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The regularities of the dynamics of the average annual temperature of Ber-
lin from 1701 to 2021 are revealed. A total of 65 wavelets were received.
The temperature has a high quantum certainty, and the change in the aver-
age annual temperature of Berlin was identified by a model that contains
only two components for prediction. The basis of the forecast at 320 years
makes it possible to look into the future until the year 2340. The forecast
confirms the conclusions made in the CMIP5 report on global warming.

Keywords: With an increase in the number of components in the model up to five, the

. forecast is possible only until 2060. Therefore, the model with only two
Berlin components is workable. The trend is characterized by a modified Man-
Mean annual temperature delbrot equation showing exponential growth with a high growth rate of
1701-2021 1.47421. The wave equation also has an amplitude in the form of the Man-
Wavelets delbrot law (in mathematics, the Laplace law, in biology, the Zipf-Pearl

law, in econometrics, the Pareto law), when the exponential growth activity

Forecast is equal to 1. For 1701, the period of oscillation was 2 x 60.33333 = 120.7
years. By 2021, the period decreased and became equal to 87.6 years. The
trend is such that by 2340 the period of oscillation will decrease to 30.2
years. Such an increase in fluctuations indicates an imbalance in climate
disturbances in temperature in Berlin. For Berlin, the last three years are
characterized by sharp decreases in the average annual temperature from
11.8 °C to 10.5 °C, i.e. by 12.4% in 2021. Therefore, the forecast is still
unstable, as a further decrease in the average annual temperature of Berlin
in the near future may change the picture of the forecast.

1. Introduction eight glacial cycles, the results provide an independent
validation of current CMIP5 warming projections ''.

In the 21st century, global average temperatures are  However, if the temperature decreased during the ice ages,
very likely to exceed the maximum levels recovered over  then why should the forecasts in different regions of the

the past 784,000 years. Based on temperature data from  Earth be the same? In any case, the influence of the warm
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upper layers of the atmosphere over the Atlantic should
affect the slow increase in the average annual temperature
not only in the territory of Central England ™, but also at
the continental meteorological station of Berlin.

Monthly and annual temperature differences and their
changes were considered, for example, in article Ding J.,
et al. P! on the Tibetan plateau and its environs for 1963—
2015.

The earth warmed at an unprecedented rate during the
1980s and 1990s, and the rapidity of the warming coin-
cided with a 65-year cycle. The observed trends in global
average surface temperature up to one-third of the warm-
ing at the end of the 20th century could be due to natural
variability ™. Then it is impossible to draw conclusions
from the short length of the dynamic temperature series.
We need data for at least 175 years.

The intensity of Moscow’s heat island has intensified
despite the pause in global warming. It was found that the
heat island can be traced vertically up to a height of 2 km.
In summer, the lower part of the heat island represents
dryness, while the upper part of the heat island corre-
sponds to humidity. In winter, humidity is released in the
lower part of the heat island "', In large cities, in addition,
the temperature of the surface air layer increases due to
the growth of the heat island over the years.

The unprecedented intensification of extreme weather
events in recent years motivates research to understand
long-term climate change . But this uses averaged data,
for example, for 10 years. Therefore, in many studies,
transformed series of measurements are used. Mathemat-
ical methods are limited only to linear trends and strong
data averaging. As a result, the so-called identification of
the climate pattern occurs.

Comparison of the surface air temperature variability
in three coupled integrations of the “ocean-atmosphere”
model over 1000 years is also performed according to lin-
ear trends . But land surface temperature measurements
are the longest and most reliable. Gradually comes the
understanding of the invariability of dynamic series ac-
cording to the primary measurement data and the ban on
all sorts of groupings in favor of the linearization method.
There comes an awareness of the need to identify directly
primary data by wave equations without tricks by their
groupings.

As a result, time series of global or regional surface air
temperatures are of fundamental importance for climate
change studies ™.

We carried out a wavelet analysis of the annual dy-
namics of the maximum temperature from 1878 to 2017
according to the Hadley Center for Central England Tem-
perature (Hadcet) .

The sun heats the Earth unevenly: the equator gets more,
the poles get smaller. This temperature gradient is one of
the main forces that drives the ocean and atmosphere. In the
tropics, the climate system of our planet receives energy,
and in temperate and polar latitudes it gives it away. The
main transfer of heat from the equator to the pole is carried
out in the atmosphere. The ocean is the slow component of
the climate system. It does not respond as sharply to exter-
nal influences as the atmosphere. In heat transfer, the ocean
acts as a battery: taking heat from the Sun and heating up, it
then shares it with the air ",

The climate is strongly influenced by solar activity """,
The influence of solar activity on the temperature of the
troposphere and the surface of the ocean proves the fol-
lowing conclusion "', According to Zherebcov G.A. et al.,
“There is reason to believe that global warming is now
almost over and we should expect a slow decrease in the
period 2014-2040, primarily in the Northern Hemisphere
over land.”

The purpose of the study is to identify asymmetric wave-
lets of the dynamics of the mean annual temperature in Ber-
lin from 1701 to 2021 by the identification method "*'"), as
well as to analyze the warming trends in Berlin until 2340
with a different number of wavelets.

2. Materials and Methods

For the possibility of modeling the dynamics of the
average annual temperature by a set of wave equations,
the initial time is taken 7,=0 for 1701. For modeling the
dynamics, a series of average annual temperatures is taken
with discontinuities (lack of data for some years). Gaps in
the time series according to the data do not give an accu-
rate division of the dynamics into a set of wavelets (quanta
of behavior).

The surface average annual temperature series for Ber-
lin were taken from the site http://www.pogodaiklimat.ru/
history/10384.htm (Accessed 04/01/2022).

Table 1 gives a fragment of the data array of the aver-
age annual temperature of the surface air layer at a height
of 2 m according to measurements at the meteorological
station in Berlin.

For 1701, data are not available for all months, so there
is no average annual temperature.

In Table 1 there are 292 values in total with some gaps
out of 28 values. As you know, the measurement error de-
creases over the years due to the increase in the accuracy
of thermometers.

Success in physics is largely determined by the use of
mathematics. Physicists often create the necessary mathe-
matical apparatus themselves "\

We have developed a method for identifying succes-
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sively a set of regularities in the form of asymmetric
wavelet signals. This set is essentially a general algebraic
(trigonometric) equation according to Rene Descartes. In
this case, each component becomes a separate quantum of
behavior of the surface air temperature.

Table 1. Berlin temperature

Year Time 7 , year Temperature ¢, °C
1701 0 -
1702 1 6.8
1703 2 7.4
1704 5 7.0
1705 6 6.9
1706 7 6.2
2017 316 10.6
2018 317 11.7
2019 318 11.8
2020 319 11.7
2021 320 10.5

Oscillations (asymmetric wavelet signals) are generally

written by the wave formula "*'% of the form:

y; = A cos(me/ p, —ay;) ,

A, =a;x" exp(—aux“),

D =das +agx™ (1)

where y is the indicator (dependent factor), i is the number
of the component of the model (1), m is the number of
members in the model (1), x is the explanatory variable
(influencing factor), a,...a, are the parameters of the mod-
el (1) that take numerical values during structural and par-
ametric identification in program environment CurveEx-
pert-1.40 (URL: http://www.curveexpert.net/) according
to statistical data, 4, is the amplitude (half) of the wavelet
(axis y), p; is the half-period of oscillation (axis x).

This article refers to quantum meteorology ">'®, which
makes it possible to isolate the quanta of the behavior of
the surface layer of the atmosphere in the form of asym-
metric wavelets (1) for the average annual temperature
in Berlin. According to these identified quanta of the be-
havior of the average annual temperature, the signals are
unknown, therefore, each wavelet needs to be analyzed by
specialists using heuristic methods to find out the reasons
for the occurrence of the fluctuation. This will reveal the
mechanisms of oscillatory climate adaptation at the point
of the Earth.

3. Results and Discussion

Difficulties arose with the identification of the wave
equation for the long period 1702—1850. At this time in

Berlin there was a strong fluctuation in the average annual
temperature. This indignation had a significant impact on
the distant future. The results and their discussion are giv-
en by increasing the number of components of the general
wave model (1). The next difficulty was the increase in
the average annual temperature in 2018-2020 by 1.3 °C
compared to 2021 (10.5 °C). In 2018, the average annual
temperature was 10.6 °C. The beginning of the series, ap-
parently, is irreparable, and the end of the series will have
to wait a few years.

3.1 Two Components of the Dynamics of the
Average Annual Temperature

3.1.1 Pattern

Temperature is a physical quantity that is a measure of
the average kinetic energy of the translational movement
of molecules, in our case, air molecules in the surface lay-
er at a height of 2 m above the land surface in the city of
Berlin.

Initially, only two components of the model were iden-
tified (1). The arithmetic mean temperature was taken as
the first component (Figure 1). This technique is justified
by the large length of the dynamic temperature series of
320 years. If we immediately take a two-term trend as a
pattern for identification, then it may turn out that a iden-
tification will occur. And the second component was taken
as an infinite-dimensional wavelet containing the ampli-
tude in the form of an exponential law.

From the trend graph, it can be seen that the correlation
coefficient of the arithmetic mean temperature value is
zero, but the maximum value of the standard deviation is
0.9455. However, the two components of the model (1) do
not yet have a complete structure. Therefore, we further
increase the construction of the equation (Table 2) by the
parameters further and determine the limits of such con-
struction.

Table 2 shows the design parameters of the general
model (1) and the adequacy of the correlation coefficient,
and Figure 2 shows a graph for these parameters.

The trend is characterized by a modified Mandelbrot
equation showing exponential growth with a high growth
rate of 1.47421. The wave equation also has an amplitude
in the form of the Mandelbrot law (in mathematics, the
Laplace law, in biology, the Zipf-Pearl law, in economet-
rics, the Pareto law), when the exponential growth rate is 1.

For 1701, the period of oscillation was 2x 60.33333 ~
120.7 years. By 2021, the period has decreased and be-
came equal to 87.6 years. The trend is that by 2340 the
period of oscillation will decrease to 30.2 years. Such an
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increase in fluctuations indicates an imbalance in climate Three dots are excluded here (—36 two dots and —59

disturbances in temperature in Berlin. one dot).
3.1.2 Distribution of Modeling Error Then the error changes according to the Gauss law
(Figure 3) in the form of the equation:
The number of points 7. (pieces) in the intervals through R
1 °C of the relative error [¢] (%) is given in Table 3. n, =13.3322exp(~0.0062225([ ] -1.69821)°) . @)
e

¢
AN ]
T o]
(=
H ‘
2 o]
< 3
> 13
RS
216 1 . : i ; i
0.1 58.7 1174 176.0 2346 293.3 351.9
X Axis (units)
Trend as arithmetic mean

)

=

s

@2

Z

>

216 | ! : ; ;
0.1 587 174 176.0 2346 2933 351.9
X Axis (units)

Trend and Infinite Wavelet

Figure 1. Preliminary graphs of temperature dynamics in Berlin for 1701-2021.
(in the upper right corner: S — standard deviation; » — correlation coefficient)

Table 2. Parameters of the dynamics of average annual temperatures in Berlin for 1701-2021

Asymmetric wavelet y; = @, x* exp(—a;x“)cos(zx / (a5, + agx"") — ay;) Coef.
i Amplitude (half) oscillation Half cycle oscillation Shift correl.
aj; a as a, as; ag a ag r
1 8.42480 0 —3.45328e-5 1.47421 0 0 0 0 05933
2 —2.02059 0 0.011180 1 60.33333 —0.0038429 1.45095 0.42159

Y Axis (units)

T T T
176.0 234.6 2933

1% T T
b 58.7 117.4
X Axis (units)

Figure 2. Graph of the dynamics of the average annual temperature in Berlin for 1701-2021
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Table 3. Distribution of the relative error of the model according to Table 2 by intervals

Interval Quanti- Interval Quanti- Interval Quanti- Interval Quanti-
¢], °C tyn, , WOT. ¢], °C tyn, , WT. ¢], °C tyn, , WOIT. ¢], °C tyn, , IIT.
20 1 8 10 -7 4 -19 4
19 2 5 13 -8 3 =20 2
16 2 4 10 -9 7 -21 1
15 4 3 13 -10 7 =22 2
14 3 2 18 -11 9 -23 3
13 6 1 11 -12 6 —24 1
12 5 -1 13 -13 2 -25 1
11 6 -2 14 -14 6 -26 1
10 7 -3 15 -15 2 -28 1
9 12 -4 10 -16 4 -29 1

16 -5 -17 1 -32 1
7 13 -6 -18 3 - -
s=240021886 By direct calculations in the Excel software environment
T o — using the formula from Table 2, the graph shown in Fig-
_ e ure 4 was obtained. The graph shows that for the period
% “:: ; 2021-2340 the average annual temperature is increasing.
é -1 This confirms the CMIP5 prediction ',
231 . .\Aﬁ“
e X Axs (units) = __Forecast basis
w
Relative error ® ]
28 ] Iw
.
T el e e, e o w2 mea | w4 amee | see7 | oze
g j: iy . O . .: ) ...-... . Figure 4. Forecast graph up to 2340 for the model with
;ﬁ 1 - two components
a® - o 6‘: = e = Next, we increase the number of wavelets in the gener-
X Axis (units) al model (1) to five.

Remainders of Equation (2)

Figure 3. Graphs of the distribution of relative error and

residuals from the model (2)

The normal distribution law is observed with the ade-
quacy of 0.8763.

3.1.3 A Look into the Future until 2340

The forecasting theory assumes that the forecast hori-

zon is maximally equal to the length of the forecast base.

3.2. General Formula (1) with Five Components

3.2.1 Features of CurveExpert-1.40

Subsequently, the identification method was used to

increase the asymmetric components until five compo-

nents were reached (Table 4 and Figure 5). The first four

components were placed together in the CurveExpert-1.40

software environment, and the fifth component was iden-

tified separately.



Journal of Atmospheric Science Research | Volume 05 | Issue 03 | July 2022

Table 4. Parameters of the Berlin mean annual temperature dynamics model for 1701-2021

Asymmetric wavelet Y, = @, x" exp(—a,,x™)cos(wx / (a5, + agx"") — ag,) Coef.
i Amplitude (half) oscillation Half cycle oscillation Shift correl.
a; a, as; a as; ag a; ag r

1 10.70443 0 —0.00098192 1 0 0 0 0

2 —-3.70801 0 0.00044630 1.80931 84.54606 -17.31516 9.13583 0.82444

3 —-1.63401 0 —0.0055698 1.17114 1.38827 0.17453 1.01460 -3.93651 0.6819

4 0.0045885 0 ~1.99283 0.14237 3.89621 0 0 1.04925

5 1.0182e-28 14.28439 0.045726 105821 105.6803 ~0.20700 1.00480 -3.91402  0.1647

The level of adequacy with a correlation coefficient s=amemoe
of 0.6819 almost approached 0.7, that is, a strong rela- 27 ]
tionship between time and average annual temperature in _ "“é
Berlin. An equation with three components gets a correla- ﬁ 3
tion coefficient of 0.6517. Having fixed the degrees in the £ %]
form of numbers, the fourth component is additionally in- g ;:
troduced. The correlation coefficient increased to 0.6819. o M ‘ ‘ ‘ ‘
An additional fifth component gives a correlation coeffi- ! * e XM::“"s) = o e

cient of only 0.1647 (Figure 5). Therefore, starting from the

sixth component, the remaining wavelets do not give funda- Fifth component

mental changes in the model. However, due to the quantum

certainty of the dynamic series of mean annual temperature, R

it becomes possible to identify up to the 65th component of 1:

the general model (1). We did not bring the wavelet analysis - \: ]

up to the measurement error of +0.05 °C, because already H .

with the second component, the rest of the wavelets do not % o

have a significant impact on the future. > a8

28 ] o
2% 0:1 y 11‘7.4 17‘6,0 23“‘.6 2933 351.9

z

‘s

=

L

2

>

A16 i i i i T
01 58.7 174 176.0 2346 2933 351.9

X Axis (units)

Equation (1) with three components
$=07715123
r=0.26344543

22® 7
1 o o ® L%
A% ] TS S o PO 7
z
= \ a
=
@8
2
>
3"‘ y 17‘6,0 23“‘.6 EC‘LS 351.9

T
01 174

X Axis (units)

Fourth component

X Axis (units)

Residuals after the fifth component

Figure 5. Graphs of the dynamics of the average annual
temperature in Berlin for 1701-2021

Figure 6 shows a general graph for the four compo-

nents.

Y Axis (units)

351.9

T
176.0

T
174

X Axis (units)

Figure 6. Graph of the average annual temperature in
Berlin in four components

Why can a dynamic series be decomposed into a large
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number of wavelets? However, a small number of the first
components are taken for forecasting? So far, we do not
have answers to these questions.

From the graph in Figure 6, it can be seen that since
1701 the tremor period has increased. Therefore, it would
be very interesting to have a number from 1650. In 1759—
1760, the temperature in Berlin rose to almost 11.5 °C.
From the data in Table 1 it can be seen that the tempera-
ture became slightly higher only in 2018-2020. Then, in
2021, the temperature dropped to 10.5 °C. Therefore, we
need to wait a few more years for the dynamic series to be
determined.

3.2.2 Distribution of Modeling Error

With five components, the number of points 7, (pieces)
in intervals through 1 °C of the relative error [¢] (%) of
modeling is given in Table 5.

Then the error changes according to the Gauss law
(Figure 7) with the addition in the form of an asymmetric
wavelet according to the equation,

n, =13.89770exp(-0.0065317([ ] - 1.35123)*)
~1.06484 10 ([ ] + 40)°* exp(-0.41488([ ] + 40)"***") 3)
xcos(z([£]+40)/ (1.82689 +0.0012950([ £] + 40)" ")

—-0.016560)

The correlation coefficient of the trend in the form of
the Gaussian law of the normal distribution is 0.8354, and
with the addition of a wavelet according to formula (3)
it is 0.9018. Then it turns out that not only the average
annual temperature changes according to the equations of
oscillatory adaptation, but also the relative modeling er-
rors have a wave character. It is applied in addition to the
Gaussian law of the normal distribution.

Table 5. Model error distribution from Table 4 with five components

Interval Quanti- Interval Quanti- Interval Quanti- Interval Quanti-
¢], °C tyn, , WIT. ¢], °C tyn, , WT. ¢], °C tyn, , WOT. ¢], °C tyn, , IIT.
18 1 5 20 -8 3 -20 2
16 2 4 20 -9 6 21 2
15 4 3 11 -10 8 —24 1
14 4 2 9 —-11 2 -25 2
13 3 1 14 —12 7 -26 1
12 3 -1 9 -13 5 =27 1
11 3 -2 15 —-14 4 -29 1
10 8 -3 12 —-15 1 =30 1
9 5 —4 19 —-16 3 =31 1
8 20 =5 12 —17 1 =57 1
7 9 -6 7 —-18 3 - -
6 16 -7 -19 3 - -
Note: Due to the sharp selection from the series, the last point is excluded.
s e
nP RS
o ° o« - . . °

Y Axis (units)
3
%

X Axis (units)

Error according to the well-known Gauss law

Y Axis (units)
3 %
§
$
o®

H
4
(]

* °
.
>

°

.«i e .\.7/.. % .\'\‘-700

T T U T U
-7 359 -26.1 -16.3 65 33 131 229

X Axis (units)

Asymmetric Error Wavelet
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Figure 7. Graphs of the distribution of the relative error from the model from Table 4

3.2.3 Prediction according to Equation (3)

According to the equations from Table 4 in Figure 8,
a graph is built. After 2022, it rises sharply. This happens
because of the different signs of the components of the
general model (1).

a? _

*

.!.

Forecast
horizon

a8 ]

o ]

s
89 7 J wll Iw "

o8?

o8 %

A% e B e T B e o L s B e e e e
01 65.9 131.7 197.4 263.2 320.0 394.8
Figure 8. Prediction graph for the five equations of mean

annual temperature until 2060

Then it turns out that, as quantums of behavior, the
average annual temperature of Berlin is decomposed into
65 components, and the forecast can only be made using
the first two formulas from Table 2. The climate of Berlin
is significantly influenced by warm air currents over the
Atlantic Ocean, which has an oscillatory character.

4. Conclusions

The revealed regularities of the average annual tem-
perature of Berlin from 1701 to 2021 made it possible to
positively answer the statement that the model with two
components gives continuous growth, which is consistent
with the conclusions of the IPCC report on global warm-
ing. However, we believe that in the depths of the Eura-
sian continent, due to the opposition of various mountain
ranges to air flows from the Atlantic, there may be other
trends aimed at global cooling.

In this regard, it is necessary to study the patterns and
other regional assessments of climate change. For Berlin,
the last three years are characterized by sharp decreases in

the average annual temperature from 11.8 °C to 10.5 °C,
that is, by 12.4% in 2021. Therefore, the forecast is still
unstable, since a further decrease in the average annual
temperature of Berlin in the near future may change the
whole picture according to many models.
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1. Introduction

Delhi is tremendously affected by severe weather activ-
ities such as heavy rainfall during monsoon season; severe
thunderstorms, severe heat wave, strong squally wind and
dust storm during summer season; dense fog, severe cold
wave during winter season. Severe weather effects public
life such as human health issues during heat and cold wave
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Regional Weather Forecasting Centre (RWFC) New Delhi has the
responsibility to issue and disseminate rainfall forecast for Delhi. So it is
very important to scientifically verify the rainfall forecast issued by RWFC.
In this study rainfall forecast verification of Delhi has been carried out
annually and season wise for the period 2011 to 2021. Various statistical
parameters such as Percentage Correct (PC), Probability of Detection
(POD), Missing Ratio (MR), False Alarm Ratio (FAR), Critical Success
Index (CSI), True Skill Statistics (TSS) and Heidke Skill Score (HSS)
have been calculated for season wise and annually. A forecast is considered
to be improved if PC, POD, CSI, TSS and HSS increase and FAR and
MR decrease over a period of time. The author can conclude that annual
accuracy of forecast has increased significantly over the period of time
from 2011 to 2021, as PC, POD, CSI, TSS and HSS increase and FAR and
MR decrease over a period of time. Maximum contribution in the improved
forecast has observed in transition season (pre-monsoon season followed
by post-monsoon, having rainfall activity mainly in association with
thunderstorms), when FAR and MR have decreased drastically.

conditions, air and surface traffic is very much affected dur-
ing heavy rain, dense fog and strong squally wind, public
property is damaged due to heavy rain etc. In India January
and February months fall in winter season, March, April
and May months fall in pre-monsoon (Summer Season),
June, July, August and September months fall in monsoon
season (Rainy Season) and October, November and De-
cember months fall in post-monsoon Season.

India Meteorological Department, New Delhi, India;
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Mason " discussed about the numerous reasons for
performing a verification analysis, there are usually two
general questions that are of interest: are the forecasts
good, and can we be confident that the estimate of forecast
quality is not misleading? In general, the vast majority
of verification efforts over the past decades have focused
on the calculation of one or more verification scores over
a forecast-observation dataset, where the observations
usually consist of surface or upper air point observations
or analyses onto grids. These methods are sometimes
referred to as “traditional verification” to contrast them
with more recent developments in verification methodol-
ogy. Casati " has discussed the current issues in forecast
verification, reviews some of the most recently developed
verification techniques, and provides recommendations
for future research. Research and development of new ap-
proaches to verification has increased greatly over the last
10 years or so, and has been motivated by several factors,
including the availability of new sources of data such as
satellite and radar, the desire to generate verification re-
sults which are more meaningful to specific users or user
groups, the advent of new modelling strategies such as
ensembles, and the evolution of models and forecasts to
higher spatial and temporal resolution. Nurmi ' provides
some general guidelines, various verification measures for
continuous meteorological variables, for binary and mul-
ti-category weather events and for probabilistic forecasts.
Forecast value and the end user decision making issues
associated with forecast verification. Murphy ! has de-
scribed differences of opinion exist among forecasters and
between forecasters and users—regarding the meaning of
the phrase “good (bad) weather forecasts”. Three distinct
types of goodness are identified. 1) The correspondence
between forecasters’ judgments and their forecasts (type
1 goodness, or consistency), 2) the correspondence be-
tween the forecasts and the matching observations (type
2 goodness, or quality), and 3) the incremental economic
and/or other benefits realized by decision makers through
the use of the forecasts (type 3 goodness, or value). Each
type of goodness is defined and described. In addition,
issues related to the measurement of consistency, quality,
and value are discussed. Nathan ! explained a method
for determining baselines of skill for the purpose of the
verification of rare-event forecasts and examples are pre-
sented to illustrate the sensitivity to parameter choices.
The Storm Prediction Center’s convective outlook slight
risk areas are evaluated over the period from 1973 to 2011
using practically perfect forecasts to define the maximum
values of the critical success index that a forecaster could
reasonably achieve given the con-strains of the forecast,
as well as the minimum values of the critical success in-

dex that are considered the baseline for skilful forecasts.
The annual frequency of skilful daily forecasts continues
to increase from the beginning of the period of study, and
the annual cycle shows maxima of the frequency of skilful
daily forecasts occurring in May and June. Srivastava °
stated that the rainfall can be estimated with a fair degree
of accuracy at desired locations within the range of the
Doppler Weather Radar using the radar rainfall products
and the developed linear regression model.

Doswell "' the so-called True Skill Statistic (TSS) and
the Heidke Skill Score (S), as used in the context of the
contingency, table approach to forecast verification, are
compared. It is shown that the TSS approaches the Proba-
bility of Detection (POD) whenever the forecasting is dom-
inated by correct forecasts of non-occurrence, i.e., forecast-
ing rare events like severe local storms. This means that the
TSS is vulnerable to “hedging” in rare event forecasting.

Rainfall activities over Delhi occurs in association
with western disturbances (WD) during winter season, in
summer season rainfall occurs due to convective thunder
storms, during rainy season it occurs in association with
monsoonal flow and in post monsoon season due to thun-
derstorms associated with WD. Regional Weather Fore-
casting Centre (RWFC) New Delhi has the responsibility
to issue and disseminate warnings for the rainfall and dis-
astrous weather affecting Delhi including National Capital
Region (NCR). So, it is very important to scientifically
verify the rainfall forecast issued by RWFC.

The main objective of this study is to verify the rainfall
forecast issued by Regional Weather Forecasting Centre
(RWFC) on day-to-day basis. Verification of Delhi has
been carried out annually and season wise for the period
2011 to 2021. Various statistical parameters such as Per-
centage Correct (PC), Probability of Detection (POD),
Missing Ratio (MR), False Alarm Ratio (FAR), Critical
Success Index (CSI), True Skill Statistics (TSS) and Heid-
ke Skill Score (HSS) have been calculated for season wise
and annually. A forecast is considered to be improving if
PC, POD, CSI, TSS and HSS increases and FAR and MR
decreases over a period of time.

Data used in this study is described in section 2,
Methodology used for forecast verification is described
in section 3, Analysis and discussion of rainfall forecast
verification has been carried out annually and season wise
for the period 2011 to 2021 using various statistical pa-
rameters in the Section 4 and finally results are concluded
in the section 5.

2. Data

To carry out the verification of forecast 24 hours ob-
served rainfall data has been collected from five obser-
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vatories of Delhi, namely Safdarjung, Palam, Ayanagar,
Ridge and Lodi Road. These observatories are located
within 20 km radius from Safdarjung observatory. 24-hour
rainfall forecast has been collected from Regional Weather
Forecasting Center (RWFC) New Delhi. Using observed
and forecast rainfall data various statistical parameters are
calculated and forecast verification is done.

3. Forecast Verification Methodology

To verify the forecast, a contingency table is prepared
which shows the frequency of “yes” and “no” forecasts
and occurrences. The four combinations are:

Hit Event: It means forecast to occur, and did occur

Miss Event: It means forecast not to occur, but did occur

False Alarm: It means event forecast to occur, but did
not occur

Correct non-event: It means event forecast not to occur,
and did not occur

The contingency table is a useful way to see what types
of errors are being made. A perfect forecast system would
produce only hits and correct non-event, and no misses or
false alarms (Table 1).

Table 1. Contigency Table

Event Event Observed
Forecast Yes No Marginal Total
Yes Hits False Alarm Forecast Yes
No Miss Correct Non Event  Forecast No

Marginal Total Observed Yes Observed No Sum Total

Categorical statistics that can be computed from the
yes/no contingency table are given below.

3.1 Percentage Correct (PC)

Percentage Correct is the accuracy in (%) using the
following formula. /ts range is 0 to 1 and Perfect score
is 1. It is simple, intuitive. It can be misleading since it is
heavily influenced by the most common category, usually
“no event” in the case of rare weather.

hits + correct negatives
total

3.2 Probability of Detection (Hit Rate)

Accuracy =

It tells fraction of the observed “yes” events that were
correctly forecast. Its range is 0 to 1 and Perfect score is
1. It is sensitive to hits, but ignores false alarms. POD is
very sensitive to the climatological frequency of the event
and good for rare events.

hits

POD=———
hits + misses
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3.3 False Alarm Ratio (FAR)

It tells the fraction of the predicted “yes” events that
actually did not occur. Its range is 0 to 1 and Perfect
score is 1. FAR is sensitive to false alarms, but ignores
misses. FAR is Very sensitive to the climatological fre-
quency of the event.

FAR = false alarms

hits + false alarms

3.4 Critical Success Index (CSI)

Also known as Threat score. It tells how well did the
forecast “yes” events correspond to the observed “yes”
events. Its range is 0 to 1 and Perfect score is 1. It Meas-
ures the fraction of observed and/or forecast events that
were correctly predicted. Sensitive to hits, penalizes both
misses and false alarms. Does not distinguish source of
forecast error. Depends on climatological frequency of
events (poorer scores for rarer events) since some hits can
occur purely due to random chance.

_ hits
* hits + misses + false alarms

3.5 Ttrue Skill Statistic (TSS or HK)

1t tells how well did the forecast separate the “yes”
events from the “no” events. Its range is 0 to 1 and Per-
fect score is 1. TSS uses all elements in contingency ta-
ble. The expression is identical to HK = POD - POFD. For
rare events HK is unduly weighted toward the first term
(same as POD), so this score may be more useful for more
frequent events.
(hits)

hits + misses

HK = false alarms

false alarms + correct negatives

3.6 Heidke SKkill Score

It tells what was the accuracy of the forecast relative
to that of random chance. Its range is 0 to 1 and Perfect
score is 1. It Measures the fraction of correct forecasts af-
ter eliminating those forecasts which would be correct due
purely to random chance.

_ (hits + correct negatives) —(expected correct)

random

Hss

N —(expected correct)

random

where,

(expected correct)

random

1| (hits + misses)(hits + false alarms) +

N | (correct negatives + misses)(correct negatives + false alarms)
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3.7 Missing Rate

The fraction or percentage of forecast that result in a
miss is called the miss rate. It is defined in terms of Hit
Rate or POD, which is described in 3.2:

Missing Rate (MR) = I- Hit Rate

4. Results and Discussion

In this section analysis and discussion of rainfall fore-
cast verification has been carried out annually and season
wise for the period 2011 to 2021 using various statistical
parameters.

4.1 Annual Forecast Verification

4.1.1 Percentage Correct (PC)

Figure 1 depicts the percentage correct (PC) forecast
during the period 2011 to 2021 over Delhi. In the year
2011 and 2012 percentage correct forecast was 88% and
92% respectively with False Alarm Ratio (FAR) was 0.27
and 0.31 respectively (Figure 3). FAR is quite high when
compared with the year 2021 having PC and FAR as 93%
and 0.13. In the year 2013 percentage correct forecast was
79%, which has increased to 93% in the year 2021. Thus,
the accuracy of forecast for Delhi has increased by 14% in
last 8 years. It shows that there is significant improvement
in the accuracy of forecast after 2013.

Percentage Correct (PC)
(Annual)
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Figure 1. Percentage Correct (PC) for Forecast of Delhi
during (2011 —2021)

4.1.2 Probability of Detection (POD)

The Probability of Detection (POD) for the rainfall
event during the period 2011 to 2021 over Delhi is shown
in the Figure 2. In the year 2011 and 2012 Probability of
Detection (POD) of a rainfall event was around 0.80. In
the year 2013 Probability of Detection (POD) was 0.58,
which has increased to 0.91 in the year 2021. Thus, the
Probability of Detection (POD) for Delhi has increased by

0.33 in the last 8 years. It shows that there is significant
improvement in the Probability of Detection (POD) of an
event after 2013.

Probability of Detection (POD)

(Annual)
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Figure 2. Probability of Detection (POD) for Forecast of
Delhi during (2011 — 2021)

4.1.3 False Alarm Ratio (FAR)

Figure 3 illustrates the False Alarm Ratio (FAR) for the
rainfall event during the period 2011 to 2021 over Delhi.
In the year 2011 and 2012 False Alarm Ratio (FAR) of
rainfall event was 0.27 and 0.31 respectively. In the year
2013 False Alarm Ratio (FAR) was very high value 0.62,
which has decreased to 0.13 in the year 2021. Thus, the
False Alarm Ratio (FAR) for Delhi has decreased by 0.49
in last 8 years. It shows that there is significant decrement
in the False Alarm Ratio (FAR) after 2013.

False Alarm Ratio (FAR)
(Annual)
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Figure 3. False Alarm Ratio (FAR) for Forecast of Delhi
during (2011 —2021)

4.1.4 Missing Ratio (MR)

The Missing Ratio (MR) for the rainfall event during
the period 2011 to 2021 over Delhi is depicted in the Fig-
ure 4. In the year 2011 and 2012 Missing Ratio (MR) of a
rainfall event was around 0.20. In the year 2013 Missing
Ratio (MR) was very heigh value 0.46, which has de-
creased to 0.09 in the year 2021. Thus, the Missing Ratio
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(MR) of an event for Delhi has decreased by 0.37 in last
8 years. It shows that there is significant decrement in the
Missing Ratio (MR) after 2013.

Missing Ratio (MR)
(Annual)
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Figure 4. Missing Ratio (MR) for Forecast of Delhi dur-
ing (2011 —2021)

4.1.5 Critical Success Index (CSI)

Figure 5 depicts the Critical Success Index (CSI) for
the forecast during the period 2011 to 2021 over Delhi. In
the year 2011 and 2012 Critical Success Index (CSI) was
around 0.60. In the year 2013 Critical Success Index (CSI)
was decreased to 0.36, which has increased to 0.81 in the
year 2021. Thus, the Critical Success Index (CSI for the
forecast of an event for Delhi has significantly increased
by 0.45 in last 8 years. It shows that there is significant
improvement in the Critical Success Index (CSI) for the
weather forecast after 2013.
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Figure 5. Critical Success Index (CSI) for Forecast of
Delhi during (2011 —2021)

4.1.6 True SKkill Statistics (TSS)

Figure 6 depicts the True Skill Statistics (TSS) for the
forecast during the period 2011 to 2021 over Delhi. In the
year 2011 and 2012 True Skill Statistics (TSS) were 0.61
and 0.68 respectively. In the year 2013 True Skill Statis-
tics (TSS) was decreased significantly to 0.24, which has
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increased to 0.79 in the year 2021. Thus, the True Skill
Statistics (TSS) for the forecast of an event for Delhi has
significantly increased by 0.55 in last § years. It shows
that there is significant increase in the True Skill Statistics
(TSS) for the weather forecast after 2013.

True Skill Statistics (TSS)
(Annual)

0.90 0 79
080 076

0.70 063 060

.67
0.56 . 950
0.60 comt®
@ 050 LRI & -
= 0.0
030 0.24
0.20
0.10
0.00

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
YEAR

Figure 6. True Skill Statistics (TSS) for Forecast of Delhi
during (2011 —2021)

4.1.7 Heidke SKkill Score (HSS)

Figure 7 depicts the Heidke Skill Score (HSS) for the
forecast during the period 2011 to 2021 over Delhi. In the
year 2011 and 2012 Heidke Skill Score (HSS) were 0.57
and 0.60 respectively. In the year 2013 Heidke Skill Score
(HSS) was decreased significantly to 0.25, which has in-
creased to 0.79 in the year 2021. Thus, the Heidke Skill
Score (HSS) for the forecast of an event for Delhi has sig-
nificantly increased by 0.54 in last 8 years. It shows that
there is significant increase in the HSS for the weather
forecast after 2013.
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Figure 7. Heidke Skill Score (HSS) for Forecast of Delhi
during (2011 —2021)

Above analysis of PC, POD, FAR, MR, CSI, TSS and
HSS for the annual forecast verification for Delhi depicts
that PC was higher in the year 2011 and 2012 and again
in 2021. But the major difference in these years is that in
the year 2021, POD and CSI have significantly increased
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and reached up to 0.91 and 0.81 respectively. TSS and
HSS also increased significantly in the year 2021 and both
reached up to 0.79. Simultaneously FAR and MR have
significantly decreased up to 0.13 and 0.9 respectively.

Thus, significant increase in the PC, POD, CSI, TSS
and HSS and significant decrease in FAR and MR has
been noticed in last 8§ years. A forecast is assumed to be
improving if PC, POD, CSI, TSS and HSS increases and
FAR and MR decreases over a period of time. In this case
there is increasing trend in PC, POD, CSI, TSS and HSS
while decreasing trend in FAR and MR. This shows that
there is significant improvement in the forecast during
2011 to 2021.

4.2 Verification of Forecast for Winter Season
4.2.1 Percentage Correct (PC)

Figure 8 depicts the percentage correct (PC) forecast
during the period 2011 to 2021 over Delhi during winter
season. In the winter season of year 2011 and 2012 per-
centage correct forecast was 84% and 95% respectively
with False Alarm Ratio (FAR) around 0.6 and 0.55 re-
spectively (Figure 10). FAR is quite high when compared
with the year 2021 having PC and FAR as 98% and 0.0. In
the year 2014 percentage correct forecast was 75%, which
has increased to 98% in the year 2021. Thus, the accuracy
of forecast for Delhi has increased by 23% in last 7 years
during winter season. Figure (8) shows that there is signif-
icant improvement in the accuracy of forecast after 2014.
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Figure 8. Percentage Correct (PC) for Forecast of Delhi
during winter Season (2011 —2021)

4.2.2 Probability of Detection (POD)

The Probability of Detection (POD) for the rainfall
event during the period 2011 to 2021 over Delhi is shown
in the Figure 9. In the year 2011 and 2012 Probability of
Detection (POD) of a rainfall event was around 0.80. In
the year 2013 and 2014 Probability of Detection (POD)

was 0.35 and 0.40 respectively, which has increased to 1.0
in the year 2020. Thus, the Probability of Detection (POD)
for Delhi has increased by 0.6 in last 6 years. It shows
that there is significant improvement in the Probability of
Detection (POD) of an event after 2014. In the winter sea-
son of the year 2021 POD is reduced to 0.75. Reason for
this decrease in POD is that in February 2021 there were
only two rainy days, out of which one was predicted cor-
rectly and other was missed. Normally 6-7 rainy days are
realised in each month of January and February. POD for
January 2021 is 1.0, for February 2021 is 0.50 and overall
for winter season (2021) is 0.75.

Probability of Detection (POD)
(Winter Season)

12

1

101 g 1
08 08 o075 08 L-m o7
08 e
---------
0.6 o °
o 035 04
[ |
0

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
YEAR

POD

Figure 9. Probability of Detection (POD) for Forecast of
Delhi during winter Season (2011 —2021)

4.2.3 False Alarm Ratio (FAR)

Figure 10 illustrates the False Alarm Ratio (FAR) for
the rainfall event during the period 2011 to 2021 over
Delhi during winter season. In the year 2011 False Alarm
Ratio (FAR) of rainfall event was 0.60. In the year 2013
False Alarm Ratio (FAR) was 0.6, which has decreased to
0.0 in the year 2021. Thus, the False Alarm Ratio (FAR)
for Delhi has decreased significantly by 0.6 in last 8 years.
It shows that there is significant decrement in the False
Alarm Ratio (FAR) after 2011.

4.2.4 Missing Ratio (MR)

The Missing Ratio (MR) for the rainfall event during
the period 2011 to 2021 during winter season over Delhi is
depicted in the Figure 11. In the year 2011 and 2012 Miss-
ing Ratio (MR) of a rainfall event was around 0.20. In the
year 2013 Missing Ratio (MR) was very heigh value 0.65,
which has decreased to 0.0 in the year 2020. Thus, the
Missing Ratio (MR) of an event for Delhi has decreased
by 0.65 in last 7 years. It shows that there is significant
decrement in the Missing Ratio (MR) after 2013. In the
winter season of the year 2021 MR is increased to 0.25 as
compared to 2020. Reason for this increase in MR is that
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in February 2021 there were only two rainy days, out of
which one was predicted correctly and other was missed.
Normally 6-7 rainy days are realised in each month of
January and February. Missing ratio for January 2021 is
0.0, for February 2021 is 0.50 and overall for winter sea-
son (2021) is 0.25.
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Figure 10. False Alarm Ratio (FAR) for Forecast of Delhi
during winter Season (2011 —2021)
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Figure 11. Missing Ratio (MR) for Forecast of Delhi
during winter Season (2011 —2021)

4.2.5 Critical Success Index (CSI)

Figure 12 depicts the Critical Success Index (CSI) for
the forecast during the period 2011 to 2021 during win-
ter season over Delhi. In the year 2011 and 2012 Critical
Success Index (CSI) was 0.35. In the year 2013 Critical
Success Index (CSI) was decreased to 0.25, which has
increased to 1.0 in the year 2018 and 2020. Thus, the Crit-
ical Success Index (CSI) for the forecast of an event for
Delhi has significantly increased by 0.65 in last 8§ years. It
shows that there is significant improvement in the Critical
Success Index (CSI) for the weather forecast after 2013.
In the winter season of the year 2021 CSI is decreased
to 0.75 as compared to 2020. Reason for this decrease in
CSI is that in February 2021 there were only two rainy
days, out of which one was predicted correctly and other
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was missed. Normally 6-7 rainy days are realised in each
month of January and February. CSI for January 2021 is
1.0, for February 2021 is 0.50 and overall, for winter sea-
son (2021) is 0.75.
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Figure 12. Critical Success Index (CSI) for Forecast of
Delhi during winter Season (2011 —2021)

4.2.6 True Skill Statistics (TSS)

Figure 13 depicts the True Skill Statistics (TSS) for the
forecast during the period 2011 to 2021 over Delhi. In the
year 2011 and 2012 True Skill Statistics (TSS) were 0.65
and 0.70 respectively. In the year 2013 and 2014 True
Skill Statistics (TSS) was decreased significantly to 0.25,
which has increased to 1.0 in the year 2020 as compared
to year 2013. Thus, the True Skill Statistics (TSS) for the
forecast of an event for Delhi has significantly increased
by 0.75 in last 7 years. It shows that there is significant
increase in the True Skill Statistics (TSS) for the weather
forecast after 2013. In the winter season of the year 2021
TSS is decreased to 0 .75 as compared to 2020. Reason
for this decrease in TSS is that in February 2021 there
were only two rainy days, out of which one was predicted
correctly and other was missed. Normally 6-7 rainy days
are realised in each month of January and February. TSS
for January 2021 is 1.0, for February 2021 is 0.50 and
overall for winter season (2021) is 0.75.

4.2.7 Heidke Skill Score (HSS)

Figure 14 depicts the Heidke Skill Score (HSS) for the
forecast during the period 2011 to 2021 over Delhi. In the
year 2011 and 2012 Heidke Skill Score (HSS) were 0.45
and 0.50 respectively. In the year 2013 Heidke Skill Sta-
tistics (HSS) was decreased significantly to 0.20, which
has increased to 1.0 in the year 2020. Thus, the Heidke
Skill Statistics (HSS) for the forecast of an event for Delhi
has significantly increased by 0.8 in last 7 years. It shows
that there is significant increase in the Heidke Skill Statis-
tics (HSS) for the weather forecast after 2013. In the win-
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ter season of the year 2021 HSS is decreased to 0.75 as
compared to 2020. Reason for this decrease in HSS is that
in February 2021 there were only two rainy days, out of
which one was predicted correctly and other was missed.
Normally 6-7 rainy days are realised in each month of
January and February. HSS for January 2021 is 0.0, for
February 2021 is 0.50 and overall for winter season (2021)
is 0.75.
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Figure 13. True Skill Statistics (TSS) for Forecast of Del-
hi during winter Season (2011 —2021)
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Figure 14. Heidke Skill Score (HSS) for Forecast of Delhi
during winter Season (2011 —2021)

Above analysis of PC, POD, FAR, MR, CSI, TSS and
HSS for the winter season forecast verification for Delhi
depicts that PC was higher in the year 2011 and 2012 and
again in 2021. But the major difference in these years is
that in the year 2020, POD and CSI have significantly
increased and reached up to 1.0. TSS and HSS also in-
creased significantly in the year 2020 and both reached
up to 1.0. Simultaneously FAR and MR have significantly
decreased up to 0.0 in the year 2020.

In the year 2021 PC, POD, FAR, MR, CSI, TSS and
HSS values were 98%, 0.75, 0.0, 0.25, 0.75, 0.75 and 0.75
respectively. Decrease in POD, CSI, TSS and HSS and
increase in MR for the year 2021 is due to the reason that
in February 2021 there were only two rainy days, out of

which one was predicted correctly and other was missed.
Normally 6-7 rainy days are realised in each month of
January and February.

Thus, significant increase in the PC, POD, CSI, TSS
and HSS and significant decrease in FAR and MR has
been noticed in last few years. A forecast is assumed to be
improving if PC, POD, CSI, TSS and HSS increases and
FAR and MR decreases over a period of time. In this case
there is increasing trend in PC, POD, CSI, TSS and HSS
while decreasing trend in FAR and MR. This shows that
there is significant improvement trend in the forecast dur-
ing 2011 to 2021.

4.3 Verification of Forecast for Pre-monsoon Sea-
son

4.3.1 Percentage Correct (PC)

Figure 15 depicts the percentage correct (PC) forecast
during the period 2011 to 2021 for pre-monsoon Season
over Delhi. In the year 2011 and 2012 percentage correct
forecast were 90% and 88% respectively with False Alarm
Ratio (FAR) around 0.23 and 0.37 respectively (Figure
17). Trend in Percentage forecast continue to decrease till
year 2016, after that it has increasing trend and reached
up to 92% in the year 2021 with FAR is 0.20. On com-
paring year 2011 and year 2021 there is slight increase
of 2% in PC and slight decrease of 0.3 in FAR. Thus, the
accuracy of forecast for Delhi for pre-monsoon Season
has increased by 13% in last 8 years. It shows that there is

significant improvement in the accuracy of forecast after
2013.
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Figure 15. Percentage Correct (PC) for Forecast of Delhi
during pre-monsoon Season (2011 —2021)

4.3.2 Probability of Detection (POD)

The Probability of Detection (POD) for the rainfall
event during the period 2011 to 2021 for pre-monsoon
Season over Delhi is shown in the Figure 16. In the year
2011 and 2012 Probability of Detection (POD) of a rain-
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fall event was 0.73 and 0.63. In the year 2013 Probability
of Detection (POD) was 0.30 which was lowest during the
period 2011-2021; POD has increased to 0.97 in the year
2021. Thus, the Probability of Detection (POD) for Delhi
has increased by 0.67 in last 8 years. It shows that there
is significant improvement in the Probability of Detection
(POD) of an event after 2013.

Probability of Detection (POD)
(Pre-Monsoon Season)

0.97
1.00 0.87

0.73
0.63

o
070 7 gt
0.63
050I ........... 07 ] I

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
YEAR

POD
o
N
S

o

>

S
L4
w
S

o
N
o

0.00

Figure 16. Probability of Detection (POD) for Forecast of
Delhi during pre-monsoon Season (2011 —2021)

4.3.3 False Alarm Ratio (FAR)

Figure 17 illustrates the False Alarm Ratio (FAR)
for the rainfall event during the period 2011 to 2021 for
pre-monsoon Season over Delhi. In the year 2011 and
2012 False Alarm Ratio (FAR) of a rainfall event was 0.23
and 0.37 respectively. In the year 2013 False Alarm Ratio
(FAR) was very high value 0.65, which has decreased to
0.20 in the year 2021. Thus, the False Alarm Ratio (FAR)
for Delhi has decreased by 0.45 in last 8 years. It shows
that there is significant decrement in the False Alarm Ra-
tio (FAR) after 2013.
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Figure 17. False Alarm Ratio (FAR) for Forecast of Delhi
during pre-monsoon Season (2011 —2021)

4.3.4 Missing Ratio (MR)

The Missing Ratio (MR) for the rainfall events during
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the period 2011 to 2021 for pre-monsoon Season over
Delhi are depicted in the Figure 18. In the year 2011 and
2012 Missing Ratio (MR) of a rainfall event was 0.27 and
0.37 respectively. In the year 2013 Missing Ratio (MR)
was very high value 0.80, which has decreased to 0.03 in
the year 2021. Thus, the Missing Ratio (MR) of an event
for Delhi has decreased by 0.77 in last 8 years. It shows
that there is significant decrement in the Missing Ratio
(MR) after 2013.
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Figure 18. Missing Ratio (MR) for Forecast of Delhi
during pre-monsoon Season (2011 —2021)

4.3.5 Critical Success Index (CSI)

Figure 19 depicts the Critical Success Index (CSI) for
the forecast during the period 2011 to 2021 for pre-mon-
soon Season over Delhi. In the year 2011 and 2012 Criti-
cal Success Index (CSI) was 0.60 and 0.40 respectively. In
the year 2013 Critical Success Index (CSI) was decreased
to 0.15, which has increased to 0.80 in the year 2021.
Thus, the Critical Success Index (CSI for the forecast of
an event for Delhi has significantly increased by 0.65 in
last 8 years. It shows that there is significant improvement
in the Critical Success Index (CSI) for the weather fore-
cast after 2013.
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Figure 19. Critical Success Index (CSI) for Forecast of
Delhi during pre-monsoon Season (2011 —2021)
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4.3.6 True SKkill Statistics (TSS)

Figure 20 depicts the True Skill Statistics (TSS) for the
forecast during the period 2011 to 2021 for pre-monsoon
Season over Delhi. In the year 2011 and 2012 True Skill
Statistics (TSS) was 0.67 and 0.60 respectively. In the
year 2013 True Skill Statistics (TSS) was decreased sig-
nificantly to 0.15, which has increased to 0.87 in the year
2021. Thus, the True Skill Statistics (TSS) for the forecast
of the rainfall events for Delhi has significantly increased
by 0.72 in last 8 years. It shows that there is a significant
increase in the True Skill Statistics (TSS) for the weather
forecast after 2013.
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Figure 20. True Skill Statistics (TSS) for Forecast of Del-
hi during pre-monsoon Season (2011 —2021)

4.3.7 Heidke SKkill Score (HSS)

Figure 21 depicts the Heidke Skill Score (HSS) for the
forecast during the period 2011 to 2021 for pre-monsoon
Season over Delhi. In the year 2011 and 2012 Heidke
Skill Score (HSS) were 0.67 and 0.50 respectively. In the
year 2013 Heidke Skill Score (HSS) was decreased sig-
nificantly to 0.20, which has increased to 0.83 in the year
2021. Thus, the Heidke Skill Score (HSS) for the forecast
of an event for Delhi has significantly increased by 0.63
in last 8 years. It shows that there is significant increase
in the Heidke Skill Score (HSS) for the weather forecast
after 2013.

Above analysis of PC, POD, FAR, MR, CSI, TSS and
HSS for the forecast verification for pre-monsoon Season
for Delhi depicts that PC was higher in the year 2011,
2012,2015 and again in 2021. But the major difference in
these years is that in the year 2021, POD and CSI have
significantly increased and reached up to 0.97 and 0.80
respectively. TSS and HSS also increased significantly
in the year 2021 and both reached up to 0.87 and 0.83.
Simultaneously FAR and MR have also shown decreasing
trend and decreased up to 0.20 and 0.03 respectively.

Thus, significant increase in the PC, POD, CSI, TSS

and HSS and significant decrease in FAR and MR has
been noticed in last 8 years. A forecast is assumed to be
improving if PC, POD, CSI, TSS and HSS increases and
FAR and MR decreases over a period of time. In this case
there is increasing trend in PC, POD, CSI, TSS and HSS
while decreasing trend in FAR and MR. This shows that
there is significant improvement in the forecast during
2013 to 2021.
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Figure 21. Heidke Skill Score (HSS) for Forecast of Delhi
during pre-monsoon Season (2011 —2021)

4.4 Verification of Forecast for Monsoon Season
4.4.1 Percentage Correct (PC)

Figure 22 depicts the percentage correct (PC) forecast
during the period 2011 to 2021 for monsoon Season over
Delhi. In the year 2011 and 2012 percentage correct fore-
cast were 80% and 87% respectively with False Alarm
Ratio (FAR) 0.1 in both the years (Figure 24). Decreasing
trend in Percentage forecast is observed till year 2013,
after that it has increasing trend and reached up to 87% in
the year 2021 with FAR is 0.2. On comparing year 2011
and year 2021 there is increase of 7% in PC and slight
increase of 0.1 in FAR. Thus, the accuracy of forecast for
Delhi for pre-monsoon Season has increased by 20% in
last 8 years. It shows that there is improvement in the ac-
curacy of forecast after 2013.
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Figure 22. Percentage Correct (PC) for Forecast of Delhi
during monsoon Season (2011 —2021)
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4.4.2 Probability of Detection (POD)

The Probability of Detection (POD) for the rainfall
event during the period 2011 to 2021 for monsoon Season
over Delhi is shown in the Figure 23. In the year 2011 and
2012 Probability of Detection (POD) of a rainfall event
was 0.80 and 1.0 respectively. In the year 2013 Probabili-
ty of Detection (POD) was 0.70 which was lowest during
the period 2011-2021; POD in the year 2021 was 0.9.
Thus, the Probability of Detection (POD) for monsoon
season over Delhi remains close to 0.9 during the period
2011-2021.1t shows that there is no large change in the
Probability of Detection (POD) of the rainfall in the mon-
soon season during the study period. The main reason for
no large change is that monsoon season is the main rainy
season and rainfall occur often, and is well predicted
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Figure 23. Probability of Detection (POD) for Forecast of
Delhi during monsoon Season (2011 —2021)

4.4.3 False Alarm Ratio (FAR)

Figure 24 illustrates the False Alarm Ratio (FAR) for
the rainfall event during the period 2011 to 2021 for the
monsoon Season over Delhi. For both In the year 2011
and 2012 False Alarm Ratio (FAR) of the rainfall was
0.1. In the year 2013 False Alarm Ratio (FAR) was very
high value 0.7, which has decreased to 0.20 in the year
2021. Thus, the False Alarm Ratio (FAR) for Delhi has
decreased by 0.50 in last 8 years. It shows that there is
significant decrement in the False Alarm Ratio (FAR) af-
ter 2013.

4.4.4 Missing Ratio (MR)

The Missing Ratio (MR) for the rainfall events during
the period 2011 to 2021 for the monsoon Season over
Delhi are depicted in the Figure 25. In the year 2011, 2014
and 2017 Missing Ratio (MR) of a rainfall event was 0.20.
Rest of the years of the period 2011 to 2021, MR is either
0.0 or 0.1. Thus, MR is very low during monsoon season.
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Overall trend line shows that MR is further decreasing
over the years. Reason for decreasing and low values of
MR is that rainfall pattern and associated synoptic and
atmospheric conditions are well understood during mon-
soon season.
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Figure 24. False Alarm Ratio (FAR) for Forecast of Delhi
during monsoon Season (2011 —2021)
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Figure 25. Missing Ratio (MR) for Forecast of Delhi
during monsoon Season (2011 —2021)

4.4.5 Critical Success Index (CSI)

Figure 26 depicts the Critical Success Index (CSI) for
the forecast during the period 2011 to 2021 for monsoon
Season over Delhi. In the year 2011 and 2012 Critical
Success Index (CSI) was 0.70 and 0.90 respectively. In
the year 2014 Critical Success Index (CSI) was decreased
to 0.4, which has increased to 0.80 in the year 2021. Thus,
the Critical Success Index (CSI) for the forecast of rain-
fall for Delhi has significantly increased by 0.4 in last 7
years. It shows that there is significant improvement in the
Critical Success Index (CSI) for the rainfall forecast after
2014.

4.4.6 True Skill Statistics (TSS)

Figure 27 depicts the True Skill Statistics (TSS) for
the forecast during the period 2011 to 2021 for monsoon
Season over Delhi. In the year 2011 and 2012 True Skill
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Statistics (TSS) was 0.5 and 0.70 respectively. In the year
2013 True Skill Statistics (TSS) was decreased signifi-
cantly to 0.2, which has increased to 0.6 in the year 2021.
Thus, the True Skill Statistics (TSS) for the forecast of the
rainfall events for Delhi has significantly increased by 0.4
in last 8 years. It shows that there is significant increase
in the True Skill Statistics (TSS) for the weather forecast
after 2013.
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Figure 26. Critical Success Index (CSI) for Forecast of
Delhi during monsoon Season (2011 —2021)
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Figure 27. True Skill Statistics (TSS) for Forecast of Del-
hi during monsoon Season (2011 —2021)

4.4.7 Heidke Skill Score (HSS)

Figure 28 depicts the Heidke Skill Score (HSS) for the
forecast during the period 2011 to 2021 for monsoon Sea-
son over Delhi. In the year 2011 and 2012 Heidke Skill
Score (HSS) was 0.5 and 0.8 respectively. In the year
2013 Heidke Skill Score (HSS) was decreased significant-
ly to 0.30, which has again increased to 0.6 in the year
2021. Thus, the Heidke Skill Score (HSS) for the forecast
of an event for Delhi has significantly increased by 0.30
in last 7 years. It shows that there is significant increase
in the Heidke Skill Score (HSS) for the weather forecast
after 2014.

Above analysis of PC, POD, FAR, MR, CSI, TSS and
HSS for the forecast verification for monsoon Season for
Delhi depicts that PC was higher (>80%) in the year 2011,
2012, 2020 and 2021. Above analysis for monsoon season
shows that POD is almost similar for the study period.
However, trend line of POD indicates slight increase in
POD. FAR has decreased significantly after 2013. Trend
line of MR is indicating decrease in MR over the years.
Trend line of CSI, TSS and HSS shows increasing trend
after 2013. Reason for gradual decreasing trend of MR
and gradual increasing trend of CSI, TSS and HSS is that
during monsoon season rainfall occurs often and also
rainfall pattern and associated synoptic and atmospheric
conditions are well understood for monsoon season. This
shows that there is gradual improvement in the forecast
during 2013 to 2021 in monsoon season.
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Figure 28. Heidke Skill Score (HSS) for Forecast of Delhi
during monsoon Season (2011 —2021)

4.5 Verification of Forecast for Post-monsoon Season
4.5.1 Percentage Correct (PC)

Figure 29 depicts the percentage correct (PC) forecast
during the period 2011 to 2021 for post-monsoon Season
over Delhi. In the year 2011 and 2012 percentage correct
forecast were 99% and 96% respectively with False Alarm
Ratio (FAR) around 0.30 and 0.40 respectively (Figure 31).
Trend in Percentage forecast continue to decrease till year
2013, after that it has increasing trend and reached up to
100% and 98% in the year 2020 and 2021 with FAR is 0.0
and 0.05 respectively. On comparing year 2011 and year
2021 PC is almost similar, however significant decrease of
0.30 in FAR is seen. Thus, the accuracy of forecast for Delhi
for post-monsoon Season has increased considerably with
significant decrease in FAR during last 8 years.

4.5.2 Probability of Detection (POD)

The Probability of Detection (POD) for the rainfall
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event during the period 2011 to 2021 for post-monsoon
Season over Delhi is shown in the Figure 30. In the year
2011 and 2012 Probability of Detection (POD) of a rain-
fall event was 1.0 and 0.80. In the year 2013 Probability
of Detection (POD) was 0.45 which was lowest during the
period 2011-2021; POD has increased to 1.0 and 0.95 in
the year 2020 and 2021 respectively. Thus, the Probability
of Detection (POD) for Delhi has increased by 0.50 in last
8 years. It shows that there is significant improvement in
the Probability of Detection (POD) of an event after 2013.
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Figure 29. Percentage Correct (PC) for Forecast of Delhi
during post-monsoon Season (2011 —2021)
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Figure 30. Probability of Detection (POD) for Forecast of
Delhi during post-monsoon Season (2011 —2021)

4.5.3 False Alarm Ratio (FAR)

Figure 31 illustrates the False Alarm Ratio (FAR)
for the rainfall event during the period 2011 to 2021 for
post-monsoon Season over Delhi. In the year 2011 and
2012 False Alarm Ratio (FAR) of a rainfall event was 0.30
and 0.40 respectively. In the year 2013 and 2014 False
Alarm Ratio (FAR) was very high value 0.55, which has
decreased to 0.05 in the year 2021. Thus, the False Alarm
Ratio (FAR) for Delhi has decreased by 0.50 in last 8
years. Trend line also shows that FAR is decreasing con-
tinuously. It shows that there is significant decrement in
the False Alarm Ratio (FAR) after 2013.
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Figure 31. False Alarm Ratio (FAR) for Forecast of Delhi
during post-monsoon Season (2011 —2021)

4.5.4 Missing Ratio (MR)

The Missing Ratio (MR) for the rainfall events during
the period 2011 to 2021 for pre-monsoon Season over
Delhi is depicted in the Figure 32. In the year 2011 and
2012 Missing Ratio (MR) of a rainfall event was 0.0 and
0.30 respectively. In the year 2013 Missing Ratio (MR)
was very high value 0.60, which has decreased to 0.0 and
0.05in the year 2020 and 2021 respectively. Thus, the
Missing Ratio (MR) of an event for Delhi has decreased
by 0.55 in last 8 years. Trend line also shows that MR is
decreasing continuously. It shows that there is significant
decrement in the Missing Ratio (MR) after 2013.
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Figure 32. Missing Ratio (MR) for Forecast of Delhi
during post-monsoon Season (2011 —2021)

4.5.5 Critical Success Index (CSI)

Figure 33 depicts the Critical Success Index (CSI) for
the forecast during the period 2011 to 2021 for post-mon-
soon Season over Delhi. In the year 2011 and 2012 Criti-
cal Success Index (CSI) was 0.70 and 0.50 respectively. In
the year 2013 Critical Success Index (CSI) was decreased
to 0.3, which has increased to 1.0 and 0.90 in the year
2020 and 2021 respectively. Thus, the Critical Success
Index (CSI for the forecast of an event for Delhi has sig-
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nificantly increased by 0.60 in last 8 years. Trend line also
shows that CSI is increasing continuously. It shows that
there is significant improvement in the Critical Success
Index (CSI) for the weather forecast after 2013. Trend line
also shows that CSI is increasing continuously.
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Figure 33. Critical Success Index (CSI) for Forecast of
Delhi during post-monsoon Season (2011 —2021)

4.5.6 True SKkill Statistics (TSS)

Figure 34 depicts the True Skill Statistics (TSS) for the
forecast during the period 2011 to 2021 for post-monsoon
Season over Delhi. In the year 2011 and 2012 True Skill
Statistics (TSS) was 1.0 and 0.70 respectively. In the year
2013 True Skill Statistics (TSS) was decreased significant-
ly to 0.35, which has increased to 1.0 and 0.90 in the year
2020 and 2021 respectively. Thus, the True Skill Statistics
(TSS) for the forecast of the rainfall events for Delhi has
significantly increased by 0.55 in last 8 years. Trend line
also shows that TSS is increasing continuously. It shows
that there is significant increase in the True Skill Statistics
(TSS) for the weather forecast after 2013.
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Figure 34. True Skill Statistics (TSS) for Forecast of Del-
hi during post-monsoon Season (2011 —2021)

4.5.7 Heidke SKkill Score (HSS)

Figure 35 depicts the Heidke Skill Score (HSS) for the

forecast during the period 2011 to 2021 for post-monsoon
Season over Delhi. In the year 2011 and 2012 Heidke
Skill Score (HSS) were 0.80 and 0.60 respectively. In the
year 2013 Heidke Skill Score (HSS) was decreased signif-
icantly to 0.35, which has increased to 1.0 and 0.90 in the
year 2020 and 2021 respectively. Thus, the Heidke Skill
Score (HSS) for the forecast of an event for Delhi has
significantly increased by 0.55 in last 8 years. Trend line
also shows that HSS is increasing continuously. It shows
that there is significant increase in the Heidke Skill Score
(HSS) for the weather forecast after 2013.
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Figure 35. Heidke Skill Score (HSS) for Forecast of Delhi
during post-monsoon Season (2011 —2021)

Above analysis of PC, POD, FAR, MR, CSI, TSS and
HSS for the forecast verification for post-monsoon Season
for Delhi depicts that PC was higher (>95%) in all the
year expect 2013 when it was 89%. CSI, TSS and HSS
also increased significantly during the period 2013-2021
reached up to 1.0 and 0.90 in the year 2020 and 2021 re-
spectively. Simultaneously FAR and MR has also shown
significant decreasing trend and decreased up to 0.0 and
0.05 in the year 2020 and 2021 respectively.

Thus, significant increase in the CSI, TSS and HSS
and significant decrease in FAR and MR has been noticed
in last 8 years. A forecast is assumed to be improving
if PC, POD, CSI, TSS and HSS increases and FAR and
MR decreases over a period of time. In this case there is
increasing trend in CSI, TSS and HSS while decreasing
trend in FAR and MR. This shows that there is significant
improvement in the forecast during 2013 to 2021 for the
post-monsoon Season.

5. Conclusions

In this study rainfall forecast verification of Delhi for
the period 2011 to 2021 has been carried out. Various sta-
tistical parameters such as Percentage Correct (PC), Prob-
ability of Detection (POD), Missing Ratio (MR), False
Alarm Ratio (FAR), Critical Success Index (CSI), True
Skill Statistics (TSS) and Heidke Skill Score (HSS) has
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been calculated for season wise and annually. A forecast is
assumed to be improving if PC, POD, CSI, TSS and HSS
increases and FAR and MR decreases over a period of
time. Based on the values of these parameters following
conclusion are drawn:

Annual: The analysis of various parameters calculated
annually depicts that PC was higher in the year 2011 and
2012 and again in 2021. But the major difference in these
years (2011-2021) is that in the year 2021, POD, CSI,
TSS and HSS has significantly increased and reached up
to 0.91, 0.81, 0.79 and 0.79 respectively. Simultaneously
FAR and MR has significantly decreased up to 0.13 and 0.9
respectively. This shows that there is significant improve-
ment in the forecast during 2011 to 2021.

Winter: Analysis of various parameters for the winter
season depicts that PC was higher in the year 2011 and
2012 and again in 2021. But the major difference in these
years is that in the year 2020, POD and CSI have signifi-
cantly increased and reached up to 1.0. TSS and HSS also
increased significantly in the year 2020 and both reached
up to 1.0. Simultaneously FAR and MR has significant-
ly decreased up to 0.0 in the year 2020. Thus, there is
increasing trend in PC, POD, CSI, TSS and HSS while
decreasing trend in FAR and MR. This shows that there is
significant improvement in the forecast for winter season
during 2011 to 2021.

Pre-Monsoon: Analysis of various parameters pre-mon-
soon Season depicts that PC was higher in the year 2011,
2012, 2015 and again in 2021. But the major difference in
these years is that in the year 2021, POD and CSI have
significantly increased and reached up to 0.97 and 0.80
respectively. TSS and HSS also increased significantly
in the year 2021 and both reached up to 0.87 and 0.83.
Simultaneously FAR and MR have also shown decreasing
trend and decreased up to 0.20 and 0.03 respectively. For
pre monsoon season there is increasing trend in PC, POD,
CSI, TSS and HSS while decreasing trend in FAR and
MR. This shows that there is significant improvement in
the forecast during 2013 to 2021.

Monsoon: Analysis for monsoon season shows that
POD is almost similar for the study period. However,
trend line of POD indicates slight increase in POD. FAR
has decreased significantly after 2013. Trend line of MR
is indicating decrease in MR over the years. Trend line
of CSI, TSS and HSS shows increasing trend after 2013.
Reason for gradual decreasing trend of MR and gradual
increasing trend of CSI, TSS and HSS is that during mon-
soon season rainfall occurs often and also rainfall pattern
and associated synoptic and atmospheric conditions are
well understood for monsoon season. This shows that
there is gradual improvement in the forecast during 2013
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to 2021 in monsoon season.

Post Monsoon: Analysis of post-monsoon Season for
Delhi depicts that PC was higher (>95%) in all the year
expect 2013 when it was 89%. CSI, TSS and HSS also in-
creased significantly during the period 2013-2021 reached
up to 1.0 and 0.90 in the year 2020 and 2021 respectively.
Simultaneously FAR and MR has also shown significant
decreasing trend and decreased up to 0.0 and 0.05 in the
year 2020 and 2021 respectively. There is increasing trend
in CSI, TSS and HSS while decreasing trend in FAR and
MR. This shows that there is significant improvement in
the forecast during 2013 to 2021 for the post-monsoon
Season.

Overall, we can conclude that annually accuracy of
forecast has increase significantly during last 8 years.
Maximum contribution in the improved forecast has ob-
served in transition season (pre-monsoon season followed
by post-monsoon), when FAR and MR has decreased
drastically. We can also say accuracy of prediction of rain-
fall associated with thunderstorms has also increased, as
in pre and post monsoon season rainfall activities occurs
mainly in association with thunderstorms. The increase in
forecast accuracy is mainly attributed to the availability
of Doppler weather Radar and satellite images at frequent
interval, increased accuracy of Numerical Weather Predic-
tion Models and increased understanding of forecasters.
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1. Introduction

Much attention is paid to the study of atmospheric dis-
charges. They affect human life, and physical processes
occurring in many types of these discharges still require
further study. Over the past three decades, many scien-
tific groups have intensively studied Transient Luminous
Events (TLEs) such as which include red sprites, blue jets,
elves, and others "), Simulations of TLEs are carried out
in laboratory conditions; see for example . Figure 1 is a
widely known image """, which presents various types of
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Over the past three decades, research of high-altitude atmospheric
discharges has received a lot of attention. This paper presents the results
of experimental modeling of red sprites during a discharge in low-pressure
air. To initiate ionization waves in a quartz tube, an electrodeless pulse-
periodic discharge fed by microsecond voltage pulses with an amplitude
of a few kilovolts and a repetition rate of tens of kHz were formed. In this
case ionization waves (streamers) have a length of tens of centimeters.
The main plasma parameters were measured at various distances along the
tube. The measurements confirm the fact that ionization waves propagate in
opposite directions from the zone of the main electrodeless discharge, just
as it happens during the formation of red sprites.

atmospheric discharges.

One of these types of discharges, which is initiated at
altitudes of 70 km ~ 80 km from the Earth’s surface and
is observed above thunderclouds, are red sprites, see the
first color photo !". They propagate at altitudes of 40 km ~
100 km (air pressure varies within 3-2.4-10"* Torr) and
their color can change from red to blue one at the altitude
of about 50 km. It is known that red sprites can be com-
pared with streamers (ionization waves), which, due to
low pressures at high altitudes, have a length of tens of
kilometers. It is believed that the red color of sprites is de-
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termined by the emission of bands formed by spectral tran-
sitions of the first positive system (FPS; 1+) of a nitrogen
molecule ***""""*] Important data on the radiation charac-
teristics of sprites were obtained by observing them from
an aircraft " and from space ***. In particular, a glow
duration, emission spectra, and propagation velocities of
red sprites were measured and analyzed ">, However,
many of the processes that are observed during the for-
mation of red sprites require further research, including
in a laboratory. One of such properties of sprites is their
propagation both towards the Earth’s surface and in the
opposite direction "'>'”. The mechanism for initiating red
sprites also remains beyond understanding. In particular,
it is assumed that their development is initiated by plasma
inhomogeneities in the D-region of the ionosphere **',

Transient Luminous Events

Gigantic Jet

Blue Jet

Tropsspher . COLishting., -
b3 o >

Figure 1. Different types of TLEs. Photo used with per-

. . 10
mission from F. Lucena "'

The purpose of this work is to study in details the radia-
tion of a plasma formed by an electrodeless pulse-periodic
streamer discharge in air at pressures of 0.4 Torr ~ 9 Torr.
Preliminary experiments have shown that such a discharge
are red colored due to the emission of bands formed by
spectral transitions of the 1+ system of a nitrogen mole-
cule and are can be classified as a streamer discharge. This
paper, unlike others dealing with laboratory modeling of
red sprites in low-pressure air "***", has a significant dif-
ference in the form of an electrodeless discharge.

2. Experimental Setup and Measuring Techniques

For these studies, a setup was used that had two mod-
ifications, which made it possible to study the optical
characteristics of a discharge plasma at air pressures cor-
responding to altitudes where red sprites arise. The setup
consisted of a quartz tube (GE 214 grade) with the high
transmission in the ultra violet (UV) and visible spectral
regions equipped with 1-cm-width ring-shaped electrodes
made of aluminum foil, as well as a high-frequency volt-

age pulse generator (U,), which was connected to them
(Figure 2). A length, an inner diameter and a wall thick-
ness of the tube were 120 cm, 50 mm and 2.5 mm, respec-
tively. The electrodes were located in the center of the
tube. A distance between the electrodes was 6 cm.

Generator
U 3 1
\ N

1 3
l"l/ /
IS | ——
=) S % AN Y Pumping out
4 L 5 and air inlet

Figure 2. Experimental setup consisting of a quartz tube
with ring-shaped electrodes. 1 - flanges; 2 - quartz win-
dow; 3 - quartz tube; 4, 5 - ring-shaped electrodes.

In the most experiments, the U, generator produced
voltage pulses with a rise/fall time of ~350 ns, an am-
plitude of 7 kV, a full width at half-maximum (FWHM)
of =2 us. A pulse repetition rate f was 21 kHz. The ends
of the tube were closed with caprolon flanges. The right
flange had a 5-mm-diameter central hole that served for
pumping out and filling the chamber with air A quartz
window (2 on Figure 2) or two additional pointed elec-
trodes made of nichrome wire were installed from the side
of the left flange (A and C on Figure 3a).

10 Torr A

p

36 mm
‘ 10 mm

,

Streamer

(c) (d)

Figure 3. Integral photographs of the gap formed by two
additional pointed electrodes (A and C) made of 1-mm—
diameter nichrome wire (a), discharges without the
streamer formation (b) and with it (c), as well as an ICCD
image of a streamer (d). Air pressure is p = 10 (b) and 3
Torr (c, d). Amplitude of the voltage applied across the
additional pointed electrodes is Uy = +5 kV.
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A gap width between the additional electrodes was
10 mm. A radius of curvature of these electrodes
was ~0.1 mm. DC voltage was applied across the addi-
tional electrodes from a DC voltage source (Upc) and a
discharge was formed at various pressures p and voltages.

The additional electrodes and high-voltage source Uy
in a number of cases were used in experiments with the
U, generator and the ring-shaped electrodes. In this case,
these electrodes were interconnected outside the chamber
and grounded or fed by the U, source via 100 MQ resist-
ance. Polarities of the U, generator and Uy, source could
change. It was also possible to change the voltage ampli-
tude. Note that the U, source and additional electrodes
are not shown in the Figure 2, however the additional
electrodes are shown in the Figure 3a. The voltage across
the ring electrodes and the discharge current was meas-
ured, correspondingly, by an ACA-6039 (AKTAKOM)
voltage divider and a hand-made current shunt. Signals
from these probes were recorded with a MDO3104 os-
cilloscope (Tektronix) with a bandwidth of 1 GHz and a
sampling rate of 5 GS/s. The optical characteristics of the
discharge plasma radiation were measured with an A100
(SONY) digital camera, an HR2000+ES spectrometer
(OceanOptics Inc.) with known spectral sensitivity char-
acteristic, and a four-channel ICCD camera (HSFC-PRO).
The HR2000+ES spectrometer (OceanOptics Inc.) allows
to record a spectral energy distribution in the range of
wavelengths of AA = 190 nm ~ 1100 nm. Its instrumental
function is Ak, = 0.9 nm. In addition, to estimate the
main parameters of the formed plasma, an HR4000 spec-
trometer (OceanOptics Inc.) with known spectral sensitiv-
ity characteristic and A\, = 0.2 nm was used to record
the plasma emission spectrum in the wavelength range
A\ =300 nm ~ 400 nm. In experiments with the U, gen-
erator, a streamer velocity was determined with a PD025
photodiode (Photek) with subnanosecond time resolution
and the maximum sensitivity in the region of 250 nm ~
500 nm (LNS20 cathode). Using the photodiode, we re-
corded the time behavior of the radiation intensity 4-cm-
width discharge regions, the centers of which were located
at the distance of 3 cm, 13 ¢m, and 23 cm from the edge
of the grounded ring-shaped electrode. The rest of the tube
was covered with an opaque screen.

A quartz tube was filled with atmospheric air with a hu-
midity of =23%, but first it was pumped out to a residual
p =107 Torr.

3. Experimental Results

3.1 Characteristics of the Discharge Implemented
between Additional Electrodes

The experiment was aimed at determining the influ-
ence of the polarity of a high-voltage (HV) electrode on
the formation of streamers at low air pressures, as well
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as fixing their color at pressures of 1 Torr ~ 3 Torr, at
which the sprites still remain red. However, the color of
the pulsed discharge at low pressures can be either blue or
violet "****" DC voltage of positive or negative polarity
from the U, source was applied via a 3-m-long cable
equipped with a 100-MQ resistor to the additional elec-
trodes mounted on the left flange (Figure 3a). The bottom
electrode in Figure 3a was grounded through the cur-
rent shunt. In this case, ring-shaped electrodes were not
mounted on the tube, and the length of the tube was 20 cm
or 120 cm. As experiments have shown, see below, in a
number of cases, the length of the tube affected the char-
acteristics of the discharge.

Intense discharge plasma radiation at p = 6 Torr or
higher with additional electrodes shown in the Figure 3a
was observed only at their tips (Figure 3b). The discharge
current and voltage across the gap (less than U,.) were
constant during the discharge. Voltage was applied to the
additional electrodes via a 100-MQ-resistance. If there
was no breakdown in the tube, the voltage at the elec-
trodes and at the output of the source (Uj.) was the same.
In the case of air breakdown, a discharge plasma resist-
ance was connected in series with the 100-MQ-resistance,
and the voltage was redistributed between these two re-
sistances in inverse proportion to their values. According-
ly, the voltage across the electrodes decreased. Streamers
(ionization waves) usually were not observed under these
conditions.

The formation of streamers in a quasi-stationary regime
was recorded at p = 1 and 3 Torr with a relatively low
Upc. An integral photograph of the discharge plasma glow
is shown in Figure 3c. Here we can see the glow near the
electrodes and a streamer propagating from the HV anode.
An image of a streamer obtained with an ICCD camera
under these conditions is shown in Figure 3d. Reducing
the frame duration made it possible to register only the
streamer glow without stationary plasma radiation at the
opposite electrode. The length of streamers arisen under
these conditions was less than d, and they were generated
in the repetitively pulsed mode. The voltage across the
gap in the period between current pulses slowly increased
and quickly decreased (the source provided DC voltage).
A discharge current waveform had both constant and al-
ternating components (Figure 4).

Under these conditions, the gap breakdown voltage was
almost an order of magnitude lower than that supplied
from the source. The discharge current was =0.65 mA.
The repetition rate of the current pulses increased due to
increasing Upc. This discharge regime is due to the for-
mation of cylindrical streamers, which do not have time
to bridge the gap. Due to the high resistance (100 MQ),
as well as the small capacitance of the interelectrode gap,
the voltage across the latter rapidly decreases during the
streamer formation process. This leads to the cessation
of the development and propagation of a streamer that
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has not reached the opposite electrode, as well as to the
recombination of a dense streamer plasma in the gap.
Accordingly, a pulsed discharge current mode is imple-
mented, in which the current value rapidly increases and
then decreases by more than an order of magnitude. The
increase in current is due to the charging of the increasing
capacitance between the streamer front and the opposite
electrode. It was proposed to call dynamic displacement
current (DDC) the current flowing through a gap in this
mode "”. The streamer dimensions and its front velocity,
as well as the voltage determine the DDC amplitude across
the gap. The latter in these experiments, due to the large
value of the charging resistance and small interelectrode
capacitance, rapidly decreased with increasing conductiv-
ity current. This leads to an increase in the plasma resist-
ance after the streamer stops in the gap and the dense plas-
ma recombines. Then, the voltage across the gap increases
again. When the threshold voltage is reached, a streamer
is formed again. Moreover, at low air pressures, streamers
are formed from the positive electrode, and this electrode
could be either HV or grounded. At the air pressure of
several of Torr, cylindrical streamers near the positive tip
begin to form at lower voltage values than at the negative
one. An increase in U, in this case, will lead to a gap
breakdown **). The data are in agreement with the results
obtained with corona and diffuse discharges from a metal
tip ***, as well as with an apokampic discharge from a
positive charged bent plasma channel between two point-
ed electrodes . When a pointed electrode is a cathode
(a negative tip) electrons move to a region where an elec-
tric field strength is lower, i.c. they move away from the
cathode tip. There they attach to oxygen molecules. Due
to this, the electric field strength at the tip decreases and
higher voltage is required to form a streamer. With a posi-
tive tip, electrons move to the tip, and positive ions, due to
their greater mass, accumulate at the tip and amplify the
electric field in this area. This facilitates the formation of
a positive cylindrical streamer *”. As a result, breakdown
in an inhomogeneous electric field occurs at a positive
polarity of an electrode with a small radius of curvature
at a voltage 2-3 times lower than at a negative one (see,
e.g., °). At nanosecond voltage pulses and low pressures,
the color of the discharges was blue or violet *****" (with-
out taking into account the influence of the interelectrode
material °”). Under the conditions of the experiments, the
color of plasma emission both in the region where stream-
ers propagate and in the region near the electrodes was
red, including at the air pressure in p = 6 Torr ~ 9 Torr, at
which streamers were not observed.

At p =1 Torr, with a decrease in the length of the quartz
tube to 20 cm, red plasma formed not in the short gap

(d =10 mm, Figure 3a) formed by the tips of the addition-
al electrodes, but in the longer gap (d = 36 mm, Figures
3a and 5a) between the parallel wire electrodes. In this
case, there was no plasma at the tips and between them in
the gap with d = 10 mm (Figure 5a). However, red color-
ed plasma is visible in the gap with d = 36 mm formed by
the parallel parts (wires) of the additional electrodes, as
well as near these wires. With a decrease in p to 0.1 Torr,
a violet colored glow appears near the cathode wire (Fig-
ure 5b), although red sprite emission is observed in this
pressure range. The purpose of the description of this ex-
periment is to show that discharge modes at low pressures
can differ significantly under different conditions. In the
future, we plan to study in detail the detected discharge
mode.
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Figure 4. Waveforms of the voltage across the gap and
discharge current at the air pressure p = 3 Torr. Upe = +5
kV.

0.1 Torr
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36 mm
10 mm

C

(b)

Figure 5. Integral photographs of the discharge plasma
glow in the gap (d = 36 mm) formed by the parallel parts
(wires) of the additional electrodes at p = 1 Torr (a) and
p = 0.1 Torr (b) in the 20-cm-length tube. U, =+5 kV.

Thus, the experiment with additional electrodes con-
firmed that the formation of streamers leading to gap
breakdown from a positive polarity electrode with a small
radius of curvature occurs at lower voltages than from
an electrode of negative polarity. Herewith, this positive
electrode can be either HV or grounded.

However, it should be noted, that the formation of red
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sprites occurs without metal electrodes. This explains why
we used an electrodeless high-frequency discharge be-
tween two ring-shaped electrodes (Figure 2).

3.2 Characteristics of the Discharge Implemented
between Ring-shaped Electrodes

To provide no plasma contact with electrodes, a re-
petitively pulsed mode was used. The U, generator oper-
ated at /= 21 kHz provided the formation of a streamer
discharge between ring-shaped electrodes mounted on
the outer surface of the quartz tube. The main discharge
zone was located in the tube center. The distance between
the electrodes was d = 6 cm, while their width was 1 cm
each. As noted above, the left electrode was grounded,
and the right one was HV. The source provided voltage
pulses of both positive and negative polarity. The voltage
pulse amplitude was U, = 7 kV. The rise time of voltage
pulse ¢, and its duration z (FWHM) were = 350 ns and ~2
us, respectively. The experimental setup made it possible
to obtain extended streamer discharges at pressures in
p = 0.4 Torr ~ 3 Torr. Figure 6 shows photographs of the
discharge plasma glow at p = 0.4 Torr with additional
electrodes, which were either short circuited or grounded,
and without them. In the latter case, a quartz window was
installed at the left side of the tube, see Figure 2.

(a) 1 2 8°m 3 Minus 1 0.4 Torr
KD* iL-J‘ /

0.4 Torr

Figure 6. Integral photographs of the electrodeless dis-
charge in the quartz tube (horizontal arrangement) with the
additional electrodes (a) and without them (b). p = 0.4 Torr.
D - grounded additional electrodes. 1 - ionization waves
(streamers), 2 - ring-shaped electrode (grounded), 3 - high
voltage (HV) ring-shaped electrode of negative polarity.
U, = TkV. Shutter speed 0.05 s, lens aperture /5.6.

The discharge was initiated in the region characterized
by the highest electric field, i.e. between the ring-shaped
electrodes and near them. This electrodeless discharge
is a capacitive one. The color of the discharge plasma in
the tube on both sides of the ring-shaped electrodes was
red and depended on whether contact with the addition-
al electrode occurred or not. At p = 0.4 Torr, ionization
waves (streamers) reached the left end of the tube. This
affected the color of the discharge plasma glow and led to
an increase in the transverse dimensions of the discharge
region (Figure 6a). A further decrease in p, even with-
out additional electrodes, contributed to the fact that the
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streamers were in contact with both ends of the tube.

Changing the polarity of the HV ring-shaped electrode
(3) did not have a strong effect on the discharge morphol-
ogy. Integral photos of the discharge plasma glow at p =1
Torr and both polarities of the HV ring-shaped electrode
are shown in Figure 7.

Figure 7. Integral photographs of the discharge plasma
glow in the quartz tube without an additional electrode
filled with air at p = 1 Torr: positive (a) and negative (b)
polarity. U, =7 kV. 1 - ionization waves (streamers), 2 -
ring-shaped electrode (grounded), 3 - high voltage (HV)
ring-shaped electrode of positive polarity. U, =7 kV.
Shutter speed 0.05 s, lens aperture /5.6.

As we can see, the morphology and color of the dis-
charge without an additional electrode(s) on the left flange
weakly depend on the polarity of the HV ring-shaped
electrode. The main differences can be seen at the fronts
of the ionization waves, photographs of which are demon-
strated in Figure 8.

1 Torr

Figure 8. Integral photographs of the discharge plasma
glow in the quartz tube (without additional electrodes)
to the left (a) and to the right (b) of the ring-shaped elec-
trodes at the positive polarity of the HV electrode, as well
as a photograph of the discharge plasma glow (c) captured
through the quartz window embedded to the left flange (see
Figure 2) at p = 1 Torr. U, = +7 kV.

The ionization wave on the left side has a pointed end.
The photo captured through the quartz window embedded
to the left flange shows that there is a bright spot in the
center, which, apparently, is due to the emission of a part
of the ionization wave with a small diameter near the win-
dow (Figure 8a). The color of the discharge regions in all
photographs is the same.

A decrease in the amplitude of a voltage pulse pro-
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duced by the generator leads to a decrease in the length
of an ionization wave on both sides of the ring-shaped
electrodes. This is demonstrated in Figures 9a,b,c at air
pressure of 1 Torr.

(a)

U; =5.7kV

L]

Us=3.2kV

(b)

Figure 9. Integral photographs of the discharge plasma
glow in the quartz tube (without an additional electrodes)
placed horizontally (a, b, ¢) at various generator voltages
and placed vertically at U, =7 kV and p = 1 Torr (d). The
polarity of the right ring-shaped electrode (a, b, ¢) and the

upper one (d) is positive.

With a decrease in U, the length of an ionization wave
on the left and right sides of the ring-shaped electrodes
decreased, which was to be expected from a decrease in
the reduced electric field strength (U/pd). However, the
red color of the discharge plasma was preserved. A similar
shortening of the streamer length and color preservation
were observed with a further increase in p to 3 Torr. Atp =
6 Torr and 9 Torr and U, = 7 kV, a red colored discharge
was formed only between the ring-shaped electrodes.
There was no discharge in other zones of the quartz tube.

Figures 6 ~ 9a,b,c show the streamer discharge when
the quartz tube is placed parallel to the Earth’s surface.
This position was easy-to-measure of current, voltage,
etc. In addition, in a number of experiments, the tube was
placed transversely to the Earth’s surface (Figure 9d).
From the comparison of Figure 7a and Figure 9d, it is
seen that the tube position did not affect the formation of
ionization waves, as well as their appearance and color.
lonization waves were photographed at the same pres-
sure p = 1 Torr, positive polarity of the high-voltage ring-
shaped electrode, and U, = 7 kV.

The emission spectra of a plasma formed in the region
where ionization waves propagate recorded from both
sides of the ring electrodes were also the same and did not
depend on the position of the quartz tube.

Figure 10 shows the spectral energy distribution W,
obtained from the plasma region located at the distance of
13 cm from the left ring-shaped electrode.

The emission spectra of ionization waves at the distance
of several centimeters from the ring-shaped electrodes is sim-

ilar to those of red sprites '"'****"!, Nitrogen bands belonging

to the 2+ and 1+ system contribute predominantly to the
spectral energy distribution. Although under these conditions
the spectral energy density of radiation of individual bands
of the 2+ system exceed that of the 1+ system by more than
an order of magnitude, the discharge plasma glow in integral
images are red colored (Figures 6 ~ 9). When visually ob-
served, their color is also red.
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Figure 10. Emission spectrum of the discharge plasma in
air at p = 1 Torr recorded at the distance of 13 cm from
the left ring-shaped electrode. U, = +7 kV. 2+ - the second
positive system (SPS) of a nitrogen molecule, 1+ - the
first positive system (FPS) of a nitrogen molecule.

Figure 11 shows a discharge plasma emission spectrum
obtained at the distance of 13 cm from the left ring-shaped
electrode at the same air pressure as in Figure 10, but with
a light filter (ZhS-12) that cuts off radiation in the wave-
length range shorter than 450 nm.

15000

p=1Torr

500 600 700 800 900
A (nm)

Figure 11. Emission spectrum of air plasma at p = 1 Torr

recorded at the distance of 13 cm from the grounded ring-

shaped electrode to the left with a light filter (ZhS-12) that

cuts off radiation in the wavelength range shorter than 450
nm obtained. U, = +7 kV.

The use of the filter, which has a transmission of ~90%
in the region of 500 nm ~ 1800 nm and a strong absorp-
tion in the region shorter than 450 nm, made it possible
to identify the main nitrogen bands belonging to the 1+
system, which coincided with good accuracy with the
emission spectra of red sprites I''%**?!,

The emission spectra from the ionization wave regions
obtained to the right and left of the ring-shaped electrodes

(starting from a few centimeters from them) practically
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coincide and do not depend on air pressure. The spectra,
as we noted before, show, that the radiation of the 2+
system dominates. The spectral energy density of this
radiation in individual bands is more than an order of
magnitude higher that of the 1+ system. As the pressure
increases, the ratio of the intensity of the bands belong-
ing to the 2+ system to the intensity of the bands of the
1+ system can exceed two orders of magnitude. As the
pressure decreases to 0.4 Torr, this intensity ratio differ-
ence decreases to one order of magnitude. It follows from
the data obtained that the emission spectra of ionization
waves that propagate in opposite directions are the same.
This, as well as their other properties, confirms that it is
possible to form two ionization waves from one region,
propagating in opposite directions.

Figure 12 shows the spectrum recorded at lower air
pressure from the region of an enhanced electric field near
the ring electrodes and between them. It is seen, that the
spectral energy density of radiation of the first negative
band (1-) of a nitrogen molecular ion increases signifi-
cantly. Wherein, the spectral energy density of their in-
dividual lines can be the highest. So, in the area between
the electrodes at p = 0.4 Torr, the most spectral radiation
energy density at U, = 7 kV had an ion line of the nitrogen
molecule with a wavelength of 391.4 nm (Figure 12). This
is explained by an increase in the reduced electric field
strength E/N (E is the electric field, N is the concentration
of air particles) in this region. The radiation spectrum of
dark areas in electrodes (see, e.g., Figure 6) was similar
to that in Figure 12 and at p = 1 Torr. Herewith, the width
of the dark areas decreased with increasing p. This indi-
cates an increase in the average electron energy. As can be
seen from the images in Figure 6, the color in these areas
changes. On the other hand, the radiation spectrum of an
ionization wave at p = 0.4 Torr at the distance of 10 cm
and more from the right ring-shaped electrode was similar
to that in Figure 10.
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Figure 12. Emission spectrum of the discharge plasma
glow from the region between the ring-shaped electrodes.
2+ - the second positive system of a nitrogen molecule,
1+ - the first positive system of a nitrogen molecule, 1- -
the first negative system of a nitrogen molecular ion.
U, =T7kV. Air, p=0.4 Torr.
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Red colored glow regions, which are directed in oppo-
site directions from the main capacitive discharge between
the ring-shaped electrodes, are formed due to the prop-
agation of ionization waves. This is confirmed by meas-
urements of the main parameters of the discharge plasma
along the tube. The main parameters of the plasma formed
at the air pressure in the tube of 1 Torr were measured
with optical emission spectroscopy (OES) methods "%,
We used plasma emission spectra recorded from the mid-
dle part of the tube (the middle of the distance between
the inner edges of the ring-shaped electrodes), as well as
at distances of 3 ¢cm, 13 cm, and 23 cm to the right and
left of the outer edge of the electrodes. First of all, using
a method based on measuring the ratio of the peak in-
tensities of the ion (391.4 nm) and molecular (394.3 nm)
nitrogen bands ">, we estimated the integral values of
the electron temperature 7, and the reduced electric field
strength E£/N. The measurements show that an increase
in the distance from the central part of the tube leads to
a change in these values from 4.5 eV to 2.5 eV and from
600 Td to 350 Td (which is still quite high), respectively,
which is characterized by a relatively small change in
the ionization wave front velocity (see the measurement
results below). The vibrational temperature 7, and the
gas temperature 7, were also estimated by applying the
Boltzmann method "****” to the emission spectra of the
discharge plasma. We would also like to note that these
temperatures are practically unchanged over the entire
length of the tube and their average values are ~2700
and ~380 K, respectively. The reliability of the given val-
ues is confirmed by modeling the emission spectra of the
plasma using the SPECAIR code ', where these values
are used as input data. Despite the fact that the experi-
mentally measured values of the main parameters make it
possible to obtain an almost complete coincidence of the
simulated spectral distribution of the radiation energy with
the emission spectrum recorded by the HR4000 spectrom-
eter, a feature associated with the discharge morphology
appears during the simulation. Thus, the simulation data
show some increase in the electron density with increas-
ing distance to the tube ends. At a distance of 1 cm from
electrode, the electron density was ~4-10"' cm™, and at a
distance of 23 cm it became ~2-10'* cm . As follows from
Figures 6, 7 and 9, the diameter of the ionization waves
(streamers) decreases with distance from the electrodes in
both directions. The area of the ionization wave increases
in proportion to the square of it diameter. The discharge
current in part of ionization wave does not decrease sig-
nificantly and the current density increases. Although the
plasma parameters for air pressures below 1 Torr have not
been estimated for this case, it can be confidently claimed
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that 7, and E/N should be much higher in this case. This is
confirmed by the large values of the peak intensity of the
nitrogen molecular ion band relative to the intensity of the
molecular band (see Figure 12).

Evidence for the implementation of the streamer dis-
charge regime outside the ring-shaped electrodes is also
high plasma velocities at various distances from the region
where the discharge is initiated. The measurements were
carried out using a photodiode. The calculations showed
that the average velocity of the glow front between the
first (3 cm from the grounded ring-shaped electrode, Fig-
ure 6) and the second (13 cm) points was 0.17 cm/ns, and
between the second and third ones (13 cm and 23 cm) was
0.12 cm /ns. These values correspond to the propagation
velocities of streamers at low pressures "**"** and red
sprites "7l Dyring measurements with the photo-
diode, the bands of the 2+ nitrogen system was mainly
recorded. The radiation energy density in individual bands
of the 2+ system (UV region, Figure 10) is significantly
greater than that for 1+ bands. In addition, the lifetime of
the upper level C° I1, of a nitrogen molecule is more than
an order of magnitude shorter than that of B3Hg. The pho-
todiode also had the highest sensitivity in the UV region
of the spectrum.

4. Discussion

When comparing the results obtained in the laboratory
and those recorded during observations of red sprites, the
following important point should be taken into account.
The pressure at altitudes where red sprites propagate var-
ies from 2.5-10"* Torr (100 km) to ~0.8 Torr (50 km). At
the same time, when the altitude changes from 55 km (p =
0.4 Torr) to 55.3 km (p = 0.42 Torr) relative to the Earth’s
surface, the pressure increases by only 5%. Therefore, the
streamer front propagates a few meters at almost constant
pressure p and particle concentration N. Based on this
fact, we can assume that the change in air pressure at dif-
ferent altitudes should not lead to significant differences
in the properties of the ionization wave in the laboratory
and red sprites when moving over short distances. Their
velocities, color, as well as emission spectra should be
similar. The studies carried out confirm this conclusion.

Table 1 shows the main properties of red sprites and ioni-
zation waves, which were obtained in our studies. You can
see their correspondence.

Let us analyze the obtained results again, compare
them with the known data on the development of red
sprites, and propose a model for the sprites formation.
In experiments, we observed the formation of ionization
waves from the plasma of a capacitive discharge. For
the formation of red sprites, it is also necessary to have a
plasma with a sufficiently high concentration of electrons
and ions. We assume that diffuse discharges between
different areas of noctilucent clouds are the source of the
preliminary plasma. It is known that noctilucent clouds
are formed approximately at the same altitudes as red
sprites occur . The charge separation in noctilucent
clouds, which may consist of ice crystals, occurs similar-
ly to the separation of charges in thunderclouds near the
Earth’s surface ", During diffuse discharges, plasma has
a relatively low radiation intensity due to low air pressure
at high altitudes. Therefore, this radiation has not yet
been experimentally detected. We assume that in a num-
ber of cases diffuse discharges in noctilucent clouds at a
sufficient value of the reduced electric field £/N initiates
the formation of ionization waves - sprites. However,
we do not deny the possibility of the appearance plasma
inhomogeneities and red sprites in the D-region of the
ionosphere .

The direction of downward sprites at the first stage gen-
erates the electric field, which should be directed from ap-
pearing place to the negative charge surface. This may be
the Earth’s surface or the upper surface of thunderclouds.
Although, the latter usually has a positive charge **"**7,
but during cloud-to-ground lightning from the upper layer
of clouds, the negative charge of the Earth is transferred
to this region. As follows from the experiments, the length
of the left ionization wave increases when a negative
voltage is applied to the additional electrode or when it
is grounded (Figure 6a). When sprites that are directed
downwards are formed, their length, in addition to reduc-
ing the electric field, limits the increase in gas pressure at
large distances. It should also be taken into account that
the magnitude of the electric field above thunderclouds

Table 1. Comparative characteristics of sprites and ionization waves.

Research Main spectral

Electron Reduced electric

R Color Front velocity, m/s  Pressure, Torr Refs.
object bands temperature, eV  field strength, Td
Sprite Red FPS (14);SPS; (2+)  (0.4-1.7)-107 (3-2.4)10°* 12 15-1000s Td [4,12,20-22, et al.]
Tonizati .
Omzalon - ped  FPS (14): SPS; 24)  (1.2-1.7)107 3-04 25 ~350 Td This paper

wave

33



Journal of Atmospheric Science Research | Volume 05 | Issue 03 | July 2022

changes due to the presence of lightning and the devel-
opment of the sprite. Apparently, a change in the electric
field leads to the propagation of red sprites upward from
the Earth’s surface, and can also lead to the propagation
of sprites in different directions '"'****", The observed
chaotic direction of sprites at altitudes of about 70 km ~
80 km can also be explained by the uneven distribution of
charges in the region of noctilucent clouds.

5. Conclusions

It was shown that using a high-frequency electrodeless
discharge, it is possible to simulate the properties of red
sprites in a laboratory. This possibility was achieved by
recording the integral radiation of tens of thousands of in-
dividual pulses. At the air pressure of =1 Torr or less, the
radiation intensity of the streamer discharge plasma with
centimeter dimensions is low. Registration of red sprites
in the Earth’s atmosphere is simple due to their large size.
Using the methods of formation of streamer discharges, a
plasma formation with a length of more than 1 m was re-
alized with properties corresponding to those in the plas-
ma of discharges occurring in the natural environment.
The air pressure range, observed emission spectra, veloc-
ities of ionization wave propagation, as well as visually
observed and imprinted color of the discharge plasma
glow confirm this. Thus, the length of ionization waves
in free space reached 50 cm and was limited by the size
of the chamber used as the pressure decreased. As in the
sprites, bands 1+ and 2+ systems of a nitrogen molecule
dominate in the emission spectrum of the discharge plas-
ma. Moreover, the spectral energy density of the bands
of the 2+ system on individual lines was greater than that
of the most intense emission bands of the 1+ system. The
velocity of ionization wave under laboratory conditions
reached 2 mm/ns, which also agrees with the sprite front
velocity ">'7***1_ The color of the generated ionization
waves in a wide range of experimental conditions at ap-
propriate pressures was red, as in sprites. In addition, the
paper shows the possibility of generating two streamers
that propagate in two opposite directions from a diffuse
electrodeless plasma of a capacitive discharge.
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1. Introduction

Climate change is now universally recognised as a
global threat. The main argument has been what might be
the nature of climate for tomorrow and what can be done
to adapt to tomorrow’s climate which has the propensi-
ty to change the success story of human race. Another
debate has to do with what can be done to mitigate the
impacts which primarily emerge from greenhouse gas
(GHG) emission and land cover change. Report of Inter-
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For the past few decades, illegal mining sector in Ghana popularly known
as galamsey has received public outcry due to its negative impacts on
quantity and quality of water resources. The purpose of this study was to
explore the combined effects of mining in water bodies and climate change
on water resources in Ghana. The methodology explored in the study was
quantitative approach. The quality and quantity of most water bodies in
Ghana had been compromised due to extraction of minerals, and such
contaminants (heavy metals) include mercury, zinc, cyanide, sulphur etc.
This phenomenon had made most water resources (e.g. River Fena, River
Pra) unwholesome or inhabitable. Apart from this, climate change had
also dried up some streams and rivers such as Anyinam, Offin and Goa.
These unfortunate events had made water resources precarious which could
spike water scarcity in the country in the near future. This paper, therefore,
commends that stringent measures are to be taken to protect water bodies in
the country as a menace of climate will continue to get worse.

governmental Panel on Climate Change (Fifth Assessment
Report) contents that since 2011, concentration of GHGs
has continued to rise in the lower atmosphere as a result
of anthropogenic forcing, reaching annual averages of 410
parts per million (ppm) for carbon dioxide (CO,), 1866
parts per billion (ppb) for methane (CH,), and 332 parts
per billion (ppb) for nitrous oxide (N,O) in 2019. Over
the past decade, the land and ocean have proportionately
taken about 56% of GHG emission from human-induced
radiative forcing. One of the causes of these effects was
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the significant increase in world temperature which has
caused drastic impacts to the environment and society it-
self, which has become a worldwide concern regarding the
maintenance and the cost of adapting to climate change in
the face of its mitigation, which became the order of the
day during the summit in Copenhagen in 2009. The sum-
mit clearly confirms the acceptance of the constraints that
climate change presents to the globe by a larger communi-
ty [,

Access to good, reliable and adequate water supply
augment the health status of people irrespective of age
or class. According to International Water Association */,
‘access to good, safe and reliable drinking water is one of
the most basic needs of human society’. An observation
made by Global Water Partnership "' states that a fifth of
the global population is without access to safe drinking
water, and service deficiencies mainly impact the poorest
class of the population in the third world countries.

The scientific proof for global warming is currently
realised irreversible *); it is evidenced by unparalleled
rates of rise in air atmospheric and oceanic temperatures,
and it is associated with swift rises in atmospheric carbon
dioxide (CO,). The unprecedented loss of icecap and gla-
ciers on the world’s mountaintops and unabated sea level
rise which is ‘swallowing’ islanders and coastal stretches
validate the unceasing warming trends of climate change
phenomenon ",

Developing countries such as those found in sub-Sa-
haran Africa which are least contributors to greenhouse
gases, as it has been reported and estimated would bear
about 70%-80% of the cost of the damages that evolve
from climate change """, Current projection shows
that total cost of climate ‘insurance’ via mitigation ac-
tions to stabilize atmospheric temperature increase to
2 °C at carbon dioxide content of 450 parts per million
(ppm) will be less than 1% of world Gross Domestic
Product (GDP) in 2100 ""'*. The changing climate would
impact farming activities through higher air temperatures
and irregular rainfall, with significant drop in precipitation
likely in the mid-latitudes where the state of agriculture is
perilous and normally irrigation dependent. It has been re-
ported that rainfall for major and minor seasons has been
compromised in duration and intensity in the transitional
belt of Ghana ") hence water resource availability and
quality would not be spared either, as rainfall trend chang-
es and evaporation increases. Hydrological alteration rising
from change in climate would intensely affect aquaculture
and inland fishery activities badly. The precarious rain-fed
farming in the mid and low-latitudes would continue to
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suffer unlike those of higher latitudes (North America and
northern Europe) which would experience rise in farming

productivity ™.

2. Methods and Materials

Ghana is the study area, and it is located between 5°N
and 11°N and longitude 4°W and 2°E. It borders with Togo
in the East, Cote d’Ivoire in the West, Burkina Faso in the
North and meets the Atlantic Ocean in the South. It cov-
ers approximately (total land area) 238,540 km’. Ghana
extends up to about 670 km northward from the Atlantic
Ocean to Burkina Faso and approximately 560 km from
Cote D’Ivoire (W) to Togo (E) ""*. Currently, Ghana’s pop-

[ Ghana Meteorological

[17]

ulation stands at 32.72 million
Agency has divided Ghana into four ecological zones
The methodology that was made reference to was quanti-
tative approach.

3. Global Climate Change and Precipitation

Most of the global projections on rainfall patterns
in several regions have been confirmed, but the overall
constraints of Global Climate Models (GCMs) in giving
explicit spatial trends of precipitation remain problemat-
ic. Nevertheless, the latest Atmosphere-Ocean (coupled)
Global Climate Models (AOGCMSs) is working on the
interactions and feedbacks obtained among topography,
elevation and albedo ™.

There is enough evidence supporting acceleration of
El Nino Southern Oscillation events and the relationship
between sea surface temperature (SST) and frequent cy-
clones occurrence, however, GCMs cannot model them
thoroughly. Climate variability is also sped up by these
two internal phenomena (La Nina and El Nino) in some
regions such as Kenya (La Nina) and southern Africa (El
Nino), and their occurrences have accounted for droughts
which is negatively affecting GDP ''*.

When it comes to prediction of future precipitation, there
are uncertainties from a lot of the models. For instance, a
recent downscaling exercises across the width and breadth
of United States established that there were discrepancies
with respect to evidence on precipitation from ensemble
GCM modelling and ‘off-line’. Regional Climate Mod-
el (RCM) modelling projected mean rises in rainfall and
runoff in contrary to the earlier report from GCM and
ensemble GCM-based work for at least four major river

121 'The reason might be that slight differences in

basins
scenario specification and downscaling techniques do not
necessarily preserve GCM rainfall per grid cell; GCM grids

tend to smear out gradients, particularly precipitation; and
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poor representation of an estimated shift to winter dominat-
ed precipitation in the Colorado Basin and in California - a
change that would improve runoff "’

The events of precipitation, unlike atmospheric tem-
perature, varies from latitude to latitude or from region to
region per the various simulations. Rainfall is predicted
to rise over high latitudes, the Equatorial Pacific and parts
of the monsoon regions, but reductions over parts of the
subtropics and small portions in the tropics in SSP2-4.5,
SSP3-7.0 and SSP5-8.5. The part of the land mass expe-
riencing detectable rise or reduction in seasonal average
precipitation is estimated to rise as contained in the report
of AR6 "*.

A warmer climate, as being experienced recently, would
amplify very wet and very dry weather and climate events
and seasons, with effects of drought or floods. However,
the geographical position and frequency of these phenom-
ena depend on estimated changes in regional atmospheric
circulation, comprising monsoons and mid-latitude storm
tracks. There is a possibility that rainfall variability in
conjunction with the El Nino Southern Oscillation is an-
ticipated to intensify by the second half of 21st century in
the SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios """

4. Climate Change and Water Resources

Water resource is already over-appropriated in many
parts of the globe. It is estimated that more than 2.4 billion
people, which represents one-third of the Earth’s popula-
tion, will live in water-stressed regions and it is projected
that by 2025, the figure is believed to increase to two-
thirds **.

As rainfall has direct impact on running and groundwa-
ter, reduction in precipitation would desiccate most water
bodies on the surface of the Earth. According to Adams &
Peck !, variation in rainfall in the face of climate change
will influence quantity, variability, timing, form and inten-
sity of water resources. It is worth noting that terrestrial
climate change will equally alter or cause a rise in the
rate of evaporation, increase proportion of precipitation
received as rain instead of snow, reduce runoff seasons,
augment water temperatures and decrease the quality of
water in both hinterland and coastal zones **.

It is worth mentioning that many geographical regions
will suffer from reduced water supplies. According to
FAO ¥, due to how man misuses water, groundwater ta-
bles and river levels are declining in several regions glob-
ally. Summer periods are projected to experience much
shortfalls resulting in reduction in moisture content in the
soil and more severe and regular agricultural drought **,

Contrary, winter precipitation in the form of rain will
rise as a result of increasing surface temperatures, with a
deficit proportion falling as snow. Snow pack levels are
equally estimated to develop later in the winter season,
amass in minute quantities, and thaw earlier in the season,
resulting in reduced summer flows >\

A report of National Centre for Atmospheric Re-
search P has it that regions classified as ‘very dry’ have
been doubled since 1970s. Besides, arecas known to be
drought prone regions are also expanding in an alarming
rate, and these areas comprise sub-Saharan Africa and
Australia. Elsewhere in Northern Hemisphere, the flow of
long-term annual rivers and natural water storage capacity
have been experiencing deficit due to glacial/snow cap
melting. Several Asia’s largest rivers are estimated to drop
off in coming years due to glacial thawing. Scientists have
projected a possible dryness of Lake Mead, which serve
over millions of inhabitants in the south-western United
States, around 2021 #27,

5. Existing Challenge of Water Resources

One of the major problems that is threatening human
survival especially in the developing countries is declining
water quality. The situation is compounded by inadequate
wastewater treatment due to unavailability of resources or
capital. In most of less developed countries such as those
found in African soil, running water (strings, streams,
rivers etc.) traditionally used as sources of drinking water
have been dangerously polluted by some citizens (miners)
and expatriate alike who want to get rich overnight. In
China, for instance, several water bodies have been pol-
luted beyond measure. It has been estimated that due to
insufficient sanitation facilities and rising water demand
as a result of growing population, it is documented that
globally, 900 million people lack access to safe water
while up to 5 million populace die each passing year from

water-related illness 2+,

6. El Nino Southern Oscillation (ENSO)
Events in Ghana

The impacts of El Nino South Oscillation is very strong
on all the ecological zones in Ghana as indicated by Adiku
et al. ® and Sultan ez al. ®”, and it was dominant around
1972-1973, 1982-1983, 1997-1998. However, the strong
influence of La Nina episodes of 1973-1974, 1975-1976
and 1988-1989 has also been felt along the coast and the
forest zone. Usually, the impact of ENSO is strongest at
the coast than the northern part of the country as it weak-
ens northwards due to some dynamics from West African
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Monsoon "’ The variability of the ENSO in Ghana im-
proves the easterlies and decreases monsoon movement.
The upper easterlies are weakened giving rise to dry situ-
ations near the surface of the Inter-Tropical Discontinuity
(ITD), and this happens during major rainy season and the
dry season. Mawunya et al. ®'"' contend that ENSO years
are characterised with late onset of rainfall while La Nina
years are characterised with early onset. Various stud-
ies by Paeth & Hense "%, Owusu et al. ™ and Yorke &
Omotosho ® confirm that there has been a decline in the
amount of annual rainfall. Recently, rainfall amount has
persistently declined since 70s and it can be attributed
to the strong event of ENSO, as it was also predominant
around 2009-2010 "%,

7. Seasonal Trend Analysis

Generally, all the four agro-ecological zones in Ghana
are experiencing reduction in rainfall with the exception
of Coastal Zone which has a predominant increasing pat-
tern (Table 1). This increasing trend that has characterised
the coastal zone is nevertheless insignificant using the
Mann Kendall Trend Test at the 0.01 and 0.05 significant
levels (Table 1). The transitional zone persistently displays
significant declining trends in all the seasons with the ex-
ception of June, July and August (JJA) as shown in Table
1. The December, January and February (DJF) season (also
known as the Harmattan season) depicts a significant re-
duction trends at the 0.01 significant level for all but one
of the agro-ecological zones signifying intensification of
the dry season "* as shown in Figure 1.

Table 1. Rainfall Trend Rate (mm per year)

Seasonal ie

. Coast Forest Transitional Savannah
Rainfall
DJF —0.1429%*%  —0.1273** —0.1040** -0.0102
MAM 0.0692 -0.0793 -0.2016** —0.1181**
JIJA 0.0510 —0.0242 0.2112% —0.0972
SON 0.0677 -0.0512 —0.1460* —0.1582%**

DJF- December, January, February; MAM - March, April, May;
JJA - June, July, August; SON - September, October, November
(Wavelet Analysis of Rainfall over the Agro-Ecology Zones of
Ghana).
Source: !

The rate of seasonal rainfall pattern in the four agro-eco-
logical zones in Ghana (** and * show significant trends

at 0.01 and 0.05 significant levels respectively)

The Figures shown below represent the seasonal mean
rainfall over Ghana (Figure 1).
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Figure 1. Seasonal mean rainfall (mm) over Ghana for a)

December- January - February B) March - April - May C)

June - July - August D) September - October - November
During 1901 - 2010 period

Source: Baidu et al. (2017)

8. Inter-Tropical Discontinuity (ITD)

The nature of rainfall in West Africa, as shown in Fig-
ure 2, is characterised with variability on inter-annual and
decadal time scales, and it is highly correlated with Sea
Surface Temperature (SST) P, The positive ENSO Sea
Surface Temperature anomalies of the eastern tropical Pa-
cific has greater impact on dry conditions prevailing over
Sahel and wet conditions over Guinea. The phenomenon
is also correlated with SST anomalies of the Southern
Hemisphere Atlantic and with negative anomalies of the
Northern Hemisphere Atlantic (the Atlantic dipole) and
positive SST anomalies of the tropical Indian Ocean """,

Basically, the simulated pattern replicates the observed
trend. Related to the observations, the broad features of
rainfall experienced in West Africa such as the one that
characterises Ghana-Togo gap was simulated by the mod-
el studied by Ekwezuo et al. (2017) as shown in Figure 2.

Figure 2 shows rainfall simulation observed in West
Africa.

With regards to Representative Concentrated Pathway
(RCP) 4.5 (Figure 3), around the coast of Cameroun,
rainfall is projected to rise by ~35 mm, the adjacent coast
by ~1 mm to 20 mm. It is anticipated that the expected
changes would not benefit inland stretch where the projec-
tion will be around ~1 mm to 10 mm with the exception
of north-western Nigeria, some parts of Mali, Togo and
Ghana where precipitation is projected to remain compar-
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atively unchanged.

(mm)

S00 ) 800 1200 1500 TBOO 2100 2400 2700

a) GPCP-observed b) NorESM1-M- simulated
Figure 2. Mean annual rainfall trend over West Africa
sub-region for the baseline period (1980-2005)

Source: Ekwezuo et al. (2017)

Under RCP 8.5 (Figure 3), approximately 35 mm rise
in precipitation is projected around the coastal stretch of
Cameroun, followed by the adjacent coast where increase
of ~1 mm to 25 mm should be expected. On the other
hand, rainfall reduction (~1 mm to 10 mm) is expect-
ed to characterised farther inland with an exception of
north-eastern Niger and Guinea where it is anticipated to
remain unchanged.

It can be inferred that under all the RCP, there is an an-
ticipated rise in rainfall amount, with the southern part of
the sub-region most especially coastal areas of Cameroun
(~20 mm to 35 mm) experiencing the highest amount of
precipitation. Closely followed is the south-western part
of the Atlantic Ocean with a rise of ~10 mm to 30 mm.
Other regions are to experience an increase of ~1 mm to
10 mm. With respect to areas where there is no noticeable
change or little change, there is a considerable difference
in the RCPs (Figure 3) except over the Atlantic Ocean “”.

The different rainfall regime in Ghana, the West Afri-
can country, along the coastal stretch in the south to the
Sahelian region in the far north " is defined by the north-
ward and south-ward oscillation of the Inter-Tropical
Convergence Zone . This phenomenon results in Afri-
can monsoon, leading to uni-modal and bi-modal distribu-
tion characteristic of the northern and southern part of the
country, respectively.

The rainfall annual cycle in Ghana is characterised by
bi-modal type of rainfall in the south as there is double
maxima rainfall regime and uni-modal rainfall trend in
the north characterised with one rainy reason followed
by long dry spell popularly known as Harmattan. The
rains commence in April and gets to its maximum in Au-
gust-September when the moisture-bearing tropical mar-
itime air mass gets there to induce heavy rainfall ""*, The
cessation of rainy season in the north begins in October
and welcomes the dry northeast trade winds. The north-

east trade winds start to become dominant in November
which normally lasts till March.

Under all RCP, the West African sub-region is estimat-
ed to enjoy a rise in precipitation amount. This, neverthe-
less, contradicts the projected change trend in the early
twenty-first century. The Figure 3 below shows the current
precipitation projection.

(mm)
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Figure 3. Projected changes in annual rainfall trend for
mid twenty first century

Source: Ekwezuo et al. (2017)

9. Evidence of Climate Change in Ghana

According to IPCC forth assessment report "), current-
ly, Ghana is undergoing four physical impacts of climate
change, and these include temperature rising, changing
regime of rainfall towards a longer dry season and vanish-
ing rainy season. Climate change is impacting on rainfall
trend in all ecological zones but has hit hard in the far
north where rainfall regime is single maxima. Recent sea
level rise coupled with floods being experienced in south-
cast (Keta) of the coast of Ghana is a clear indication that
climate change is at work.

A projected trend of atmospheric temperatures from
2010 to 2050 by World Bank as cited by Asante & Amuak-
wa-Mensah Y for Ghana shows warming over the entire
West African country with the highest temperatures occur-
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ring in the northern part of Ghana with the lowest being
experienced in the transitional belt (formerly Brong
Ahafo).

The current mean annual temperature ranges between
25 °C to 30 °C. However, occasionally, the air tempera-
tures can be as low as 18 °C (minimum) and as high as
40 °C (maximum) in the northern part of Ghana **.

An average annual precipitation of 2000 mm/year,
950 mm/year and 800 mm/year occur in the South West,
Northern and South Eastern parts respectively. Accord-
ing to a study by Adjei & Kyerematen "' and Owusu,
et al. ™, the transitional ecological zone of Ghana (a re-
gion separating forest from Savanna belt) has undergone
late onset of rainfall (from early March to late March) and
early cessation of it (from November to late October).
This has compelled farmers to shift planting date from
March to April “ while others (farmers) too have turned
their attention from their main occupation (maize) to cash-
ew farming . A long-term data analysis by Dietz et al. **
shows that places in the northern part of Ghana around
Upper East Region has equally experienced below aver-
age rainfall conditions for over 18 years (1972-1990). In
the same vein, it is reported that drought years have risen
in several parts of Ghana. According to a study by Adiku
et al. ", manifestation of drought year has reached 3 to 4
out of every 10 years in the late 1980s as compared to 1 to
2 years in the preceding years. The paper further argued
that rainfall irregularity analysis substantiate the swing
from drought to flood years have become pervasive pos-
ing great threats to most smallholder farmers in Ghana.

The climate change in Ghana is having a negative
impact on vital water resources, energy supplies, crop
production and food security. The three northern regions
of Ghana are the most vulnerable with the experience
of extremely high temperatures and severe flooding .
According to Akudugu and Alhassan ®", the northern
part of Ghana has repeatedly experienced incidences of
droughts and floods with several communities and fam-
ilies losing their farms as a source of their livelihood in
the past years which is attributed to a change in climatic
conditions. Furthermore, in 2007, floods in the northern
part of the country, proceeded a long period of dryness
which affected more than 325,000 people (Global Facil-
ity for Disaster Reduction and Recovery) **. The capital
city of the country (Accra) in 2015, also experienced days
of torrential rainfall which resulted in severe flooding
leaving 159 Ghanaians losing their lives ", However,
Ghana as a whole is also experiencing increased extreme
weather conditions ** such as a rise in sea level causing
flooding and displacing some communities in the coast-
al belt. Ghanaian farmers have identified erratic rainfall
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patterns, longer periods of dry season and desertification
as the main current consequences of climate change .
Prolonged period of drought coupled with high tempera-
tures is also experienced, changing rainfall pattern making
it difficult for farmers to plan their planting season due
to their inability to predict rainfall pattern "*. This has
affected food production and poor yield by farmers caus-
ing food insecurity in Ghana (especially in the northern
part). Farmers are therefore forced to grow crops that are
resilient to extreme weather conditions such as cassava,
cocoa and cashew “’. Furthermore, prolonged drought
has caused drying up of major water bodies that serve as
source of raw water to the Ghana Water Company Ltd
(GWCL). This has caused water shortage in several com-
munities, villages, towns and cities in the country °°.

There is also a current tension between Ghana and
Burkina Faso over a decision to withdraw water from the
River Volta which would lead to a reduction in the volume
of water needed for the production of electricity in Ghana
from a study carried out by USDA "7, This however could
lead to trans-boundary conflict. In addition to the above
evidence of climate change in Ghana is where nomadic
herdsmen in search of water and grass to feed their cattle
cause destruction to farmers in the southern part of the
country. This has led to a number of conflicts between the
Fulani herdsmen and the farmers °**". The decrease in
the volume of water in the Akosombo dam has also had
a negative impact on generation of hydroelectric power
in that the country experienced severe power outages
consistently as a result of drought *”. Due to an increase
in air temperatures, the countries inland fisheries in Lake
Volta also experience a reduction in stock ‘.

10. Nature of Water Resources in Ghana

Basically, water resources in Ghana can be categorised
into surface and underground sources. The known major
water bodies (rivers) classifying under surface water in
Ghana include River Volta and its tributaries (Oti, Black
and White Volta), Pra, Bia, Tano, Todzie, Aka, Densu,
Ayensu, Ankobra, Ofin and Och-Nakwa (Figure 4). Apart
from the tributaries of River Volta, almost major rivers in
Ghana drain the southern sector of the country “°"* (Fig-
ure 4). The largest river, which is River Volta, is shared
among five other countries which include Cote d’ Ivoire,
Mali, Burkina Faso, Togo and Benin. It drains about 70%
of the total land of the country (Ghana) and the other riv-
ers take over the 30% remaining "\,

About 41% of the population of Ghana depends on
groundwater for their livelihood. Nevertheless, this rate is
higher in the small communities in the hinterland (59%)
as compared to urban areas (16%). The dependency ratio
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of the populace on groundwater is highest in the northern
part of Ghana due to low seasonal availability of surface
water (Y. Unlike precipitation where the projection is
full of uncertainty, higher atmospheric temperatures are
expected to be dominant hence will speed up evaporation
and result in water losses and this will consequently affect
water resources in most parts of the country **/,

The surface water sources are made use by industries,
home, transport services and tourist whereas the ground-
water sources are mainly used among both urban and rural
folks for domestic purposes *).

A study conducted on River Offin " suggests that cli-
mate change has a great gravity on water resources. The
study argued that several tributaries that feed the River
Offin are drying up with some ceasing to exist. The dry-
ness of the tributaries of River Offin has made the volume
of the River small. So when dry season prolongs, the Riv-
er reduces to pocket of stagnant water bodies. In 2013 for

[65]

instance, the report maintained that the River Offin dried
up and became dry land. Hand-dug wells were produced
around the banks of the river to provide alternative source
of water to the communities at the catchment area. Other
rivers which have also been affected by this phenome-
non are River Anyinam in the Eastern Region closed to
Anyinamso and River Goa near Goaso. A research has
established that the entire river, which the community
(Anyinamso) was named after, has vanished (dried up)
leaving behind its huge channel due to scanty rainfall and
dissipation of streams that supply constant water to the
river .

Apart from River Volta and its tributaries, most of the
water bodies (rivers) found in Ghana can be located in the
southern part of the country as depicted in Figure 4. The
Figure 4 also shows that Ghana does not experience water
stress or scarcity (if the country gives priority to its water
resources).

Burkina Faso

Cote d’lvoire

& Ramsar 55
[] Dams
Annual Precipitation

765mm 2,135mm

Source:

Gulf of
Guinea

Cities: World Cities— ArcGISHub, Country Borders: GADM, Dams: FAQ Aquastat Dams Database, Ramsar Sites: Ramsar Sites Information Service, Lakes
and Wetlands: WWF - GLWD {Leve! 1), Rivers: WWF — Hyd roRivers, Precipitation: WorldClim, Flood and Drought: WRI Aqueduct 2019

!,r

Densu-Delta Ramsar site
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Figure 4. Annual rainfall and major water bodies in Ghana

Source: USAID (n.d)
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11. Mining Operations in Ghana

11.1 Nature of Illegal Mining (Galamsey) Activities
in Ghana

Ghana, a West African country formerly called Gold
Coast, is blessed with enormous mineral deposits (Figure
5); the major ones being gold, diamonds, manganese and
bauxite. Gold is principally the largest mineral produced
in the West African country, accounting for over 90% of
all mineral revenues accrued from minerals for the past
[l The sector is made up of large
and small scale industries. The small scale also comprises
legal and illegal mining sectors. The small scale sector
absorbs about one million unemployed indigenous peo-
ple 7. The unregulated or illegal mining sector which is
commonly known as galamsey, is the chief polluter of wa-
ter bodies as its activities are not monitored by any legal
instrument. According to Baah-Ennumh Y, illegal mining
in Ghana depicts all mining activities done without ob-
taining proper license from regulatory bodies that govern
practices of miners, hence such activities flout most of the
mining laws, and fail to observe appropriate buffer restric-
tions. They make use of rudimentary tools and techniques
such as pick ass, chisels, sluices and pans for the exploita-
tion of mineral reserves ",

In Ghana, and many other countries in sub-Saharan
Africa, predominant environmental challenges associated
with small-scale mining activities consist of destruction of
farmlands, pollution of water bodies, destruction of vege-
tation and habitats of wildlife "’

According to a study by Yeleliere ez al. ", about 60%
of surface water bodies in Ghana are polluted, and the
menace is worse in the southern part of the country where
mining activities are ubiquitous. High turbidity in the
River Pra for instance has substantially increased water
treatment cost and left some plants inoperable for couple
of years ", A study has shown that River Volta basin con-
tains high level of chromium that might have come from
industrial or municipal pollution "

Ghana is blessed with gold. However, most of the rocks
containing this mineral are found in the western part of
the country running from north to south (Gulf of Guinea)
as shown in Figure 5.

two or more decades

11.2 Impacts of Illegal Mining (Galamsey) on
Drainage Systems

There are countless of environmental problems and
challenges linked to mining activities which evolve from
competition for surface water . The danger posed by
illegal mining to water quality and water resources in
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Ghana has led to public outcry due to the closure of sever-
al treatment plants and how it has left several water bodies
unusable "7, Contamination, which is very deadly to both
aquatic and living creatures, results from the discharge of
effluents making up the various toxic chemicals such as
cyanide, mercury and other organic chemicals used in the
processing of mineral ores. These chemicals (with high
percentage of acid) of effluent can either percolate into the
soil affecting underground water or cause havoc to water
bodies on the surface of the earth posing threat to human-
kind, domestic animals and even wildlife which depend
on the water bodies in the catchment area "**”. “Once in
the natural environment, mercury undergoes a change in
speciation from an inorganic to a stable methylated state
(MeHg) by non-ezymically and microbial action, and
when ingested, ecotoxicological effects result” .
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Figure 5. Prospective Gold Mining Areas in Ghana
Source: Hilson (2002)

Another concern of worry is the leaching of heavy
metal oxides which comprises lead and zinc. Some-
times, these aforementioned metals spread throughout
the environment following down pour causing mayhem
to aquatic life, fauna, fora and the micro-organisms ",
It is very hard, in recent years, to notice water resources
such as crabs, fish, shrimps, snails etc. in the water bodies
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found in Ghana especially where mineral is mined due
to the presence of hazardous chemicals in most water
bodies .

It has been reported that *" the south-western basin of
River Tano contains heavy metal from gold mining, but
the situation is worse in the River Pra Basin where hap-
hazard illegal mining is intensified. Again, arsenic levels
near Prestea (River Pra Basin) have also been detected
nearly 800 times the World Health Organisation (WHO)
guideline limit for human consumption, most likely from
unregulated gold mining in the country *"7*7>%,

Total metal concentrations in mg/kg dry weight (ppm)
and organic matter content determined as loss on ignition
(LOT) on river sediments done by Donkor ez al. ™ from
the River Pra basin during the rainy season (summer sea-
son) are displayed below. The Table 2 shows the mean
values of physicochemical parameters and the maximum
and minimum values of heavy metal concentration in
River Pra. The various contaminants in the river make it
unwholesome for human and animal utilisation or con-
sumption.

Furthermore, a study by Duncan " in River Pra es-
tablished that excessive pollution of the River (Figure 6)
poses health threat to the riparian communities around

[7

which rely on the River for their livelihood as most fisher
men too had lost their jobs due to the death of fishes in the
water body.

High or low pH can cause the death of aquatic organ-
isms. pH also influences the solubility of certain toxic
compound such as heavy metals in a river (Table 3).

Total metal concentrations in mg/kg dry weight (ppm)
and organic matter content determined as loss on ignition
(LOI) on river sediments done by Donkor ef al. ™' from
the River Pra basin during the dry season (winter season)
are shown in Table 3. BDL = Below Detection Limit (i.e.
0.003 ppm for Pb and 0.00075 ppm for Co). The Table 3
shows the mean values of physicochemical parameters
and the maximum and minimum values of heavy metal
concentration in River Pra. The various pollutants in the
river make it unwholesome for human and animal utilisa-
tion or consumption.

Natural courses of several water bodies are either
diverted or blocked to provide successful operations of
small scale mining activities (most especially the illegal
ones), and sample is given below in Figure 6. While large
scale mining takes into account the health of the ecosys-
tem, the small scale mining does not as the miners tend to
float over environmental laws.

Table 2. Water quality parameters of River Pra in dry season (winter)

River

Section Site # Hg Al Fe As Pb Cu

Lower1  0.066 278.1 301.2 0.414 0.238 0.263

Pra 2 0.076 267.5 328.1 0.411 0.043 0.226
3 2917 2369 168.7 0.213 0.179 0.252
4 0.018 1462 1348 0.184 0.064 0.127
5 0.046 1747 2253 0.360 0.096 0.221
6 0.103 195.1 155.6 0384 0.041 0.158
7 0.022 223.6 220.7 0488 0.022 0.221
8 0310 3489 3704 0.691 0.078 0.333

Upper9  0.079 226.8 4329 0.180 0.060 0.386

Pra 10 0.678 158.1 166.2 0.079 0.214 0.169
11 0.071 273.7 376.1 0.115 0.014 0.323
12 0.180 736.9 1266.3 0.133 0.160 1.010
13 0.070 236.8 2902 0.165 2.441 0.299

Source: Donkor et al. (2005)

Mn Co Ni v Cr Zn  %0OM
6.790 0.053 0.439 0.777 0.905 1.418 2.08
8.955 0.134 0370 0.791 0.819 1.531 5.55
2.387 0.130 0.271 0.706 0.724 1.553 9.98
3.516 0.063 0308 0.392 047 0.742 11.50
6.518 0.188 0.362 0.758 0.825 1.214 1.30
4384 0.078 0.318 0.518 0.586 0.754 4.92
6.297 0.166 0.348 0.652 0.744 1.072 1.67
8.595 0.272 0.493 1.098 1.321 1.285 7.61
4883 0.112 0356 3.378 1.176 1.526 1.91
2.658 0.023 0.300 0.594 0.620 0.802  2.89
5.002 0.249 0.441 1.252 1.273 1201 1.56
10.704 0.517 0.874 0.861 2.401 1.603 791
3.546  0.138 0.342 0.834 1.100 1.286 3.47
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The low and stable temperature recorded, as shown in
Table 4, do not favour the growth and survival of aquatic
species; this would explain why fishes are scarce in riv-
ers where mining is done. Apart from the temperatures
menace, there are other factors such as presence of heavy
metals that have resulted in disappearance of fishes.

The majority of aquatic creatures prefer a pH range of
6.5-9.0 even though some can live outside that pH range.
The pH of water can equally be influenced by the acidity
of the catchment area. Fen | has a pH value within World
Health Organisation’s permissible value as recorded
above. Again, heavy metals can be dissolved into water
by low pH; due to the continuous usage of rivers by farm-

ers for irrigation purpose, this phenomenon has a public
health concern ",

Temperature positively impacts aquatic life. It acceler-
ates the activity of photosynthesis, reaction of pollutants
and parasites, and influences solubility of dissolved oxy-
gen in water ©*/

The concentration of pollutants (metals) shown above
were far higher than required limit is an indication that the
river was polluted, and these metal concentration has been
aggravated by the intensity of the mining carried out in the
water body. The results show poor and marginal quality of
River Fena, and this possesses threat to domestic activities

and aquatic life.

Table 3. Water quality parameters of River Pra in dry season (winter)

River

Section Site # Hg Al Fe As Pb Cu Mn Co Ni A% Cr Zn % OM

Lower 1 0.003 90.0 141.0 0.216 BDL 0.018 3.031 *BDL 0.252 0.204 0.203 0.569 0.46

Pra 2 0.008 308.0 2140 0.146 BDL 0.089 2.828 BDL 0400 0.484 0.523 1.199 3.15
3 0.002 406.0 236.0 0.281 BDL 0.153 5.102 BDL 0.457 0.645 0.732 0.704 1.68
4 0.017 570.0 283.0 0.355 BDL 0.207 4.461 BDL 0457 0.878 0.985 1.280 4.74
5 0.005 117.0 68.0 0218 BDL 0.029 1470 BDL 0.301 0.145 0.267 0.746 0.25
6 0.043 198.0 271.0 0370 BDL 0.192 7.890 BDL 0453 0.619 0.579 1.152 0.96
7 0.009 287.0 135.0 0.158 BDL 0.091 2.573 BDL 0.343 0475 0.575 0.557 0.00
8 0.002 2450 247.0 0458 BDL 0.133 8.221 BDL 0.574 0.548 0.537 0.756 3.01

Upper9  0.002 407.0 497.0 0.125 BDL 0.150 5.016 BDL 0.437 0.867 1.030 1.027 1.74

Pra 10 0.002 318.0 116.0 0.088 BDL 0.072 2.195 BDL 0.429 0461 0.522 0.728 0.52
11 0.005 509.0 356.0 0.124 BDL 0.196 9.781 BDL 0.568 0.885 1.031 1.171 0.39
12 0.030 288.0 378.0 0.103 BDL 0.261 4.480 BDL 0.429 1219 1.755 0.666 0.84
13 0.043 247.0 243.0 0369 BDL 0.049 2495 BDL 0.569 0.349 0.333 0.881 291

Source: Donkor et al. (2005)

Figure 6. Illegal activity in Ghana.

Source: Fatawu, & Allan (2014)
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Table 4. The quality of River Fena in a mining area

Fen 1 Fen 2
Parameters Mean and std Max Min Mean and std Max Min WHO standard
pH 6.17 +£0.27 6.63 5.82 5.81+0.41 6.33 5.21 6.5-9
Temp. 23.58+£0.17 23.85 23.31 2345+0.17 23.73 23.08 25-30°C
Turb. 182.25 +20.49 213 148 194.33 +16.34 231 169 75NTU
TSS 2415.67 +440.1 3314 2560 2971.67+ 3354 2830 500 mg/L
TDS 3165.33 £207.83 3314 2560 3180.50 =142 .11 3334 2730 500 mg/L
Conductivity 1236.75 + 59.38 1311 1103 1268 + 19.44 1300 1238 1000 mg/L
Pb 0.192+0.23 0.81 BDL 0.72+0.29 1.04 0.23 0.01 mg/L
Cd 0.14+0.19 0.7 BDL 0.02+0.01 0.04 0.01 0.003 mg/L
Cu 0.09 +0.03 0.14 0.03 0.09 +0.06 0.24 0.01 2 mg/L
Fe 12.94 +1.57 16.43 11.03 13.01 £0.71 14.09 11.63 2 mg/L
Zn 0.81+0.14 0.91 0.46 0.84+£0.09 1.02 0.71 5 mg/L

Source: Duncan (2020)

12. Conclusions and Recommendation

Ghana has enough water bodies that can protect the
country from water stress. There is also enough ground-
water to shield the West African country from water scar-
city. However, climate change and variability are currently
impacting on these water bodies drying up most tribu-
taries which feed up such streams and rivers. In recent
years, most rivers are either reducing volumes drastically
or completely drying up. The presence of illegal mining
in water bodies is compounding the situation which might
lead the country to experience water stress if measures
are not put in place to contain mining in river banks and
beds. Politicisation of sensitive issues in Ghana has made
the fight against illegal mining in water bodies extremely
difficult for the various ruling governments.
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1. Introduction

According to the authors of the study, at present, an as-
sessment of the ecological state of a territory or a specific
point object necessarily includes an analysis of all the
components of the sources of pollutant release, as well as
the pollutants themselves in terms of their environmental
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The article is devoted to the discussion of the advantages of assessing the
environmental comfort of the climate, based on the natural features of the
climate and the bioclimatic conditions of the territory. The study assessed
the ecological comfort of the climate in the city of Taganrog on the basis
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the totality of bioclimatic indicators with the final calculation of the values
of the integral indicator of the bioclimatic comfort of the climate. The
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The cold season was distinguished by uncomfortable conditions according
to long-term average climatic data. Modeling calculations of the possible
risk to the health of city residents in the presence of concentrations of
suspended solids in the surface air layer, together with carbon monoxide,
exceeding the maximum one-time values by more than 7 times, showed
that the development of possible resorptive or carcinogenic effects in these
circumstances will occur in 1/3 the population of the city. The prospects
for the assessment of the ecological comfort of the climate, which allow in
the future to adequately calculate the magnitude of environmental risks to
public health caused by pollution of the surface air layer, are shown.

(toxicological, carcinogenic, mutagenic) hazard. Howev-
er, the natural characteristics of the territory, mainly its
climatic features, which make not only no less, but often
even the greatest contribution to the ecological state of
the area that is formed in the complex, taking into account

anthropogenic activity, remain without attention. In this
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connection, as the analysis of a number of scientific stud-
ies shows, the environmental assessment carried out is
not always objective and adequate to the conditions under
consideration. In this regard, in order to eliminate the con-
tradictions described above, in 2010 an approach was pro-
posed based on the concept of ecological climate comfort,
which allows taking into account the natural component
of climatic and bioclimatic conditions and features of the
study area .

As is known, in order to assess the biological impact of
climatic conditions on human health and the state of eco-
logical systems, already in the middle of the 20th century,
a number of bioclimatic indicators were first developed
and applied, which, among others, include indicators that
allow assessing the total impact of groups of meteoro-
logical parameters, such as air temperature, air humidity,
surface wind speed, atmospheric pressure, as well as the
number of days with fogs, wind speeds of more than 6 m/s,
with precipitation or lack of surface wind (calm), etc.

The concept and methodology for assessing the en-
vironmental comfort of the climate makes it possible to
comprehensively take into account the environmental im-
pact of not only bioclimate parameters, but also the level
of pollution of the surface air layer of the study area .
In particular, based on the analysis and ranking of biocli-
matic indicators in, it was found that the most informative
bioclimatic indices (with an anthropocentric approach,
if we focus on the impact on public health) include the
following: BAP - biologically active temperature; ET -
equivalent effective temperature; REET - radiation equiv-
alent effective temperature; QS is the human heat balance;
I - index of pathogenicity of the meteorological situation;
KM - climatic potential of self-purification of the atmos-
phere .

Within the framework of the developed methodology
for assessing the environmental comfort of the climate, it
was proposed not only to carry out a phased assessment of
all groups of the above bioclimatic indicators, but as a re-
sult, to calculate and analyze the value of the integral indi-
cator of environmental comfort of the climate developed,
IPBC, which allows comprehensively taking into account
both natural climatic (bioclimatic) features of the study
area, as well as parameters characterizing the level of pol-

lution of its surface air layer in the first approximation ",

2. Materials and Methods

To conduct this study, the authors proceeded from the
concept of assessing the environmental comfort of the cli-
mate, which involves the implementation of a three-stage
assessment of the parameters of the bioclimate, as well as
the calculation of the integral indicator of the environmen-

tal comfort of the climate ",

At the same time, at the first stage of the assessment,
the thermal effect was considered and such parameters
as ET - equivalent effective temperature were calculated;
REET - radiation equivalent effective temperature; QS
is the human heat balance . In particular, “hard thermal
impact of high or low temperatures “discomfort” could
be observed at the value of the bioclimatic comfort score
equal to “1”; with the value of the bioclimatic comfort
score equal to “3”, “moderate thermal effects of high or
low temperatures “subcomfort” were diagnosed; finally,
with the value of the bioclimatic comfort score equal to
“5”, comfortable thermal effects of high or low tempera-
tures “comfort” were diagnosed.

At the second stage, the degree of pathogenicity of
weather conditions (I) was assessed in the work, that
is, the negative impact of a complex of meteorological
conditions (including the value of surface atmospheric
pressure, heliogeophysical factors, cloudiness, sudden
changes in air temperature and atmospheric pressure per
day). The following interpretation of the obtained results
was accepted: “a high degree of pathogenicity of meteor-
ological conditions “discomfort” could be observed with
the value of the bioclimatic comfort score equal to “1”;
with the value of the bioclimatic comfort score equal to
“3”, the “medium degree of pathogenicity of meteorolog-
ical conditions “subcomfort” was diagnosed; finally, with
the value of the bioclimatic comfort score equal to “5”, a
“low degree of pathogenicity of meteorological conditions
“comfort” was diagnosed.

The third stage involved the evaluation of the potential
for self-purification of the atmosphere (km). With the val-
ue of the bioclimatic comfort score equal to “1”, a low po-
tential for self-purification of the atmosphere, “discomfort”
was observed; with the value of the bioclimatic comfort
score equal to “3”, the “average potential for self-purifica-
tion of the atmosphere” subcomfort was diagnosed; final-
ly, with the value of the bioclimatic comfort score equal to
“5”, high potential for self-purification of the atmosphere
“comfort” was diagnosed.

The integral indicator of bioclimatic comfort is deter-
mined as the sum of bioclimatic assessment scores ob-
tained at three stages, according to the following formula:

TKi * B BK
1prc = EEL RO ()
in formula
IBK  — integral indicator of bioclimatic comfort
Ki - informative coefficient
BBK - bioclimatic assessment score

bioclimatic index

53



Journal of Atmospheric Science Research | Volume 05 | Issue 03 | July 2022

It is important to note that the developed integral indi-
cator ', with the help of which an integral assessment is
carried out, including intermediate 3 stages, is universal
for any study area and makes it possible to identify such
characteristics of climatic comfort as: comfort; discomfort
and sub-comfort. This takes into account the important in-
fluence of natural, natural meteorological factors on health
and life, as well as the possibility of reducing the pollution
of the troposphere due to its potential for self-purification.
Interpretation of the given integral index of IPBC practi-
cally repeats those described above, that is: with the value
of the integral score of bioclimatic comfort equal to “1”,
“discomfort” is observed; with the value of the integral
score of bioclimatic comfort equal to “3”, “subcomfort” is
diagnosed; finally, with the value of the bioclimatic com-
fort score equal to “5”, the “comfort” of the environmen-
tal conditions of the climate is noted.

Reference data on the climate of the south of the Euro-
pean part of Russia, as well as a number of synoptic maps
that are in the public domain, were used for the calcula-
tions.

3. Results

The assessment of the integral indicator of bioclimatic
comfort on the example of the city of Taganrog, Rostov
Region, showed, on the whole, quite comfortable environ-
mental conditions of the climate (higher than “subcom-
fort”). So, for the warm season, the calculated value of the
integral indicator of bioclimatic comfort within the city of
Taganrog was 4.4 points, that is, according to the average
long-term climatic data, a transition from “subcomfort” to
“comfort” was established, which is higher than the values
of the considered integral indicator of bioclimatic comfort
for the neighboring the city of Rostov-on-Don (IPBK val-
ues were 3.2 points, “subcomfort”). The cold season for
both the city of Taganrog and Rostov-on-Don was char-
acterized by uncomfortable conditions, not exceeding the

IPBC value of 1.2 - 1.0 points, respectively (Table 1).

From the data in the Table 1, it can be seen that for the
city of Taganrog, the climatic conditions, especially in
the warm season of the year, are distinguished by envi-
ronmental comfort. In order to understand this situation,
consider the geographical characteristics of the city’s
environs. So, as you know, the city is located in the north-
eastern part of the Miussky Peninsula, which juts out into
the Sea of Azov. In the east, the territory of the city is lim-
ited by the Sambek River, and in the southeast and south it
is washed by the waters of the Taganrog Bay of the Sea of
Azov. The western border of the city runs along the Mius
River, which ends with the Mius Estuary, connecting with
the Sea of Azov 36 km from it. In fact, the city is located
within the triangular cape of the Miussky Peninsula, sur-
rounded by water from almost all sides of the shallow and
well-heated Sea of Azov or its Taganrog Bay, as well as
the Miussky Estuary.

It seems that these circumstances not only have a
warming, but also a moisturizing effect on the climate
of the adjacent territory. In addition, the proximity to the
system of the Azov-Black Sea basin determines the in-
tensive dispersion of impurities, including anthropogenic
impurities in the lower air layer of the urban environment
of Taganrog, since different environments (land-sea) with
different physical characteristics cause heterogeneous
atmospheric pressure fields and, as a result, significant
changes in the values of the horizontal baric gradient.
Anthropogenically caused impurities in the surface layer
and the breeze circulation that is formed in this area have
a very favorable effect on the dispersion. In addition to
the coefficient of self-purification of the atmosphere, KM,
within the framework of this study, the meteorological in-
dicator of atmospheric pollution, MPA, developed in was
also calculated and evaluated, the values of which recently
also steadily show the predominance of dispersion con-
ditions over the accumulation of impurities in the surface

layer of the atmosphere .

Table 1. Comparative analysis of the indicators of the integral assessment of the environmental comfort of the climate
for the cities of Taganrog and Rostov-on-Don

I stage of bioclimatic assessment 11 stage 111 stage Meaning
No. Station 1 BK,
BAT REET ET Os I Km points
warm climate season of the year
1. Rostov-on-Don 20.6 19.8 9.4 0.6 12.4 0.9 32
2. Taganrog 21.2 20.6 10.3 —0.6 9.2 0.4 4.4
cold climatic season of the year
3. Rostov-on-Don 5.0 0.4 -14.9 -1.6 259 1.3 1.0
4. Taganrog 6.1 0.9 -13.3 -1.5 24.7 1.4 1.2
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4. Discussion

It seems to the authors that the very favorable conditions
for the environmental comfort of the climate of the city
of Taganrog in the warm season of the year are explained,
on the one hand, by a significant warming of the air in the
warm season, which, however, is compensated by the mois-
tening and reducing the heat load by the influence of the
Sea of Azov. It is the breeze circulation in the warm season
that reduces the likelihood of dry days with calm, when an
intensive accumulation of impurities in the lower layer is
possible. More precipitation falls in July, during the warm
season of the year, which also contributes to an increase in
the self-purification coefficient of the atmosphere.

The discomfort of winter conditions within the city is
explained, apparently, not only by possible breakthroughs
of the Arctic air masses both in the rear of the Atlantic
cyclones and in the form of spurs of the Arctic High. But,
also with an increased probability of calm weather (1/3 of
all studied cases of calm weather was observed in winter -
in early spring, in the first quarter of the year), which were
more often set at night, contributing to the accumulation of
impurities in the lower atmosphere. In addition, the mini-
mum amount of precipitation in autumn and winter reduces
the self-cleaning ability of the atmosphere within the city.

According to the authors, the results obtained are not
only of theoretical significance, expanding the limits of
knowledge about the biological aspects of the impact of
climate on the human body and its environment, but also
of undoubted practical value, making it possible to apply
the findings to planning the modes of work and rest of the
population. In this regard, it seems very promising to fur-
ther consider at the next stage of research the role of an-
thropogenic factors that affect the level of pollution of the
surface air layer, since the increase in the optical turbidity
of the air layer at a level of 2 m from the surface, as well
as the appearance of a number of toxic and carcinogenic
substances in the air of the urban environment can cause
very significant environmental risks to public health.
So, for example, within the framework of this study, an
assessment of a possible health risk in the presence of
concentrations of suspended solids in the surface air layer
together with carbon monoxide exceeding, say, the values
of the maximum single maximum permissible concentra-
tion by more than 7 times showed that the development
of possible resorptive or carcinogenic effects in these cir-
cumstances will occur in 1/3 of the population of the city
of Taganrog.

5. Conclusions

Thus, as a result, of the assessment of the environmen-

tal comfort of the climate, as well as the calculated values
of the possible environmental health risk, including car-
cinogenic health risk, the following results were obtained,
which made it possible to formulate the main conclusions
of the study:

1) Natural characteristics, among which climatic and
bioclimatic features play a leading role, the cities of Ta-
ganrog are extremely favorable. The territory of the city
is washed by the waters of the warm and shallow Sea of
Azov, which has a warming and moisturizing effect, and
also determines the specifics of the local circulation of air
masses.

2) The assessment of the ecological comfort of the
climate in the territory of Taganrog showed, according
to the average long-term climatic data, the presence of
sub-comfortable climates with a tendency to transition to
comfortable climate conditions in the warm period of the
year. The cold season was distinguished by uncomfortable
conditions according to long-term average climatic data.

3) Modeling calculations of a possible health risk in the
event of the presence in the surface air layer of concen-
trations of suspended solids together with carbon monox-
ide exceeding, say, the values of the maximum one-time
maximum permissible concentration by more than 7 times
showed that the development of possible resorptive or car-
cinogenic effects in the indicated circumstances will occur
in 1/3 of the population of the city of Taganrog.
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