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Abstract. Poor reliability of radiosonde records ebservational-netwerks across South Asia imposes
serious challenges in understanding elimate—variability—and-thermeodynamie the structure of the
upper-tropospheric and lower-stratospheric (UTLS) region. The Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC) mission launched in April 2006 have over-
come many observational limitations that are inherent in conventional atmospheric sounding in-
struments. We examined interannual variability of UTLS temperature over Ganges-Brahmaputra-
Meghna (GBM) basin in South Asia using monthly accumulated COSMIC radio occultation (RO)
data, together with two global reanalysis products. Comparisons between August 2006 and Decem-
ber 2013 indicated that MERRA (Modern-Era Retrospective Analysis for Research Application) and
ERA-Interim (European Centre for Medium-Range Weather Forecasts reanalysis) were warmer by
2°C between 200 hPa and 50 hPa but these warm bias was found to be consistent over time result-
ing in a relative bias of £0.5°C. The UTLS temperature showed considerable interannual variability
from 2006-2013 in addition to warming (cooling) trends in the troposphere (stratosphere). The cold
(warm) anomalies in the upper troposphere (tropopause region) was associated with warm ENSO
(El Nifio Southern Oscillation) phase while stratospheric sudden warming (SSW) signals were seen
in stratospheric temperature anomalies. The tropopause also indicated considerable seasonal vari-
ability with its height reaching as high as 18.5 km during the peak monsoon period. PCA (Principal
Component Analysis) decomposition of tropopause temperatures and heights over the basin showed
ENSO accounts for 73% of the interannual variability with a correlation of 0.77 with Nifio3.4 in-
dex whereas the quasi-biennial oscillation (QBO) explains about 10% of the variability. The largest

tropopause anomaly associated with ENSO occured during winter, when ENSO was at its peak. The
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largest anomaly was recorded during the last major El Nifio event of 2009/2010, where tropopause

temperature (height) increased (decreased) by about 1.5°C (300 meters). In general, we observed a

decreasing (increasing) trend in tropopause temperature (height) during the last 8 years.

1 Introduction

The upper troposphere lower stratosphere (UTLS) region (400 hPa - 30 hPa) is characterised by step

changes in static stability (temperature lapse rate) with large gradients in a number of radiatively

active trace gases, including ozone and water vapour (Reid and Gage], [T985} [Randel et al.| [2000).
The variability and changes in temperature the-vertical-struetare of the UTLS region plays an im-

portant role in regulating the exchange of water vapour, ozone, and other trace gases between the
troposphere and the stratosphere, which is important for the dynamical and radiative balance of the
atmosphere. Observational evidences from balloon-borne radiosondes (1950 onwards) and satellite-
based measurements (1979 onwards) suggest that the troposphere has warmed considerably over the

past decades with substantial cooling in the lower stratosphere (Karl et al.}, 2006} [Bindoff et al.} 2013}
[Cott et all}, 2013} [Thorne et al 2013). Much of this temperature changes has been attributed to the

anthropogenic emissions of the well-mixed greenhouse gases, which are consistent with trends from

climate model simulations (e.g.,[Lott et al., 2013}, [Santer et al., 2008). provideskey-insights-into-the

the-surface-temperaturefluetuations The fropopause, which marks the separation between the two

boundary layers in the UTLS region is of special importance for understanding the transport of water

vapour into the stratosphere and exchange of ozone between the two layers (Randel et al.}[2000). On
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the other hand, the height of the tropopause is affected by the heat balance of both the troposphere

and the stratosphere. For instance, warming of the troposphere due to increasing green house gas

concentrations raises the tropopause. Thus, changes in the height of the tropopause provide a sensi-

tive indicator of climate change including human effects on climate. and-is-akey-indicator-of global
el-rm&te—eh&nge(Santer et alL 0035],@, 2008)). dvue—teq{-s—rele—m—trepespheﬂ&sm%espheﬂee*ehaﬂge

While there is are increasing evidences in the recent changes amﬁhﬁea{-ma—ef—glebal—aﬂd-fegieﬂa}

in the vertical structure of the UTLS region trepesphere-and-thelowerstratosphere including warm-
ing (cooling) tropopshere (stratosphere) and ozone depletion (see, e.g., Bindoff et al., 2013} [Lot|

2013)), large observational uncertainties still exists in radiosonde measurements over the South
Asian continent (specifically over India), which has been highlighted over the years (e.g.,[Das Guptal

et al 2005}, [Sun et al] 2010} [Kumar et all 2011} [Ansari et al] [2013). espeeialty-in-the- UTES+e-
sion-due-to-limited-observations: Previous studies have reported anomalously large warm biases in

radiosonde observations over India and some stations have been recently updated by the Indian Mete-

orological Department (IMD) with Global Positioning System (GPS)-based radiosondes to improve
their observational skills (see, [Kumar et al] 20TT)). [Ansari et al] (2015)) reported that GPS-based
radiosonde temperature data have improved by many-fold from a bias of 2.6-5.0°C to -0.1-0.1°C.

However, our analysis based on 18 radiosondes (15 conventional and 3 GPS-based sondes) over In-
dia from August 2006 to December 2013 showed that GPS-based radiosondes still exhibited large
warm biases against the COSMIC RO data and anomalously high variations in the UTLS region.
The biases were however found to be reduced by more than half from 2.72°C to 1.20°C. As a result,

trends in upper air temperatures might be of limited quality, thus, affecting the climate change attri-

bution studies over the region (Seidel et al., 2011} [Steiner et al. HQTI'[) Rad&eseﬂdes-eaﬂ—hafd-l-y—reaeh

In order to improve on these limitations, a more robust space-based technique known as the Global

Navigation Satellite System (GNSS) radio occultation (RO) (e.g., Melbourne et all,[1994;[Ware et al ]
1996}, [Kursinski et al, [1997; [Awange] 2012)) has emerged as an important climate monitoring system
over the past decade (see e.g., 2011}, and reference therein). GNSS RO technique utilises the

time delay information of the occulted GNSS signals, which passes through the atmosphere and is
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received by Low Earth Orbiting (LEO) satellites. The primary observables stobservable are GNSS
phase path and signal amplitude, which can be subsequently converted into atmospheric profiles
(of e.g., refractivity, temperature) using the assumption of spherical geometry of refractivity (e.g.,

Melbourne et all, [1994}; Rocken et all, [1997). Nowadays, the retrieved bending angles can be di-

rectly applied in climate- and weather-related studies, thereby introducing less uncertainty in the

observation system (see, e.g., [Lewis|, 2009} [Schmidt et al.l [2010). The use of GNSS RO data is ad-

vantageous since it provides 24-hour global coverage, high vertical resolution, and highly accurate
profiles of the upper-tropospheric/lower-stratospheric (UTLS) region (see., e.g.,
[Khandu et al.| 201T)). Several studies have demonstrated the usefulness of GNSS RO in improving
numerical weather prediction (NWP) forecasts (e.g.,[Healy and Thépaut, [2006}; [Cucurull et al 2007}
[Poli et al.| [2008] [2010)), climate studies (Foelsche et al.| 2008}, [Schmidt et al. [2010}; [Steiner et al.]

2013 and space weather/ionospheric research and operations (e.g., [Cee et al| 2012} [Zhang et al.
2014)) over the past two decades. The number of RO profiles have has increased substantially over

the past years with the launch of several GNSS RO missions enabling wider applications in regional
studies (see, e.g., @]) For instance, the joint Taiwan-US mission Constellation Observ-
ing System for Meteorology, Ionosphere, and Climate (COSMIC)/FORMOSA Satellite Mission 3
(COSMIC/FORMOSAT-3, hereafter, COSMIC) (Anthes et al., [2008) has recorded about 1500 RO
soundings per day globally with 70-90% of the soundings reaching within one km of the Earth’s

surface since August 2006.

Several studies have analyzed the long-term variations of temperature in the UTLS region such
as annual, monthly, seasonal, and interannual variations using observations from global network of
radiosondes, satellite-based measurements, and global reanalysis including the various aspects of
tropopause characteristics (e.g., [Reid and Gagel [[985} [Randel et al} 2000} [GetteIman et al 2001}
[GetteIman and de F. Foster, [2002} [Santer et al} 2003a], [b; [Seidel and Randell, 2006} [Wilcox et al.}
[20TT} [Cott et al.l 2013)). Large-scale temporal variability of the tropopause is dominated by an annual
cycle and longer-term interannual variability associated with large-scale ocean-atmospheric circula-
tion phenomenon such as El Nino Southern Oscillation (ENSO, and stratospheric
zonal wind variations, also known as quasi-biennial oscillation (QBO, [Baldwin et al] [2001)). The
ENSO mode is depicted as a dumbbell pattern in the central Pacific (Randel et al| 2000} [GetteIman|
[200T) while QBO mode is a symmetrical structure across the equator (Randel et al [2000).

Over the Indian monsoon region, [Kulkarni and Vermal (1993)) found that the composites of mean

tropopause height was significantly higher for good monsoon years, which coincides with the cold
ENSO events. With the increasing record of GNSS RO record both in time and space, it is now
possible to infer decadal temperature trends in the UTLS region and the tropopause with a struc-
tural uncertainty of less than 0.06°C in the tropics and mid-latitudes (Steiner et al [2013). Based
on the approximately 9 years of GNSS RO data from CHAllenging Minisatellite Payload (CHAMP,
2001-2008 [Wickert et al} 2001)), Gravity Recovery And Climate Experiment (GRACE, 2006-2009
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Wickert et al] [2009) and COSMIC (2006-2009), [Schmidt et al| (2010) found an increase of global

tropopause height (5-9 m/year) with an upper tropospheric warming and a lower stratospheric cool-

ing. In general, the tropopause height variations are positively (negatively) correlated with upper

tropospheric (lower stratospheric) temperature variations.

From the hydrological perspective, the Ganges-Brahmaputra-Meghna (GBM) river basin in South
Asia is a complex region consisting of the Himalayas (in the north) and vast alluvial flood plains
(in the south) and and also consists of the world’s third largest freshwater outlet
[2004). The highly seasonal southwest Indian monsoon lasts from June to September with the
rest of the period remaining relatively dry. While short-term variations in monsoon are associated
with deep convective activities and horizontal advection through cold trap regions, modulation by
equatorial planetary waves (e.g.,[Mehta et al} [2010), long-term variations are modulated by ENSO
and the Indian Ocean Dipole (I0D, [T999) mode, another large-scale coupled ocean and

atmosphere phenomenon in equatorial Indian ocean. The two modes (ENSO and 10D) generally

have opposite effects over the region in terms of the precipitation with lower than normal rainfall

during warm ENSO phase (also called El Nifio) and higher than normal rainfall during positive IOD

events (e.g.,[Ashok and Sajil 2007, [Krishnamurti et al} 2013)). The surface air temperature was found

to be warmer in summer during El Nifio events while winter and spring surface temperatures were
found to be mainly induced by Indian Ocean sea surface temperature (SST) anomalies
[2014). Although relatively new, it is likely that IOD mode may have a significant impact on
the variability of temperature in the UTLS region due to their significance on the regional atmo-

spheric process.

ber-Previous studies have suggested that tropopause heights could be used as an additional indicator

of Indian monsoon due to its high correlation with rainfall in May (Kulkarni and Vermal [1993). The

rising mountains along the southern foothills of the Himalayas act as barriers to the Indian monsoon
generating deep convection along the Himalayan fronts, which may affect the spatial variability of
tropopause parameters such as temperatures and heights. The growing population and expanding
industrialisation in and around the GBM basin are the major source of atmospheric pollution and
greenhouse gases (GHGs), and a key modulator of the UTLS region including the tropopause
[fam et al] [2009} [Lau et al [2009). Thus, long-term self-calibrated GNSS RO data from various
RO missions will help to provide valuable information on the regional climate change in future as
indicated by several studies (see, e.g.,[Schmidt et al} 2008} [Steiner et all, 2011} 2013).

The objective of this study is to examine interannual variability of temperature in the UTLS re-

gion over the GBM basin using approximately 8 years of monthly accumulated RO data from the
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COSMIC mission (August 2006- December 2013), together with global reanalysis fields from Eu-
ropean Centre for Medium-Range Weather Forecasts reanalysis (ERA-Interim, 2011) and
Modern-Era Retrospective Analysis for Research Application (MERRA, [Rienecker et al}[201T). Re-

analysis products have proven to be very useful in understanding the thermodynamics of the lower

atmosphere as well as the tropospheric-stratospheric exchange process by assimilating observations
from various platforms including radiosondes, wind profilers, air crafts, and satellites measurements
(Poli et al 2010t Dee et al} 20TT}, [Rienecker et al., 201T). While the primary goal for ERA-Interim

has been to address several difficult data assimilation problems in ERA-40 mainly relating to the rep-

resentation of the hydrological cycle, the quality of the stratospheric circulation, and the consistency

in time of reanalysed geophysical fields (Dee et al| 2011), MERRA was developed primarily to
improve on various aspects of the hydrologic cycle that were not adequately represented in previous

generations of reanalyses (Rienecker et al|[2011]). ERA-Interim also assimilates refractivity profiles

retrieved from GNSS RO missions from 2001 to reduce temperature biases with respect to radioson-
des in the ERA-Interim background (Poli et al| 2010} [Dee et all, 2011)). Thus, modern reanalysis

such as MERRA and ERA-Interim are expected to accurately capture the interannual variabilities of

temperature in the UTLS region for the most recent decade. Fhis-study-investigates-the-interannual

The remainder of the study is organised as follows. In Section 2] the study region is presented.

This is followed in Section3]by the description of datasets and methods used. ;- with-the-interpolation

S H-USed-toHterpotatetie-poHt—basea OSM RO-datase presented-in-the Appendi The

results are presented and discussed in Section[d} and Section [5]concludes the study.

2 Ganges-Brahmaputra-Megha Basin

The GBM river basin in South Asia is a combination of three medium to large river basins, namely,
Ganges basin (907,000 km?), Brahmaputra basin (583,000 km?) and the Meghna basin (65,000
km?) (Chowdhury and Ward, 2004). This transboundary river basin with an elevation range from




205

210

215

220

225

230

235

the sea level to more than 8,000 m is shared by 5 countries (India (64%), China (18%), Nepal (9%),
Bangladesh (7%) and Bhutan (3%), see, Figure |I[) The GBM river basin with a total surface area
of approximately 1.75 million km? features distinct climatic characteristics owing to its diverse cli-
mate and other factors such as high topographic variations, the Indian Monsoon, and its interaction
with large scale circulations (e.g.,|(Chowdhuryl 2003). For instance, Ganges basin is generally charac-
terised by low precipitation while Brahmaputra and Meghna basins are characterised by high rainfall
amount (Mirza et al.l [1998)). The Himalayan fronts (e.g., Meghalayan Plateau) act as an immediate
barrier to the summer monsoonal flow and are usually characterized by pronounced rainfall along

the Himalayan fronts and across the southern foothills (Barros et al.|[2004).
[FIGURE [] AROUND HERE.]

The atmospheric conditions over the basin are largely controlled by the monsoonal circulation
during summer (e.g., [Kripalani et al., |2007), which is often modulated by global and regional large-
scale climate variabilities such as ENSO and IOD (e.g.,|(Chowdhury}, |2003; |/Ashok and Saji, [2007)).
The impact of global warming and regional climate change arising from increasing population and
rapid industrial and agricultural activities, and landuse changes across the basin may have resulted

in a warmer troposphere over the years (Gautam et al., 2009; Lau et al., 2009).

3 Data and Methods
3.1 FORMOSAT/COSMIC RO Data

COSMIC Level 2 RO data covering the GBM basin (see, Figure [T) for the period April 2006 to
December 2013 was obtained from the COSMIC Data Analysis and Archive Center (CDAAC) at
the University Corporation for Atmospheric Research (UCAR). for-the-period-August 2006-to-De-

cember2013-was-used-in-this-study.. CDAAC maintains an archive of RO profiles from all many
previous and existing RO missions including FORMOSAT/COSMIC (2006-2015), CHAllenging

Minisatellite Payload (CHAMP, 2001-2008), Gravity Recovery and Climate Experiment (GRACE,
2006-2015), etc. COSMIC is a six-satellite mission launched on the 14" of April 2006, with the
goal of using GNSS RO data for various atmospheric and weather-related applications (Anthes
et al., 2008)). With an average sounding of around 1,500-2,000 profiles per day (at ~100 m to 1
km vertical resolution and ~300 km horizontal resolution), COSMIC has become a highly suc-
cessful RO mission with high positive impacts especially on the operational weather forecasts (see
e.g., |Anthes et al.l 2008} Ho et al., 2010; |Anthes, [2011) and global atmospheric studies (see e.g.,
Foelsche et al., 2008} |Schmidt et al.,2010). The bending angle (a) with an impact parameter val-
ues (a) derived from Doppler shift measurements from RO can be inverted with an Abel trans-
form to recover refractive index (n) profiles (or refractivity, N = 10“(n — 1)), which are in fact

related to total pressure (P), temperature (7') and water vapour pressure () as shown in [Mel-
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bourne et al.[(1994). For the dry atmosphere (P,,=0) density profiles are obtained from the known

relationship between refractivity and density while pressure and temperature (“dry temperature”)
can be derived using the hydrostatic equation and equation of state for ideal gas (see,
[1994). In the presence of water vapour (especially in the lower troposphere), humidity and
temperature profiles can be obtained using priori information (or background information) such as
numerical weather forecasts. Alternatively, CDAAC also provides a modified refractivity profiles
(called “wet profiles”) using the one-dimensional Variational (1D-Var) method that combine in-

formation provided by GNSS RO and a given priori information in a statistically optimal way (see,

http://cdaac-www.cosmic.ucar.edu/cdaac/status.html). Fherefractivity-(A)-and-temperatore-(F)pro-

ed-from \ opals-are

rredto-a iy o o h W 9 v ZNrof

re-analysis: The wet and dry profiles mainly differ in the lower troposphere due to presence of water
vapour but are highly accurate between 8 and 20 km (see, [Anthes et al, 2008)). The-a-prioriinforma-
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were-not-included-in EEMWE-Kuammar-2040)- In this study, we used both dry and wet profiles of
COSMIC RO to examine their differences over the GBM basin.

The GBM basin recorded 59,419 COSMIC reeeived-a-total-of 35,776 profiles from April 2006 to
December 2013, out of which ~14% were found to be of bad quality. Figure Zh shows the temporal
record of total monthly profiles recorded during the period, averaging to ~576 profiles in a month
from August 2006 to December 2013. The number of profiles drastically went down between late
2010 and 2012 (Figure 2h) due to increasing number of problems in the individual COSMIC satel-
lites (for details, see, http://cdaac-www.cosmic.ucar.edu/cdaac/status.html). at-an-average-of~388
profiles-per-month-(see; Figure2a)- Figure [2b shows the distribution of RO data points at various
pressure (altitude) levels indicating that COSMIC data is able to penetrate deep into the lower tro-
posphere with more than 56% of the profiles reaching at least 850 hPa (~1.5 km above MSL).
Geographical distribution of COSMIC profiles at 850 hPa (~1.5 km), 700 hPa (~3.1 km), 500 hPa
(~6.0 km), and 400 hPa (~7.5 km) in Figure Eh—d indicates that their locations match very well with

the topography of the region (see, Figure [I). shows-the-spatial distributionof COSMIC RO-data-at

A near-complete coverage of the RO data can be seen at 400 hPa (~7.5 km), which corresponds

corresponding to the altitude of Himalayas.
[FIGURE 2JAROUND HERE.]

[FIGURE 3JAROUND HERE.]
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3.2 Reanalysis Products

The temperature profiles of COSMIC RO data over the GBM region were compared with two high-
resolution modern reanalysis products, (a) Modern-Era Retrospective Analysis for Research Appli-
cation (MERRA, [Rienecker et al,[2008)) and European Centre for Medium-Range Weather Forecasts
(ECMWEF) retrospective analysis (ERA-Interim, 201T), both of which were developed to
address specific problems in the previous reanalysis systems. MERRA is is-a-globalre-analysis-data
produced by the state-of-art Goddard Earth Observing System Data Assimilation System, version

5 (GOES-5) general circulation model (GCM) at National Aeronautic and Space Administration
(NASA), US. GEOS-5 assimilates data from a wide variety of observing systems (e.g., in-situ, satel-

lites, etc.)

to produce a consis-
tent set of spatio-temporal meteorological and climatic variables since the beginning of the satellite-
era (i.e., 1979). An improved land-process model known as the Catchment Land Model has been
integrated into the GCM to improve the global hydrological cycle (Rienecker et al.| [2008). GEOS-5

is run at a horizontal resolution of 1/2° x 2/3° (or ~50x70 km) and has 72 vertical layers extending

from the surface through to the stratosphere. Atmospheric variables (e.g., temperature, humidity) are
produced at various temporal scales ranging from 3-hourly at 1.5° x 1.5° (or ~150x 150 km) spatial
resolution), to monthly scales at the nominal horizontal resolution. GEOS-5 uses radiosondes as the
predominant source of information in the model atmosphere, which are further augmented by other
atmospheric sensors such as dropsondes, pilot balloons, and raw radiance measurements from satel-
lites (e.g., Advanced MSU) that are weighted according to their observational error variances (see,

Rienecker et al.l [2008], for details).
ERA-Interim is the latest global atmospheric reanalysis produced by the ECMWF covering the

period 1979 to present (Dee et al| 2011). ERA-interim builds on the previous generation of re-
analyses (such as ERA-15 and ERA-40) at the ECMWF with improved model aspects, more ad-

vanced assimilation techniques (e.g., 4D Variational Schemes) and better land surface model, and
assimilates the latest atmospheric profiles retrieved from the GNSS RO data. The products simu-
lated by ERA-Interim include a large variety of 3-hourly surface parameters, and 6-hourly upper-air
parameters from the surface up to 0.1 hPa (stratosphere), which are reported at 60 vertical lev-
els at ~79x~79 km spatial resolution (or at spectral resolution of T255). Because ERA-Interim
uses newly derived radiosone temperature bias adjustment as well as GNSS RO data, the differ-
ences between ERA-Interim and COSMIC RO are likely to be biased. found that
GNSS RO data helps to reduce temperature bias at the tropopause and stratosphere but found dry-
ing effect in the mean water-vapour content in the tropics in ERA—Interim. Monthly mean tem-
perature at 14 pressure levels from 500 hPa to 10 hPa were obtained from both MERRA (see,
http://disc.sci.gsfc.nasa.gov/daac-bin/FTPSubset.pl) and ERA-Interim (see, http://apps.ecmwf.int/
datasets/data/interim-full-daily/levtype=sfc/) to compare their results with those COSMIC RO data
over the GBM basin.


http://disc.sci.gsfc.nasa.gov/daac-bin/FTPSubset.pl
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/

3.3 Ocean-atmospheric indices

We used three ocean-atmospheric indices namely, (a) El Nifio Southern Oscillation Index (ENSO),
(b) Indian Ocean Dipole (IOD), and (c) quasi-biennial oscillation (QBO) that are commonly associ-
ated with significant fluctuations in UTLS temperatures. ENSO is commonly measured by sea sur-

315 face temperature (SST) anomalies in the equatorial Pacific ocean, typically over (5°N-5°S, 120°-170°W),
which is also known as Nifio3.4 (see, [1990). ENSO events are said to occur if SST
anomalies exceed 4°C for 6 months or more. Warm and cold ENSO phases are referred to as
El Nifio and La Nifia events, respectively, which are represented by anomalous warming of the
central and eastern tropical Pacific (warm phase), and vice versa. ENSO events are marked by

320 significant variations in surface and upper-air conditions such as prolonged droughts and heavy
rainfall events at the surface and anomalous warming or cooling of the UTLS region. Based on
the Nifio3.4 index obtained from the National Oceanic and Atmospheric Administration (NOAA,
see, http://www.esrl.noaa.gov/psd/data/climateindices/list/), three El Nifio events and four La Nifio
events have occurred between 2006 and 2013.

325 10D is measured by difference of SST anomalies between the western (50°E to 70°E and 10°S to
10°N) and eastern (90°E to 110°E and 10°S to 0°S) equatorial Indian ocean, which is also referred
to as Dipole Mode Index (DMI). Positive IOD events are identified by cooler than normal water in
the tropical eastern Indian Ocean and warmer than normal water in the tropical western Indian Ocean
and are associated with a shift of active convection from eastern Indian Ocean to the west leading to

330 potentially higher than normal rainfall over parts of the Indian subcontinent. DMI indices obtained
from |http://www.jamstec.go.jp/frsgc/research/d1/i0d/| indicated four positive IOD events and two
negative I0OD events during the last 8 years. QBO is stratospheric phenomenon characterized by
An east—west oscillation in stratospheric winds over a period of approximately 28 months
[2001). The QBO dominates variability of the equatorial stratosphere and is easily identified

335 as downward propagating easterly (negative) and westerly (negative) wind regimes and commonly
measured by an index computed based on zonal winds at 30 hPa or 50 hPa. A full QBO cycle consists
of westerly and easterly phase. QBO indices at 30 hPa were download from NOAA and during the
period 2006 to 2013, we found three complete QBO cycles.

3.4 Tropopause temperatures and heights

340 Due to the complex chemical composition and its response to the variability of troposphere and
stratosphere, various methods have been used to define the tropopause such as lapse-rate tropopause
(LRT), cold point tropopause (CPT), dynamical tropopause (IPV or isentropic potential vorticity),
ozone tropopause (OT), and 100 hPa pressure level (see, [Holton et al| [T993}, [Pan et al [2004). Of
these, LRT has been identified as a key indicator of climate change as the height of LRT is sensitive

345 to bulk changes in the thermal structure of the stratosphere and the troposphere (e.g.,

10
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2003a; Sausen and Santer} 2003)). Here, we used the LRT (simply referred as tropopause henceforth)
based on definition outlined by the WMO|(1957)): “the lowest level at which the lapse rate decreases

to 2°C/km or less, provided also the average lapse rate between this level and all higher levels within

2 km does not exceed 2°C/km.” Fhe-significance-oftropopause-as-a-climate-indicator-has-beenre-

COSMIC RO data obtained from CDAAC already contain the derived tropopause parameters (height

and temperatre) The-tropopause-heights-and-temperaturesfrom- COSMIC-data-have-alrcady-been
computed-by-EDAAC, while MERRA also provides tropopause temperature and pressure based on
the WMO| (1957) definition. We did not use ERA-Interim here because we believe that assimilation

of GNSS RO data could likely cause bias in trend estimates and variabilities, which will be reported
later. The tropopause height, hyrr (in km) for MERRA was approximated from the tropopause
pressure, p (in hPa) using the following relationship (PSAS| [2004):

higrr = 44330.8 — 4946.54 x p0 1902632, "

3.5 Principal Component Analysis (PCA)

BTLS(subtropical)region-wWith an average of ~576 useful RO profiles per month that are uni-
formly distributed across the GBM river basin since August 2006 (see, Figure [2), COSMIC RO

provides an excellent opportunity to assess examine interannual variability of temperature in the

UTLS region.

2006. Monthly accumulated COSMIC RO data were -must-be interpolated to a spatial resolution
of 0.5°x0.5° over 14 standard pressure levels from 500-10 hPa (or 7.5-31 km) using the ordinary

kriging method (see details in the supplementary material). griddedfor-each-month-over-theregion

method-(details-in-the Appendix)- The geostatistical kriging methods have been shown to be more
robust and spatially more reliable than other exisiting methods such as inverse-distance-weighting,

Thiessen Polygons (see, e.g., Goovaerts, 2000;[Zhang and Srinivasan, 2009). The- UFLS-temperatare

o he MERRA_J ere ned-b e oo the = m o O SN d a he me
ata—w y—avera ay a ata a
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time-pertod- To study the interannual variations of temperature at various pressure levels, monthly
temperature at each grid cell were deseasonalized by removing the time mean from each month. We
also applied Principal Component Analysis/Empirical Orthogonal Functions (PCA/EOF,
[1956}, [Preisendorfer} [T988) to the deseasonalized tropopause height and temperature to extract mul-

tiple variability modes associated with various atmospheric-oceanic mechanisms. PCA (hereinafter)

is one of the widely used data exploratory tools used in atmospheric/oceanic science that allows for
a space-time display of spatio-temporal data such as temperature in here, in a very few modes. PCA
is multipurpose and have been used to study the impact of ENSO and QBO modes at various levels
of the atmosphere including the tropopause (see, [Randel et al} [2000} [GetteIman et al.} [2001). The

central idea of PCA is to find a set of orthogonal spatial patterns (or EOFs) along with a set of as-
sociated uncorrelated time-series or principal components (PCs) that captures most of the observed
variance (expressed in %) from the available spatio-temporal data (e.g., temperature). In summary,
the EOF decomposition can be written as X ¢ ) = P(t,n)Eﬂ(rs’n) where Xy ¢ is the space (s)-time
() data with its time-mean or annual cycle removed, E s .,y contains the EOFs with n number of
retained modes, and P (¢ ) are the PCs obtained by projecting the original data (X4 s)) on the or-
thogonal base-functions Es ), i.€., P(t.n) = X(t,s)E(s n)- This method can be applied at various

stages of the data in order to find any meaningful links to various dynamics of the climate system

using a subset of PCs.

4 Results and Discussion
4.1 Seasonal and interannual variability of UTLS temperature

First, we compared COSMIC profiles (both dry and wet profiles) with temperature and refractivity
profiles from 24 radiosonde stations across the GBM basin from August 2006 to December 2013
with 18 of them located within the Indian territory. While the results (see, Appendix A) confirmed
those of the previous studies (e.g., [Sun et all 2010; [Kumar et al 2011}, [Ansari et al] 2015) with

anomalously warm bias (up to 4°C) for those old radiosondes (IMD-MK4) over India, results from

recently upgraded three radiosondes (over India) also showed reduced but substantial warm bias (up
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to 2.7°C) with very high standard deviations in the UTLS region (see supplementary material). This
suggests that newly installed GPS-based sondes still did not achieve the standard that is shown by
other radiosonde types despite their recent acceptance in the global weather assimilation systems
(see, [Kumar et al, 201T)). This further highlights the importance of using RO data in both global

assimilation systems and climate variability studies to improve our understanding of upper atmo-
spheric conditions and weather forecasts over the region.

Figure @] shows the regional mean temporal evolution of UTLS temperature with each time series
plotted as anomalies (time mean removed). The temperature anomalies scale between +6°C and
shows largest anomalies above 50 hPa (in the lower stratosphere) and below 200 hPa (in the upper
troposphere). A strong seasonal cycle is evident in the lower troposphere (below 200 hPa) and the
stratosphere (above 70 hPa) whereas the seasonal cycle is found to diminish at the tropopause region
(150-70 hPa) in some years (2008/2009, 2011/2012). The three datasets (COSMIC, MERRA, and
ERA-Interim) agree very well above 200 hPa where water vapour is negligible. Below 200 hPa, how-
ever, COSMIC “dry” profiles (Figure [fh) show anomalously cold bias compared to the reanalysis
products (Figure fp-c), where priori information (background data) is required to retrieve humid-
ity and temperature profiles. The relative difference between COSMIC RO and reanalysis products
were found to be very similar with 1.23°C and 1.22°C for MERRA and ERA-Interim, respectively
between 200 hPa and 70 hPa while the differences between MERRA and ERA-Interim was £0.5°C.
The annual cycle of temperature was plotted for four pressure levels: (a) 200 hPa, (b) 100 hPa, (c) 70
hPa, and (d) 50 hPa in Figure [B]to estimate absolute bias in reanalysis products. The seasonality of
temperature was captured very well at all pressure levels with MERRA and ERA-Interim showing
warm bias at all pressure levels. Both the reanalysis products showed warm bias during monsoon
period (by ~ 1°C) in the troposphere (200 hPa, Figure [3h), consistent warm bias at 100 hPa (often
used as proxy for tropical tropopause, Figure p), and by up to 2°C at 70 hPa (Figure [5k). The two
reanalysis products showed quantitatively similar patterns except at 100 hPa where ERA-Interim
showed smaller bias with COSMIC RO during the monsoon period, probably due to assimilation of
GNSS RO data.

[FIGURE 4 AROUND HERE.]
[FIGURE [5{AROUND HERE.]

Interannual variations were also captured during the last 8 years with relatively lower temperature
in the troposphere in 2009/2010 winter and early 2013, and low stratospheric temperature during
2007/2008, 2008/2009, and 2012/2013 winters. These variations are clearly shown by removing
their mean annual cycle as shown in Figure@where warm (2006/2007, 2009/2010, and 2010/2011)
and cold (2007/2008, 2008/2009, 2011/2012, and 2012/2013) temperatures were recorded at various
levels in the stratosphere. A very warm (up to 1.5°C) temperature was also recorded at the tropopause
level in 2006/2007, 2009/2010, and 2012/2013. These warm/cold anomalies are mainly driven by
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various atmospheric/oceanic phenomenon that affect the global climate including the troposphere
and stratosphere e.g., ENSO, QBO, and possibly local SST anomalies. The warm anomalies at the
tropopause level during 2006/2007, 2009/2010, and 2012/2013 coincides with warm (El Nifi) ENSO
phase, while anomalously warm temperatures during 2009/2010 and 2010/2011 coincides with the
stratospheric sudden warming (SSW) events. SSW are stratospheric events where polar vortex of
westerly winds in the winter polar region (Northern Hemisphere) slows down or even reverses di-
rection over the course of a few days, which are accompanied by sudden rise in stratospheric tem-
perature by several tens of °C (e.g., [Hansen et al| [2014). These anomalously warm temperatures

in the upper stratosphere (above 30 hPa) were associated with very cold temperature anomalies be-

tween the tropopause and 50 hPa with a decrease of about 5°C from its temporal mean during the
2008/2009 strong SSW event. The results are consistent with those from (Resmi et all} [2013)), who

used ERA-Interim and observations from six radiosonde stations across India. Their study also found

that surface temperatures react strongly to these major SSW events. All the three datasets showed
quantitatively similar interannual variations at all pressure levels from 500 hPa to 10 hPa indicat-
ing that both MERRA and ERA-Interim products were of considerably high quality despite their
low vertical resolution. This consistency has also been already noted in ERA-Interim by
o olobal soale, Fisure-9-shows-the-seasonal-vartability-of temperature-in-the UTLS

The stratosphere responds to major global climatic events such as Brewer-Dobson circulation, solar
radiations, and natural and man-made aerosol forcings (e.g., Fueglistaler et al., 2009), and have been

found to influence global weather conditions in the lower troposphere (e.g., [Foelsche et al.| 2008}
Seidel et al| [2011) including persistent occurrence of thin cirrus clouds over the Indian subcontinent

(see, [Sridharan et al| 201T)). The

[FIGURE [6) AROUND HERE.]

We also plotted temperature anomalies at (a) 200 hPa, (b) 100 hPa, (c¢) 70 hPa, and (d) 50 hPa in
Figure[7p-d together with ocean-atmospheric indices in Figure[7e. The 200 hPa temperature anoma-
lies clearly shows the influence of 2009/2010 El Nifio event (Figure [7h) with a decrease of ~1.5°C
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in January 2010. The 2009/2010 El Nifo event commenced in May 2009, reaching its peak in late
December 2009 before slowing down in the first quarter of 2010. The tropospheric (200 hPa) tem-
peratures are negatively correlated with 100 hPa, which is visible especially during the major ENSO
events of 2009/2010 (Figure[7p). The 100 hPa level, which is often used as proxy for tropopause, also
shows some pattern of QBO in 2008/2009 and 2010/2011. However, it indicated warm temperature
in 2013 despite continuing periods of negative QBO. The temperature anomalies at 70 hPa and 50
hPa (Figure[7k-d) primarily indicates the temporal structure of major SSW events that were observed
in Figure@ One major SSW event (in 2009/2010) and two major SSW events (2010/2011) have oc-
curred during the last 8 years, which is clearly seen at 50 hPa (lower stratospheric layer considered
to be very close to the onset of QBO). The stratospheric temperature anomalies at 70 hPa and 50
hPa also shows a decrease of temperature by about 1°C in 2007, which did not correspond well with
any of the indices. Correlation coefficients between temperatures at these four pressure levels and
atmospheric/ocean indices given in Table[I]indicates that ENSO dominates its influence in the UTLS
region showing maximum influence in the tropopause region with a correlation of 0.82 (for lag of
1 month). Warmer (colder) SST leads to stronger (weaker) convection resulting in colder (warmer)
tropopause temperatures and are negatively correlated with tropospheric temperatures. The correla-
tion results were reported only for COSMIC RO as both MERRA and ERA-Interim were found to
be highly skillful in depicting the interannual variability (see, Table[T).

[FIGURE [J]JAROUND HERE.]

It is worth mentioning that IOD mode was found to be significantly correlated (at 95% confidence
interval) to the ENSO mode during the period 2006 to 2013 with a correlation coefficient of 0.42.
Nevertheless, the relationship between IOD and temperature is significant only in the troposphere
where convection is maximum. For example, correlation between IOD and 200 hPa was -0.42 (see

Table[T) whereas it increased to -0.53 at 400 hPa. Temperature at 100 hPa (or the proxy tropopause)

Jlevel generally provides a good approximation of the QBO signal (e.g.,[Reid and Gagel [T985} [Randel|

et al} 2000} [Liang et al.} 20TT)) such that its correlation was reported as high as 0.86 over the equato-
rial region from 2004 to 2010 (see, [20TT). However, the relationship between QBO and

temperature at 100 hPa was was found to be negative and substantially low, which could be due to

prolonged westerly phases from June 2008-January 2010 followed by a step easterly phase peaking
in June 2010. The correlation between QBO and 100 hPa temperature was 0.47 and reaches to 0.53
at 50 hPa, both of which are still statistically significant at 95% confidence interval. The relationship
between QBO and Nino3.4 diminished after mid-June 2009 implying that its influence over tropo-

sphere upwelling in the Indian monsoon region (see e.g., [Chattopadhyay and Bhatla] 2002} [Resmi

et al|[2013} [Ciang et al| 2011)) may have also altered due to stronger easterly phases and prolonged
westerly phases.

Trends in temperature were calculated from the deseasonalized temperature anomalies using the
non-parametric Sen’s slope estimator 1968)) and their significance were tested at 95% confi-
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dence level using the Mann-Kendall’s non-parametric test (Mann| [1945}, [Kendall, [T962)). The linear
trends estimated from four pressure levels shown in Figure[J]is given in Table [J] Based on Figures
[7h-d, we found a slight increase in temperature (0.02:£0.02°C based on COSMIC RO) in the upper
troposphere (at 200 hPa level), although not significant, and decrease in temperature (-0.0440.05°C
based on COSMIC RO) at the tropopause level (indicated by the 100 hPa level). We found a pro-
nounced cooling (-0.07+0.05 based on COSMIC RO) at 70 hPa level compared to 50 hPa level
(-0.0240.04°C, also based on COSMIC RO) during the past 8 years. This warming (cooling) of

the troposphere (stratosphere) has been well simulated by the global climate models (GCMs) and is
believed to be in response to the increasing concentrations of greenhouse gases (e.g.,

2005}, TPCC|, [2007; [Santer et al.| 2008} TPCC|, 2013}, [Cott et al.} [2013)). These trends were also found

to be very consistent in the two reanalysis products (MERRA and ERA-Interim) except at 100 hPa

level where MERRA data did not show any trend (see, Table[2)). The uncertainties in trend estimates

were relatively larger than the trend themselves due to the short time-span but nevertheless the trends

are clearly visible at different levels (see Figure[7).
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4.2 Trends and variability of tropopause heights and temperatures

While it is possible to derive interannual variability of the tropopause based on the 100 hPa level,

Seidel et al| (200T)) reported that it is a poor surrogate of tropical tropopause due to significantly

lesser spatial and temporal variability than the heights of the LRT and CPT. In particular, their
study also showed that 100 hPa level resides in the stratosphere during the northern hemisphere
(NH) summer and in the troposphere during the NH winter, thus, indicating warmer temperatures
than LRT and CPT. In this section, we use PCA to examine the variability of tropopause (i.e., LRT
tropopause) parameters (temperatures and heights) from COSMIC RO and MERRA over the GBM
basin. The spatial domain shown in Figure [T] falls within the tropics and the subtropics where the
tropopause height (temperature) is considered to be around 16 km (~-82°C close to the equator)
(e.g.,[Reid and Gagel [T985} [Randel et al. 2000} [Seidel et al} [200T)). The annual mean and standard

deviation of tropopause temperatures and heights over the region are plotted in Figures [§] and [J]

to show the spatial variability of the tropopause. The tropopause is generally colder (higher) in
south (closer to the equator) reaching a minimum (maximum) of -81.5°C (16.9 km) over southern
Myannmar (Figures[8h and[Pp). While the temperature gradually increases from south to north (from
-81.5°C t0 -69.5°C, based on COSMIC RO in FigureBp), its heights are more or less homogenous at
around 16.8 km below 29°N with its boundary roughly falling on the northern boundaries of Bhutan.
However, its height changes steeply by around 2 km from 29°N to 35°N, which also indicated the
highest standard deviation (~1.8 km, Figure[Dp). In this region, the standard deviations of up to 6°C
were recorded in COSMIC RO data (Figure @)).

[FIGURE [§JAROUND HERE.]
[FIGURE 9 AROUND HERE.]

The tropopause over the GBM basin often reaches as high as 18 km in response to the Indian
summer monsoon when intense convective activities occur and as low as 10 km in winter due to weak
convection. The spatial patterns of tropopause shown by MERRA were consistent with COSMIC RO
but were found to be more zonally homogenous, warmer (by up to 4°C in the north) and lower (by
~1 km) over the region. This warm bias was also observed in ERA-Interim at 100 hPa (see Figure
[Bb) but was lower than MERRA especially during the monsoon. The impact of warm (and lower)
tropopause in the relanalysis over the region could perhaps lead to underestimation of monsoon
rainfall as higher tropopause indicate deeper convection and thus, more rainfall. The annual cycle

of tropopause temperatures and heights of COSMIC RO and MERRA are shown in Figure[I0] The
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area-averaged temperatures (heights) of COSMIC RO reaches minimum (maximum) in June while
635 MERRA shows large (but consistent) warm bias (1.0-2.5°C) and significantly lower height (by up
to 1.2 km from May to December). MERRA also shows tropopause temperature minimum in July
instead of June (Figure[IOh). The bias in tropopause height may partly related to our approximation
based on Eq. [I] but it should be noted that errors in tropopause heights cause large errors in its
temperature due to the lapse-rate criterion. The warm bias in observed in reanalysis products were
640 thought to mainly stem assimilation of large observations from aircrafts and satellites (see e.g.,Dee
et al.| [2011] and references therein). The uncertainties in temperature and height indicated by error
bars in Figure [I0] shows that there are large variations in tropopause (temperatures and heights)

especially during winter and spring and could be related to dirunal variations (Mehta et al.l [2010)).

[FIGURE [10] AROUND HERE.]
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The annual cycle was removed from each grid cells to examine the interannual variability of
tropopause parameters and linear trends were also calculated based on area-averaged time series
anomalies over the period August 2006 to December 2013. The linear trend estimates and their un-
certainties are given in Table[3] In general, tropopause appears to be cooling (increasing) at rate of
—0.039+0.05°C (6.01£5.02 meters) during the period (see Table EI), which is to some degree re-
flected in the MERRA product. However, MERRA shows negligible cooling compared to COSMIC
RO whereas its height increase is exaggerated and are not consistent with the temperature decrease.
The increasing (decreasing) tropopause heights (temperatures) has been consistently observed in
GNSS RO retrieved parameters over the years at both global and regional scale (e.g.,
[2008] 2010t [Khandu et al] 201T), which is evidently in response to ehnanced warming in the upper

troposphere and substantial cooling in the lower stratosphere.
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To study the influence of global ocean-atmospheric phenomenon such as ENSO, QBO, and 10D

on the interannual variation of tropopause heights and temperatures, we applied PCA the detrended
temperature (and height) time-series anomalies to extract multiple leading modes of variability. PCA
is particularly relevant here because tropopause is a transitional layer that responds to perturbations
from both the troposphere and stratosphere, which makes it difficult to understand their variability
modes. Figure [TT] shows the EOFs (or spatial maps) for the first three leading modes of variability.
The first EOF accounts for variability of ~73% (COSMIC RO) and 63~% (MERRA) indicating
positive anomalies (up to 1.1°C) across the GBM basin. The spatial patterns of EOF 1 appears rather
symmetric about 29°N in COSMIC RO but seems to be shifted slightly southwards in MERRA
(Figures [TTh and [TIH). Its corresponding PC shown in Figure [IZh is found to be highly correlated
with Nifio3.4 index at 0.77 (COSMIC RO) and 0.78 (MERRA) with a lag of one month. Thus, the
impact of ENSO is found to be maximum over the Himalayan region. We also found statistically
significant correlation between PC 1 and IOD with a correlation of 0.35 for both COSMIC RO and
MERRA (with a lag of 2 months) indicating that positive IOD events induces cooler tropopause. The

correlation coefficients are provided in Table ]
[FIGURE 1 AROUND HERE.]
[FIGURE (12 AROUND HERE.]

The second EOF (Figures[TTp and[TTk) shows a diagonal (dipole) pattern with positive (negative)
anomalies in the northwest (southeast) and accounts for ~10% (COSMIC) and ~18% (MERRA) of
variability. It’s corresponding PC was found to be correlated with the QBO index at 0.40 (COSMIC
RO) and 0.53 (MERRA) (at zero lag). It is not surprising that the relationship between PC 2 and
QBO is rather low compared to the equatorial (or tropical) tropopause since the impact of QBO is
maximum around the equator (between +15°). However, it is interesting to find that its impacts are
diagonal over the region (from 2006-2013), which usually is symmetric around the equator (e.g.,
[Reid and Gagel [T985} [Randel et al.} 2000} [Gettelman et al |, 2001). QBO is a well-known interannual
signal observed in the tropical tropopause parameters such as tropopause responds to stratospheric
variations to maintain the thermal wind balance. [Liang et al| (2011)) found a correlation of 0.86
between QBO and temperature anomalies (at 100 hPa level) in the equatorial region. The third EOF
(Figure [TTk and [TTf) explains about 5% (COSMIC RO) and 10% (MERRA) of the variability and
shows positive (negative) anomalies below (above) 30°N, although MERRA shows a diagonal dipole

pattern similar to EOF 2. Their corresponding PCs were found to be moderately correlated with

ENSO and 10D but not QBO.
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The tropopause heights are negatively correlated with their their temperature and therefore, should
vary inversely with its temperature, i.e., increase in tropopause heights with drop in temperatures.
The first three leading EOFs are shown in Figure[T3]and their corresponding PCs are plotted in Fig-
ure [T4] While tropopause temperatures shows maximum variation along 29°N, tropopause heights
shows largest anomalies above 25°N (Figures [[3h and [I3{) in response to ENSO events indicating
that its impacts are felt mostly in the subtropics. The correlation (see, Table ) between PC 1 and
Nifio3.4 index was -0.74 (COSMIC RO) and -0.75 (MERRA). IOD also shows a modest relation-
ship with a correlation of around 0.37 for both the datasets. The QBO structures over the region is
rather complicated and difficult to explain but nevertheless follows its temperature pattern as shown
in Figures [[Tp and [TTk. The correlation between PC 2 and QBO index was higher for MERRA
(0.53 at zero lag) compared to COSMIC RO, which did not capture the QBO signals very well.
Nevertheless, it shows a modest correlation (0.36 at zero lag). We also computed trends based on
the extracted ENSO and QBO modes but no significant trends were detected in tropopause temper-
atures and heights. Thus, decreasing (increasing) tropopause temperatures (heights) may be related
to tropospheric warming (as evidenced by enhanced cooling at 200 hPa level) that could be induced
by increasing concentrations of greenhouse gases. Since ENSO and IOD are somewhat related (see,
also[Ashok and Saji| [2007), it is difficult to separate the two modes in tropopause parameters but it

should be noted that ENSO events dominate the tropopause variability in the region with maximum

impacts in the subtropical region.
[FIGURE I3 AROUND HERE.]
[FIGURE 1[4 AROUND HERE.]

To show the influence of ENSO mode on the tropopause, we have plotted the seasonal mean time-
series anomalies of tropopause temperatures and heights in Figure [T3] Seasonal mean anomalies
were obtained by multiplying EOF 1 and PC 1. Figure [I3] shows that ENSO influences tropopause
mainly during the winter (e.g., 2009-2010, 2012-2013) (when ENSO was at its peak). Neverthe-
less, it should be mentioned that maximum impact was also felt during autumn (in 2007 and 2011)
and spring (in 2008) during both El Nifio and La Nifia periods. The largest anomaly was found in
2009/2010 winter where tropopause temperature (height) increased (decreased) by about 2°C (300
meters) due to a major El Nifio event. La Nifia periods (e.g., 2007/2008, 2010/2011) are mainly
associated with above normal rainfall in the GBM basin, which is also associated with deep convec-
tions in the troposphere (see Figure[I3). This deep convections are associated with colder and higher
tropopause. QBO and SSW events are also closely related such that it also induces large tropopause
perturbations, which is especially evident in PC 2 (Figures [[2p and [T4p) where tropopause showed
maximum amplitude in 2008/2009 early spring.

[FIGURE [T5] AROUND HERE.]
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Several GNSS RO missions were launched in the past decade delivering thousands of te-previdehigh-
quality glebal observations of the Earth’s atmosphere (ionosphere, stratosphere, and troposphere)
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for various weather and climate applications. This study examined the interannual variability of tem-
perature in the UTLS region including tropopause temperatures and heights as-wel-as-the-tropopause
over the GBM river basin in South Asia based on using 89 months (August 2006 to December
2013) of COSMIC RO data and two global reanalysis products (MERRA and ERA-Interim). The
GBM basin received a total of 59,419 RO profiles from six COSMIC satellites between April 2006
and December 2013, with an average of ~576 well-distributed profiles/month from August 2006
to December 2013. More than 56% of the profiles reached at least 1.5 km above the mean sea level

height. Radi

afterupgrading-them- While there are substantial absolute warm bias (by up to 2°C at 200-50 hPa
level) in MERRA and ERA-Interim in the UTLS region, they were found to be consistent over time

resulting in a relative bias of +0.5°C. This enabled accurate representation of interannual variability
of the UTLS temperature despite low vertical resolution. In the upper troposphere (at 200 hPa level),
COSMIC RO data (dry profiles) showed a cold bias of around 1°C in the peak monsoon period.
The UTLS temperature showed considerable interannual variability in the past 8 years (2006-2013)
as well as modest changes in tropospheric and stratospheric temperatures. The cold (warm) anoma-
lies in the upper troposphere indicated by 200 hPa level (tropopause region indicated by 100 hPa
level) coincides with the warm ENSO phase (El Nifo events) while SSW signals were seen in the
stratospheric temperature anomalies. In particular, temperature at 200 hPa reduced by ~1.5°C dur-
ing the last major El Nifio event of 2009/2010. The SSW signatures were captured best at 50 hPa
level, which was marked by one major SSW event (2008/2009 winter) and two minor SSW events
in 2010/2011 leading to decrease in temperature at the tropopause region. ENSO has the maximum
influence around the tropopause region (indicated by 100 hPa level) with a correlation of 0.82 (at 1
month lag) while QBO showed maximum influence at the 50 hPa level (with a correlation of 0.53).
The relationship between ENSO and QBO was reported to be considerably high between 2004
and 2008 (see, [Liang et al but has since diminished by mid-2008 due to a persistent westerly
phase that lasted for 21 months from June 2008 to January 2010. Thus, the combined impacts of
ENSO and QBO are not well understood. IOD, although considered to be relatively mild compared
to ENSO, there exists significant correlation between Dipole Ocean Index (DMI) and temperature
at 200 hPa level (with a correlation of -0.42) indicating that IOD impacts are felt mostly in the
troposphere. In general, we found an upper tropospheric warming and lower stratospheric cooling

with highest warming (cooling) at 200 hPa level (70 hPa level). These trends are consistent with
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existing global warming trends and has been documented previously by many studies (see, e.g.,
IPCC| [2007) 2013} and references therein). The trends and temporal variations were well captured
by both MERRA and ERA-Interim. It should be noted however that, trends are more pronounced in

the UTLS region than in the lower tropospheric or the surface (Randel et al. [2000; [Gettelman et al.}

2001} [Seidel et al] 201T]).
The tropopause temperatures and heights derived from COSMIC RO and MERRA were inves-

tigated in detail due to their perceived importance in climate detection and attribution studies (see,
e.g.,[Santer et al.} [2003al, 2008} [PCC], [2007)). The tropopause temperatures gradually increased from

south to north (from -81.5°C to -69.5°C), while the tropopause heights were found to more or less

homogenous over the region (at 16.8 km), although a step decline in heights was observed above
29°N. It should be noted however, that both tropopause temperatures and heights indicated signif-
icant seasonal variability with its height reaching as high as 18.5 km during the peak monsoon pe-
riod. The temperature, as mentioned was found to be warmer (by up to 4°C) and lower (by 1 km) in
MERRA and ERA-Interim products. Trends in tropopause temperatures and heights were consistent
with the overall UTLS temperature (especially the 100 hPa level) trends indicating a decrease (in-
crease) in temperatures (heights). These trends indicate that tropopause is sensitive to global change
and is detectable even on a shorter time period. One potential impact due to increasing tropopause
height is increase in water vapour in the lower stratosphere as it allows larger saturation mixing ratios
to enter the stratosphere.

Using PCA, we extracted the interannual variability modes of the regional tropopause temper-
atures and heights. The results showed continued dominance of ENSO (see e.g.,
[T985], [Randel et al] 2000} [GetteIman et al.} 2001}, [Seidel and Randell 2006}, [Liang et al} 2011) with
anomalies of up to 1.1°C in the subtropics. ENSO explains about 73% (COSMIC RO) and 63%
(MERRA) of the interannual variability, which is preceded by the QBO mode accounting for ~10%
(COSMIC RO) and ~18% (MERRA) of the interannual variability. Their corresponding PCs, par-

ticularly PC 1 shows an accurate representation of the ENSO mode (represented by the Nifio3.4
index) with a correlation of 0.77 (COSMIC RO) and 0.78 (MERRA) while PC 2 was correlated with
QBO at 0.36 (COSMIC RO) and 0.53 (MERRA) against tropopause temperatures. Similar correla-
tion values were found between tropopause height and ENSO/QBO modes but it should be noted
that tropopause heights are inversely correlated with ENSO due to its inverse relation with tempera-
ture. ENSO impacts tropopause temperatures and heights mainly during the winter (e.g., 2009-2010,
2012-2013) (when ENSO is at its peak). The largest anomaly was found in 2009/2010 winter where
tropopause temperatures (heights) increased (decreased) by about 2°C (300 meters) due to a major
El Nifo event. The IOD mode, on the other hand was moderately related to ENSO and hence were
more related to PC 1. A positive IOD event is usually associated with the shift in active convection
from eastern Indian ocean to western Indian ocean, leading to higher than normal rainfall over parts

of the Indian subcontinent and East Africa while severe droughts affect the Indonesian region. Thus,
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positive IOD events should be normally associated with cooler (higher) tropopause temperatures

(heights).
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Table 1. Correlation coefficients between ocean-atmospheric climate indices and temperature anomalies at 200

hPa, 100 hPa, 70 hPa, and 50 hPa for the period August 2006 to December 2013.

ENSO 10D QBO
Pressure Levels
Correlation  Lag (months) | Correlation Lag (months) | Correlation Lag (months)
200 hPa -0.70 0 -0.42 0 0.39 26
100 hPa 0.82 1 0.27 2 0.47 27
70 hPa 0.40 3 -0.35 -4 -0.45 25
50 hPa 0.27 1 0.34 2 0.53 12

Table 2. Trends in temperature (°C) at 200 hPa, 100 hPa, 70 hPa, and 50 hPa for the period August 2006 to

December 2013.
Pressure Levels COSMIC MERRA  ERA-Interim
200 hPa 0.024+0.02  0.0340.03 0.0340.05
100 hPa -0.04+0.05  0.00£0.00 -0.02+0.04
70 hPa -0.07+0.05  -0.04+0.05 -0.05+0.05
50 hPa -0.02+0.04 -0.0140.01 -0.01£0.02

Table 3. Trends in tropopause parameters (temperature and height) based on the area-averaged time-series

anomalies derived from COSMIC RO and MERRA. Data span between August 2006 and December 2013.

Data Temperature (°C) | Height (meters)
COSMIC RO —0.039+0.05 6.01£5.02
MERRA —0.005+0.03 17.00+10.20

Table 4. Correlation coefficients between tropopause parameters (temperature and height) derived from COS-

MIC RO and MERRA and ocean-atmospheric indices for the period August 2006 to December 2013.

COSMIC RO MERRA
Data Temperature | Height | Temperature | Height
Nino3.4 & PC 1 0.77 -0.74 0.78 -0.75
10D & PC 1 0.35 0.37 0.35 0.38
QBO & PC2 0.36 0.36 0.53 0.54
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Figure 1. Elevation of the Ganges-Brahmaputra-Meghna Basin in South Asia. The digital elevation model

is derived from the Shuttle Radar Topography mission (SRTM, http://srtm.csi.cgiar.org). The locations of the

existing radiosonde stations are are shown in circles (black).
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Figure 2. a) Total number of monthly COSMIC RO profiles reported in and around the GBM basin between

April 2006 and December 2013, and b) the corresponding number of data points at each pressure levels 850-30
hPa (1.5-24.0 km).
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Figure 3. a) Spatial distribution of COSMIC data points in the lower troposphere for the year 2012: a) 850 hPa
(~1.5 km), b) 700 hPa (~3.1 km), ¢) 500 hPa (~5.8 km), and d) 400h Pa (~7.5 km).
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Figure 4. Temporal evolution of temperature(°C) with the time mean removed at each pressure level (500-10
hPa) based on (a) COSMIC RO, (b) MERRA, and (c) ERA-Interim. Data spans between August 2006 and
December 2013 and contains area-weighted average over the region (16°N-35°N, 71°E-100°E) covering the
GBM basin. Mean-ai i
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Figure 5. Seasonal cycle of temperature(°C) at (a) 200 hPa, (b) 100 hPa, (c) 70 hPa, and (d) 50 hPa from
August 2006 to December 2013 based on COSMIC RO, MERRA, and ERA-Interim averaged over the GBM

basin.
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Figure 6. Interannual variability of temperature (°C) in the UTLS region based on (a) COSMIC RO, (b)
MERRA, and (c) ERA-Interim from August 2006 to December 2013.
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Figure 7. Interannual variability of temperature (°C) at (a) 200 hPa, (b) 100 hPa, (¢) 70 hPa, and (d) 50 hPa from
August 2006 to December 2013 based on COSMIC RO, MERRA, and ERA-Interim. (¢) Ocean-atmospheric

indices: Nifio3.4, DMI, and QBO are also plotted for reference.

42



a) CdSMIC LR;T Tempei‘ature (méan)

b) COSMIC LRT Temperature (standard deviation)

30N

25N

20N

¢) MERRA LRT Temperature (mean)

30N

25N

20N
75.0E 80.0E 85.0E 90.0E 95.0E 75.0E 80.0E 85.0E 90.0E 95.0E
-85 -80 -75 -70 -65 0 1 2 3 4 5 6

Figure 8. Spatial variation of mean and standard deviation of tropopause temperatures (°C) derived from
COSMIC RO and MERRA product based on 89 months from August 2006 to December 2013. (a) Mean and
(b) standard deviation of tropopause temperatures (°C) from COSMIC RO, (c) mean and (d) standard deviation
of tropopause temperatures (°C) from MERRA product.
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Figure 9. Spatial variation of mean and standard deviation of tropopause heights (km) derived from COSMIC
RO and MERRA product based on 89 months from August 2006 to December 2013. (a) Mean and (b) standard
deviation of tropopause heights (km) from COSMIC RO, (c¢) mean and (d) standard deviation of tropopause
heights (km) from MERRA product.
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Figure 10. Annual cycle of tropopause over the GBM basin computed from MERRA and COSMIC RO data for

the period between August 2006 and December 2013: a) tropopause temperatures, and b) tropopause heights.
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Figure 11. The first three leading EOFs of tropopause temperature (°C) Interannual-variability-of-tropopause
temperatures-and-heights-over- GBM-basin based on MERRA data and COSMIC RO data for the period August

2006 to December 2013;-and-theirrelations-to-major-elimatic-indicesin-theregion.
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Figure 12. The corresponding PCs (temporal components) based on the three leading orthogonal modes shown
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Figure 13. The first three leading EOFs of tropopause height (km) Interannual-variability-of tropopause-tem—
peratures-and-heights-over GBM-basin based on MERRA data and COSMIC RO data for the period August
2006 to December 2013;-and-theirrelations-to-major-climatic-indices-in-the region.
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Figure 14. The corresponding PCs (temporal components) based on the three leading orthogonal modes shown
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Figure 15. Seasonal mean tropopause temperature and height anomalies due to ENSO mode together with the
Nifio3.4 index. The area-averaged time series were obtained by multiplying EOF 1 and PC 1, i.e., basically

showed the replication of ENSO mode.
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