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ABSTRACT 
 

For the periods 01 July, 02 July, and 03 July 2018, important atmospheric parameters such as 
temperature, relative humidity, pressure, wind direction, and wind speed have been calculated over 

a tropical Indian station Gadanki (13.5N, 79.2E). Atmospheric Boundary Layer height (ABLH) was 
estimated using various analytical methods such as, vertical gradient, double gradient, and 
logarithmic gradient, and the results are compared with the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ABLH data. With the COSMIC Radio Occultation (RO) technique and 
a regular balloon-borne radiosonde, tropopause heights and their corresponding temperatures 
were determined using minimum temperature criteria. Gradient and double gradient methods were 
more successful at capturing ABLHs than the logarithmic gradient method. 
 

 

Keywords: High-resolution GPS radiosonde; radio occultation technique; tropopause; atmospheric 
boundary layer height; analytical methods. 
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1. INTRODUCTION 
 
Temperature (T), Relative Humidity (RH), 
Pressure (p), and horizontal winds (both zonal 
and meridional components) are all important 
atmospheric parameters, which are used to 
forecast the weather around the world. Their 
vertical profiles are also used in studying the 
thermal and dynamical state of the atmosphere, 
as well as many other important parameters, 
such as boundary layer height and tropopause 
height, and its associated temperature. Secondly, 
ABL heights have a significant impact on air 
pollution. ABLH is the height above the surface at 
which air pollutants emitted from or on the 
surface are diluted by convection or mechanical 
turbulence within a timescale of about 1 h or less 
[1]. ABL height can be measured using many 
different remote sensing instruments, a 
radiosonde is typically the best suited to 
measuring ABL height [2], but ABL height 
measurements are limited to radiosondes' launch 
times, which are typically 2-4 times per day. 
ABLH is also measured using LIDAR [3], wind 
profilers [4], sodar [5], and ceilometers [6], as 
well as other remote sensing instruments. 
 
GPS RO products offer unparalleled vertical 
resolution, global coverage, all-weather capability, 
and high accuracy. While the earth's atmosphere 
has been observed with RO techniques such as 
monosatellite GPS/MET [6], CHAllenging Mini 
satellite Payload [7], and Satellite de 
Aplicaciones Cientificas-C [8], due to their 
relatively sparse sampling only seasonal or 
multiyear phenomenon of equatorial waves could 
be studied. The launch of six COSMIC 
(Constellation Observing System for Meteorology, 
Ionosphere and Climate) satellites provides an 
order of magnitude increase in the number of 
GPS-RO profiles available [9]. The COSMIC 
constellation will provide a much more detailed 
analysis of wave structures with higher 
wavenumbers in the lower atmosphere, as they 
will produce a database that is 12 times larger 
than the earlier RO missions, with an average of 
1500-2000 profiles available every day around 
the globe [10-11]. 
 

It is, therefore, expected that the COSMIC 
constellation will provide a much more detailed 
analysis of wave structures with higher 
wavenumbers in the lower atmosphere [12]. The 
COSMIC GPS RO technique has already yielded 
some of the world's most notable atmospheric 
results in troposphere, stratosphere, and 
mesosphere and ionosphere altitudes, including 

large-scale Kelvin waves from temperature 
profiles [13], coupling between lower and upper 
ionospheres [14], sporadic E- layer observations 
[15], global measurements and comparisons of 
various ionosphere parameters [16], global 
ionosphere scintillation index (S4) measurements 
[17], comparisons of regional ionosphere 
irregularities between COSMIC RO technique 
and IRI model [18], and ionosphere response to 
a great American solar eclipse [19]. 
 
This study employs a high-resolution GPS 
radiosonde, a conventional radiosonde, the 
COSMIC RO technique, and ECMWF data to 
analyze various important atmospheric 
conditions over an Indian tropical station 
(Gadanki). Other analytical methods were used 
to determine ABL height, and ECMWF data was 
used to show regional variations in ABL heights. 
 
The organization of this article is as follows: 
Section 2 contains data analysis methodology. In 
section 3 we present results and discussion, 
under which high-resolution GPS radiosonde 
measurements are presented in section 3.1. 
Section 3.2 contains temperature and pressure 
profiles as measured by co-located radiosonde 
and COSMIC RO techniques. Section 3.3 
discusses various analytical methods to 
determine ABL heights. Conclusions are 
presented in section 4. 
 

2. DATA ANALYSIS AND METHODOLOGY  
 
The National Atmospheric Research Laboratory 
(NARL) in Gadanki, India has provided a high-
resolution GPS radiosonde that we downloaded 
from its website (www.narl.gov.in) and used a 
filter to filter out data outliers for this study. 
COSMIC RO and nearby radiosonde data on the 
other hand were archived from the COSMIC 
Data Analysis and Archive Centre (CDAAC, 
http://cdaac.cosmic.ucar.edu/cdaac/index.html). 
 
Because of the 250 km and 2 hour spatial 
and temporal differences between COSMIC and 
radiosonde locations, such profiles were omitted 
in the analysis if they were not met. The 
minimum temperature criteria were used to 
identify tropopause, while the gradient method 
was used to identify ABL height, with ABL height 
determined by the presence of gradients of 
temperature and humidity profiles. The double 
gradient method, on the other hand, estimates 
ABL height by finding the second derivative of 
the potential profile. When small gradients exist 
in the boundary layer, the double gradient is an 
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effective method. According to the logarithmic 
formula, ABL height is the elevation at which the 
minimum of the logarithm of the first gradient of 
potential temperature is found. 
 

3. RESULTS AND DISCUSSION 
 
3.1 High-resolution GPS Radiosonde 

Measurements 
 

Each file of downloaded data contains vertical 
profiles of temperature (T), humidity (%), 
pressure (p), wind speed (ws), and wind direction 
(wd). The above data were measured by NARL 
between 17:35 and 18:55 local time (LT; 

UT+0530 hrs) in line with the timings of 
radiosonde that were sent two times a day at 
various places of the world. 
 
Various panels of Figs. 1a-1c, show vertical 

profiles of temperature (C), humidity (g.m
-3

), 
pressure (hPa), wind speed (m/s), and wind 
direction (deg). It is obvious from these Figures 
that the balloon could reach around 20 km, 23 
km, and 30 km respectively on 01, 02, and 03 
July 2018. It is obvious that the temperature 
profile shows almost a near inverted Gaussian-
shape response with minimum values (indication 
of tropopause) between 16.5 km and 17.5 km. 

 

 
 

Fig. 1a. Vertical profiles of temperature (extreme left panel), humidity (second panel from left), 
pressure (center panel), wind speed (next to center panel) and wind direction (extreme right 

panel) at 1730 LT over Gadanki on 01 July 2018. 
 

 
 

Fig. 1b. Vertical profiles of temperature (extreme left panel), humidity (second panel from left), 
pressure (center panel), wind speed (next to center panel) and wind direction (extreme right 

panel) at 1730 LT over Gadanki on 02 July 2018 
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Fig. 1c. Vertical profiles of temperature (extreme left panel), humidity (second panel from left), 
pressure (center panel), wind speed (next to center panel) and wind direction (extreme right 

panel) at 1730 LT over Gadanki on 03 July 2018 
 

Table 1. Tropopause height (in km) and the corresponding temperature (in °C) measured using 
various remote sensing instruments on 01, 02, and 03 July 2018 

 

Date/ Instrument 01 July 2018 02 July 2018 03 July 2018 

----- Height 
(km) 

Temp (°C) Height 
(km) 

Temp 
(°C) 

Height 
(km) 

Temp (°C) 

GPS radiosonde 17.24 -79.4 16.59 -81.1 16.51 -80.1 
COSMIC GPS RO 16 -76.86 17.3 -80.7 16.8 -78.65 
Radiosonde 17. 65 -79.25 16.98 -80.6 17.00 -77.25 

 

We, therefore, have carefully tabulated 
tropopause height (in km) and its associated 
temperatures (in °C). Table 1 presents 
tropopause height measured by RO technique, 
conventional radiosonde, and GPS radiosonde. 
The vertical profiles of humidity show very fine 
structures above 5 km and 15 km altitudes,  
while pressure profiles show a consistent 
decrease with the increase of altitude, as 
expected. 
 

On the other hand, wind speed and wind 
directions show different features, which include 
wind speed appearing to be extremely low below 
10 km altitude and a quick look at wind direction 
shows that most of the winds originated from the 
north-west direction, particularly below 5 km 
altitude. According to Beaufort scale [20], these 
winds can be categorized as light or gentle 
breeze category. It is known that light breeze 
may create an amicable meteorological condition 
that leads to low- dispersion for air pollutants. 
However, above 10 km altitude, relatively higher 
winds (~20 m/s or even higher magnitudes 
above 15 km altitude) are found, whereas wind 
directions turned southeast directions during all 
three days. 

3.2 Temperature and Pressure Profiles as 
Measured by Co-located RO 
Technique and Radiosonde 

 

Fig. 2 left (right) panels depict temperature 
(pressure) profiles between 01 July and 03 July 
2018 measured using nearby radiosonde and 
RO technique. It may be worth mentioning here 
that radiosonde measurements were taken 200 
km and 02:00 hours away from the COSMIC RO 
satellite locations, which are spatial and temporal 
distances. Comparisons of temperature and 
pressure profiles between these two independent 
techniques reveal a good correspondence [21], 
however with few following exceptions. There is 
a slight difference in temperatures measured by 
these independent observations above the 
tropopause altitude in all three days. In addition, 
few differences in magnitudes of temperature are 
found below, at and near tropopause altitude, in 
similar lines with earlier studies [22-24]. 
 

For instance, collocated global atmospheric 
temperature profiles from radiosondes as well as 
from COSMIC GPS RO satellites were compared 
for April 2008 to October 2009 and it was found 
that in the troposphere the temperature standard 
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deviations errors were 0.35 K per 3 h and 0.42 K 
per 100 km [23]. Comparative studies between 
GPS RO retrieved temperature profiles from both 
CHAMP and COSMIC satellites with radiosonde 
data from 38 Australian radiosonde stations have 
shown a very good agreement between the two 
datasets [24]. Specifically, Zhang et al. [24] have 
found the mean temperature difference between 

radiosonde and CHAMP to be 0.39C, while it 

was 0.37C between radiosonde and COSMIC 
satellites. On the other hand, a cent percent 
consistency in magnitudes of pressure is found. 
It is, therefore, clear that temperature and 
pressure profiles show nearly good agreement 
between these measurements, thereby providing 
confidence in using COSMIC RO retrieved 
temperatures in the studies of atmospheric 
dynamics and tropopause long-term trends. 
 

3.3 Determination of ABL Height 
 
The atmospheric boundary layer, also known as 
the Planetary Boundary Layer (PBL), is defined 
as the lowest part of the atmosphere that is 
directly influenced by the motions and processes 
near the Earth’s surface [25]. ABL is one of the 
important physical characteristics of land-
atmosphere communication. The formation and 
growth of ABL are related to surface fluxes such 

as net radiation and sensible heat. ABL is also 
important in cloud formation, precipitation, and 
several other important feedbacks in the land-
atmosphere coupled system [26-27]. This is why 
most large-scale models have included some 
representation of the boundary layer processes 
to simulate a few important climate quantities 
such as surface winds, global cloudiness and 
precipitation, among others [28]. The local 
atmospheric boundary layer structure also plays 
an important role in the transport of lower 
atmospheric pollutants, and ABLH is one of the 
key factors affecting pollution concentration and 
large-scale transport [29]. ABLHs have been 
used as a key length scale in weather, climate, 
and air quality models to determine turbulence 
mixing, vertical diffusion, convective transport, 
cloud/aerosol entrainment, and atmospheric 
pollutants deposition [30-32]. In this study, we 
have adopted various analytical methods to 
compute ABL heights (ABLH) including, gradient, 
double gradient and logarithmic gradient 
methods. Figs. 3a-3c show various analytical 
methods and the calculated ABLH. Table 2 
presents ABL heights derived from COSMIC RO-
measured data and measured over nearby 
locations of Gadanki, India using various 
analytical methods. Both gradient and double 
gradient have ABLH equals near equal. 

 

 
 

Fig. 2. Vertical profiles of temperature (left side panels) and pressure (right side panels) 
measured by COSMIC radio occultation technique and radiosonde over nearby locations of 

Gadanki, India between 01 and 03 July 2018 
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Table 2. ABL height (ABLH in km) in different days of year 2018 measured over nearby 
locations of Gadanki, India by adopting various analytical methods on COSMIC RO measured 

data 
 

Date, month 
and year 

Geographical 
Latitude & Longitude 

Logarithmic 
gradient method 

Gradient 
method 

Double gradient 
method 

01 July 2018 12.80 N 

78.20 E 

0.4 2.8 1.5 

02 July 2018 11.88 N 

77.48 E 

1.5 3.0 2.0 

03 July 2018 11.85 N 

77.45 E 

2.3 2.3 2.2 

 

 
 

Fig. 3a. Computation of ABLH using various analytical methods over near-by regions of 
Gadanki on 01 July 2018 

 

 
 

Fig. 3b. Computation of ABLH using various analytical methods over near-by regions of 
Gadanki on 02 July 2018 
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Fig. 3c. Computation of ABLH using various analytical methods over near-by regions of 
Gadanki on 03 July 2018 

 

 
 

Fig. 4. Hourly (from 1630 to 1830 LT only) variation of ABL heights predicted by the ECMWF 
model over India and its surrounding areas on 01 (top panels), 02 (middle panels), and on 03 

July 2018 (bottom panel) 
 

In one of our earlier studies, we have presented 
global variations of ABLH by using various 
analytical methods, and it has been is reported 
that both gradient and logarithmic gradient 
methods are better at delineating ABL heights 
[33], but this study showed entirely different 

results. ABL height varies from as low as 100 m 
under stable conditions, and as high as 1500 m 
under convective conditions [34]. It is, therefore, 
envisaged that the atmospheric conditions over 
Gadanki between 01 and 03 come under 
convective nature. To verify whether similar 
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magnitudes are associated with ABLH during the 
same time, we have presented regional trends of 
ABLH using ECMWF data in the following lines. 
  

We have also presented regional (hourly-based) 
variations of ABLH in Fig. 4 from 1630 LT to 1830 
LT between 01 and 03 July 2018. These data 
were downloaded from the European Union’s 
ECMWF website. Note that blue (red) color of the 
color bar indicates lowest (highest) ABLH 
magnitudes. It is clear from these figures that 
land areas recorded the highest magnitudes 
(greater than ~300 m and beyond magnitudes), 
whereas sea areas are associated with relatively 
lower magnitudes (~300 m), as expected. 
However, land areas have shown significant 
variations on daily basis. For instance, on 03 July 
2018 higher magnitudes are associated with 
ABLH over Gadanki and nearby locations than 
the other remaining two days (01 and 02 July 
2018), which could be due to greater sensible 
heat flux [35]. Of particular interest is the 
moderate similarity of ABLH magnitudes between 
RO measured and ECMWF predicted. 
 

4. CONCLUSION 
 

The present research considers database from 
various remote instruments as well as from a 
famous model. Three various analytical methods 
were adopted to determine ABL height, whereas 
most of the earlier studies adhere to a single 
method or maximum two methods. High-
resolution atmospheric measurements are very 
limited possibly due to costs involved and proper 
maintenance requirements, particularly in terms 
of calibration. 
 

The results of this study are: 
 

a) Great similitude is observed in tropopause 
height as measured by high-resolution 
GPS radiosonde, COSMIC RO technique, 
and conventional radiosonde 

b) Extremely low winds prevailed below 10 
km altitude, while relatively higher wind 
prevailed above 10 km altitude. Winds 
show north-west directions below 5 km and 
they turned to south-east directions above 
5 km. 

c) Several approaches were used to calculate 
atmospheric boundary layer heights using 
RO-derived temperature profiles, and it 
was found that both gradient and double 
gradient could capture boundary layer 
heights effectively. 

d) Tropopause heights and their 
corresponding temperatures derived from 

various remote sensing instruments that 
were highly similar in determining 
tropopause heights are presented. 

e) It is therefore recommended that multiple 
databases are always useful, particularly in 
atmospheric studies. 

 
Our future research will focus on proving the 
efficacy of other techniques, such as analytical, 
statistical, and wavelet-based, on the massive 
data sets from the ensuing RO mission and 
individual station databases from radiosonde 
instruments and micrometeorological towers. 
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