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Abstract: It is well reported that the 2015-16 El Nifio event is one of the most intense and long lasting
events in the 21st century. The quantified changes in the trace gases (Ozone (O3), Carbon Monoxide
(CO) and Water Vapour (WV)) in the tropical upper troposphere and lower stratosphere (UTLS)
region are delineated using Aura Microwave Limb Sounder (MLS) and Atmosphere Infrared Radio
Sounder (AIRS) satellite observations from June to December 2015. Prior to reaching its peak intensity
of El Nifio 2015-16, large anomalies in the trace gases (O3 and CO) were detected in the tropical UTLS
region, which is a record high in the 21st century. A strong decrease in the UTLS (at 100 and 82 hPa)
ozone (~200 ppbv) in July-August 2015 was noticed over the entire equatorial region followed by
large enhancement in the CO (150 ppbv) from September to November 2015. The enhancement in
the CO is more prevalent over the South East Asia (SEA) and Western Pacific (WP) regions where
large anomalies of WV in the lower stratosphere are observed in December 2015. Dominant positive
cold point tropopause temperature (CPT-T) anomalies (~5 K) are also noticed over the SEA and WP
regions from the high-resolution Constellation Observing System for Meteorology, Ionosphere and
Climate (COSMIC) Global Position System (GPS) Radio Occultation (RO) temperature profiles. These
observed anomalies are explained in the light of dynamics and circulation changes during El Nifio.
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1. Introduction

The Upper Troposphere and Lower Stratosphere (UTLS) is one of the important regions of the
Earth’s atmosphere and crucial for the Earth’s energy balance [1]. The redistribution of the water
vapour (WV), ozone (O3) and other chemical species in the UTLS region has a direct impact on the
Earth’s radiation budget. WV acts as a major source of cooling in the upper troposphere whereas O3 is
the main source for the warming in the lower stratosphere (LS). These WV and O3 changes in the UTLS
region can strongly influence the temperature structure of the atmosphere and hence atmospheric
transport [2-6]. The variability in the UTLS trace gases is strongly influenced by several dominant
atmospheric oscillations such as quasi-biennial oscillation (QBO) and El Nifio Southern Oscillation
(ENSO). ENSO is a dominant mode of the inter-annual variability of the tropical troposphere climate.
El Nifio is a warm phase of the ENSO, which is having a strong impact on the global atmosphere.
In general, during El Nifio, enhancement of atmospheric convection and increase of sea surface
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temperatures (SSTs) in the tropical Eastern Pacific (EP) or Central Pacific (CP) generally observed [7].
The opposite signatures are noticed during the La Nifia periods. Due to increase of the convection,
lots of large scale atmospheric waves released into the atmosphere vertically. These waves indirectly
strengthen the Brewer Dobson Circulation (BDC), increasing the upward motion in the tropics and
downward motion in poles in the stratosphere [8]. Due to these circulation changes in the El Nifio
period, tropical troposphere generally warms while the tropical lower stratosphere (LS) cools [8,9].
The warm troposphere allows more WV into the LS in El Nifio events. The negative zonal mean O;
and temperature anomalies in the LS are also evident during the El Nifio period. These anomalies are
attributed to the strengthening tropical upwelling of the BDC in El Nifio period [10,11]. Due to the
warm, high troposphere temperatures in El Nifio period, drought conditions generally observed over
South East Asia (SEA) region with lot of biomass burning and forest fires [12-14]. In addition, more
carbon emissions observed in El Nino period over SEA region, which causes high concentrations of
CO in the troposphere [12-14]. Several previous observational and modelling studies are reported on
the atmospheric composition (mainly on O3, WV and CO) changes during the El Nifio periods [12-16].

The recent El Nifio event in 2015-16 was one of the strongest El Nifio events in the 21st century
satellite era [7]. It is also only one strongest boreal summer El Nino event in the Microwave Limb
Sounder (MLS) record [17]. During this event, several unusual atmospheric changes happened and
were reported well. For example, strong drought conditions were observed over SEA especially over
the Indonesia region and caused a record amount of forest fires and biomass burning in September
and October [18,19]. The carbon emissions that occurred over SEA in 2015 are the largest one since
1997 [18]. Due to these forest fires, a huge amount of carbon was released into the atmosphere in the
form of CO; and CO [18-20]. These trace gases have strong influence on global atmospheric chemical
budget. By using Greenhouse gases Observing SATellite (GOSAT) data, Parker et al. [21] reported the
strong enhancement of CO, and CHy over the Indonesian region. Whitburn et al. [22] observed 3 times
higher amounts of ammonia during this period than in the previous seven years based on satellite
measurements acquired in 2008-2015. It is also well reported that the second half of 2015 witnessed
massive propagation of Rossby waves into the tropics [23,24].

It was also reported that during the 2015-16 El Nifio event, the large anomalies of WV and ice in
the LS were observed in December 2015 over SEA and WP regions [7,25]. This enhancement in WV
was either due to the warm tropopause temperatures [7] or due to the 2015-16 QBO disruption [25].
However, very recently, Diallo et al. [9] argued that the interplay between the El Nino event and the
QBO disruption made an important contribution to the change in the LS WV anomalies during this
event. Another study by Garfinkel et al. [26] discussed the impact of ENSO on the LS temperature
and WV and suggested that the impact is nonlinear in boreal spring whereas linear in boreal winter.
It is well known that most of the WV enters the LS through the tropical tropopause layer (TTL) and
the temperature in the TTL controls the WV entering the LS [27-30]. However, the trace gases such
as CO and Oj variability in the UTLS region during the 2015-16 El Nifio event have not been well
investigated. Oj is a strong radiative gas and plays a significant role on the radiative forcing of the
atmosphere along with CO; [31]. The inter-annual variability of O3 at tropopause level is strongly
dominated by ENSO [32]. The strength of the BDC and SSTs in the equatorial pacific has strong impact
on the O3 anomalies in ENSO events. CO is important for global warming and it acts as a precursor
for CO; and tropospheric O3 and a major sink for OH radicals [33]. It is well established that the
strong enhancement of the CO concentrations during the El Nifio events [7-9]. In the present study,
we present the observed large anomalies of these trace gases in the tropical UTLS region during the
recent strong El Nino event of 2015-16.

2. Data base and Methodology

In the present study, we used version 4.2 level 2 profiles of O3, CO and WV data from Aura MLS
provided by the Jet Propulsion Laboratory along with CO data from Atmosphere Infrared Radio Souder
(AIRS) in order to see the vertical changes in CO during the year 2015. The high resolution temperature
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profiles were obtained from the Constellation Observing System for Meteorology, Ionosphere and
Climate (COSMIC) Global Position System (GPS) Radio Occultation (RO) are used for tropopause
changes. Multivariate ENSO Index (MEI) data obtained from http://www.esrl.noaa.gov/psd/enso/
mei were used as an ENSO index [34,35].

2.1. MLS Data

Earth Observing System (EOS) MLS is one of the four instruments aboard NASA’s Aura satellite.
The Aura MLS gives around 3500 vertical profiles per day and it crosses the Equator at ~01:40 and
~13:40 local time [36]. In the present work, version 4.2 Aura MLS data of O3, CO and WV were used.
The vertical resolution of the WV is in the range 2.0 to 3.7 km from 316 to 0.22 hPa and the along-track
horizontal resolution varies from 210 to 360 km for pressure greater than 4.6 hPa. For ozone, vertical
resolution is ~2.5 km and the along-track horizontal resolution varies between 300 and 450 km. CO
is retrieved from radiance measurements of two bands in the MLS 240 GHz radiometer. Vertical
resolution for CO is in the range 3.5-5 km from the upper troposphere to the lower mesosphere and
the useful range is 215-0.0046 hPa. The horizontal resolution for CO is about 460 km at 100 hPa and
690 km at 215 hPa. The precision and systematic uncertainty for WV and O3 are £10-40%, £10-25%
and £0.02-0.04 ppmv, £0.02-0.05 ppmv +5-10%, respectively. The accuracy of CO at 100 hPa is
+19 ppbv and £30%. The data was collected for the period from January 2006 to December 2017.
Profiles of O3, CO and WV were used to construct a monthly mean 2.5° x 2.5° degree gridded data set
for the study period. We used data from 2006 to 2014 for background climatology for each individual
month. To get zonal mean of trace gases in each month during the reporting period, all the available
MLS profiles within the latitude bands that is, for 10°N-10°S. More details about MLS version 4 level 2
data can be found in Livesey et al. [34].

2.2. Atmosphere Infrared Radio Souder Data

AIRS is one of six instruments onboard Aqua, which is part of NASA’s EOS of satellites launched
into Earth orbit on 4 May 2002. Version 6 Level 2 data of CO is utilized in the present study. AIRS CO
is retrieved with horizontal resolution of 45 km at nadir, in a swath of width about 1600 km. This orbit
gives global coverage in the tropics every 2 days. The retrieval uses a cloud-clearing methodology
providing the CO with sensitivity that peaks around 500 hPa, with ~0.8-1.2 degrees of freedom of
signal for 50-70% of scenes.

2.3. COSMIC GPS RO Data

The temperature profiles obtained from the COSMIC GPS RO were utilized for the present
study. The GPS RO data were downloaded from the COSMIC Data Analysis and Archive Centre
(CDAAC) website (http://cosmic-io.cosmic.ucar.edu/cdaac/index.html). COSMIC GPS RO is a joint
Taiwan-U.S. mission, which is a constellation of six microsatellites equipped with GPS receivers [37].
These satellites were launched in early 2006 and started providing data from April 2006. It provides
2000-2500 occultations for a day over the entire globe. There are different vertical resolutions available
for COSMIC GPS RO data but for the present study we used 200 m resolution temperature (atmPrf)
profiles available at CDAAC website only which is freely available for the public use. Note that these
data are validated with a variety of techniques, including GPS radiosonde data and matched very well,
particularly in the UTLS region [38—40]. A comprehensive introduction to the RO method for remote
sensing of the atmosphere and ionosphere was presented by Liou et al. [41]. Deployment of COSMIC
was presented by Fong et al. [42] and its constellation spacecraft system performance after one year in
orbit was presented by Fong et al. [43]. Later, follow-on mission of COSMIC, that is COSMIC-2 and its
deployment were introduced by Fong et al. [44] and [45], respectively. The suitability and importance
of the GPS RO data for different topics of the atmospheric research (e.g., gravity wave studies [46-50],
tropopause structure [51], tropical cyclones [52,53], etc.) were well reported in the literature.
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3. Results and Discussion

3.1. Unusual Behaviour of Trace Gases in the Tropical UTLS Region during the 2015-16 EI Nifio Event

The monthly mean time series of observed O3 at 100 and 82 hPa and CO at 146 and 100 hPa
over the equatorial region (averaged over 10°N and 10°S) along with MEI index from January 2006
to December 2017 are shown in Figure 1. O3 shows significant seasonal variations with high values
during Northern Hemisphere (NH) summer months and low values during NH winter months
(Figure 1a). However, during the year 2015 a drastic change in O3 mixing ratio at both pressure levels
is noticed particularly during the summer months of July and August in 2015 as compared to the other
years. The MEI index also shows the gradual increase in its strength and reaches record high values
(>2 MEI index value) in September 2015 (Figure 1c). After that, the MEI index maintains its value of
~2 till May 2016. It is well known that the ENSO dominates the inter-annual variability in the O3 at
tropopause level [10,32]. The CO (Figure 1b) also shows a strong enhancement in September, October
and November 2015. The values are very high during 2015 as compared to the other years. The O3
and CO show significant decrease and increase. The relative percentage changes in the O3 and CO
with respect to the averaged period from 2006 to 2014 are presented in the Section 4, respectively.

The monthly climatological (2006-2014) means of O3 (CO) mixing ratio at 146, 100 and 82 hPa
(146, 100 and 68 hPa) in the tropics (20°N-20°S) along with the seasonal change in the year 2015 are
illustrated in Figure 2. Three latitude bands within the tropical latitudes, namely equator (averaged
over 10°N-10°S), Northern Hemisphere (NH) (averaged over 11°N-20°N) and Southern Hemisphere
(SH) (averaged over 11°S-20°S) are selected to obtain the variability in the O3 mixing ratio. We can
see the clear seasonal variability in the climatological O3 mixing ratio at both the pressure levels over
the tropics.

(a) Ozone mixing ratio
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Figure 1. Time series of observed monthly mean (a) ozone at 100 and 82 hPa, (b) carbon monoxide at
100 and 146 hPa and (c) Multivariate ENSO Index (MEI) from January 2006 to December 2017.
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Figure 2. Annual cycle of ozone mixing ratio observed at 146 hPa (a—c), 100 hPa (d—f) and at 82 hPa
(g—i) averaged over different latitude bands. Black colour line shows monthly climatology of ozone
mixing ratio calculated by using MLS data from January 2006 to December 2017 and red colour line
shows the monthly mean of ozone mixing ratio during 2015. Vertical bars indicate standard deviations
of the measurements.

Note that over the equator (Figure 2e,h) and SH (Figure 2f), the O3 shows a quite different
seasonal change in the year 2015 compared to the climatology. A clear drop in the O3 mixing ratio
in the equator from June to September is observed (Figure 2e,f). In 2015, from June to December,
the seasonal change is completely disappeared in the tropical regions at 100 hPa and 82 hPa as seen in
Figure 2e,h, respectively. In NH, the climatological and the year 2015 O3 values show a clear distinct
picture. At 100 (82) hPa, the O3 value from January to May follows the climatological pattern and then
in June it starts to deviate from it. The difference is greater at 100 hPa as compared to 82 hPa. From
these results, it is clear that O3 shows a significant drop in the tropics from June to September 2015.
Similar unusual changes are noticed in the CO mixing ratio over the tropics during this period but a
little bit later (Figure 3). Figure 3 shows that, in the entire tropics, CO shows a strong enhancement in
the months from September to December at both pressure levels (146 and 100 hPa) as compared to the
climatology. The monthly mean values of O3 and CO over the tropics clearly indicate that strong and
unusual changes occurred in the UTLS region during the 2015-16 EI Nifio event.

To quantify the changes in the trace gases during the year 2015, we have estimated the monthly
anomalies by subtracting the climatology from the individual monthly mean trace gas concentrations.
The time series of O3 and CO anomalies observed at different levels in the UTLS region over the
10°N-10°S region is shown in Figure 4. Strong negative anomalies in O3 are observed at 82 and 100 hPa
but not at 146 hPa (Figure 4a). The O3 decrease is high at 82 hPa (~80 ppbv) as compared to 100 hPa
(40 ppbv). This decrease is very high from September to December 2015 (peaking in November)
with large negative anomalies and continued in 2016 with less magnitude. This might be due to
the strengthening of the Brewer Dobson circulation (BDC), that is, strong enhancement of tropical
upwelling during El Nifio period [9-11]. Previous studies clearly demonstrated the impact of the
ENSO on the inter-annual variability of O3 at the tropopause level [32]. These inter-annual variations
in the O3 anomalies are linked with the SSTs in the equatorial Pacific Ocean and are explained by the
strength of the BDC. In general, during the El Nifio period, the tropical upwelling increases whereas in
La Nifia events, the tropical upwelling decreases. Note that previous studies focused on the O3 and
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other trace gases changes mainly in the boreal winter (mainly in December when the intensity of the El
Nifio becomes peak). However, the observed high decrease of O3 in the present study is in July and
August that belong to boreal summer. These results matched well with those reported by Tweedy et
al. [17] and Diallo et al. [11]. They clearly demonstrated that the changes in the O3 anomalies in NH
are due to the meridional advection in northern subtropics altered by boreal summer ENSO events
and in SH due to the tropical upwelling [17]. The structural changes in the BDC due to 2015-16 El
Nirfio event is also one of the reasons for the O3 anomalies observed in the tropical LS during this
event [11]. Overall, instead of chemical reactions, the transport processes (due to BDC) are the major
possible reason for the presently observed O3 anomalies. The CO anomalies (20-35 ppbv) show a
substantial increase in the UTLS (mainly 146 and 100 hPa) from September to December 2015 (peaking
in November) as compared to the whole MLS data period (Figure 4b). Note that the observed CO
anomalies in 2015 are a record high in the 21st century. From Figure 4, it is evident that the O3 drop
was high from June to September 2015 (peaking in August) while strong enhancement in CO was
observed from September to December 2015 (peaking in November). More significantly, the maximum
CO anomalies are noticed in the troposphere in October whereas in the LS (~100 and 68 hPa), it was in
November (Figures 7 and 11). In the following section, we investigate the spatial distributions of these
anomalies in 2015.
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Figure 3. Same as Figure 2 but for the monthly mean of carbon monoxide at 146 hPa 100 hPa and
68 hPa.
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Figure 4. Time series of de-seasonalized anomalies of (a) ozone and (b) carbon monoxide observed
over Equatorial region (10°N and 10°S) from January 2006 to December 2017. Different colours indicate
different pressure levels.

3.2. Spatial Distributions of Trace Gas Anomalies during the 2015-16 EI Nifio Event

Figure 5 shows the spatial distribution of O3 at 82 hPa in July 2015 and CO at 100 hPa in October
2015 as well as respective climatologies. Significant differences are noticed in the trace gas distributions
in 2015 over the tropical region. Compared to the climatology, minimum O3 (100 ppbv) is noticed over
the SEA and Atlantic regions but with a relatively zonally uniform feature in 2015. High values of CO
(200 ppbv) are observed, particularly over SEA in 2015. These observations clearly indicate the huge
difference between climatology and 2015. Figure 6 illustrates the spatial distribution of anomalies of
O3 at 82 hPa and CO at 100 hPa with respect to the climatology in July and October 2015. Distinct
characteristics in the trace gas anomalies are perceived between these two months. In the Os, strong
negative anomalies (~200 ppbv) are observed over the entire tropical region except some parts of the
WP region in July 2015. No such changes are observed for O3 in October 2015 over the tropical region.
However, the observed O3 decrease is much higher and recorded strong decrease in its concentrations
(~200 ppbv) in the recent decade. The O3 and temperatures in the Tropical Tropopause Layer (TTL)
are linked both dynamically and radiatively. It is reported that the O3 perturbations have a positive
radiative feedback, with negative O3 anomalies locally cooling the TTL and positive O3 anomalies
locally warming the TTL (Gilford et al., 2016). We also observed the negative cold point tropopause
temperature (CPT) anomalies from COSMIC GPS RO data in July and August 2015 over most of the
tropical equatorial region except over SEA and WP regions (Figures are not shown). The observed
CPT anomalies are well correlated with the O3 anomalies in July and August. Large anomalies of
CO (~150 ppbv) are observed in October 2015 and the prominent enhancement is observed over
SEA region. The observed increase of CO mixing ratio is much higher compared to the previous El
Nifio events in the 21st century. This clearly indicates the transport of lower troposphere air into the
tropopause level in October 2015.
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Figure 5. Background climatology (averaged 2006-2014) of (a) ozone mixing ratio at 82 hPa in July and
(b) carbon monoxide at 100 hPa in October. (c,d) same as above but for the year 2015.
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Figure 6. Spatial distribution of ozone anomalies observed at 82 hPa in (a) July 2015 and (c) October
2015. (b,d) same as (a,c), respectively but for carbon monoxide anomalies observed at 100 hPa.
Anomalies are calculated by removing the background climatology (January 2006-December 2014) of
individual months.
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The 2015 EI Nifio induced drought conditions, which further allowed active biomass burning
and forest fires to spread rapidly in the SEA region in September and October [18,19]. These carbon
emissions, which occurred in 2015 are the largest emissions since 1997 [18]. The effects of these fires
are clearly seen in the enhancement of CO concentrations in the UTLS region. Due to these emissions,
CO at the tropopause level is increased in 2015. The observed values of decreasing O3 (200 ppbv)
and increasing CO (~150 ppbv) are high values recorded in 2015 and the results clearly indicate the
unusual strong enhancement/decrease of trace gases (CO and O3) in the UTLS region. The carbon
emissions in September and October over maritime SEA play an important role in the enhancement
of CO in the UTLS region. Based on ground based and satellite measurements, it is well reported
that the strong enhancement of carbon emissions over Indonesia happened in September-October
2015 [18-20]. It is also evident that the overall emissions from the tropical Asian biomass burning
in 2015 were almost three times the 2001-2014 average [54]. In the present study, we also observed
the strong increase in the CO concentrations in most of the troposphere even up to the 100 hPa over
SEA and WP regions in October 2015 (Figure 7). MLS data is available from 215 hPa and has only
4 pressure levels (215, 146,100 and 68 hPa) in the troposphere to the UTLS region. Based on MLS data,
it is difficult to see the vertical change in the CO. To avoid this we have utilized AIRS observed monthly
mean CO data over SEA region from January to December 2015. Height-time cross section of CO over
the SEA and WP regions observed from AIRS measured CO data from January to December 2015 is
shown in Figure 7. It is clear that the vertical transport of the CO into the UTLS region is clearly seen
in the Height-time cross section of the CO. The anomalies in these trace gases clearly demonstrated
the unusual changes that are occurring in the UTLS region before the El Nifio becomes strong and
strengthened during the 2015-16 winter. It was also clear from the study that localized strong carbon
emissions over SEA play a crucial role on the large enhancement of zonal mean CO. In the ‘State of the
Climate 2015 [54], it is clearly shown that the biomass burning in Indonesia region led to increasing of
the CO, aerosols and tropospheric O3 in 2015. Our satellite measurement results are also well matched
with their results. In the next section, we explore the changes in tropopause temperature and WV in
the LS during this event.
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Figure 7. Pressure time cross section of monthly mean carbon monoxide observed over Southeast Asia
and Western Pacific region (averaged over 10°N-10°S/85°E-140°E) from January to December 2015.
To obtain this, AIRS satellite measured carbon monoxide data is utilized.

3.3. Spatial Variability of Cold Point Tropopause Temperature during December 2015

Changes in the CPT-T are crucial for the understanding the lower stratosphere WV changes [27,52].
It has been reported warm CPT-T (~3.5 K) over the SEA and WP regions in December 2015 from the
reanalysis data sets [7]. In this study, we have utilized COSMIC GPS RO data for estimating the
CPT temperatures. Figure 8 shows the spatial variability in the CPT-T in December 2015 along
with the background climatology of CPT-T. The coldest CPT-T (~185 K) is situated over the central
pacific (CP) (Figure 8b) in 2015 while background climatological minimum CPT-T is located over
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the WP region (Figure 8a). It clearly indicates the shifting of the minimum CPT-T region towards
CP with extension towards EP in December 2015. The spatial distribution of CPT-T anomalies
shows two strong warm anomaly areas over SEA/WP and Atlantic Ocean regions in December
(Figure 8c). However, the strongest warm anomalies of ~5 K are observed over the SEA and WP
regions. The height-longitudinal cross section of COSMIC temperature also shows the minimum
temperature over eastern pacific region (Figure 8d). The thickness of the minimum temperature layer
was much lower over the Indian Ocean and WP regions than the EP region.

(a) December climatological (2006-2014) CPT temperature
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Figure 8. Spatial distribution of COSMIC GPS RO observed cold point tropopause temperature
(a) December climatological (2006-2014) CPT, (b) December 2015 CPT and (c¢) December 2015
CPT anomaly. (d) Height-longitudinal cross section of COSMIC temperature over 10°N-10°S in
December 2015.

The observed results matched well with the previous report by using reanalysis data sets [7]
but with higher CPT-T anomalies during the same period. However, this warm CPT-T is formed
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well before December (figure not shown). The formation of warm CPT-T anomalies initiated during
October gradually increased from November and reached the maximum warm CPT-T anomaly (~5 K)
in December 2015 over the SEA and WP regions.

3.4. Water Vapour Changes during the 2015-16 EI Nino

WYV has major consequences for the radiative and heat transport in the atmosphere. Even
very small changes in the LS WV could affect the surface climate [6]. It also plays an important
role in the distribution of O3 in the LS as an important contributor for long term change in the LS
temperatures [4,5,55]. Debate is still going on the impact of El Nifio 2015-16 and QBO disruption
in 2016 on the WV concentrations in the LS [7,9,25]. However, in the present study we do not focus
on which one is having more impact on changes in the WV concentrations in the LS. Instead, we
focus only on the quantification of WV concentrations with respect to the background climatology
within the tropical UTLS region. Recently, Avery et al. [7] clearly demonstrated the increasing of WV
in the LS over the WP region along with warm CPT-T in December 2015. In the present study we
tried to examine the zonally averaged changes in the WV at different pressure levels in the tropical
UTLS region. Figure 9 shows zonally averaged WV mixing ratios at 146, 100 and 82 hPa over different
latitudes. Black colour line represents climatology and red colour line represents year 2015. Strong
increase of WV at 146 hPa was clearly noticed from July to December over all the latitudes (Figure 9a—c).
But at 100 and 82 hPa, strong enhancement was observed from October to December 2015. There
was a little drop in the WV compared to the background climatology during the summer months
(June-August) of 2015 over the equator (Figure 9e,f). From the Figure 9, it is clear that the enhancement
of the WV in 2015 started from October and it continues after that. The zonal mean anomalies reveal
that the enhancement is high over equatorial latitudes as compared to the other latitudes.
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Figure 9. Same as Figure 2 but for the monthly mean of water vapor.

The WV enhancement in December 2015 at 82 hPa was little high over the equator (averaged over
10°5-10°N) compared to the NH and SH. (Figure 10). Strong El Nifio events like 2015-16 El Nifio cause
the warming even up to the cold point tropopause allowing more WYV to enter the stratosphere [26].
In a recent paper, Garfinkel et al. [26] suggested that the impact of ENSO events on the LS temperature
and WV is nonlinear in boreal spring whereas linear in boreal winter. They also clearly mentioned that
the strong El Nifio events led to warming over Indo-WP region that subsequently warms the CPT and
moistens the tropical LS [26]. The observed zonal mean anomalies clearly indicate the strong decrease
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of WV in the LS in 2016. At 82 hPa, the decrease was quite higher over equator compared to NH and
SH. This record loss of WV was reported well in an earlier study reported in ‘State of the Climate
2016’ [56]. However, in their study, it is reported that the WV anomalies were found at 82 hPa only.
In the present study, we tried to see the changes in the tropical UTLS region by estimating the WV
anomalies at different pressure levels based on different latitude bands. The loss of WV in the LS in
2016 is strongly correlated with the large negative anomalies of CPT-T [25]. From the study by Tweedy
et al. [25], it is evident that the decrease in global WV in the LS in December 2016 is the lowest in the
record (1992-2016) [Figure 7 of [25]]. Our results also matched well with their results, except that the
higher drop in the WV is observed over equatorial latitudes (>1 ppmv).
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Figure 10. Zonal mean water vapour anomalies observed (a) over northern hemisphere (averaged over
11°N-20°N) (b) over equator (averaged over 10°N-10°S) and (c) over southern hemisphere (averaged
over11°S-20°S). Different colours indicate different pressure levels.

4. Summary and Conclusions

During an El Nifio event, warm waters over the Western Pacific (WP) and Indonesian region
shift towards the central to EP regions accompanied by shifting of the convection towards central
and EP regions. With a shift in the convection pattern and changes in the Walker circulation, the El
Nifo events strongly alter the precipitation pattern, which leads to strong regional moisture variability,
drought conditions and forest fires along with biomass burning especially over Indonesia region [12].
The effects of El Nifio events are found to be strong over the tropical WP and most severe over
Indonesia, leading to large scale changes in the atmospheric chemical composition [13-16]. Cooling
of the tropical LS, strengthening of the BDC, negative O3 and temperature anomalies in tropical LS
are observed changes in the El Nifio events [10,32]. These changes due to El Nifio have a significant
impact on the distribution of WV, O3 and other trace gases in the UTLS region over entire tropical
region. Recent 2015-16 El Nifio was one of the strongest and long lasted events in the 21st century.
Lots of unusual changes happened in the atmosphere in 2015-16 El Nifio event and were well reported
by several studies [7-9,11,25,26].
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In the present study, we quantified the observed changes in the trace gases, O3, CO and WV in
the UTLS region (146, 100 and 82/68 hPa) along with CPT over the tropics (20°N-20°S) from July to
December 2015 using Aura MLS/AIRS/COSMIC GPS RO satellite measurements. The background
climatology was calculated from 2006 to 2014 period. Before reaching its peak intensity during winter
2015-16, a remarkable change in the UTLS trace gases (O3 and CO) concentrations over the tropics
took place. Due to the fact that strong 2015-16 El Nifio induced biomass burning and forest fires, huge
amount of carbon emissions were released into the atmosphere in September and October [18-20].
Due to large carbon emissions, the CO was released into the atmosphere and transported to the UTLS
region and recorded very high values in October and November 2015. The high resolution GPS RO
observations clearly show the strong positive cold point tropopause temperatures over the SEA and
WP regions in November and December. The variability of these trace gases shows some delay in
the time period between them as depicted in Figure 11. The percentage change in the trace gases
concentrations over equatorial region with respect to the background climatology clearly shows strong
increase/decrease in trace gases concentrations in 2015-16 El Nino event. In October 2015, the CO
shows 40% increase at 215 hPa whereas similar increase in CO shows at 146 hPa in November 2015.
At 100 hPa, the increase of CO is ~25% in November 2015. Interestingly, the CO change at the 68 hPa
shows continues increase from November 2015 to November 2016. This clearly shows the tropical
tape recorder signal in CO. In O3, the change is insignificant at 261 hPa and even at 146 hPa also.
However, a significant decrease of O3 at 100 hPa and 82 hPa is clearly noticed. Compared to the 82 hPa,
the decrease in Os is quite high at 100 hPa in July and August 2015. At 100 hPa, maximum decrease in
O3 is observed in July 2015 whereas at 82 hPa the maximum decrease is observed in August 2015. WV
also shows the maximum change (increase) in December 2015 at 82 hPa. However, the change in the
WYV was started from the October and reached maximum in December at 82 hPa. The strong decrease
of ozone in the LS and at the tropopause level is observed in July and August 2015 and this loss in the
O3 is the record amount during the MLS data period. The observed strong decrease in LS O3 is mainly
due to the 2015-16 El Nifio induced changes in the BDC in the LS.
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Figure 11. Percentage change with respect to the background climatology (2006-2014) in (a) carbon
monoxide, (b) ozone and (c) water vapour observed over equatorial region (averaged over 10°S-10°N).
Different colours represent different pressure levels.
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The major findings from the present study are summarized below:

(1) A 32% (23%) decrease in the zonal mean equatorial O3 is observed at 100 hPa (82 hPa) in July
(August) 2015 and decrease in the O3 is recorded maximum in the recent decade.

(2) A 38% (25%) increase of the zonal mean equatorial CO is observed at 146 hPa (100 hPa)
in November 2015. The observed increased changes in the CO concentrations are recorded
maximum in the MLS data period. The carbon emissions observed over SEA and WP regions
play a crucial role on the increased high zonal mean CO in 2015-16 El Nino period.

(3) Large anomalies of cold point tropopause temperatures (5 K) are noticed from the COSMIC GPS
RO observations over SEA and WP regions in December 2015.

(4) A 26% (20%) increase of the zonal mean equatorial WV is found at 82 hPa (100 hPa) in December
2015 whereas a ~30% WYV decrease is observed in 2016.
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