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Abstract  Understanding the behavior of the planetary boundary layer is fundamental to better comprehend some 
phenomena such as the dispersion of pollutants in urban areas. Th is study aims at  estimating the characteristic parameters and 
the spectral properties of the atmospheric turbulence on the surface boundary layer, especially the height of the atmospheric 
boundary layer in  the south of Rio  Grande do Su l state, in Brazil, based on data collected by  micrometeorological instruments 
placed close to the surface. The characteristic parameters and the spectral propert ies were analyzed in the light of 
Monin-Obukhov’s similarity theory in different stability conditions. The boundary layer height was determined by using the 
turbulent spectra of the zonal wind velocity whose data was collected from August 28th to November 11th, 2006, on a tower 
located 20 km south of Rio Grande.  Results of the turbulence kinetic energy, the friction velocity and Obukhov’s length are 
in agreement with the findings of other studies carried out in the region. After making adjustments regarding the atmospheric 
stability, the roughness length properly represented the characteristics of the landscape in the region  where the data collection 
tower was placed. The spectral analysis showed that Monin and Obukhov’s similarity theory is not appropriate to describe the 
spectral characteristics of the turbulence in the somewhat unstable conditions in the region. Mean values of 1168.87 m and 
291.90 m were obtained for the heights of the convective and the nocturnal boundary layers, respectively. The methodology 
that was used to estimate the boundary layer height was satisfactory to represent both its diurnal and its nocturnal evolution. 
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1. Introduction 
Variations of the boundary layer characteristics over time, 

due to seasonal changes and other local influences, are 
important especially  to understand the impact of the 
dispersion of pollutants in a growing industrial region, which 
has an important harbor in the southern region of Brazil. It is 
located at the coastal plains of Atlantic Ocean, which is a 
geographic boundary to the southwest. The coastal plains in 
the southern region of Brazil are dotted by lakes and lagoons 
of various sizes. The largest one is the Patos Lagoon, which 
stretches over 400 km, and is located to the north of Rio 
Grande. To  the southeast, there is the Mirim Lagoon, on the 
border with Uruguay, which is connected to the Patos 
Lagoon by the São Gonçalo channel. 

Those water bodies generate several local circulations, 
such as lake and ocean breezes, which interact to the larger 
scale circulat ions. They also have an impact in the evolution 
of the boundary layer. 

The boundary  layer heigh t  is  a  leng th  s cale that 
characterizes the structure and evolution o f the p lanetary  
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boundary layer. Therefore it is of great importance in the 
determination of functions that express in a universal way 
the physical processes that happen in it. 

The results of the classical experiments in Kansas (1968) 
and in Minnesota (1979) were essential to establish a 
framework to the description on turbulence on the Planetary 
Boundary Layer, based on Fourier’s spectra analysis. Some 
adimensional parameters for homogeneous surfaces and for 
different stability condit ions were derived from these 
analysis and are generally accepted as standard[1]. 
Nevertheless, few experiments have been carried out in 
Brazil to determine the characteristics of atmospheric 
turbulence, according to[2]. 

Therefore, we aimed at studying the atmospheric 
turbulence in the Boundary Layer in a region in the south of 
Rio Grande do Sul state, which is the southernmost state in 
Brazil. We analyzed h igh frequency surface data to estimate 
the height of the boundary layer in this region under different 
atmospheric conditions.  

2. Data 
The period of measurement was from August 28th to 

November 11th, 2006. The site location was about 20 km 
south of Rio Grande, at 32o 05’ S and 52o 25’ W. The São 
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Gonçalo channel crosses some hundred meters to the 
northwest of the site, to the southeast there is the Mirim 
Lagoon, and to the North and northeast, the Patos Lagoon, as 
shown in Figure 1. 

 
Figure 1.  Region surrounding Rio Grande town, the location of the site is 
the red dot 

The region is a  homogenous and very flat land, with no 
obstacles for about 500 m in  all directions around the tower 
location, except for a large 3 m irrigation channel which runs 
from West to East, to the North. There are also some small 
irrigation channels to the southeast, as shown in Figure 2. 

 
Figure 2.  The land around the site, from the northeast to the south; sand 
roads take to the east and to the south 

The instruments and the height at which they were 
attached to the tower are in Table 1. There was a triaxial 
anemometer, a carbon dioxide and vapor analyzer, a net 
radiometer, and a sensor of temperature and humid ity. The 
height of the tower was 10 m (Figure 3). The data was stored 
in a CR5000 Campbell datalogger, and the measurements 
were made at a frequency of 20 Hz. 

Table 1.  Variables, their unities, the instruments used to measure them, and 
the height at which they were attached 

Variables Unity Instruments Height 
Zonal, meridional and  

vertical wind speed m/s CSAT3-Campbell) 

8 m Temperature oC 
Carbon Dioxide Concentration mg/m3 

LI-7500-LiCor Vapor Concentration g/m3 
Pressure kPa 

Net Radiation W/m2 NR-LITE- Kipp&Zonen 5 m 
Temperature  oC HMP45C-Vaisala 2 m Vapor Parcial Pressure kPa 

 

 
Figure 3.  a) Tower, surrounded by fence, the dog house was protecting the 
spare battery, b) triaxial anemometer and carbon dioxide and vapor analyzer 
on the top, while net radiometer is below,  and c) sensor of temperature and 
humidity 

3. Methodology 
Firstly, some characteristic parameters (such as the 

turbulence kinetic energy, the frict ion velocity and the 
roughness length) and the spectral properties of the 
atmospheric turbulence on the surface boundary layer were 
determined in different stability conditions in the light of the 
Monin-Obukhov’s similarity theory which considers a 
horizontally homogeneous and almost stationary flow and 
constant turbulent heat fluxes and momentum. 

A measurement of the intensity of the turbulence may be 
given by the turbulence kinetic energy. According to the 
statistical theory of turbulence, irregular behavior of physical 
values may be expressed as a mean value and a statistical 
fluctuation around that value (Stull, 1988). Therefore, the 
zonal (u), merid ional (v) and vertical (w) components of the 
wind velocity may be described as: 

'uuu +=  
'vvv +=                      (1) 
'www +=  

where vu ,  and w  are the mean components and ',' vu  

and 'w  are the turbulent components. 
As a result, Turbulence Kinetic Energy (TKE) may  be 

defined as: 

( )222 '''
2
1 wvue ++=              (2) 

Friction velocity was obtained by Reynolds stress tensor, 
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which considers the vertical transport of both the 
longitudinal momentum and the transversal momentum.  

( ) ( )
1

2 2 4
* ' ' ' 'u u w v w = +  

                  (3) 

Where '' wu  and '' wv  are the wind turbulent vertical  
fluxes of components u and v, respectively. 

The roughness length, z0, characterizes the roughness of 
the land; it is defined as the height above the ground where 
velocity is zero, in  theory[3]. Roughness length was 
estimated by using the adjusted logarithmic wind profile. 
The effects of the variation of the atmospheric stability are 
introduced in the equation by ψM[1]. The wind velocity is 
thought to vary with the height in  agreement with the 
logarithmic profile  in the following equation: 
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where u* is the frict ion velocity, zo is the roughness length, k 
is von Karmam constant (k=0.4), u is the intensity of the 
average wind and z is the measurement level.  

The function  
M
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 is given, in stable conditions, by  
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and, in unstable conditions, by 
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Fourier transform was then applied to data on wind 
velocity, fo llowing the steps suggested by[3], to obtain the 
turbulent spectra. 

Afterwards, the spectra were normalized by the frict ion 
velocity and by the dissipation rate; adjustment curves for 
the turbulent spectra were also defined. In micrometeorology, 
analytical expressions are used to represent the spectra, such 
as: 

( )
( )
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                (8) 

where A  and B are constants that only affect  the position of 
the spectrum, rather than its shape[4].   

The most common spectral shapes are the neutral spectra 

from the Kansas experiment[4]. Equation (7) shows a better 
adjustment to the zonal and merid ional components of the 
wind  velocity whereas Equation (8) shows a better 
adjustment to the vertical component, as follows: 
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The determination of the boundary layer height was 
carried  out by the spectra of the horizontal components of the 
wind velocity, in agreement with the methodology applied 
by[5]: wave lengths of the spectral peaks for components u 
and v are proportional to the boundary layer height.  

To determine the heights of the nocturnal and convective 
boundary layers, the wave lengths of the spectral peaks for 
components u and v[(λm)u and (λm)v] were considered to be 
proportional to zi (Kaimal et al., 1976), as follows: 

( ) ium z5.1≈λ                 (12) 
The resolution of this problem requires the determination 

of the maximum spectral peak associated with these 
components. To determine the spectral peaks, dimensionless 
frequencies, obtained by curves adjusted to the spectra, were 
used. The maximum wave length (λm) was obtained by   

mm nz=λ , where n m is the dimensionless frequency of 
the maximum. 

According to[6] apud[5], the estimation of the height of 
the stable ABL is given by: 

( )
2
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This equation can only be applied to very flat land. 

4. Results and Discussion 
Firstly, the intensity and the direction of the wind velocity 

were determined by using the mean data on the zonal and 
merid ional components of the wind velocity collected in the 
experiment. Figure 4 shows the frequency distribution of the 
wind direction related to the intensity of the wind velocity; it 
is noteworthy to mention that the NE direction was 
predominant when the experiment was conducted and that 
the highest intensities were mostly related to winds that blow 
in that direction.  
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Figure 4.  Frequency distribution of the wind velocity direction, according 
to its intensity, in m / s 

Similar results were found by[7] in his study of the 
temporary  climate normals in Rio Grande from 1991 to 
2000.  

The characteristics of the structure of the surface boundary 
layer were then analyzed by applying the Monin-Obukhov’s 
similarity theory in  different  stability conditions. Parameters, 
such as the turbulence kinetic energy (TKE), the friction 
velocity (u) and the roughness length (z0) were determined 
for every data file .  

Figures 5 and 6 show the monthly mean behavior of the 
turbulence kinetic energy and the friction velocity. The 
highest values of turbulence kinetic energy and friction 
velocity were observed in October. Studies carried out by[8] 
recorded, on average, lower values of turbulence kinetic 
energy and friction velocity in spring, in a more continental 
area, than the findings we have obtained.  

Figure 7 shows the roughness length which was 
determined by using the expression of the logarithmic wind 
profile and the values of the roughness length which were 
adjusted to the atmospheric stability. Results were in 
agreement with values estimated for low vegetation, 
according to[3], who recorded lengths below 0.2 m in 
96.64% .  

 
Figure 5.  Hourly average of the turbulent kinetic energy for the months of 
September and October 

 
Figure 6.  Average hourly friction velocity for the months of September 
and October 

 
Figure 7.  Temporal variation of roughness length, calculated by the wind 
logarithmic profile and roughness length, taking into account atmospheric 
stability 

The analysis of the roughness length in relation to the 
direction of the wind velocity (Figure 8-a) showed that there 
were h igher values at 3600. It may  have happened due to the 
fact that the topography comprises a large irrigation channel 
in this sector, as shown in Figure 8-b. 
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b) 

Figure 8.  a) Roughness length adjusted to the direction of the wind 
velocity (average per sector) and b) View at 3600 

The spectral analysis usually requires mean periods of 
60-90 minutes[1]. Tests were carried out in shorter periods 
(20 minutes), however, the spectra did not show clear 
positions for the energy peak. Thus, the spectral analysis was 
conducted in 60-minute periods, on average, for all 930 
series of data. Since the frequency of data acquisition was 20 
Hz, every 1-hour series has 72000 points.   

Figure 9 shows the spectrum of the vertical wind velocity 
(w) in one case with stable conditions and one with unstable 
conditions, besides the smoothing of 22 frequency bands. 
The law of –5/3 was observed in the inertial subinterval.  

The spectra were normalized by the friction velocity and 
by the dissipation rate. The region of the inertial subinterval 
can be clearly identified for the mean spectra in the unstable 
period and the grouping of all spectral curves can be 
observed for a -2/3 slope (Figure 10). In the stable period 
(Figure 11), only the curves that represent more stable series 
show this grouping.  

 

 
Figure 9.  Turbulent spectrum of the vertical wind velocity in a) unstable 
period and b) stable period,; the red curve represents the smoothing in 22 
bands and the straight line represents the law of –5/3 in the inertial 
subinterval 

 
Figure 10.  Mean spectrum of the wind vertical velocity in the unstable 
period 

 
Figure 11.  Mean spectrum of the wind vertical velocity in the stable period 
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We observed an anomalous behavior of the mean 
spectrum of the wind vertical velocity in reg ions with high 
frequencies. The spectra tend to increase in these regions, 
after the fall. This phenomenon is called aliasing and may 
happen to any data series in two cases: when the sampling 
rate is superior to capacity the sensor has to measure in terms 
of response time and when the frequency of the physical 
process is higher than the measurement rate[3]. At the end of 
low frequencies, mainly for the spectra in the stable period, 
behavioral distortions are also observed. According to[1], 
these distortions result from trends in the temporal series; 
they can be defined as any frequency component whose 
period is higher than the length of the data recording.  

Adjustment curves were obtained by (7). Constants A and 
B suggested by[4] for the adjustment curves of the 
normalized spectrum of the vertical wind velocity were 
tested and adjusted for the data series under investigation. As 
an example of the results obtained for the smoothed spectra 
and their adjustment curves, Figure 12 shows a case in stable 
conditions and one in unstable conditions.  

 

 
Figure 12.  Example of the smoothed turbulent spectra fit  of the vertical 
wind velocity component normalized by u * for a) unstable conditions and 
b) stable conditions 

Figure 13 shows the mean adjustment curves in different 
stability conditions related to the d imensionless frequency. 
The ordination that follows the variation of the stability 
parameter and the separation into regions with unstable and 
stable spectra can be observed. 

 
Figure 13.  Mean fit for different stability conditions 

 

 
Figure 14.  Example of smoothed turbulent spectra fit of the zonal wind 

speed normalized by u * for a) unstable conditions and b) stable conditions 
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A study of atmospheric turbulence carried out by[8] 
provided evidence of the efficiency of Monin-Obukhov’s 
similarity theory when  it  was applied to  data collected during 
the first meteorological experiment in Rio Grande in  March 
2002.  

To estimate the height of the boundary layer, only  the 
spectra of the zonal wind velocity (u) were analyzed because 
it is the predominant wind in this region. 

Adjustment curves were obtained by (8). Constants A and 
B suggested by[4] for the adjustment curves of the 
normalized  spectrum of the zonal wind  velocity (9) were 
tested and adjusted to the data series under investigation, just 
like for the spectra of the vertical component of the wind. 

Figure 14 shows a case in stable conditions and one in 
unstable conditions as an example of results obtained for the 
smoothed spectra and their adjustment curves.   

The height of the nocturnal boundary layer (stable period) 
ranged approximately  between 100 m and 300 m. However, 
the height of the convective one (unstable period) has high 
variation even though its maximum height does not exceed 
1800 m (Figure 15). 

 
Figure 15.  Variation of the boundary layer height due to atmospheric 
stability 

 
Figure 16.  Average hourly height of the boundary layer for the months of 
September and October and the average hourly total for those months 

Figure 16 shows the hourly means in September and 
October and the mean in both months. 

The height of the mixture layer is deeper in October than 
in September. In  the stable period, however, on average, the 
height of the layer is deeper in September than in October. 
Mean values of 1168.87 m and 291.90 m were obtained for 
the convective and the nocturnal boundary layers, 
respectively. Some authors[10] estimated some parameters 
that characterize the atmospheric turbulence in Candiota, RS, 
by using a numerical model. As a result, the height of the 
convective layer did not exceed 1000 m and the height of the 
nocturnal layer was about 200 m. Values close to the 
boundary layer height in different studies show coherence in 
both studies since both use indirect measurements.   

5. Conclusions  
This research analyzed temporal series collected at a 20 

Hz frequency in  the south of Rio Grande do  Sul state to study 
the behavior of the atmospheric turbulence in the region.  

The turbulence kinetic energy was calculated and some 
characteristic parameters, such as the frict ion velocity and 
the roughness length, were determined in agreement with the 
Monin-Obukhov’s Similarity Theory in d ifferent stability 
conditions. Results were satisfactory. The roughness length 
took into account the stability parameter and properly 
represented the topography of the region where the data 
collection tower was placed.  

For the spectral analysis, spectra were determined by 
using mean 60-minute periods because they had clearer 
positions for the energy peak. The law of –5/3 was observed 
in the inert ial subinterval for the spectra of the vertical wind 
velocity. In  unstable conditions, the spectra were 
satisfactorily normalized by the friction velocity and the 
dissipation rate. The region of the inertial subinterval and the 
convergence of all spectral curves to a -2/3 slope were 
clearly identified. However, in  stable conditions, only the 
curves that represented more stable series were satisfactorily 
normalized and fell. For the stable series closer to neutrality, 
the scales of the Monin-Obukhov’s Similarity Theory did not 
prove to be appropriate or sufficient to  describe the spectral 
characteristics of the turbulence.  

The methodology that was used to estimate the boundary 
layer height by the spectra of the horizontal components of 
the wind velocity was satisfactory to represent both its 
diurnal and its nocturnal evolution.  
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