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Abstract

For the first time after 43 years of its previous eruption in 1977, the Taal volcano
in the Philippines (14°N, 120°.59E) erupted in the afternoon of 12 January, 2020.
Interestingly, the Taal volcanic eruption was associated with a strong anticyclonic
circulation at the upper levels over the western Pacific region in the northern
hemisphere. As a result, the volcanic plumes were carried through the background
upper level strong winds to the anticyclone over the Pacific Ocean within a few days
following the eruption. In this study, the detailed vertical structure and the day-to-day
temperature variability in response to the eruption is delineated by using high-
resolution temperature measurements from the recently launched Constellation
Observing System for Meteorology, lonosphere, and Climate (COSMIC)-2 radio
occultation (RO) data. We describe the vertical temperature structure near (within 2
degree radius) and away (~ 5 degree radius) from the volcano during its intense eruption
day (13 January 2020). A significant temperature inversion at ~15 km altitude is
observed in the nearest temperature profiles (within 2 degree radius). Multiple
tropopauses are evident in the temperature profiles that are available away from the
volcano (~ 5 degree radius). The cloud top altitude of 15.2 km detected from the RO
bending angle anomaly method is demonstrated. Furthermore, the diurnal temperature
and relative humidity anomalies are estimated over 15° latitude and longitude radius
from the volcano center and over the region of 10-20N, 160-180E with respect to the

mean temperature of one week before the eruption. A persistent warming layer is
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observed at 16-19 km altitude range in both regions for several days after the eruption.
A strong increase of ~50% relative humidity at 15 km altitude is also noticed just after
the eruption in the Taal volcano region. The present work shows the advantages and
usefulness of the newly-launched COSMIC-2 data for near real-time temperature
monitoring at shorter time scales with sufficient data.

Keywords: Taal volcanic eruption; COSMIC-2; temperature; relative humidity

1. Introduction

The volcanic eruptions are dominant natural sources of the stratospheric sulfate
aerosols and have a strong impact on global climate (Robock, 2000, 2015). Over
decades, the impact of volcanic sulfate aerosols on climate has received immense
interest due to their strong cooling effect on the Earth's lower atmosphere and warming
effect on the lower stratosphere. Comprehensive overview of the impact of volcanic
aerosols on climate can be found in Robock (2000, 2015). It is well reported that these
volcanic eruptions can release and inject tremendous amount of sulfur dioxide (SO2)
directly into the stratosphere. These sulfate aerosols significantly reflect the solar
radiation and absorb the infrared radiation, causing cooling of the troposphere and
heating of the stratosphere. The major volcanic eruptions, such as ‘El Chichon’ in 1982
and ‘Pinatubo’ in 1991, emitted large amounts of SO2, and their impacts on global
climate have been discussed in several studies (e.g., Aquila et al., 2013; Free and
Lanzante, 2009; Randel et al., 2009). It is reported that the Pinatubo eruption in 1991,
caused a global tropospheric warming of up to 0.6 K and a stratospheric warming of 2
K for up to the first two post-eruption years (Parker et al., 1996; Robock, 2000;
Ramaswamy et al., 2001).

It is well demonstrated that the atmospheric temperatures are strongly influenced

by volcanic plumes. In recent decade, few studies have reported on the impact of
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volcanic eruptions on changes in the temperature structure by using high vertical
resolution measurements from Global Position System (GPS) radio occultation (RO)
technique, relying on the high-precision measurements of atmospheric temperature by
the RO technique (Wang et al., 2009; Okazaki and Heki, 2012). For the first time, Wang
et al. (2009) and Okazaki and Heki (2012) utilized Constellation Observing System for
Meteorology, lonosphere, and Climate (COSMIC) RO temperature data to study the
impact of volcanic eruptions on atmospheric temperature comparing RO temperature
data before and after the eruption. However, the reports are made by using a very less
number of RO data. Mehta et al. (2015) studied the impact of recent minor volcanic
eruptions on the upper troposphere and lower stratosphere (UTLS) temperature from
COSMIC RO data. Biondi et al. (2017) extensively used COSMIC RO data to detect
the volcanic cloud top altitude from the bending angle anomaly. Very recently, Stocker
et al. (2019) clearly demonstrated the importance of the small volcanic eruptions to the
short term temperature trends and they found that the impact of those volcanic eruptions
on linear trends can be up to 20%, depending on altitude and latitude. It is also reported
that the accurate quantification of temperature changes due to the small eruptions is
challenging (Stocker et al., 2019). Indeed, the detailed knowledge of the changes in the
vertical temperature structure due to the volcanic eruption is crucial for estimating the
accurate trends in the temperature as the impact of volcanic eruptions are altitude and
latitude dependent (Stocker et al., 2019).

Recently, on 12 January 2020, a large scale eruption started over the Taal volcano
in the Philippines (14°N 120°.59E) for the first time since 1977. At 2.30 p.m. (local
time), explosive eruption started and produced a giant plume of volcanic ash up to ~15
km in the atmosphere (Mallapaty et al., 2020). This volcanic ash further spread in the
northeast direction from the Taal volcano and covered the tropical Pacific Ocean in the

northern hemisphere (https://s02.gsfc.nasa.gov/omps_2012_now.html#2020). Based
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on Philippine Institute of Volcanology and Seismology Taal volcano bulletin reports,
the Taal volcanic eruption was active during 12-15 January. From 16 January onwards,
it has been characterized by week plume activity over the Taal main crater. In the
present study, we use COSMIC-2 mission RO temperature data for the first time to
investigate the atmospheric temperature changes due to the Taal volcanic eruption

during January 2020.

2. Data Base
2.1 COSMIC-2 provisional data

In the present study, high-resolution temperature profiles obtained from the
COSMIC-2 mission are utilized during January 2020. The COSMIC-2 mission,
launched on 25 June 2019, collects more than 5000 RO soundings per day over the
tropics and subtropics (Ho et al., 2019). The basic advantage of the COSMIC-2 mission
is in that it will take frequent measurements over the tropics and provide higher
numbers of temperature profiles in a single day compared to the previous missions due
to its low inclination of ~24°. The data is downloaded from the COSMIC Data Analysis
and Archive Centre (CDAAC) website (https://data.cosmic.ucar.edu/gnss-
ro/cosmic2/provisional/releasel/level2/). In the present study, we used wetprf
temperature profiles with 100 m vertical resolution. Figure 1 shows the daily total
available COSMIC-2 RO profiles within the study region between 0-35N, 110-180E.
We have found a sufficient number of RO profiles over the study region with more than
200 profiles per day. The available RO profiles per day are much higher compared to
the other previous RO missions, including COSMIC-1. The COSMIC-2 mission will
give a higher density of the temperature profiles over the tropics. Hence, it is plausible
to study the diurnal variability of temperature and tropospheric humidity changes over

the tropics.
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108  Figure 1. Spatial distribution of COSMIC-2 radio occultation profiles observed during
109  13-18 January 2020 over 0-35N, 110-180E region.

110

111 2.3 Ozone Monitoring Instrument (OMI) SO2 data

112 To geographically identify the area covered by volcanic plume, we used the
113  operational product estimate of the column density of SO for the middle tropospheric
114 column (ColumnAmountSO2_TRM) data from the Aura Ozone Monitoring Instrument
115 (OMI). The Aura OMI retrieves the SO, data from Earthshine radiance in the
116  wavelength range of 310.5-340 nm (Levelt et al., 2006). It gives the total number of
117 SO molecules in the entire atmospheric column above a unit area
118  (https://disc.gsfc.nasa.gov/datasets/fOMSO2e V003/). Details of the retrieval technique
119  are documented by Li et al. (2017). The standard deviation of TRM retrievals in
120  background areas is about 0.3 DU at low and mid-latitudes. The middle tropospheric
121 SO2 column is corresponding to the center of mass altitude (CMA) of 8 km, generally
122 recommended for use in studies on moderate eruptions and long-range transport of
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123 sulfur pollution.

124 Apart from above mentioned data, we also used daily mean NCEP reanalysis wind
125  data during the Taal volcanic eruption. The NCEP wind data were downloaded from
126  the following website
127  https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.pressure.html.

128

129 3. Results and Discussions

130 3.1 SO2 observations

131 Figure 2 shows the evolution of the OMI observed middle tropospheric SO2
132 column between 13 and 18 January 2020 along with NCEP reanalysis background
133 winds at 150 hPa. Here, we plotted SO2 data for all the available OMI satellite granules
134  in each day within the study region during 13 — 18 January 2020. One can notice that
135 there exist large data gaps over the study region during the Taal volcanic eruption.
136 However, we can find significant SO2 signals from the OMI observations. It is reported
137  that the plume of volcanic ash reached up to ~15 km during Taal volcanic eruption
138  (Mallapaty et al., 2020). From Figure 2, it is evident that immediately after the eruption
139 in the afternoon on 12-13 January, the entire plume at the upper level in the atmosphere
140  moved towards the northeast from the source region due to the strong background winds.
141  Then, it was entrained by the strong anticyclonic circulation over the western Pacific
142 region in the northern hemisphere. Finally, the SO, plume was accumulated within the
143  anticyclone and moved along with the background winds. A clear anticyclonic flow
144  over the western Pacific was evident from the 150 hPa winds (Figure 2). On 13 January,
145 this anticyclonic center was centered between 10-20N, 150-160E region. This
146  anticyclone was further moved towards the central Pacific region by the end of 18

147  January 2020.
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149  Figure 2. Spatial distribution of middle tropospheric column (TRM) sulfur dioxide
150  (SO2) from Aura ozone monitoring instrument (OMI) for each day, 13-18 January 2020.
151  (Unit: Dobson units; 1DU= 2.69 x10%* molecules cm™).

152 However, during the time period of 15 -18 January, the center of the anticyclone
153  was strongly located over the region of 10-20N, 160-180E. The SO> observations from
154  the OMI clearly exhibited a significant signal of the SO within the anticyclone during
155  15-18 January (Figure 2). We also observed significant SO signal during 19 and 20
156  January over this region with less magnitude (Figure not shown). Overall, the SO
157  released from the Taal volcanic eruption in the afternoon on 12-13 January, transported
158  through the upper level strong winds and into a strong anticyclone over the Pacific
159  Ocean in northern hemisphere. This is quite interesting that the strong anticyclonic
160 circulation at upper level plays a crucial role in transporting the SO2 from the Taal

161  volcanic eruption. In the following sections, the impact of this Taal injected SO on the
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162  temperature structure is discussed in detail.

163 3.3 Temperature structure during Taal volcanic eruption

164 It is clear that the Taal volcanic eruption started in the afternoon of 12 January and
165 active throughout 13 January. The intensity of the eruption gradually decreased from
166 14 January and the eruption had dried up by the end of 15 January. Even significant
167  eruption signals with less magnitude are detected over the Taal volcano after 15 January,
168  the maximum SO emission was recorded high on 13 January with measured value of
169  ~5299 tones/day based on Philippine Institute of Volcanology and Seismology. It is
170  expected that the atmospheric situations around the volcano varied due to the volcanic
171  eruption. To see the temperature structure from the COSMIC-2 RO data, we selected

172 13 January as an intense volcanic eruption day.
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174  Figure 3. (a) Spatial distribution of COSMIC-2 RO profiles on 13 January around the
175 area of Taal volcano. Magenta colored rectangle represents the location of the Taal
176  volcano. Blue colored dots represent the nearest RO profiles to the volcano, and black
177  dots represent the profiles away from the volcano; and (b) the corresponding
178  temperature profiles for nearest and away regions from the volcano.

179
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Figure 3 shows the available RO data around the Taal volcano on 13 January along
with the OMI observed SO> data on the same day. The area of the Taal volcano is shown
by the magenta colored rectangle in the figure. On January 13, we found two
temperature profiles from COSMIC-2 RO data in the area of the eruption (within 200
km from the eruption center), highlighted in blue colored dots in the figure. Two more
temperature profiles are also detected away from the eruption center, significantly
affected by the volcanic plume (highlighted with black colored dots). The observed
vertical temperature profiles for near source region and away from the source region
are shown in Figure 3b.

It is very interesting that the vertical temperature structure is quite different from
around the center to away from the volcanic eruption. Between 10 and 15 km, the
temperature profiles exhibit similar structure, whereas above 15 km the temperature
profiles show different structure. Near the center of the eruption, the temperature
inversion was observed around 15 km and the cold point tropopause height is noticed
around 17 km altitude (blue colored profiles). However, away from the volcano, the
inversion started at 16 km altitude and the cold point tropopause height is detected
around 18 km. Also, ~5K difference is observed between the temperature profiles near
and away from the volcano at the tropopause during the active eruption period. This is
quite interesting and strongly evident that the multiple tropopauses are noticed in the
temperature profiles that are available away from the volcano center.

Similarly, we examined the vertical temperature structure within £5° latitude and
longitude radius from the volcano center. In total, there are 14 temperature profiles
within the 5° latitude and longitude around the volcano center on January 13 as shown
in Figure 4a. The corresponding observed vertical temperatures are shown in Figure
4a. From the Figure 4a, it is again evident that the temperature structure is quite

different from one to the others, particularly between 15 to 20 km altitude ranges. We
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also detected the multiple tropopauses in most of the temperature profiles. To quantify
the temperature changes in the active volcanic eruption day, we compared the
temperature profiles available on 13 January with the mean temperature of a week
before the eruption (here after background mean temperature). The background mean
temperature is computed using all the temperature profiles during 5-11 January that are
available within 15° latitude and longitude radius from the volcano center. Finally, we
subtracted all individual temperature profiles available on 13 January with the
background mean temperature. The difference in the temperature profiles is shown in
Figure 4b. The solid black colored line represents the mean of all the temperature
difference profiles estimated by using the 14 profiles.

TR

23

221

25
24
23
221

3
< 18} 18 .
= ) 3
_% 17F 17 K sl
e :
161 16—
15F 15 =
14t 14t
13f 13}
12f 12 )
1" 1"r
i : ] : A 1 5 d i : - :
180 190 200 210 220 230 240 250 4 2 0 2 4 6 8 10

Temperature (K) Temperature (K)

Figure 4. (a) Observed vertical temperature profiles on 13 January along with mean
temperature (black) of one week before the eruption within the 5 degree radius from
the Taal volcano, and (b) temperature difference of the available temperature profiles
within the 5 degree radius for one week before the eruption. Black dotted lines showed
in (a) are the standard deviation for the mean temperature of one week before the
eruption.

From Figure 4b, it is clear that all the profiles exhibit significant negative
temperature anomalies in the 10-15 km region. The mean of maximum negative

temperature anomaly is noticed around 15 km altitude. The negative to positive changes
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happened at around 16 km altitude. Further, most of the profiles exhibits positive
temperature anomalies from 16 km altitude onwards. The maximum positive
temperature anomaly is of about 3.5 K in the mean profile, and of up to ~8 K for
individual profiles. It is also evident that there are two maxima positive anomaly
locations around 17 km and 19 km. The observed positive temperature anomaly ~3.5 K
in the upper atmosphere is well matched with previous studies (Wang et al., 2009;
Biondi et al., 2017). Overall, from Figure 4 we find clear evidence that the temperature
structure after the volcanic eruption shows significantly different from those under

normal conditions.
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Figure 5. Standardized bending angle anomaly observed for the RO profiles available
within 5 degree radius from the Taal volcano on 13 January. The anomaly is estimated
with reference to the RO profiles available during one week before the eruption over

the same region.
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A few earlier studies clearly demonstrated the usefulness of RO technique for the
detection of volcanic cloud top altitude by using bending angle anomaly method
(Biondi et al., 2017; Cigala et al., 2019). In this study, the bending angle anomaly
method was used to detect the cloud top altitude during the Taal volcanic eruption. The
atmprf data from the COSMIC-2 was utilized. Its vertical resolution is 200 m. Figure
5 shows the standardized bending angle anomaly observed on 13 January 2020 within
the degree radius from the volcano. The black colored solid line represents the mean of
all 14 profiles. We estimated the bending angle anomaly with reference to the one week
before the eruption over the same region. First, we subtracted the reference mean
bending angle profile from the individual bending angle profiles around the volcano.
The anomalies are further standardized with the reference data. A prominent peak in
the bending angle anomaly defines the volcanic clout top altitude. From the mean
profile of bending angle anomaly (black colored solid line), the maximum peak is
detected at 15.2 km. It is suggesting that the clouds reached the altitude of 15.2 km
during the Taal volcanic eruption. This is quite different from the temperature
anomalies shown in Figure 4b. The maximum positive temperature anomaly is noticed
at ~17 km which is quite higher than the bending angle. Our study also further supports
the detection of the cloud top altitude during the volcanic eruption.

We also investigated the tropopause changes due to this eruption. Changes in the
different tropopause parameters over +5° latitude and longitude around the area of the
Tall volcano about 7 days before volcano eruption (5-11 January 2020) and just after
the volcano eruption (12-15 January 2020) are investigated. Table 1 shows the different
tropopause parameters such as cold point tropopause height (CPT-H) and
corresponding temperature (CPT-T), lapse rate tropopause height (LRT-H) and
corresponding temperature (LRT-T), and convective tropopause height (COT-H) and

the thickness of the tropical tropopause layer (TTL thickness), defined as the layer
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between COT-H and CPT-H, for the Taal volcanic eruption that is observed before and
just after the eruption. The COT-H is estimated by using the gradient in the potential
temperature profile and the maximum gradient in the profile is identified as the COT-

H (Ravindra Babu et al., 2015).

Tropopause Parameter Before After
CPT-H 17.610.5 17.210.4
CPT-T 188%2.1 189£1.7
LRT-H 17.120.4 16.910.5
LRT-T 188.412.4 189.3%2
COT-H 12.1%1.5 13.1%13
TTL thickness 5.5%1.7 41114

Table 1. Mean tropopause parameters observed for one week before the eruption and
after the eruption. We considered 05-11 January period as one week before and 12-15
January as an after the eruption period.

The CPT-H before the eruption around the Taal region is 17.6 km, whereas the
LRT-H is 17.1 km with a standard deviation of 0.5 and 0.4 km, respectively. Just after
the eruption, the CPT-H and LRT-H is slightly changed and the values are recorded as
17.2+0.4 km and 16.9+£0.5 km. There is a slightly decrease in the tropopause height just
after the eruption. Similarly, the temperatures of tropopause (CPT-T and LRT-T) exhibit
a significant increase in value by ~ 1K. The observed warmer tropopause temperatures
are clear evidence for the presence of SO2 around the tropopause region during the
eruption period. Very interestingly the COT-H is increased by 1 km just after the
eruption as compared with that before the eruption period, and this has led to the
increase in the TTL thickness by 1.4 km after the eruption period. The observed strong

increase in the COT-H is strongly due to the volcanic plume during the Taal eruption.
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285 Itisreported earlier that the plume of volcanic ash reached up to ~15 km over the Taal
286  volcano region during the eruption (Mallapaty et al., 2020).

287 3.4 Diurnal variability in temperature and relative humidity

288 The COSMIC-2 provides more than 5000 high vertical resolution temperature
289  profiles within a day over the tropics (Hu et al., 2020). This allows us to see the
290  significant diurnal changes in the basic atmospheric parameters, such as temperature
291 and relative humidity (RH). By utilizing this advantage, we investigated diurnal
292  variability in the atmospheric temperature and relative humidity after the eruption in
293  the study. Two regions were selected, within 15° latitude and longitude radius from
294  the Taal volcano as one study region and the area between 10-20N, 160-180E as a
295  second study region. One can notice that first region has been the source region of SO
296  just around the volcanic eruption and another one is the away from the source region,
297  butthe injected SO from the eruption reached and accumulated over the second region
298  during the Taal eruption. In this way it is important to see how the atmosphere is
299 responded after the eruption over the two different regions. We carried out similar
300 analysis, which is mentioned in the previous sections. We subtracted the daily mean
301 temperatures during 12-31 January from the background temperature over the
302  respective regions. The observed temperature difference between the daily mean
303 temperature and background mean temperature over two regions are shown in Figure
304 6. The temperature anomaly shown in Figures 6a and 6b shows quite different
305 behavior over the two regions. The anomaly shown in Figure 6a indicates that a
306  persistent positive temperature anomaly is observed at 16-19 km altitude region in the
307 area around the Taal volcano and it is remained for several days after the eruption.
308  Whereas, over the Pacific region, the positive temperature anomaly is persisting up to
309 19 January, after that there was a noticeable drop in the positive temperature anomaly

310  for two to three days. Then again the positive temperature anomaly is persistent for the

14
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Figure 6. Observed daily mean temperature anomalies over (a) = 5 degree around the
Taal volcano, and (b) region around 10-20N, 160-180E.

The maximum warming over the Tall volcano region is observed at 18 km altitude
on 13 January with the magnitude of ~4K (Figure 6a). The temperature anomalies at
17-19 km altitude range during 12-15 January significantly exhibit warmer compared
to the remaining days (Figure 6a). We also noticed a significant negative temperature
anomaly by about 2-3 K at 15 km altitude just after the eruption over the Taal volcano
(Figure 6a). However, this feature does not appear over the Pacific region at the same
altitude. This may be due to the sudden increase in the atmospheric water vapor at that
altitude region. It is expected that large amount of water vapor is transported during the
eruption period along with SO2. Over the Pacific region, a significant cooling of the
lower stratosphere (22-25 km) is evident after the eruption. One interesting finding from

the Figure 6b is that there is a layer of warming in the atmosphere around 5-20 km
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326  altitude region. The significant warming in the troposphere might be due to the strong
327  anticyclonic circulation associated with SO> from the eruption over the region during
328  the eruption period. We also observed significant cooling of the mid troposphere over
329 the Taal volcano region after the eruption (Figure 6a). Overall a warm anomaly of
330 nearly 5 K at ~18 km just above the tropopause appears as the eruption signature over
331  the Taal volcano. The persistent warming around the tropopause region appears after
332 the eruption indicating the effect of SO2 plume and its direct radiative effect induces a
333  heating of the atmosphere around the tropopause. Overall, both locations show
334  significant warming of the tropopause region, suggesting that both locations are

335 influenced by the volcanic plume.

(@) Relative Humidity anomalies over +/- 5 degree around Taal volcano

20

—
(6,

Height (km)

Height (km)

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
336 Day number (12-31 Janauary 2020)

337  Figure 7. Observed daily mean relative humidity anomalies over (a) + 5 degrees around
338  the Taal volcano and (b) region around 10-20 N, 160-180 E.
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Similarly, the diurnal variability in the RH is also investigated by using the
COMSIC-2 RO data and the observed anomalies are shown in Figure 7. Interestingly,
the anomalies observed in the RH over two regions exhibit quite different from one to
another. A significant increase in the RH is evident in the mid and upper troposphere
with the maximum increase noticed at ~15 km altitude on just after the eruption over
the Taal volcano region. While, in Pacific region, the RH shows a significant decrease
after the eruption at ~15 km altitude range (Figure 7b), we also observed a noticeable
decrease in the RH at ~17-19 km altitude over the Taal volcano region just after the
eruption (Figure 7a). Drying of the lower stratosphere due to the presence of SO: is
one of the prominent signatures of the volcanic eruption (Glazeet al., 1997). The
observed negative RH anomalies at~ 17-19 km altitude over the Taal volcano region
and at~15 km altitude over the Pacific region from the present study strongly support
the evidence of the eruption signatures. Both locations show significant negative RH
anomalies in the lower stratosphere after the eruption, suggesting that both locations
are influenced by the volcanic plume. After the eruption, the RH anomalies show
persistent decrease in the RH around the upper troposphere over the Taal volcano region.
This is expected that the SO, emitted from the volcano reacts with water vapor to
produce sulphate aerosols over a period of some weeks (Pinto et al., 1989). The
observed mid tropospheric negative temperature anomalies from Figure 6a after the
eruption over the Taal volcano region are mirrored in the troposphere drying, which is
noticed by the large lowering of the RH (Figure 7a). The RH is lowered by 50% after
the eruption from 14 January onwards over the Taal volcano region. Our results from
the RH observations from COSMIC-2 clearly show the volcano eruption signatures at
day-to-day time scales. It is reported that the impact of small volcanic eruptions on the
temperature changes is varied with respect to altitude and latitude (Stocker et al., 2019).

The present results are also in agreement with the previous reports. The temperature
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and RH clearly exhibit different variability with respect to altitude (surface to 20 km)
and also quite different variability was noticed over source region and the receptor

region.

4, Conclusion

Very recently, on the afternoon of 12 January 2020, a large eruption occurred at
the Taal volcano located in the Philippines (14°N 120.59°E). This was the first time
since its previous eruption in 1977. However, this eruption during January 2020 was
active for a few days and it was weakened just after a few days. Though it injected a
significant amount of SO into the atmosphere and within a few days the injected SO
transported towards the central Pacific Ocean in the northern hemisphere due to the
strong upper level winds. The injected SO reached at about ~15 km during its active
eruption period. In the present study, we have analyzed the temperature structure and
its variability during and after the eruption. We used high resolution temperature
measurements from recently launched COSMIC-2 mission for the first time. As
COSMIC-2 provides a much higher number of temperature profiles compared to the
previous RO missions over the tropics in a single day, we examined the temperature
and also relative humidity changes due to the eruption at day-to-day scales. Previously,
few studies reported the temperature changes after the volcanic eruption by using a
small number of RO data (Wang et al., 2009; Okazaki and Heki, 2012). Wang et al.
(2009) and Okazaki and Heki, (2012) studied the eruptions occurred over the mid
latitude regions. However, they reported the instantaneous and localized temperature
changes associated with the eruptions. Biondi et al. (2017) firstly studied the volcanic
eruption over the tropics by using COSMIC RO data. They studied the Nabro eruption,
which occurred in June 2011 over the tropics. They reported the positive temperature

anomaly by about 4K in the mean, and up to 10 K for the individual profile in the UTLS
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region. They considered 10°x10° latitude and longitude area around the Nabro volcano.
In the present study, we considered the 5°x5° latitude and longitude area around the Tall
volcano. Our findings of temperature anomaly by about 3.5 K in the mean profile, and
up to ~8 K for the individual profile are in good agreement with the results of Biondi
et al. (2017).

In the present study, we also describe the detailed temperature structure with
respect to the distance from the volcano center during its active eruption day. Further,
the day-to-day temperature and relative humidity changes over +5° latitude and
longitude radius from the volcanic center and over the affected region away from the
volcano (10-20 N, 160-180 E). We compared the temperature and RH with respect to
the mean data of one week before the eruption when there was no volcanic eruption.
The present results in day-to-day temperature and RH changes immediately after the
eruption are the first of its kind of very shorter scales, which are not presented earlier.
We found a clear warming signature in the lower stratosphere region due to the SO-
after the eruption of Taal with mean amplitudes about 5 K just after the eruption and
persisting for the next two weeks. Overall, significant increased RH in the troposphere
and lowering of the RH in the lower stratosphere along with the warming of the
tropopause region due to the presence of SO are the strong signatures of the Taal
volcanic eruption. The major findings from the present study are summarized as follows
® Asignificant temperature inversion at ~15 km altitude is observed in the nearest

temperature profiles (within 2-degree radius). Multiple tropopauses are evident in

the temperature profiles that are available away from the volcano (~ 5-degree
radius).

® A -~3.5 K in the mean profile and up to ~8 K warming for individual profile was
observed within 15° latitude and longitude from the volcano center compared to

one week before the eruption when there was no volcanic eruption on 13 January.
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® A persistent warming layer at 16-19 km altitude region is evident over the Taal
volcano region (Pacific region) and it is further remained for several days after the
eruption.
® A significant increase (decrease) in the RH is evident in the mid and upper
troposphere with the maximum increase is noticed at ~15 km altitude on just after
the eruption over the Taal volcano region (Pacific region).
® The present work shows the advantages and the usefulness of the COSMIC-2 data
for near real-time temperature monitoring at shorter time scales with higher
density of the data.
In recent period, the small volcanic eruption research has got immense interest in the
scientific community. Hence, several studies were reported on the impact of the small
volcanic eruptions on the atmospheric temperature (Wang et al., 2009; Okazaki and
Heki, 2012; Mehta et al., 2015; Stocker et al., 2019). Also, a contribution of those
eruptions to the 21st century warming hiatus has been discussed earlier (Santer et al.,
2015). To represent the comprehensive trends in the atmospheric temperatures, the
detailed knowledge and understanding of the vertical temperature structure is crucial
particularly during volcanic eruptions. The recently launched COSMIC-2 RO data
provide higher density of the finer temperature profiles over the tropics in a single day.
From the present study, it is concluded that the COMSIC-2 data is also suitable for
study the small scale variability in the atmospheric temperature and relative humidity
during different extreme events (volcanic eruptions, tropical cyclones etc.) particularly
over the tropics.
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