrate the

exact formula of the LCL (PLCL and TLCL) alongside the

temperature-based lifted index (LI) and other meteorolog-

ical parameter variations from where the parcel is lifted to

Fig. 5 Seasonal Variation of the RLI with MRLI for a Lagos, b Abuja and c Yola
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500 hPa level makes it a more accurate adaptable model

for estimating, forecasting weather conditions and for

predicting the performance of terrestrial radio links for

both the dry and wet seasons of all the three geographical

locations.

8. Conclusion

The refractivity-based lifted index (RLI) has been modified

using the exact formula of the lifted condensation level

(LCL). This study has shown firstly that the pattern of

variation of the RLI and MRLI showed that MRLI is

negative whenever RLI is negative. Also, MRLI returns

less negative when RLI is less negative except in some

situations at 500 hPa where a significant amount of water

vapour is observed. In this case, when RLI is negative,

MRLI remains a bit more negative for Lagos, and less

negative for Abuja and Yola.

Secondly, as the MRLI value decreases from 0 to - 30

N-units and below, the probability of convective activity

also increases. This shows that more negative MRLI is

indicative of more environmental moisture in addition to

being supportive of convective activity. Also, MRLI has

higher negative values from dusk to midnight (18–0 h LT)

compared to daytime (6–12 h LT) due to low temperature

and high humidity. MRLI negative value decreases as

latitude increases across the three locations with seasonal

average MRLI value of - 97 N-units over Lagos, - 86

N-units at Abuja, and - 83 N-units at Yola. Temperature

variations with environmental moisture content have a

great impact on the MRLI model performance over Abuja

and Yola, especially during the dry season months of

December–February, with values of - 58.8 N-units and

- 52.9 N-units, respectively, compared to - 95 N-units

for Abuja and - 92.8 N-units for Yola between March–

November. Lagos showed a minimal MRLI difference,

- 97.8 N-units for March–November and - 95 N-units for

December–February.

Finally, the MRLI model displayed a strong positive

systematic relationship with the RLI model by giving

similar results as the RLI with a correlation coefficient of

0.99999 for Lagos, 0.99823 for Abuja and 0.99765 for

Yola. MRLI attempts to lower the approximation error

exhibited by RLI values for dry season months over Abuja

and Yola.
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[37] B. Sánchez-Rama, R.N. López, V.S. Del Rı́o and T. Darlington,

Radar-Based Refractivity Maps Using Geostatistical Interpola-

tion. IEEE Geoscience and Remote Sensing Letters (2023).

https://doi.org/10.1109/LGRS.2023.3328499.

[38] D. Tetzner, E. Thomas and C. Allen, A validation of ERA5

reanalysis data in the Southern Antarctic Peninsula—Ellsworth

Land Region, and its implications for ice core studies. Geo-

sciences, 9 (2019) 1–17.

https://doi.org/10.3390/geosciences9070289.

[39] K. Supawat, T. Thanaset, S. Samran and T. Chanchai, Numerical

method of microwave heating to modified for lifting condensa-

tion level of clouds formation, Proceedings of the World Con-

gress on Engineering 2017 Vol I WCE 2017, London, UK,

(2017)

[40] Wolfram Research, Inc., (2024). Wolfram Alpha Computational

Intelligence Software. https://www.wolframalpha.com/

[41] A. Ahlawat, S.K. Mishra, M.V.S.N. Prasad, C. Sharma, V. Goel,

S.R. Radhakrishnan and B. Gupta, Vertical profiling of radio

refractivity and associated parameters using tethered balloon

over New Delhi. MAPAN-J. Metrol. Soc India, 34 (2019)

479–485.

[42] E.E. Mahmoud, Realization of relative humidity scale from 10%

to 98% at 25�C. MAPAN-J. Metrol. Soc India, 24(4) (2009)

241–245.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds

exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the

accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

F. K. Adejumobi et al.

123

https://doi.org/10.1016/j.jastp.2017.12.001
https://doi.org/10.3390/atmos14010112
https://doi.org/10.1109/TAES.2023.3335913
https://doi.org/10.1109/LGRS.2023.3328499
https://doi.org/10.3390/geosciences9070289
https://www.wolframalpha.com/

	Modified Refractivity-Based Lifted Index Using Exact Formula for Lifted Condensation Level
	Abstract
	Introduction
	Radio Refractivity (N)
	Lifted Index (LI)
	Refractivity-Based Lifted Index (RLI)
	Exact Formula of the Lifted Condensation Level (LCL)
	Materials and Methods
	Data Source
	Methodology
	Formulation of Modified Refractivity-Based Lifted Index

	Results and Analysis
	Diurnal Variation RLI over Lagos, Abuja and Yola
	Monthly Variation of RLI over Lagos, Abuja and Yola
	Daily Variation of Modified Refractivity-Based Lifted Index
	Monthly Variation of MRLI
	Seasonal Variation of the RLI with MRLI and Estimation of Correlation Between MRLI and RLI

	Conclusion
	Acknowledgements
	References


