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A comparative analysis between cloud-to-ground (CG) lightning density and terrain parameters
(altitude and terrain slope) in South Brazil is presented. This region is characterized by a
contrasting topography, where a mountain chain separates lower (depression) and higher
(plateau) landscapes. The altitude and terrain slope data were obtained from the Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM). Two years of CG lightning data
(from June 2005 to May 2007) obtained by the Brazilian Lightning Detection Network
(BrasilDAT) were used in the study. To avoid intracloud contamination, positive CG flashes with
peak currents less than 20 kA were removed from the data set. A relative detection efficiency
model was used to correct the lightning data. The results indicate that, for localized areas
(following the mountain shape) within this region of Brazil, the CG lightning density is
correlated with the terrain slope and not the altitude. This suggests that terrain slope has more
influence than altitude on the thunderstorm occurrence and lightning activity. In addition, a
temporal analysis shows that over high altitude regions the diurnal variation (amplitude) of
lightning activity is stronger and the peak occurs 1 h earlier than over low altitude regions.
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1. Introduction

The topography effects on the atmospheric circulation and
precipitation are well documented, especially for convective
systems, frontal systems (frontogenesis or frontolysis) and for
lee cyclogenesis (Egger and Hoinka, 1992; Smith, 1979). Smith
(1979) suggested a linear regression that described the in-
crease of the annual precipitation related to the altitude. On
the other hand, many other works describe a linear relation-
ship between lightning activity and precipitation (e.g. Ezcurra
et al., 2002; Jayaratne and Kuleshov, 2006; Soula and Chauzy,
2001). In consequence, it is reasonable to assume that the
same relation can be used to explain the effect of mountains
(topography) on lightning activity. This assumption, however,
must be understood as a very simple one, since it does not
take into account the effects of other variables that may act
simultaneously in the formation of thunderstorms and pre-
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cipitation. A more appropriate model would be one that takes
into account different environment variables, giving a better
treatment of the altitude effect on both thunderstorm occur-
rence and precipitation (Smith, 1979). In addition, it is very
important to know the prevailingwind direction and how this
wind interacts with the mountains. The effects of topography
also depend on the orographic jets, which occur under
favorable conditions, such as sufficient slope steepness and
mountain altitude (Egger and Hoinka, 1992). The topographic
effects seem to be particularly related to the local terrain
slope, which acts directly in the upward drafts that might
trigger thunderstorms.

Some authors have suggested an effect of the altitude on
lightning spatial distribution. Pinto Jr. et al. (1999) analyzed
the lightning spatial distribution over Southeast Brazil and
found a significant relationship between lightning and
altitude. Schulz and Diendorfer (1999) found a non-linear
relationship between lightning activity and altitude in Austria,
with an increase in the CG lightning activity up to 1300 m and
a decrease in higher altitudes. Wagner et al. (2006) found a
good relationship between lightning and altitude, associated

mailto:vandoir@dge.inpe.br
http://dx.doi.org/10.1016/j.atmosres.2008.06.010
http://www.sciencedirect.com/science/journal/01698095


Fig. 1. The region of study: Rio Grande do Sul state. Gray scale (from gray to white) indicates increasing altitudes.

Fig. 2. Double layer map: CG lightning density overlaid to a 3D surface. The black rectangle indicates the high density in elevated regions, which is selected for the
analysis of altitude and slope effects. The dashed lines indicate the two topographic profiles also used in the analysis (directions: S–N and W–E).
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1 Rio Grande do Sul state agency for energy, mines and communication
resources.

Fig. 3. CG lightning density classes related to mean altitude on each class in the small region. Flash density (flashes km−2 yr−1) varies from 2.325 to 5.275 in 0.2675
intervals. No correlation is found for this case.
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with the wind direction and frequency in the United States.
Zajac and Rutledge (2001) compared lightning density and
thunderstorm days (obtained from lightning data) over the
contiguous United Stateswith other geographical andmeteor-
ological variables, including topography. The results showed a
better correlation between topography and thunderstorm
days than with lightning density. Orville and Silver (1997)
suggested, based on qualitative analysis, possible topographi-
cal effects on lightning activity over the contiguous United
States, especially in the regions of the Appalachians and
Arizona Rocky Mountains.

In Southern Brazil there is a special interest on this type of
analysis due its particular topography and to the local meteo-
rological characteristics, which are dominated by frontal and
large Mesoscale Convective Systems or MCSs (Dias, 1996;
Quadro et al., 1996). This work presents an analysis of the
topography effects on the spatial and temporal CG lightning
density, considering both altitude and terrain slope.

2. Methodology

The analysis of the CG lightning density dependence upon
topographic characteristics was made for the Rio Grande do
Sul state in Southern Brazil (around 30° South latitude, as
shown in Fig. 1). The digital elevation model (DEM) from the
Shuttle Radar TopographyMission (SRTM)was used to charac-
terize the topography of the region. This model gives altitude
values (above sea level) as a grid with 3 arc-second (around
90m) cell resolution. The DEM absolute height error is around
10 m and the geolocation error range is lower than 20 m over
the cell size for the region (Rodriguez et al., 2005). The first
two years of CG lightning data (from June 2005 to May 2007)
in southern Brazil were obtained from the Brazilian Lightning
Detection Network (BrasilDAT) and used in the analysis. Since
the network in this region is composed by IMPACT ESP sensors
(Pinto Jr. et al., 2006), the positive CG lightning with peak
currents lower than 20 kAwere removed from the analysis to
avoid intracloud contamination (Biagi et al., 2007). The data
were also corrected by a relative detection efficiency model
(Naccarato and Pinto, 2009-this issue).

The terrain slope was obtained by following a procedure
with the DEM data. This procedure determines the slope for a
cell based on the cell resolution and on the altitude values of
the immediate neighboring cells to the top, bottom, left and
right of the cell in question (Monmonier, 1982). Thus, the
slope is assessed as the resultant vector of the slope in X and
the slope in Y, i.e.,

slp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
right−lef t
res42

� �2

þ top−bottom
res42

� �2
s

The slp can be expressed by the tan(slp)⁎100, which gives
the result as percentage or by the arctan(slp), which gives the

results in degrees.

Initially, the CG lightning density was computed for the
entire Rio Grande do Sul state. Then, a separate analysis was
made over a small region where a significant effect of the
topography was expected. CG lightning densities have been
split into 12 linear bins of 0.2675 flashes km−2 yr−1 each. Both
altitude and slope statistics (mean and standard deviation)
were obtained for each bin. Then, mean values of altitude and
slope were correlated with lightning density for the different
bins.

The analysis was extended to include two cross sections
over the small region, allowing two dimensional analyses of
lightning and altitude characteristics. The directions of the
cross sections were those of the prevailing wind and per-
pendicular to this direction, according to the SEMCWind Atlas
(2002).1

Another analysis uses the diurnal variation (cycle) of light-
ning activity, which was performed by considering the diurnal
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Fig. 4. CG lightning density classes related to mean slope on each class in the small region. Flash density (flashes km−2 yr−1) varies from 2.325 to 5.275 in 0.2675
intervals. A linear relationship seems to exist, despite the large standard deviations for each class.
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relative CG lightning frequency over two distinct regions: high
altitudes (above 900 m) and low altitudes (up to 500 m).

3. Results and discussion

3.1. CG lightning climatology

The annual CG lightning flash density for the entire Rio
Grande do Sul state is shown in Fig. 2. It is possible to see high
CG lightning densities in the Northwest part of the state, in
agreement with previous (total) lightning studies (e.g.
Christian et al., 2003; Naccarato et al., 2007). This particular
Fig. 5. South–North cross section of altitude (solid line) and total CG lightning (dash
largest slope values. Note that higher altitude areas do not present higher CG lightn
feature can be related to the large MCSs that usually occur in
this region, as well as in the North of Argentina and Paraguay
(Conforte, 1997; Dias, 1996).

From Fig. 2, there is apparently no correlation between CG
lightning and altitude or terrain slope, except for the small
region (indicated by a small box in the figure), where high CG
lightning densities occur over the mountains. This region will
be analyzed later. Fig. 2 also shows the directions of two cross
sections used in the analysis of this region. It is important to
note that the prevailing wind direction, which is coincident
with the South to North profile, seems to be related to the
local mountain shape.
dot line) Dashed arrow shows the region with highest altitude variations, i.e.,
ing densities.



Fig. 6. West–East cross section of altitude (solid line) and total CG lightning (dash dot line). Dashed arrow shows the regions with highest altitude variations, i.e.,
largest slope values.
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3.2. Topographic effects on CG lightning density

As shown in the previous section, for the entire Rio Grande
do Sul state no relationship was observed between CG light-
ning density and altitude or slope. When the small region
depicted in Fig. 2, where the topographywas expected to have
a stronger effect, was taken in account, the CG lightning
density still did not show a linear relationship with altitude
(Fig. 3). On the other hand, when the CG lightning density was
compared to the slope (Fig. 4) in this small region, a good
correlation (R=0.91) was obtained, despite the large standard
deviations. An analysis for different spatial resolutions sug-
Fig. 7. Diurnal variation of relative CG lightning frequency for two regions: a
gests that the large deviations are related to the large spatial
variability of the both altitude and terrain slope data in each
bin.

In order to show this variability, two cross sections were
used to analyze simultaneous variations in the CG lightning
density and altitude. The first cross section was coincident
with the prevailing wind direction (from South to North) and
the second was perpendicular (from West to East). These
cross sections are shown in Figs. 5 and 6, respectively. The
cross section in Fig. 5 suggests that the increase in CG light-
ning density is related mainly to the large altitude variations
(i.e., the terrain slope) and not to the higher altitudes. The
ltitudes up to 500 m (squares) and altitudes above 900 m (triangles).
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cross section in Fig. 6 presents the same behavior, although
not so clearly. The results for both sections are in agreement
with the results obtained for altitude and slope in Figs. 3 and 4
respectively. In summary, a linear relationship seems to exist
between CG lightning density and slope, which suggests that
the slope of themountain has more influence on the lightning
occurrence in this region, perhaps due to the prevailing wind
direction and the convective effects associated with the
studied region.

3.3. CG lightning diurnal variations

The diurnal variation of lightning activity at low altitudes
(up to 500 m) and high altitudes (over 900 m) can be seen in
Fig. 7. For high altitude regions, the CG lightning activity peak
occurred at 18:00 UT (15:00 LT), whereas for low altitude
regions the peak occurred at 19:00 UT (16:00 LT). This differ-
ence, although small, might be due to the altitude effect. Similar
results have also been found earlier by Reap (1986, 1991).

Another interesting result refers to the large diurnal
variation in the relative amplitude of the lightning activity at
high altitudes, which did not occur at low altitudes. This effect
could be related to the large Mesoscale Convective Systems
that occur any time of the day in the low altitude region,
mainly in the Northwest of the state (Conforte, 1997; Dias,
1996). In higher altitudes, local storms are more frequent.

4. Summary and conclusions

Relevant results have been found showing a relation be-
tween topography and lightning activity. CG lightning density
does not appear to have a dependence on the altitude by itself
in the South of Brazil. On the other hand, for localized areas
within this region it shows a linear relationship with the
terrain slope. The analysis along the two cross sections also
supports the slope effect on the GC lightning density, sug-
gesting that the CG lightning activity tends to depend more
strongly on the terrain slope. Regarding the diurnal analysis,
an earlier peak in the CG lightning activity for high altitudes
compared to low altitude regions was found. It was also found
that the diurnal variation (amplitude) of the CG lightning
activity is smaller at low altitudes compared to high altitudes.
This result might be related to the occurrence of MCSs at low
altitudes (Northwest), decreasing the effect of local convec-
tive systems, which are predominant over high altitudes.
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