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Abstract. An extensive comparison of aerosol extinction

has been performed using lidar and Stratospheric Aerosol

and Gas Experiment (SAGE) II data over Gadanki (13.5◦ N,

79.2◦ E), a tropical station in India, following coincident cri-

teria during volcanically quiescent conditions from 1998 to

2005. The aerosol extinctions derived from lidar are higher

than SAGE II during all seasons in the upper troposphere

(UT), while in the lower-stratosphere (LS) values are closer.

The seasonal mean percent differences between lidar and

SAGE II aerosol extinctions are > 100 % in the UT and

< 50 % above 25 km. Different techniques (point and limb

observations) played the major role in producing the ob-

served differences. SAGE II aerosol extinction in the UT in-

creases as the longitudinal coverage is increased as the spa-

tial aerosol extent increases, while similar extinction values

in LS confirm the zonal homogeneity of LS aerosols. The

study strongly emphasized that the best meteorological pa-

rameters close to the lidar measurement site in terms of space

and time and Ba (sr−1), the ratio between aerosol backscat-

tering and extinction, are needed for the tropics for a more

accurate derivation of aerosol extinction.

Keywords. Atmospheric composition and structure

(aerosols and particles; instruments and techniques)

1 Introduction

The upper troposphere (UT) and lower stratosphere (LS) are

regions of highly coupled dynamics and have created major

scientific interest due to its particular role in radiative forcing

and chemistry–climate coupling. Changes in UTLS aerosol

characteristics play an important role in the global and re-

gional climate system and the geochemical cycle (Hanson et

al., 1994; Borrmann et al., 1997; Solomon et al., 1997). The

tropical UT aerosols are important in establishing the charac-

teristics of the stratospheric aerosols, as air enters the strato-

sphere in the tropics and carries tropospheric aerosol with it

(Hamill et al., 1997). There have apparently been no major

volcanic eruptions of the magnitude of El Chichón or Mount

Pinatubo since 1991. Accordingly, the stratosphere has at-

tained a relatively persistent volcanically quiescent period,

in which variations and trends in the “background” strato-

spheric aerosol can be effectively investigated (Thomason

et al., 2008). Recent studies using ground-based lidar and

satellite instruments document an increase in stratospheric

aerosols of 4–10 % per year from 2000 to 2010 (Vernier et

al., 2011b; Hofmann et al., 2009; Nagai et al., 2010; Trickl,

2010). Solomon et al. (2011), using near-global satellite data,

reported a negative radiative forcing of about −0.1 W m−2

due to changes in the stratospheric aerosols over the last

10 years starting from 2000.

The vertically resolved measurements of physical and op-

tical properties of aerosols are of great interest and can

be obtained from ground-based lidar, but they are usually

restricted both in time and space. Lidar observations of

aerosols have been recognized as a valuable complemen-

tary source to the information obtained from satellites (Ra-

maswamy et al., 1995). For both an extensive period of obser-

vation and global coverage, satellite payloads are best suited.

The Stratospheric Aerosol and Gas Experiment (SAGE)

II provided multi-wavelength aerosol extinction coefficient

profiles from the mid-troposphere through the stratosphere

during October 1984–August 2005. SAGE II aerosol obser-

vations have been widely used for providing and studying cli-
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matological behaviour and remain a valuable resource to un-

derstand changes in the stratosphere and upper-tropospheric

aerosols (e.g. Hitchman et al., 1994; Thomason et al., 1997;

Bauman et al., 2003; Thomason and Peter, 2006).

More recently, the spaceborne Cloud-Aerosol Lidar with

Orthogonal Polarization (CALIOP) onboard the CALIPSO

(Winker et al., 2009) mission is dedicated to the study

of clouds and aerosols from the troposphere to the strato-

sphere since June 2006 and its measurements have provided a

wealth of information. In Vernier et al. (2011a), observations

using CALIPSO identified the presence of an enhancement in

aerosol backscatter closely associated with the Asian mon-

soonal circulation, and this is termed the Asian tropopause

aerosol layer (ATAL). Evidence of ATAL is also observed

in SAGE II (Thomason and Vernier, 2013); it is a relatively

recent phenomenon and was seen every year during 1999–

2005. However, there was no evidence of ATAL in SAGE II

at a date prior to 1998. Such evidence of ATAL and other

changes in UTLS aerosol characteristics are vital, and obser-

vations using optical instruments (ground-based lidar, in situ

balloon measurements) and satellites are essential to track

the evolution of UTLS aerosols in various parts of the globe.

To the best of our knowledge,three lidar and SAGE II

comparisons have been carried out over the Indian region:

(1) at Trivandrum (Parameswaran et al., 1991) during vol-

canically quiescent conditions, (2) at Ahmedabad after the

Mt Pinatubo volcanic eruption (Jayaraman et al., 1995) and

(3) at Gadanki (Parameswaran et al., 2010). It is to be

noted that, in general, the comparisons between lidar and

SAGE II focussed on instrument capabilities and were re-

stricted to a limited number of days in the case of (1) and

(2). Parameswaran et al. (1991) reported an agreement that

was satisfactory between lidar and SAGE II with large vari-

ability in tropospheric extinction. Aerosol extinctions be-

tween lidar and SAGE II compared well in the 17–30 km

altitude region after the Mt Pinatubo eruption (Jayaraman

et al., 1995). The lidar profiles were found to match fairly

well with the SAGE II profiles (version 6.20) when the spa-

tial separation between the instruments was in the order of

a few hundreds of kilometres (Parameswaran et al., 2010).

Stratospheric Processes And their Role in Climate (SPARC)

assessment (Thomason and Peter, 2006) stressed the need

for more comparisons between lidar and satellite data both

at midlatitudes and in the tropics, as there is a lack of

statistics on the magnitude of differences between SAGE II-

measured and lidar-derived aerosol extinction values. Thus,

the present attempt of an extensive comparison, utilizing an

8-year (1998–2005) data set from SAGE II and lidar over a

tropical location during volcanically quiescent conditions, to

the best of our knowledge, is the first of its kind.

2 Data sets and analysis method

2.1 SAGE II aerosol extinction data

The latest version, 7.0, of the SAGE II data set (Damadeo

et al., 2013) is used in the present study. SAGE II data were

collected during each sunrise (sr) and sunset (ss) event en-

countered by the satellite as it orbits the Earth. The term

event means each measurement made by the SAGE II instru-

ment. The measured data were inverted to obtain profiles of

the aerosol extinction coefficient βext (km−1 ) (Chu et al.,

1989). SAGE II-measured βext with uncertainties were avail-

able at 0.385, 0.453, 0.525 and 1.02 µm at a vertical reso-

lution of 0.5 km. SAGE II 1.02 µm extinction profiles have

1σ relative uncertainties of about 10 % when extinction ex-

ceeds 1.0× 10−4 km−1. The other three shorter-wavelength

extinction profiles have 1σ relative uncertainties of ∼ 20 %

when extinction exceeds 5× 10−4 km−1 (Chu et al., 1989).

The lower limit for the βext profile at 1.02 µm is near the

ground or at the cloud top; the lower-altitude limits for pro-

files at 0.525, 0.453 and 0.385 µm were 6.5, 10.5 and 14.5 km

respectively. However, below the tropopause, due to the pres-

ence of clouds especially during the monsoon period, aerosol

extinction data were not available over the tropics.

SAGE II aerosol observations have been widely used

for providing and studying the climatological behaviour of

stratospheric aerosols (e.g. Hitchman et al., 1994; Thomason

et al., 1997). Aerosol extinction products in version 7.0 have

minor changes within the main aerosol layer and are of excel-

lent quality when compared to previous versions. In particu-

lar, aerosol extinction in version 7.0 at 0.525 µm is in much

better agreement with SAGE III version 4.0 than SAGE II

version 6.2 (Damadeo et al., 2013). The SAGE II data prod-

uct includes National Meteorological Center (NMC) infor-

mation on the meteorology corresponding to each event. Ver-

tical profiles of temperature, pressure and density from the

NMC corresponding to each SAGE II event have been used

to derive aerosol extinction from lidar.

2.2 Coincident criteria

SAGE II coverage was limited by the Earth Radiation Budget

Satellite (ERBS) orbital characteristics, and the sensor takes

15 sunrise and 15 sunset observations on a single day, which

are equally spaced in longitude around the globe but vary in

latitude by a few degrees. It gives near global coverage over a

period of 25–40 days. An appropriate selection of coincident

criteria is an essential prerequisite in a comparative study in

order to have a sizeable number of data sets. We adopted the

coincident criteria prescribed in Antuña et al. (2002). The

coincident criteria on the basis of geometry were selected as

±5◦ in latitude, ±25◦ in longitude and ±24 h in time with

respect to the location of Gadanki and corresponding in time

to when the lidar measurements were made. Based on the

space-coincident criteria, a total of 209 SAGE II events dur-
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ing 1998–2005 were obtained; when the criterion of time was

imposed, only 36 events were found to satisfy. The details of

the 36 coincident profiles, such as date, location (latitude,

longitude) and range (km), that satisfy the coincident criteria

are summarized as a function of season in Table 1. The com-

parison study includes lidar and SAGE II aerosol extinctions

derived in the UT and LS region (10–30 km). These 36 coin-

cident profiles were disaggregated into different seasons and

analysed.

2.3 Lidar extinction data

Gadanki (13.5◦ N, 79.2◦ E) is a tropical rural site in In-

dia located at an altitude of about 375 m above mean sea

level and about 80 km from the Bay of Bengal coast, in

southern India (Fig. 1). To understand atmospheric changes

with reference to the monsoon conditions, the aerosol char-

acteristics are classified into four seasons, viz., winter

(December-January-February, DJF), premonsoon (March-

April-May, MAM), monsoon (June-July-August, JJA), and

postmonsoon (September-October-November, SON). Lidar

measurements over Gadanki started in March 1998, and the

data obtained during 1998–2005 are used in the study. The

Nd : YAG 0.532 µm lidar at Gadanki has been well cali-

brated and validated in many studies (e.g. Sunilkumar and

Parameswaran, 2005; Kulkarni et al., 2008; Parameswaran et

al., 2010). Lidar profiles have a range resolution of 0.3 km

and a time resolution of 250 s. The signal-to-noise ratio of li-

dar is poor up to the desired reference altitude of about 35 km

at 250 s, especially when cirrus clouds are present. To get a

sufficient signal-to-noise ratio in the present study, daily lidar

measurements are time-integrated over 4–6 h for further anal-

ysis. The Klett inversion (Klett, 1985) algorithm is applied

to the 0.532 µm co-polarized lidar signal to obtain profiles of

the aerosol extinction coefficient βext (km−1). Further details

on the lidar system and the analysis procedure are provided

in Kulkarni et al. (2008).

2.4 Conversion of aerosol backscatter to extinction

The total (aerosol and air) backscattering coefficient (βz) us-

ing the top-to-bottom inversion algorithm proposed by Klett

can be written as

βz =
exp(S− Sm)

1
βm
+ 2

∫ zm
z

exp(S−Sm)dz
Ba

, (1)

where S and Sm are the logarithm of the range-corrected pho-

ton counts at any altitude z and the reference altitude zm
respectively, βm corresponds to the Rayleigh backscattering

coefficient at altitude zm, and Ba (sr−1) is the ratio between

aerosol backscattering and extinction coefficients. The Klett

inversion algorithm (Eq. 1) includes βm andBa values, which

are required a priori. A proper selection of these two param-

eters is essential to derive aerosol extinction profiles accu-

rately and reduce any additional errors. Further aerosol ex-

Figure 1. Locations of Gadanki (Google Earth image) where the

lidar measurements were made and the four metro cities (Delhi,

Kolkata, Mumbai and Chennai) in India.

tinction (βext) is obtained using the measured βz by assuming

a constant Ba value.

βm can be determined from the best available meteorologi-

cal data or approximated using an appropriate standard atmo-

sphere corresponding to the lidar site. In the present study,

βm is estimated by normalizing molecular density to lidar

profiles with two different atmospheric data sets. The data

sets correspond to (i) the US Standard Atmosphere (1966)

for 15◦ N and (ii) NMC data obtained for each SAGE II co-

incident event. For a given wavelength Ba depends on the

aerosol size distribution, which can be different at different

altitudes. Information onBa values as a function of altitude in

the UT and LS does not exist over the tropics. Hence, in the

present study we have used Ba values obtained by Jäger and

Hofmann (1991) at 0.532 µm using lidar and simultaneous

balloon-borne optical particle counter data over Garmisch

(47.5◦ N) during 1980–1987.

The Ba obtained by Jäger and Hofmann (1991) includes

the effects of the 1982 El Chichón volcanic eruption. Ra-

machandran and Jayaraman (2003) calculated Ba values

from Jäger and Hofmann (1991) data corresponding to back-

ground conditions (volcanically quiescent; 1980–1982 and

1985–1987, which also includes minor eruptions, but Ba val-

ues were not significantly influenced). Ba values were found

to be in the range of 0.017–0.022, with a mean value of about

0.019 (Ramachandran and Jayaraman, 2003). We derived the

aerosol extinction coefficients for three Ba values, namely

0.015, 0.020 and 0.025, which include the measured range of
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Table 1. Details of lidar and SAGE II comparison events during March 1998–August 2005 over Gadanki. SAGE II sunrise (sr) and sunset

(ss) events have been chosen based on coincident criteria. See text for details.

No of obs SAGE II Event Latitude Longitude Range (km) Lidar

Winter

1 18 Feb 2000 sr 13.35◦ N 98.98◦ E 2176 17 Feb 2000

2 10 Feb 2001 ss 17.88◦ N 86.99◦ E 983 9 Feb 2001

3 8 Jan 2002 ss 16.94◦ N 82.87◦ E 553 7 Jan 2002

4 27 Jan 2003 ss 13.32◦ N 84.21◦ E 551 27 Jan 2003

13.69◦ N 60.25◦ E 2085

5 26 Feb 2004 sr 10.85◦ N 100.53◦ E 2364 25 Feb 2004

6 27 Feb 2004 sr 11.43◦ N 76.78◦ E 350 27 Feb 2004

7 7 Dec 2004 sr 17.82◦ N 85.57◦ E 847 6 Dec 2004

8 3 Jan 2005 ss 10.90◦ N 86.35◦ E 837 3 Jan 2005

11.24◦ N 62.41◦ E 1864

9 4 Jan 2005 ss 15.84◦ N 87.25◦ E 922 4 Jan 2005

16.16◦ N 63.31◦ E 1772

10 14 Feb 2005 sr 13.03◦ N 81.95◦ E 307 14 Feb 2005

13.64◦ N 58.28◦ E 2301

Premonsoon

11 23 Mar 1999 ss 12.34◦ N 97.42◦ E 2008 23 Mar 1999

11.88◦ N 73.32◦ E 671

12 17 Mar 2000 ss 16.91◦ N 86.90◦ E 926 17 Mar 2000

16.47◦ N 62.84◦ E 1829

13 18 Mar 2000 ss 9.79◦ N 85.80◦ E 833 18 Mar 2000

9.48◦ N 61.72◦ E 1973

14 31 Mar 2000 sr 14.00◦ N 73.54◦ E 625 31 Mar 2000

15 20 Mar 2002 sr 10.23◦ N 80.96◦ E 408 20 Mar 2002

10.72◦ N 57.01◦ E 2460

16 21 Mar 2002 sr 17.13◦ N 80.49◦ E 424 21 Mar 2002

17.55◦ N 56.45◦ E 2542

17 30 May 2002 sr 12.04◦ N 85.74◦ E 737 29 May 2002

18 11 Mar 2003 sr 12.52◦ N 85.78◦ E 732 11 Mar 2003

13.03◦ N 61.89◦ E 1905

19 19 May 2003 sr 8.28◦ N 102.53◦ E 2630 19 May 2003

20 20 May 2003 sr 8.63◦ N 78.58◦ E 540 20 May 2003

8.99◦ N 54.62◦ E 2749

13.47◦ N 103.23◦ E 2643

21 21 May 2003 sr 13.80◦ N 79.32◦ E 36 21 May 2003

14.14◦ N 55.37◦ E 2622

22 12 Mar 2005 ss 9.20◦ N 84.45◦ E 746 11 Mar 2005

9.75◦ N 60.60◦ E 2087

23 25 Apr 2005 sr 11.27◦ N 99.69◦ E 2267 25 Apr 2005

24 26 Apr 2005 sr 11.65◦ N 75.85◦ E 421 25 Apr 2005

16.87◦ N 101.12◦ E 2440

Monsoon

25 6 Jun 2001 sr 13.97◦ N 82.57◦ E 374 6 Jun 2001

14.29◦ N 58.42◦ E 2287

26 18 Jul 2004 sr 17.06◦ N 80.08◦ E 403 18 Jul 2004

17.38◦ N 56.14◦ E 2572

27 4 Jul 2005 sr 11.92◦ N 100.11◦ E 2307 3 Jul 2005

28 5 Jul 2005 sr 12.24◦ N 76.18◦ E 360 4 Jul 2005
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Table 1. Continued.

No of obs SAGE II Event Latitude Longitude Range (km) Lidar

Postmonsoon

29 13 Nov 1998 sr 14.73◦ N 73.83◦ E 606 13 Nov 1998

30 9 Nov 1999 sr 14.75◦ N 84.17◦ E 564 8 Nov 1999

15.37◦ N 60.32◦ E 2087

31 12 Sep 2001 ss 12.02◦ N 100.71◦ E 2372 12 Sep 2001

12.69◦ N 76.68◦ E 291

32 29 Oct 2001 sr 13.02◦ N 78.85◦ E 65 29 Oct 2001

13.62◦ N 54.96◦ E 2666

33 26 Nov 2001 ss 12.37◦ N 80.82◦ E 217 26 Nov 2001

12.70◦ N 56.68◦ E 2479

34 27 Nov 2001 ss 16.91◦ N 102.54◦ E 2595 26 Nov 2001

17.22◦ N 78.35◦ E 420

17.54◦ N 54.18◦ E 2788

35 27 Sep 2004 sr 12.24◦ N 80.18◦ E 176 27 Sep 2004

12.72◦ N 56.46◦ E 2503

36 25 Oct 2004 ss 16.63◦ N 85.45◦ E 769 25 Oct 2004

17.02◦ N 61.54◦ E 1981

values over Garmisch. The uncertainty in the derived aerosol

extinction due to the range ofBa values was found to be about

20–25 % in the 15–30 km region while it was < 20 % below

15 km. Hence, in the absence of the availability of Ba values

for Gadanki, in the present study a Ba of 0.02 has been used,

a value appropriate for volcanically quiescent conditions.

Figure 2a shows the temperature profile from the US

Standard Atmosphere model corresponding to 15◦ N and

from NMC data for the SAGE II coincident event on

17 March 2000 (16.91◦ N, 86.90◦ E). US Standard Atmo-

sphere temperatures are higher than the NMC temperature

profile in the altitude region of 18 to 28 km. A maximum dif-

ference of 7 K is seen at 22 km, and above 26 km a < 2 K

temperature difference is observed. Temperature differences

are lower than 2 K below the tropopause. These two temper-

ature profiles have been used to derive βm and βext from lidar

on 17 March 2000 for comparison.

Lidar-derived βext using the model atmosphere (US Stan-

dard Atmosphere, 1966) corresponding to 15◦ N and the

NMC meteorological data corresponding to the SAGE II

event for a particular coincident event are shown in Fig. 2b.

On 17 March 2000 the sky was clear over Gadanki, with

no high-altitude clouds. βext values are below 10−3 km−1

for SAGE II, while lidar values are higher (> 10−3 km−1).

βext values derived using the US Standard Atmosphere are

higher than βext derived using the NMC temperature profile

up to 26 km. As every other parameter in the βext calcula-

tion (Eq. 1) remains the same, except for the temperature and

the resultant βm, this comparison illustrates that the observed

shift in βext is clearly due to the different βm values used.

βm at 33 km was 1.32× 10−5 km−1 sr−1 for the NMC tem-

perature profile and 1.38× 10−5 km−1 sr−1 for US standard

atmosphere.

With an attempt to gain further insight into whether the se-

lected Ba value of 0.02 is appropriate, aerosol extinctions are

derived for different Ba values (Jäger and Hofmann, 1991)

and compared with SAGE II profiles (Fig. 2). Figure 2b also

includes lidar-derived βext, using NMC for two extreme Ba

values (0.0159 and 0.0526) that were obtained during 1980–

1987 (Jäger and Hofmann, 1991). The lidar-derived extinc-

tion values at Ba= 0.0526 are higher in the UT and lower

in the LS region when compared to SAGE II. βext derived

using Ba= 0.0159 is closer to SAGE II between 22 and

34 km. Furthermore, instead of using a constant Ba, three

different values of Ba are used to examine the sensitivity of

aerosol extinction to different values of Ba. The values of Ba

are allowed to vary as a function of altitude: maximum and

minimum values of Ba are 0.0526 and 0.0161 (15–20 km),

0.0294 and 0.0159 (20–25 km), and 0.0250 and 0.0161 (25–

34 km) respectively. These values are chosen from Jäger and

Hofmann (1991). Aerosol extinction obtained for Ba values

that vary with altitude is close to the extinction obtained for

Ba= 0.020 (Fig. 2c). Further aerosol extinction derived for

the two sets of Ba values – (i) 0.0526 and 0.0204 obtained

after the El Chichón volcanic eruption (1982–1984) and (ii)

0.0323 and 0.0159 obtained during volcanically quiescent

conditions (1980–1982 and 1985–1987) – is compared with

the SAGE II profile obtained on 17 March 2000 (Fig. 2d). A

better agrement is seen for the smaller values of 0.0204 and

0.0159 for the LS region. These results suggest that aerosol

extinction derived using a Ba value of 0.020 agrees more

closely with the SAGE II profile in the LS than in the UT

(Fig. 2d). Also the differences in the lidar extinction for dif-

ferent Ba values can occur due to the top-to-bottom inver-

sion algorithm that is being used (Klett, 1985). Hence, in the

absence of the availability of Ba values for Gadanki, in the

www.ann-geophys.net/33/351/2015/ Ann. Geophys., 33, 351–362, 2015
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Figure 2. (a) Temperature profiles of US Standard Atmosphere at 15◦ N in comparison with National Meteorological Center (NMC) profile

of 17 March 2000 (16.91◦ N, 86.90◦ E). (b) Lidar-derived βext (km−1) for Ba= 0.020, 0.0159, 0.0526 using NMC and 15◦ N US Standard

Atmosphere withBa= 0.020. (c) SAGE II and lidar comparison for differentBa altitude-dependent values using NMC. (d) Aerosol extinction

derived using Ba values obtained during volcanically quiescent conditions (1980–1982 and 1985–1987) versus Ba values obtained during El

Chichón time frame (1982–1984).

present study a Ba of 0.020 has been used, a value appropri-

ate for volcanically quiescent conditions.

Using the temperature and pressure profiles, molecular

density profiles can be computed. Molecular density errors

are also the dominant source of error for the aerosol backscat-

tering measurement, at least below 25 km (Russell et al.,

1979), and in turn for βext values. The present study showed

the lidar extinction derived using the NMC temperature pro-

file was closer to the SAGE II extinction values; hence, the

NMC temperature profile has been used to derive lidar βext.

Also, in contrast to the model US Standard Atmosphere, the

temperature profiles from the NMC are near simultaneous.

Figure 2a, b clearly show that the temperature uncertainties

at a higher altitude may have a stronger relative impact on

stratospheric aerosol extinctions, thereby stressing the need

to opt for the best temperature profile which is close in terms

of both space and time to the lidar measurement site and date.

3 Results and discussion

3.1 Comparison of aerosol extinctions and percentage

differences between lidar and SAGE II

The extinction profiles from SAGE II and lidar are plot-

ted seasonally as winter, premonsoon, monsoon and post-

monsoon to understand the atmospheric variability. Note

that SAGE II-derived βext from version 7.0 was available at

0.525 µm and lidar βext profiles correspond to 0.532 µm. Dif-

ferences, if any, in βext due to the differences in wavelength

will be negligible and are not considered. In Fig. 3, SAGE II

profiles are shown as closed circles with solid lines at 0.5 km

resolution and lidar profiles at 0.3 km resolution are shown as

dotted lines. The figure includes only two select comparison

profiles; one in which the lidar profile was close to SAGE II

(in terms of extinction) and a second in which the differences

are quite high. The seasonal mean (including all the profiles)

for each season is also given.

The upper troposphere βext is in the 10−2–10−3 km−1

range (Fig. 3), which decreases by about 1–2 orders of mag-

nitude in the lower stratosphere in both lidar and SAGE II

profiles. SAGE II vertical profiles were smoother than the li-

dar aerosol extinction profiles, indicating the possibility of

variations in aerosol vertical structure whose scale heights

are less than 0.5 km. The comparison between lidar and

SAGE II aerosol extinction reveals systematic differences be-

tween the two instruments below 25 km, where the aerosol

extinctions are higher. This comparison also illustrates that

the extinction values are either underestimated by SAGE II

and/or overestimated by lidar up to 25 km. There exists a sys-

tematic difference in βext below 25 km in all the seasons. On

a few lidar measurement days, two SAGE II profiles (27 Jan-

uary 2003, 11 March 2003, 18 July 2004, 29 October 2001,

6 June 2001) were found to satisfy the coincident criteria. In

such cases all the coincident SAGE II aerosol extinction pro-

files were plotted in Fig. 3. The two SAGE II profiles show

quite a close agreement in the LS (but not in the UT), despite

the fact the two profiles are apart by few degrees in latitude

and/or longitude. In fact, the difference is more in longitudes,

as they differ by 24◦; however, the SAGE II profiles are quite

close. This is true in other cases, which indicates a zonal uni-

formity in aerosol characteristics in the LS but not in the UT.

The seasonal mean aerosol extinctions are closer in the 16–
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Figure 3. Lidar and SAGE II βext (km−1) aerosol extinction select profiles during March 1998–August 2005 over Gadanki for (a) winter,

(b) premonsoon, (c) monsoon and (d) postmonsoon. Seasonal mean βext and horizontal bars (±1σ ) are plotted at the end of each season,

including all 36 coincident profiles.

30 km altitude range in all seasons, while below 16 km there

exist significant variations, which leads to a larger standard

deviation.

The SAGE II instrument was also capable of determin-

ing high-altitude cloud cover and its variation. Studies on

high cirrus clouds using SAGE II include Wang et al. (1994)

and Jensen et al. (1996), to name but two. During the ob-

servation period we encountered high-altitude clouds over

Gadanki, and these were observed by both lidar and SAGE II.

Most of the SAGE II profiles show better agreement around

the maximum extinction values measured by lidar (Fig. 3).

These maximum extinction values measured by both li-

dar and SAGE II were found to show good agreement in

terms of cirrus cloud heights in the upper-tropospheric re-

gion. One of the two SAGE II profiles obtained on 27 Jan-

uary 2003, 11 March 2003, 18 July 2004, 29 October 2001

and 6 June 2001 shows better agreement around the cirrus

cloud height (Fig. 3). The other profile might have missed

these cirrus clouds as these clouds usually extend horizon-

tally up to 2700 km and the SAGE II measures at every 24◦

of longitude (∼ 2640 km) along a slowly shifting latitude cir-

cle. During the monsoon, aerosol extinction in the UT is

higher because of convective activities; this generates the

multi-layered highly structured cirrus clouds (Sunilkumar et

al., 2010)

To explain the agreement/disagreement between lidar

and SAGE II extinctions further, percentage differences in

aerosol extinction are obtained for 36 individual profiles. We

calculated the differences between each pair of coincident

lidar-derived values and those measured by SAGE II, for

each pair of profiles obtained from lidar and SAGE II, and

refer to them as percentage differences. The ratio of extinc-
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Figure 4. Lidar and SAGE II seasonal mean βext (km−1) percent

difference (%) during March 1998–August 2005.

tion differences at each altitude was divided by the mean of

the two extinction values to obtain percent differences.

The largest percent differences occur below the tropopause

(Fig. 4), consistent with aerosol extinction. In general, the

percent differences decrease as the altitude increases. The

percent differences are > 100 % below the tropopause, while

above the tropopause and up to 25 km the percent differences

lie in the 50–100 % range. The seasonal mean percent differ-

ences (Fig. 4) show that the percent differences can go up to

200 %, and the differences are at a maximum during the mon-

soon because of strong convective activity over the tropics.

The percent differences estimated after the Mt Pinatubo erup-

tion were found to exhibit large spatial and temporal vari-

ability (Antuña et al., 2003) in the 17–32 km altitude region.
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The percent difference was found to increase with altitude

over Hefei, China (31.9◦ N, 117.2◦W), and Haute Provence,

France (43.9◦ N, 5.7◦W), while no such increase was seen at

Hampton, Virginia (37.1◦ N, 76.3◦W), Mauna Loa, Hawaii

(19.5◦ N, 155.6◦W) or Camaguey, Cuba (21.4◦ N, 77.9◦W)

(Antuña et al., 2003). The percent difference can be less

when there are more aerosols in the atmosphere, such as af-

ter a major volcanic eruption. For example, the mean percent

differences were≤ 100 % in the altitudes where the main part

of the Pinatubo aerosol cloud was located (15–25 km) (An-

tuña et al., 2003).

The ATAL is a relatively recent phenomenon and an im-

portant contribution to UT and LS aerosols. Satellite obser-

vations from CALIPSO (Vernier et al., 2011a) and SAGE II

(Thomason and Vernier, 2013) have revealed an enhance-

ment in aerosols, and this enhancement is called the ATAL.

The ATAL exists at the tropopause level associated with the

Asian monsoon season in JJA. This ATAL is highly variable

in intensity from year to year, with a spatial extent of be-

tween roughly 15 and 35◦ N and between about 0 and 150◦ E,

and vertically from 13 to 18 km. The ATAL is likely to be a

primary source of non-volcanic aerosols for the global up-

per troposphere. In SAGE II data ATAL-like enhancements

were not observed in 2005 and in JJA 2003 (Thomason and

Vernier, 2013). Further, in this study, since SAGE II data cor-

responding to a latitude and longitude grid were used, no ev-

idence of ATAL-like enhancement could be seen.

3.2 Uncertainties in SAGE II and lidar extinctions

The comparison of results from ground-based and satellite

observations is a challenging task, more so when the mea-

surement principle and geometry are different for the two

techniques, as in SAGE II and lidar. Thus, as a consequence,

such a comparison may not yield exact matches between the

two measurements in terms of space and time. In addition,

vertical profile observations of aerosols over a tropical re-

gion are affected due to the wet climate. The comparison

becomes more difficult during volcanically quiescent condi-

tions in the LS when the aerosol extinctions are quite small

when compared to the UT (Kulkarni et al., 2008). SAGE II

measurements were obtained by looking through a horizon-

tal path of a few hundred kilometres (solar occultation limb

viewing) and thus correspond to a horizontally averaged at-

mosphere, whereas the lidar profiles are obtained vertically

and are time-integrated over few hours. The comparison

of SAGE II and lidar aerosol extinction profiles over Dur-

ban (29.9◦ S, 31.0◦ E; South Africa) (Bencherif et al., 2003)

showed discrepancies in the 17–20 km altitude region during

volcanically quiescent conditions. These discrepancies were

attributed mainly to the different modes of operation, which

is consistent with our results.

Both ground- and space-based measurements of tropo-

spheric and stratospheric aerosols complement each other

and have played a major role in providing the necessary in-

formation. In particular, lidar and SAGE II have several lim-

itations, uncertainties and initial conditions, as many param-

eters are derived from the base measurements. In addition,

there are spatio-temporal gaps in both the data sets. The main

uncertainties between SAGE II and lidar are the differences

in the viewing geometry as SAGE II samples the Earth limb

tangential to a point on the Earth’s surface, with a tangen-

tial path length ranging from tens of kilometres at the top

of the stratosphere down to about 1200 km near the Earth’s

surface. In contrast, lidar measures a single column of the

atmosphere, but lidar soundings last from several minutes to

hours depending on the number of laser shots selected for the

profiling and averaging process.

The other uncertainties in SAGE II- and lidar-derived

aerosol extinctions are listed below. There were four sources

of error in SAGE II measurement that could have contributed

to the total uncertainty in the retrieved vertical profiles (Chu

et al., 1989): (1) measurement (instrumental) errors, (2) un-

certainty in the calculated Rayleigh profiles caused by the

uncertainty in the temperatures, (3) uncertainty in the ref-

erence altitude and (4) the uncertainties associated with the

removal of other species which have an overlapping con-

tribution in the spectral-wavelength channel. In a sensitiv-

ity study Thomason et al. (2008) found that during the low

stratospheric aerosol levels from the beginning of 2000 and

continuing through the end of its mission in 2005, SAGE II

aerosol extinction coefficient profiles remained robust and

reliable, and the relative uncertainties associated with mea-

surement noise were larger when compared to higher aerosol

loading periods. At 0.525 µm the potential bias is less than

10 % through most of the lower stratosphere. At this wave-

length, the bias potential is dominated by the uncertainty in

the temperature profile data and ozone cross section (Thoma-

son et al., 2008).

The uncertainties in lidar measurements can arise from

(1) signal measurement errors, (2) inaccuracy in determin-

ing an aerosol-free region for normalization, (3) uncertainty

in the calculated Rayleigh profile due to temperature, and

(4) using a constant Ba (sr−1) value (Russell et al., 1979).

Before deriving extinction profiles both SAGE II and lidar

instruments require some assumptions on the optical proper-

ties of aerosols. A major source of error occurs due to the

uncertainty in the molecular profile. We have tried to mini-

mize this by using the temperature profile given by the NMC

corresponding to each SAGE II event to determine βm for

each lidar measurement. Another main source of uncertainty

arises due to the constant Ba used to derive the lidar extinc-

tion. A constant Ba assumes that the size distribution and

composition of the aerosol scatterers do not change with dis-

tance from the lidar, and that variations in backscattering

from aerosols are due to changes in their number density

(Fernald, 1984). The uncertainty in the lidar-derived aerosol

extinction due to the use of 0.02 for Ba is estimated to be

about 20 % below 15 km, while they were about 20–25 % in

the 15–30 km altitude region.
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Figure 5. Seasonal mean percentage differences (%) and corresponding standard deviations (%) between SAGE II and lidar with respect to

different longitudinal bins (±5, ±10, and ±25◦) with constant ±5◦ latitude during (a) winter, (b) premonsoon, (c) monsoon and (d) post-

monsoon.

The largest percentage differences were located below the

tropopause (Fig. 4) because of larger variability in the trans-

port of air masses. Even for the measurement where two

SAGE II profiles were found to satisfy the coincident criteria

(Fig. 3), there were larger variations below the tropopause.

Estevan et al. (2008) also showed that upper-troposphere ex-

tinction profiles have the biggest disagreement between the

SAGE II and lidar, mainly due to the variability of the trans-

port of air masses in the upper troposphere. The zonal homo-

geneity seen earlier in the current study could be contributing

to lesser differences in aerosol characteristics in the LS re-

gion. Aerosol variability, technique and a priori assumptions

played a major role in producing the observed differences

between SAGE II and lidar. In general, due to the above-

mentioned uncertainties in both profiles, their agreement in

the LS can be considered satisfactory.

3.3 SAGE II and lidar percentage difference and

integrated aerosol extinction

Along with many uncertainties for the comparison as dis-

cussed earlier, radial distance could be another source of am-

biguity, as the closer the SAGE II event, the finer the compar-

ison with lidar. Earlier comparison studies by Parameswaran

et al. (2010) over Gadanki using SAGE II and lidar extinc-

tion profiles found fairly good agreement when the radial dis-

tance is of the order of a few hundreds of kilometres, while

deviation increases with an increase in radial distance. In the

present study, to have a sizeable number of data sets, coin-

cident criteria are followed. In order to quantify the general

agreement between the extinction profiles from SAGE and

lidar, the normalized percentage difference (%) between the

two is estimated for all 36 coincident events during 1998–

2005 in terms of different longitudinal bins (±5,±10,±25◦)

with fixed latitude (±5◦) bins with an aim to determine

whether the reduction in longitude affects the comparison.

In the lower stratosphere the spatial variability in longitude

could be minimal because of efficient mixing in the zonal

direction and strong horizontal transport prevailing in the re-

gion (Sunilkumar et al., 2011).

Figure 5 shows the percentage difference and correspond-

ing standard deviations at three longitudinal bins for four sea-

sons along with the number profiles used for the comparison.

As expected, the percentage difference (SAGE II and lidar)

decreases with an increase in altitude, with significant dif-

ferences confined to the below tropopause region for all sea-

sons. In general, the mean percentage difference is< 50 % in

the altitude range above 25 km. However, the percent differ-

ence between 18 and 25 km is < 100 %, and in the upper tro-

posphere it is> 100 %. The standard deviations (%) are rela-

tively large (> 40 %) for the tropospheric region compared to

the lower stratosphere. The observed increase in the extinc-

tion difference below 17 km could be due to the influence of

cirrus clouds in the UT region as well as their spatial inhomo-

geneity. Seasonally the postmonsoon and monsoon showed a

lower difference between three longitudinal bins in both per-

cent difference and standard deviation compared to other sea-

sons. As the longitude range increases (for ±10 and ±25◦),

the number of bins increases, thereby resulting in a slightly

higher aerosol extinction. Above the tropopause, the aerosol

extinction in the ±10 and ±25◦ longitudinal bins does not

exhibit significant differences throughout the altitude range.

However, aerosol extinction obtained within ±5◦ difference

in longitude with respect to Gadanki shows significant dif-

ferences above the tropopause, more so during winter and

premonsoon (Fig. 5). This comparison illustrates that aerosol

extinctions can exhibit differences when the longitudinal ex-
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Figure 6. Lidar- and SAGE II-derived monthly mean integrated

aerosol extinction during March 1998–August 2005 (for all 36 coin-

cident profiles) over Gadanki for three longitudinal bins (±5, ±10

and ±25◦), with constant ±5◦ latitude for three altitude regimes

((a) 9.5–15 km, (b) 18–30 km and (c) 9.5–30 km).

tent increases significantly (such as ±25◦), indicating that

spatial variability in aerosol extinction in the zonal direction

can occur when the spatial extent is greater.

Figure 6 shows the SAGE II and lidar integrated aerosol

extinction in the three altitude regions of (a) UT (9.5–15 km)

(b) LS (18–30 km) and (c) total (9.5–30 km) as a function

of month during 1998–2005 for all 36 coincident profiles.

The SAGE II-derived integrated aerosol extinction is calcu-

lated for three longitudinal bins (±5, ±10 and ±25◦) with

a constant ±5◦ latitude with respect to Gadanki (13.5◦ N,

79.2◦ E). The lidar is a monostatic biaxial system and is opti-

cally aligned to heights greater than 9 km. Hence, the present

study utilizes 9.5 km as the initial altitude for both SAGE II

and lidar integrated aerosol extinction calculation. The UT,

LS and total lidar integrated extinctions were in the range

of 0.02–0.03, 0.005–0.01 and 0.03–0.05 respectively and are

higher in all three altitude regions compared to SAGE II.

The lidar integrated extinction of the UT is about 2.5 times

higher than that of the LS. The lidar integrated extinctions

were found to exhibit seasonal variation in these three alti-

tude regimes. UT extinction is at a minimum during winter

(DJF), while LS extinction is higher in winter in general. The

seasonal pattern of integrated extinction over Gadanki mea-

sured using lidar during 2001–2005 (Kulkarni et al., 2008)

clearly showed a winter low and a summer high in the UT

and more prominently higher values during winter for the LS

region.

The SAGE II upper-tropospheric integrated extinction is

less than 0.02 (Fig. 6) and is lower than 0.006 in the LS re-

gion. Aerosol extinction is higher in June in both lidar and

SAGE II. This can be attributed to the increase in the convec-

tive activities and a deeper boundary layer over the tropics,

which leads to significant increases in aerosol extinction in

the UT (Trepte et al., 1994). Aerosol extinction in the UTLS

region is dominated by the extinction in the UT, as the LS

aerosol extinction is at least 5 times lower. The features of in-

tegrated aerosol extinction in the UT and LS regimes are con-

sistent with the profiles obtained in the UT and LS in differ-

ent seasons. Slight differences between the aerosol integrated

extinction measured by SAGE II for three longitudinal bins

with a constant latitude have been observed and are attributed

to variability in aerosol source strengths, meteorological fac-

tors, volcanic influence and uniform seasonal changes (Kent

et al., 1998). The SAGE II LS regime (Fig. 6b) does not show

clear seasonal variation except the very slight increase dur-

ing April. The SAGE II LS extinction is more or less similar

as the longitudinal bins expand. SAGE II aerosol extinctions

in the UT are found to increase as the longitudinal coverage

increases, suggesting zonal inhomogeneity, while in the LS

aerosol extinction over Gadanki remains the same, confirm-

ing the zonal homogeneity of LS aerosols.

4 Conclusions

An extensive comparison utilizing an 8-year (1998–2005)

data set from SAGE II measured at 0.525 µm and lidar-

derived aerosol extinction at 0.532 µm over a tropical loca-

tion, Gadanki, during volcanically quiescent conditions has

been made. The major findings include the following:

1. The aerosol extinctions derived from lidar were found to

be higher than the SAGE II values during all seasons in

the upper-troposphere region, while in the lower strato-

sphere the values were closer.

2. The seasonal mean percent differences were > 100 %

in the upper troposphere, and between tropopause and

25 km the percent differences were in the 50–100 %

range. The mean percent differences were< 50 % above

25 km.

3. The observed percent differences can mainly be at-

tributed to the different observational techniques, the

temperature profile used to determine βm and the as-

sumptions made on the optical properties of aerosols

(Ba).

4. Lidar and SAGE II aerosol extinctions agree well when

the latitude and longitude of SAGE II profile are closer

to the Gadanki site.

5. The lidar integrated extinctions were found to exhibit

seasonal variation in the UT, LS and total altitude

regimes, and the SAGE II UT integrated extinction is

less than 0.02 and is lower than 0.006 in the LS region.

Features of the UT and LS regimes are consistent with

the profiles obtained in the UT and LS in different sea-

sons.
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6. SAGE II aerosol extinction in the UT increases as the

longitudinal coverage increases, indicating spatial inho-

mogeneity of UT aerosols, while LS extinction values

are similar, confirming the zonal homogeneity of LS

aerosols.

7. The study highlighted that the best meteorological pa-

rameters close to the lidar measurement site in terms

of space and time and Ba (sr−1), the ratio between

aerosol backscattering and extinction, are essential over

the tropics for a more accurate derivation of aerosol ex-

tinction.
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