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Abstract In order to investigate temporal variations of

the tropopause parameters, Least-Squares Harmonic Esti-

mation (LS-HE) is applied to the time series of the tropo-

pause temperatures and heights derived from Global

Positioning System Radio Occultation (GPS RO) atmo-

spheric profiles of CHAMP, GRACE and COSMIC mis-

sions from January 2006 until May 2010 in different

regions of Iran. By applying the univariate LS-HE to the

completely unevenly spaced time series of the tropopause

temperatures and heights, annual and diurnal components

are detected together with their higher harmonics. The

multivariate LS-HE estimates the main periodic signals,

particularly diurnal and semidiurnal cycles, more clearly

than the univariate LS-HE. Mixing in the values of the

tropopause height and temperature is seen to occur in

winter at lower latitudes (around 30�) as a result of sub-

tropical jet, and in summer at higher latitudes (36�–42�) as

an effect of subtropical high. A bimodal pattern is observed

in the frequency histograms of the tropopause heights, in

which the primary modes for the southern and northern

parts of Iran correspond to subtropical and extratropical

heights, respectively.

1 Introduction

The tropopause layer, as the transition layer between the

troposphere and the stratosphere, has a critical role in the

climatology and the atmospheric cycles (Holton et al.

1995; Sausen and Santer 2003; Santer et al. 2004; Schoe-

berl 2004; Li et al. 2010). The tropopause is generally

affected by the tropospheric and stratospheric temperatures

(Schmidt et al. 2010; Hall et al. 2011). Due to the location

of the tropopause, any change in the physical, chemical or

thermal characteristics of the stratosphere or the tropo-

sphere results in the variation of the tropopause parameters

(Mehta 2010).

The tropopause parameters change in an extended time

scale from a year to a few hours. Plenty of research has

been done on the long-term variations of the tropopause

including annual, inter-annual and monthly changes (Reid

and Gage 1985, 1996; Krishna Murthy et al. 1985; Randel

et al. 2000; Hashiguchi et al. 2006; Hall et al. 2011). The

diurnal and sub-diurnal variations have been also studied

by, e.g., Revathy et al. (2001), Son and Lee (2007) and Li

et al. (2010).

In addition to the time scale variety in studying the

tropopause parameters, data used for the studies have been

different. Krishna Murthy et al. (1985) used 9 years of the

radiosonde measurements in 11 stations at the geographic

latitude range of 8.5�–28.6� N to investigate annual and

semiannual variations of the tropical tropopause parame-

ters. Based on the radiosonde data in Wuhan between 11

and 16 January 2006, the diurnal variations of the tropo-

pause temperatures and heights were clearly demonstrated

by Li et al. (2010). Revathy et al. (2001) used Mesosphere

Stratosphere Troposphere (MST) radar, and observed an

obvious diurnal cycle of the Cold Point Tropopause (CPT).

The operational rawinsonde data in Indonesia (Hashiguchi
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et al. 2006) and SOUSY VHF radar in Svalbard (Hall et al.

2011) were used to detect the temporal changes of the

tropopause temperatures and heights.

On top of the above data sources, Global Positioning

System Radio Occultation (GPS RO) was proposed and

applied for the remote sensing of the atmosphere to gen-

erate profiles of refractivity, pressure, temperature and

water vapor. This technique depends on the precise mea-

surements of the phases of the two GPS frequencies by a

receiver onboard a Low Earth Orbiting (LEO) satellite.

Signal bending is derived from the excess phase delay in

the receiver, and the bending can be interpreted based on

the changes of the atmospheric refractivity (Wickert et al.

2009). Several works have studied radio occultation and its

power, accuracy and advantages such as long-term stabil-

ity, global coverage, high vertical resolution and any-

weather performance (Gorbunov and Sokolovisky 1993;

Hajj et al. 1994; Gorbunov 1993; Kursinski et al. 1997;

Mortensen and Hoeg 1998; Kursinski et al. 2000; Healy

2001). Recent studies have estimated the observational

errors of the temperature profiles produced by RO to be

between 0.7 and 1 K at the altitudes of 8–25 km (Steiner

et al. 2011). Therefore, as this altitude range includes the

height of the tropopause, RO temperature profiles with

altitude resolutions of about 100 m (Leroy et al. 2012) can

be of enough precision for deriving the tropopause heights

and temperatures.

Least-Squares Harmonic Estimation (LS-HE) was

introduced by Amiri-Simkooei (2007) as a frequency

analysis method applicable to the unevenly spaced series.

The method is used here to investigate periodic patterns of

the tropopause parameters and to detect the common sig-

nals in all the time series of the tropopause heights and

temperatures.

The data used for the study is introduced in Sect. 2. The

formulations for the LS-HE are described in Sect. 3. In

Sects. 4 and 5, the time series of the tropopause parameters

are displayed, the LS-HE is applied to them, and the

periodic behavior of the layer and its main frequencies are

studied. Summary and conclusions are given in the last

section.

2 Data

Since there are few radiosonde stations in the region of Iran,

GPS RO measurements can be used instead of radiosonde

data for the atmospheric studies. RO data from the three

satellite missions of CHAMP (CHAllenging Minisatellite

Payload), GRACE (Gravity Recovery and Climate Exper-

iment) and COSMIC (Constellation Observing System for

Meteorology, Ionosphere, and Climate) retrieved from the

University Corporation for Atmospheric Research (UCAR)

(http://www.cosmic.ucar.edu) are used in this study. RO

temperature profiles from 32 months of CHAMP (January

2006 until September 2008), 39 months of GRACE (March

2007 until May 2010) and 47 months of COSMIC (July

2006 until May 2010) observations are collected in the

region of Iran with the geographic latitudes of 24�–42� and

the geographic longitudes of 43�–65�.

Presence of the mountainous areas around Alborz

Mountains in the north and Zagros Mountains in the west, a

desert area in the central part, the short distance of the

southern parts from the equator and the existence of Cas-

pian and Oman seas in the north and south of Iran lead to

variable climatic conditions, and therefore, an expected

variable tropopause structure in the region under study.

Consequently, based on the geographic properties, partic-

ularly the topographic conditions, the region is divided

latitudinally into three regions and longitudinally into two

regions. Figure 1 displays the digital elevation model of the

region and the six defined divisions.

The tropopause temperatures and heights are derived

from RO temperature profiles. Among the several defini-

tions for determining the location of the tropopause (Pan

et al. 2004), Lapse Rate Tropopause (LRT) defined by the

World Meteorological Organization (WMO) (WMO 1957)

is used. Details on the determination of the height and

other tropopause parameters using the lapse rate temper-

ature can be found in Schmidt et al. (2005) and Wickert

et al. (2006).

3 Least squares harmonic estimation

Consider the linear model of observation equations for the

time series y(t):

EðyÞ ¼ Ax; DðyÞ ¼ Qy ð1Þ

where A is the m � n design matrix, Qy is the m � m

covariance matrix of the m � 1 vector of observables y, x

is the n-vector of the unknown parameters, and D and E

are, respectively, the expectation and dispersion (or

covariance) operators. The linear model needs to be

improved by adding a set of sinusoidal signals to express

the periodic patterns in the series. This will improve the

functional model of Eq. (1).

The periodic signals are added to the functional model.

Hence, the functional model takes the form:

EðyÞ ¼ Axþ
X

k

ðak cos xkt þ bk sin xktÞ; DðyÞ ¼ Qy

ð2Þ

where ak; bk and xk are the unknown real numbers. The

matrix form of the Eq. (2) is written as the following

equation:
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EðyÞ ¼ Axþ Akxk; DðyÞ ¼ Qy ð3Þ

where Ak is a matrix with two columns corresponding to

the frequency xk of the sinusoidal function:

Ak ¼
cos xkt1 sin xkt1

..

. ..
.

cos xktm sin xktm

2

64

3

75; xk ¼
ak

bk

� �
ð4Þ

Using the recursive equation proposed by Amiri-

Simkooei et al. (2007), the discrete frequencies for which

the powers will be estimated are sampled as follows:

Tjþ1 ¼ Tj 1þ aTj

T

� �
; a ¼ 0:2; j ¼ 1; 2; . . . ð5Þ

In the above equation, T is the total time span of the

time series which is equal to 1,610 days here. T1 is the

shortest period to be examined, and is selected as 1=24

days. The smallest frequency to be examined is

xMin ¼ 2p=T .

Assuming the frequencies to be given by Eq. (5) and the

time series to contain only white noise (Qy = I), the

spectral power for each frequency xk is determined as

follows for a zero mean stationary random process y(t)

(Amiri-Simkooei and Asgari 2011):

PðxkÞ ¼ yT AkðAT
k AkÞ�1AT

k y ð6Þ

Equation (6) is called the solution for the univariate

harmonic estimation. If there are several time series with

the linear models for which the design (A) and the

covariance (Qy) matrices are identical, the problem can

be solved by a multivariate harmonic estimation (Amiri-

Simkooei and Asgari 2011). With the assumption that no

correlation exists between the different time series, the

solution for the multivariate harmonic estimation is given

by:

PðxkÞ ¼
Xr

i¼1

yT AkðAT
k AkÞ�1AT

k y

rii
ð7Þ

where r is the number of time series, and rii is the standard

deviation for the ith time series. Equation (7) is in fact the

weighted stacked power spectrum of the individual power

spectra (Amiri-Simkooei and Asgari 2011).

Fig. 1 Digital elevation model of Iran, and the six defined regions
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An Advantage of LS-HE over the ordinary Fourier

spectral analysis is that it is limited neither to the evenly

spaced data nor to integer frequencies. Some other forms of

Fourier transform are also applicable to unevenly spaced

data (Vanicek 1971; Lomb 1976; Scargle 1989, 1997);

however, by LS-HE, one can include the linear trend and

the covariance matrix as the deterministic and the sto-

chastic models in the analyses, which is not possible by any

previously introduced methods. Furthermore, the multi-

variate LS-HE improves the precision of the spectral

power, which is a unique feature of this method.

4 Temporal variations of the tropopause parameters

The separation between the tropical and midlatitude

meteorology regimes has been clearly seen over Iran where

the upper tropopause is affected by different types of

atmospheric phenomena (e.g., Hudson et al. 2003). During

winter, some types of fronts enter the region from the

south, southwest and west (around 30� latitude), which are

associated with the subtropical jet and result in heavy

rainfall in Iran. During summer, thermal low forms below

the subtropical high (approximately in 37�–43� latitudes)

due to continental features over the mainland.

Using RO data from CHAMP, GRACE and COSMIC

missions from January 2006 until May 2010 and based on

the definition from WMO (1957), the time series for the

LRT heights and temperatures are formed for the six

defined regions (see Fig. 1). The time series of the tropo-

pause heights and temperatures are illustrated in Figs. 2

and 3, respectively. Since there are only CHAMP RO data

for the first 6 months of 2006, the time series have smaller

amount of data for this period. The periodic behaviors of

the tropopause parameters are clearly seen in the plots.

By looking at the variations of the tropopause height and

temperature in Figs. 2 and 3 from a spatial perspective, the

differences are clearly observed between regions 1, 2 and

3. Similar behaviors are, respectively repeated in regions 4,

5 and 6 as the first three regions, both in temperature and

height. This shows the strong dependence of the tropopause

features on the geographic latitude (which was also

expressed by, e.g., Khandu et al. (2010)) and their inde-

pendence from the geographic longitude and from the

topography. In particular, regions 3 and 5 are completely

different in longitude and in topography (see Fig. 1), but

the behavior of the time series for these two regions are

similar to each other as they are located in the same lati-

tudinal range.

By looking at the time series for the tropopause height in

region 1 (36�–42�), mixing (red ellipses in Fig. 2) is peri-

odically observed in summer months. Considering the

geographic latitude range of this region, this can be

attributed to the presence of subtropical high in these lat-

itudes. For the southern part of Iran (region 3 with the

latitudes 24�–30�), the mixing in the values of the tropo-

pause height occurs in winter months, which can be attrib-

uted to the effect of subtropical jet. As the subtropical jet acts

in around 30� latitude, the mixing in region 2 (30�–36�) is

also observed in winter months.

As can be seen in Fig. 3, the tropopause temperature is

at its peak when the tropopause height is minimum, and it

has its smallest values when the height is maximum.

However, mixing in the temperature time series occurs at

the same times as in the height time series.

In order to investigate the statistical properties of the

tropopause height, the frequency histograms of the tropo-

pause heights are displayed for the six regions in Fig. 4. As

seen in this figure, the histograms in all the six regions are

distributed in bimodal forms. They are similar to bimodal

densities of the tropopause height which have been

obtained from the radiosonde stations (Seidel and Randel

2007). For the northern regions (regions 1 and 4), the

bimodal density has two modes where 10.5 km is the pri-

mary mode. For the middle regions (regions 2 and 5), the

profiles around both modes (11.5 and 16.5 km) are dis-

tributed in a nearly homogeneous pattern. Finally in the

southern regions (regions 3 and 6), the dominant tropo-

pause height is concentrated around 16.5 km. The primary

mode in the southern regions is comparable with the sub-

tropical tropopause height where that of the northern

regions is close to the extratropical tropopause height.

Again, it is clear that there is no significant difference in

the histograms for the regions with similar latitudes but

different longitudes. The independence of the results from

the longitude (which was also seen in Figs. 2 and 3) allows

the elimination of the longitudinal divisions. Thus, the

whole region can be divided only into three latitudinal

zones. Statistical properties of the time series for each of

these new zones are presented in Table 1.

As seen in the second column of Table 1, the RO data

points are distributed in a quite homogenous pattern

between the latitudinal zones. Furthermore, it is clear from

the third column that the mean tropopause height is lower

at higher latitudes, which is consistent with previous

studies (e.g., Khandu et al. 2010).

5 Harmonic characterization of the tropopause

By applying the method of LS-HE on the time series of the

tropopause heights and temperatures at different geo-

graphic latitudes, the periodic behavior and the main

components included in the series are detected. After

sampling the discrete frequencies by Eq. 5, the spectral

power is computed for the unevenly spaced time series
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Fig. 2 The time series of the tropopause heights in the six defined regions of Iran from January 2006 until May 2010. The numbers in the upper-
left corner of the plots indicates the spatial regions depicted in Fig. 1. The red ellipses show the occurrence of mixing (color figure online)

Fig. 3 The time series of the tropopause temperatures in the six defined regions of Iran from January 2006 until May 2010. The numbers in the

upper-left corner of the plots indicate the spatial regions depicted in Fig. 1 (color figure online)
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using Eq. 6. Power spectra calculated for each time series

(in the three defined latitudinal zones) are displayed in

Fig. 5. The normalized univariate least-squares spectra for

the time series of the tropopause heights and temperatures

are shown at the left and right, respectively. The vertical

dashed lines indicate the annual, sub-annual, diurnal and

sub-diurnal signals.

As can be seen from Fig. 5, the annual signal together

with its higher harmonics (1 year/n, n = 1, 2, 3, …) are the

dominant components in the time series of both the tro-

popause heights and temperatures. It is also observed that

the annual cycle is stronger than the semiannual one by an

approximate factor of two, which is consistent with the

previous analyses on the temporal variations of the tropo-

pause parameters (e.g., Krishna Murthy et al. 1985;

Hashiguchi et al. 2006).

The periodic components of 24 h/n (n = 1, 2, …, 24)

are also present in the tropopause heights and temperatures,

of which the most significant ones are the diurnal and

semidiurnal signals. The diurnal cycle is directly related to

the surface heating as described by Reid and Gage (1985).

It should be noted that the higher harmonics of the main

components do not necessarily need physical interpreta-

tions. They can be explained by the theory of series

expansion of periodic functions. A periodic function with

period of T can be written as an infinite sum of sine and

Fig. 4 Frequency histograms of

the tropopause heights for the

defined regions

Table 1 Statistical characteristics of the tropopause time series in the three latitudinal zones

Reigns Data points Mean (Htrop) (km) Mean (Ttrop) (K) SD (Htrop) (km) SD (Ttrop) (K) Lat (�)

1 6,839 11.8228 214.3886 2.5308 8.0262 36–42

2 6,227 13.3178 210.3761 2.8654 10.1335 30–36

3 6,602 14.9743 203.848 2.559 11.3968 24–30
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cosine functions on the interval [-T/2, T/2], and the higher

harmonics of a component are Fourier decomposition of

the component into a truncated sum of sine and cosine

functions (Amiri-Simkooei and Asgari 2011). Therefore,

the sub-diurnal peaks could be explained as Fourier

decomposition of the diurnal function.

The influencing factors on the position of the tropopause

are mostly the ozone density and the surface air tempera-

ture (Santer et al. 2003; Zängl and Hoinka 2001; Hall et al.

2011); hence, the annual and diurnal periods and their

higher harmonics, which are dominant in the LS-HE

spectra, are probably related to the variations of these

factors. However, it should be noted that the phase infor-

mation is also needed to investigate the dependency of the

tropopause height on the controlling factors. Hall et al.

(2011) identified a phase-shift between the surface tem-

perature and tropopause response, and no phase difference

between tropopause minimum and ozone column density

maximum.

The diurnal peaks are less clear in the power

spectra, compared to the annual cycles. The diurnal and

semidiurnal peaks are not clearly estimated in some of the

periodograms, such as the spectra for the time series of the

tropopause heights and temperatures for zones 1 and 3.

Low temporal resolution of the data used may be a cause

for this problem. To illustrate the temporal resolution of the

data in each latitudinal zone, Fig. 6 shows the time gaps

between consecutive measurements for each time series.

The peaks present in the plots indicate large time gaps

between the data. Because there were only CHAMP mea-

surements available in the first 6 months of 2006, the

largest time gaps happened in this time interval, reaching a

maximum of 12 days.

A solution to cover for the time gaps in each time series

with the data available by other series in the other zones is

to use the multivariate LS-HE described in Sect. 3. This

way, when there is a large time gap in a region, the mea-

surements available for the other regions can be used to

cover for the data gap. In addition, the standard deviation

of each time series (see Table 1) is used in the multivariate

LS-HE as a determining factor for weighting each series in

the computation of the final spectrum. In other words, the

Fig. 5 Normalized least-squares power spectra for the time series of

the tropopause heights (left) and temperatures (right) in the three

latitudinal zones of Iran from January 2006 until May 2010. The

vertical dashed lines indicate the annual and diurnal signals together

with their higher harmonics
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time series with larger variances have smaller contributions

in the calculation of the multivariate power spectrum. The

multivariate least-squares power spectra estimated using

the time series of the three latitudinal zones are illustrated

in Fig. 7. The results for the tropopause heights and tem-

peratures are shown at the left and right, respectively.

Fig. 6 Time gaps between

consecutive measurements for

each time series in the three

latitudinal zones from January

2006 until May 2010

Fig. 7 Multivariate least-squares power spectra for the time series of

the tropopause heights (left) and temperatures (right) from January

2006 until May 2010 estimated using the time series of the three

latitudinal zones ranging from 24� to 42� latitude and 43� to 65�
longitude. The vertical dashed lines indicate the annual and diurnal

signals together with their higher harmonics
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It is inferred from Fig. 7 that the annual and sub-annual

cycles are clearly observed as the main components of the

tropopause parameters. Moreover, it can be observed that the

multivariate LS-HE estimates the short-term periods (i.e.

the diurnal and sub-diurnal cycles) more efficiently than the

univariate power spectra of Fig. 5. Unlike the univariate LS-

HE, the multivariate spectra clearly show both the long-term

and short-term components. A reason for this is that the

multivariate LS-HE uses the variances of the different series

for weighting the series in the estimation of the spectra.

Another reason for the better estimation of the main cycles by

the multivariate LS-HE can be found by inspecting Fig. 6.

The maximum time gaps between consecutive measurements

in each time series is nearly randomly spread over the dif-

ferent latitudinal zones. Consequently, if all the times series

are simultaneously used for the harmonic estimation (as used

in the multivariate LS-HE), the time gaps in each time series

are covered for by the data available by the other series at the

same time interval. This way, the temporal resolution

improves in the estimation of the dominant frequencies. As a

result, the diurnal and semidiurnal variations are more clearly

estimated by the multivariate LS-HE than by the univariate

estimations of Fig. 5.

6 Summary and conclusions

The long-term and short-term temporal variations of the

LRT temperatures and heights were studied in different

regions of Iran by the use of the atmospheric profiles from

January 2006 until May 2010 produced by the GPS RO

technique. RO data from CHAMP, GRACE and COSMIC

satellite missions were used for the study. The variations of

the tropopause parameters had similar patterns in the

identical ranges of the geographic latitudes, as previous

research had shown the strong dependency of the tropo-

pause heights on the geographic latitude.

It was inferred from the tropopause height and temper-

ature time series that mixing occurs in winter in the lati-

tudes between 24� and 36�, which can be attributed to the

subtropical jet. At higher latitudes, mixing occurs in sum-

mer as a result of subtropical high. In addition, investiga-

tion of the frequency histograms of the tropopause heights

illustrated a bimodal pattern, which is consistent with the

earlier studies. The primary modes in the latitude ranges

24�–30� and 36�–42� were found to be around 16.5 km (in

the order of subtropical tropopause height) and 10.5 km (in

the order of extratropical tropopause height), respectively.

The least-squares harmonic estimation was applied to the

time series of the LRT heights and temperatures, and the

results were consistent with the previous analyses. By

applying the univariate LS-HE, the annual signal and

its higher harmonics were estimated as the dominant

components, which is compatible with previous studies on

the long-term variations of the tropopause (Krishna Murthy

et al. 1985; Randel et al. 2000). Moreover, the annual

component was estimated to be stronger than its higher

harmonics, which confirms the previous works by, e.g.,

Krishna Murthy et al. (1985) and Hashiguchi et al. (2006).

In addition to the long-term signals, the diurnal and semi-

diurnal cycles were also estimated by the univariate LS-HE

as the main short-term variations.

To overcome the time gaps in the time series of the

different regions, the multivariate LS-HE was used to

estimate the total power spectra for the tropopause heights

and temperatures, which yielded more obvious annual and

diurnal components together with their higher harmonics.

It should be noted that by applying the method of LS-HE

to the evenly spaced radiosonde data, temporal variations

of the tropopause parameters may be better investigated,

since the climate is not really identical for the whole area

of each of the three latitudinal zones specified in this study.

In other words, by the use of this method on the long-term

radiosonde time series in the different climatic regions, the

dominant periodic components can be detected, and the

variations can be compared for different regions. In addi-

tion, because of the high efficiency of the LS-HE in the

frequency analysis of the completely unevenly spaced time

series, use of this method is recommended for studying the

periodic cycles of other RO-derived parameters related to

the climatology and the stratosphere-troposphere exchange.

With the future availability of COSMIC-2 RO data, the

temporal resolutions of the time series will significantly

improve, leading to better investigation of the periodicity

in atmospheric parameters.
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