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Abstract— Since 2012 upward flashes have been observed in 

two locations in Sao Paulo City: Jaraguá Peak and Paulista 

Avenue. TV and Radio towers are located on the top of a steep hill 

called Jaraguá Peak. Paulista Avenue is a very busy complex of 

several buildings with tall towers on top. Upward flashes were 

registered from towers for both locations. For one of the events we 

observed upward leaders from both locations even though they are 

11 kilometers apart. In order to understand which meteorological 

and terrain conditions are propitious for upward leader initiation, 

83 flashes were analyzed and the results are presented in this 

paper. An analysis of the mountain profile and a comparison 

between Jaraguá Peak and other towers around the world used in 

lightning incidence studies is shown in this paper. The analysis is 

done by using 3 methods to calculate the effective height of the 

towers proposed by the literature. 
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I. INTRODUCTION 

Two different modes of upward flashes have been observed 
in the world. These modes are known as self-initiated or other-
triggered upward flashes [1]. In case of other triggered upward 
flashes, preceding cloud-to-ground or intracloud flashes are 
responsible for a sudden change of the atmospheric electric field 
resulting in the triggering of upward flashes from nearby towers 
[1, 2]. 

The mountain where towers were built and the effect on the 
enhancement on environmental electric field are a point of 
interest for analysis since 1965 [3]. The concept of effective 
height, considering the height of the tower and the place where 
it is located when compared with the surrounding terrain, are 

correlated by some authors with the percentage of upward 
flashes.  

Eriksson [4] suggested that the effective height of towers 
(Hs) on top of mountains could be calculated based on the 
percentage of upward (Pu) flashes registered on these towers by 
the equation (1): 

 

𝑃𝑢 = 62.8  𝑙𝑛(𝐻𝑠) − 315.5 

 

(1) 

Eriksson [5] updated his equation (1) based on new 
observations to equation (2): 

 

𝑃𝑢 = 52.8 𝑙𝑛(𝐻𝑠) − 230 

 

(2) 

 Rizk [6] assumes that the occurrence of upward lightning in 
a tower is based in two factors: minimum ambient ground field 
and a complex function of ground field, structure height and 
terrain.   

Rizk’s method suggests that an upward positive leader can 
be launched from the structure when the electric potential Ui at 
the top of structure exceeds the ‘continuous leader inception 
potential’ Ulc (in Volts), which is given by: 

𝑈𝑙𝑐 =
1556𝑥103

1 +
77.8

𝑅

     
(3) 

 

where R is in meters and a function of the mountain base 
radius (a) and the structure height (h) given by: 
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𝑅 =
2(ℎ + 𝑎)

[1 +
2𝑎(ℎ + 𝑎)

(ℎ + 𝑎)2 − 𝑎2 −
2𝑎(ℎ + 𝑎)

(ℎ + 𝑎)2 + 𝑎2]
 

(4) 

 

The electric potential Ui at the tip of the structure located on 
the top of mountain is a function of height of structure, mountain 
and the ambient uniform electric field Eg, given by the equation 
5 and assuming the geometry of the mountain as semi- 
hemisphere. 

𝑈𝑖 = 𝐸𝑔. (ℎ + 𝑎). [1 −
𝑎3

(ℎ + 𝑎)3
] 

(5) 

Rizk concluded that two criteria for occurrence of upward 
flashes are important: 

𝑈𝑖 ≥ 𝑈𝑙𝑐 + 𝑥𝑜𝐸∞𝑙𝑛 (
𝐸𝑖

𝐸∞

) 
(6) 

𝐸𝑔
′ ≥  𝐸∞ (7) 

Where Ei is the minimum positive streamer gradient and E∞ 
is the final quasi-stationary leader. In this paper we assume the 
values of 400kV/m and 3kV/m respectively in order to compare 
with [7]. Rizk [6] uses 5m/s for xo that is a parameter 
proportional to the upward leader speed. 

In order for the upward flash to occur the 𝐸𝑔
′  (mean ambient 

electric field) must to exceed 3kV/m.  

Wakai [8] observed that towers on hill summit are struck 
more frequently than towers on flat areas. 

In this work, we will present the characteristics probably 
relevant for the initiation of upward lightning of towers located 
in São Paulo city and compare with other towers in the world. 

II. LOCATION 

Sao Paulo city is located in southeastern Brazil. It is one of 

the 40 most populous cities in the world and 25 out of the 50 

tallest buildings in the country are located in Sao Paulo. The 

average ground flash density for this area is 15 flashes/km²/year. 

Although there are many tall buildings and structures in Sao 

Paulo city, in the last 3 years we have observed upward flashes 

in two locations: Jaraguá Peak and Paulista Avenue.  

 

A. Jaragua Peak 

Jaraguá Peak is a steep hill – 318 meters above the 

surrounding terrain – located inside the urban area. It rises 1239 

meters above sea level (see Figure 1).  There are two tall TV 

towers and several other smaller communication towers located 

on this peak. The average flash density for this area is a 

noticeable high-density anomaly of up to 45 flashes/km²/year 

located over Jaraguá Peak [14] and probably a result of a high 

occurrence rate of upward lightning. 

 

 
Figure 1: Jaraguá Peak – 318 meters above surrounds terrain 

[9]. 

 

B. Paulista Avenue 

Paulista Avenue is located in downtown Sao Paulo. It is one 

of the most important avenues of the city with several towers 

(height up to 212 meters) on tall buildings (Figure 2).  

Even though it is not located on steep hill, Paulista Avenue is 

located on one of the highest areas of the city.  

Paulista Avenue is 11 km apart from Jaraguá Peak. 

 

 

Figure 2: Paulista Avenue – Towers with height up to 212 on 

top of tall buildings [10] 

 

III. EQUIPMENT AND DATA  

Upward flashes in Brazil were registered with high-speed 

cameras distant about 5km from the towers. Three cameras 

Phantom: v711, v310 and Miro4 were used to record the data. 

BRASILDAT and RINDAT were used to determine distance, 

classification of the flash and peak current. 

All upward lightning discharges recorded in Brazil are 

negative upward flashes, initiated by positive upward leaders 

[11]. 

 76 negative upward flashes that occurred in 28 thunderstorm 

days in Sao Paulo, Brazil, were analyzed in this work.  
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IV. RESULTS 

A - General Characteristics of the upward flashes in Sao 

Paulo  

72 flashes were recorded in Jaraguá Peak and 3 flashes in 

Paulista Avenue. A special case was recorded simultaneously 

in both locations.  

Two criteria were used to determine if cloud-to-ground 

flashes triggered an upward leader (from one or more towers): 

the time between events and the video observation of the leader 

propagation along the cloud base. 
For 6 cases, no events just prior to the initiation of the 

upward flashes were detected by LLS. 93% (65 out of 70) 
upward flashes were triggered by a positive cloud-to-ground. 
The remaining 5 cases were triggered by intracloud flashes. 
None of the events were triggered by negative cloud-to-ground 
flashes. In Gaisberg Tower, 15 out of 23 negative upward flashes 
were triggered by positive cloud-to-ground flashes and 8 by 
intracloud events. Also, none of them were triggered by negative 
cloud to ground flashes. Opposite results were found in 
observations from Säntis Tower, in Switzerland, where all 
upward flashes were triggered by events of the same polarity 
[12]. 

 

B - Atmospheric characteristics 

Regarding the atmospheric conditions favorable for the 
initiation of upward flashes, radiosonde data was analyzed. 
Figure 3 shows the individual values for cloud base height based 
on the radiosonde data closest to the time of the upward flashes 
occurrence, i.e. maximum of 3 hours between radiosonde and 
lightning events. 6 out of 28 radiosonde data were not available 
and only 3 out of 28 were more than 3 hours apart from the time 
of upward flashes occurence. These 3 values are not shown in 
Figure 3.  

The cloud base height for thunderclouds that produced 
upward flashes ranged from 900 to 1600 meters with 1040 
meters above ground level on average. 

From a concurrent study being performed in Rapid City, 
South Dakota, USA, the cloud base ranged from 1200 to 3600 
with 3000 meters above ground level on average [13]. 

 

 

Figure 3: Cloud base height 

 

Schumann et al., [14], using optical data from high speed 
video records, obtained a mean height of the horizontal 
propagation of 1920 m (ranging from 3380 to 1232 meters). 
From Schumann et al. [14] and the analysis of radiosonde 
results, the authors suggest the idea that the leader propagates 
horizontally between lower positive cloud center and cloud 
condensation level (shielding layer). 

 

C – Terrain Characteristics 

In order to compare the terrain characteristics of Jaraguá 
Peak with other towers around the world used in lightning 
incidence studies, the methods to calculate the effective height 
of the towers proposed by Eriksson [4, 5] and Rizk [6] were 
applied using the same criteria to determine the mountain height. 
In this study, the height of the mountains was determined using 
the following procedure: 

- identify the steepest side of the mountain; 

- trace the profile of the mountain in this direction; 

- calculate the difference in altitude between the highest 
point on top of the mountain and a point 1 km apart on the 
direction of the steepest side of the profile. 

 As shown in Figure 4, we used Google Earth® to obtain the 
profile of the mountain in the direction of the steepest side. 
Figure 4 shows two different cases: the first one (Säntis Tower), 
where the peak of the mountain is located at the border of a 
plateau, and the second one (Jaraguá Peak) where the altitude 
changes abruptly at 1 km away from the peak. The electric field 
intensification must be different for each of these two cases. 
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Figure 4 – Profile of the mountains Säntis Tower and Jaraguá 
Peak. 

 

 Using this procedure for other towers we have summarized 
in Table 1 information for 16 towers [7, 15-25] around the 
world: 

- Column 2: height of tower structure; 

- Column 3: Mountain (terrain) height determined by 
profile analysis for 1 km described above; 

- Column 4: Mountain (terrain) height found in the 
literature; 

- Column 5: Percentage of upward flashes reported in the 
literature. In the case of Jaraguá Peak, this percentage is 
based on our observation; 

- Column 6: Number of flashes per year reported in the 
literature. Different method of observation as High-
speed cameras, standard cameras, dI/dt, current 
measurement were used; 

- Column 7: Effective height calculated by Risk’s method 
for the mountain (terrain) height reported in the 
literature; 

- Column 8: Effective height calculated by Risk’s method 
for the mountain (terrain) height determined by profile 
analysis for 1 km; 

- Column 9: Effective height calculated by Eriksson’s 
method described in [4] for the mountain (terrain) height 
determined by profile analysis for 1 km; 

- Column 10: Effective height calculated by Eriksson’s 
method described in [5] for the mountain (terrain) height 
determined by profile analysis for 1 km; 

- Columns 11 and 12: Literature values for comparison 
[7, 15] 

 For this analysis, due to the complexity (proximity of large 
number of towers) Paulista Avenue and Rapid City towers were 
not considered. 

 

80



  

 

 

F
ig

u
re

 5
: 

E
ff

ec
ti

v
e 

h
ei

g
h
t 

fo
r 

d
if

fe
re

n
t 

m
et

h
o
d

s:
  

T
h
e 

m
o

u
n
ta

in
 h

ei
g
h
t 

re
p
re

se
n
te

d
 i

n
 t

h
is

 p
lo

t 
w

er
e 

d
et

er
m

in
at

e 
b

y
 t

h
e 

m
et

h
o
d

 o
f 

1
k
m

 p
ro

fi
le

 s
u
rr

o
u
n
d

in
g
s 

an
al

y
si

s.
  
It

 i
s 

su
rr

o
u
n
d

in
g
s 

m
o

u
n
ta

in
 h

ei
g
h
t 

(i
.e

. 
it

 i
s 

n
o

t 
ab

o
v
e 

se
a 

le
v
el

) 

T
h
e 

ef
fe

ct
iv

e 
h
ei

g
h
t 

ca
lc

u
la

te
d
 b

y
 d

if
fe

re
n
t 

m
et

h
o
d

s 
ar

e 
sh

o
w

n
 w

it
h
 d

if
fe

re
n
t 

n
u
m

b
er

s 
(a

n
d
 c

o
lo

r)
. 

 

81



T
ab

le
 1

: 
E

ff
ec

ti
v
e 

h
ei

g
h
t 

fo
r 

v
ar

io
u
s 

to
w

er
s 

Lo
ca

ti
o

n
 

h
 T

o
w

er
 

a 
= 

M
o

u
n

ta
in

 

P
u

 [
%

] 
N

u
m

b
e

r 
o

f 
Fl

as
h

es
 p

er
 

ye
ar

 

H
ef

f 
 b

y 
R

is
k 

1
9

9
4

 

H
ef

f 
 b

y 
Er

ik
ss

o
n

 -
 

1
9

7
8

 

H
ef

f 
 b

y 
Er

ik
ss

o
n

 -
 

1
9

8
4

 

H
ef

f 
 b

y 
Zh

o
u

 2
0

1
0

 
H

ef
f 

b
y 

Sh
in

d
o

 2
0

1
1

 

Th
is

 w
o

rk
 

m
et

h
o

d
 

(1
km

 p
ro

fi
le

 
an

al
ys

is
) 

Li
te

ra
tu

re
 

M
o

u
n

ta
in

 
Su

rr
o

u
n

d
in

g 
b

y 
1

km
 

lit
er

at
u

re
 

M
o

u
n

ta
in

 

C
o

lu
m

n
 1

 
C

o
lu

m
n

 2
 

C
o

lu
m

n
 3

 
C

o
lu

m
n
 4

 
C

o
lu

m
n
 5

 
C

o
lu

m
n
 6

 
C

o
lu

m
n
 7

 
C

o
lu

m
n
 8

 
C

o
lu

m
n
 9

 
C

o
lu

m
n
 1

0
 

C
o

lu
m

n
 1

1
 

C
o

lu
m

n
 1

2
 

Fu
ku

i T
h

er
m

al
 P

o
w

er
 P

la
n

t 
[1

6
,2

5
] 

2
0

0
 

0
 

0
 

9
9

 
2

0
 

 
 

 
 

 
 

Em
p

ir
e 

St
at

es
 B

u
ild

in
g 

[1
1

, 1
6

, 
1

7
] 

4
3

3
 

0
 

0
 

1
0

0
 

2
3

 
 

 
 

 
 

 

O
st

an
ki

n
o

 T
o

w
er

 [
1

1
, 1

6
] 

5
4

0
 

0
 

0
 

9
2

 
3

0
 

 
 

 
 

 
 

C
N

 T
o

w
er

 [
1

6
,2

1
] 

5
5

3
 

0
 

0
 

1
0

0
 

7
5

 
 

 
 

 
 

 

To
ky

o
 S

ky
tr

ee
 [

1
6

] 
6

3
4

 
0

 
0

 
4

6
 

1
2

 
 

 
 

 
 

 

B
ri

xt
o

n
 T

o
w

er
 [

2
0

] 
2

5
0

 
5

0
 

6
0

 
8

9
 

1
5

 
2

9
6

 
3

0
4

 
3

7
9

 
4

2
4

 
**

*
 

**
*
 

P
ei

ss
e

n
b

e
rg

 T
o

w
er

[1
1

, 1
6

, 1
9

] 
1

6
0

 
6

4
 

2
8

8
 

1
0

0
 

1
9

 
2

2
1

 
3

4
6

 
4

4
2

 
5

1
8

 
3

2
4

 
3

8
0

 

C
h

ri
sc

h
o

n
a 

To
w

er
 [

1
1

, 1
6

, 2
4

] 
2

5
0

 
9

0
 

0
 

6
2

 
1

0
 

3
2

7
 

2
5

1
 

2
5

3
 

2
5

2
 

**
*
 

**
*
 

C
SI

R
 R

es
ea

rc
h

 m
as

t 
[7

, 1
6

] 
6

0
 

1
0

7
 

8
0

 
1

4
 

4
4

 
1

3
4

 
1

1
8

 
1

2
5

 
1

0
2

 
1

1
3

 
2

4
0

 

M
o

rr
o

 d
o

 C
ac

h
im

b
o

 S
ta

ti
o

n
 

[1
6

, 1
8

] 
6

0
 

2
5

3
 

2
0

0
 

4
3

 
7

 
2

1
5

 
1

8
6

 
1

9
2

 
1

7
6

 
1

4
5

 
1

7
5

 

Ea
gl

e 
N

es
t 

To
w

er
 [

1
6

] 
2

2
 

3
0

0
 

N
/A

 
9

9
* 

1
1

 
2

0
5

 
**

*
 

4
3

7
 

5
0

9
 

**
*
 

**
*
 

Ja
ra

gu
a 

P
ea

k 
1

3
0

 
3

1
8

 
N

/A
 

9
7

 
3

1
 

3
2

7
 

**
*

 
4

2
2

 
4

8
7

 
**

*
 

**
*

 

G
ai

sb
er

g 
To

w
er

 [
1

6
, 2

2
, 2

3
] 

1
0

0
 

4
5

6
 

8
0

0
 

1
0

0
 

5
4

 
3

5
4

 
4

7
9

 
4

4
2

 
5

1
8

 
2

7
4

 
6

3
0

 

TV
  T

o
w

er
 o

n
 M

o
u

n
t 

O
rs

a 
[1

6
] 

4
0

 
6

0
0

**
 

6
0

0
 

5
9

 
**

*
 

3
6

4
 

3
6

4
 

2
4

3
 

2
3

8
 

**
*
 

**
*
 

Sä
n

ti
s 

To
w

er
 [

1
2

, 1
6

] 
1

2
4

 
6

2
3

 
9

0
0

 
1

0
0

 
1

2
0

 
4

3
9

 
5

2
6

 
4

4
2

 
5

1
8

 
**

*
 

8
2

0
 

To
w

er
 o

n
 M

o
u

n
t 

Sa
n

 S
al

va
to

re
 

[1
1

, 1
6

] 
7

0
 

6
4

0
 

6
4

0
 

7
0

 
2

1
 

4
0

0
 

4
0

0
 

2
8

5
 

2
9

3
 

1
9

8
 

3
8

0
 

 *
 D

es
cr

ib
ed

 o
n
 r

ef
er

en
ce

 a
s:

 “
M

o
st

 o
f 

al
l 

fl
as

h
es

 a
re

 u
p

w
ar

d
 f

la
sh

es
” 

it
 w

as
 c

o
n
si

d
er

ed
 9

9
%

  

*
*
 L

o
ca

ti
o

n
 n

o
t 

fo
u
n
d

 –
 c

o
n
si

d
er

ed
 t

h
e 

sa
m

e 
o

f 
th

e 
li

te
ra

tu
re

 f
o
r 

co
m

p
ar

is
o

n
  

**
* 

- 
N

o
t 

A
v
ai

la
b
le

 

    

82



V. SUMMARY 

 For lightning events at Jaraguá Peak, cloud base heights 
determined from radiosonde measurements are shown for the 
first time. In Sao Paulo, using high-speed cameras to record 
upward flashes, it was possible to observe the leader propagation 
close to cloud base. Using radiosonde data for the thunderstorm 
days (maximum of 3 hours between lightning event and 
radiosonde measurement) in which upward flashes were 
recorded, it was found that cloud base height ranged from 900 
to 1600 meters with a mean value of 1040 meters above ground 
level.  

 For 16 towers in different regions of the world, in which 
lightning incidence studies were performed, three methods to 
calculate the effective height of the towers on top of mountains 
were applied using a common procedure to determine the height 
of the mountains used in the calculations. The results are shown 
at the Table 1.   

 The suggested criteria to determine the height of the 
mountain makes it possible to compare the impact of the 
effective height of the tower on the number of flashes per year, 
percentage of upward flashes, etc. Even though, it is important 
to consider that different locations have different number of 
thunderstorm days, season duration and other parameters. 
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