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Extreme Tibetan Plateau cooling caused

by tropical volcanism
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The extreme cooling of the Tibetan Plateau (TP) during the boreal winter typically poses threats to the local
environment and people’s safety, and it is usually attributed to internal climate variability. Here we
demonstrate that the five recent large tropical volcanic eruptions since 1880 have caused an average
extreme cooling of up to —0.80 K on the TP in observations during the first boreal winter following the
eruptions. This cooling effect is much larger than the global average terrestrial cooling of —0.30 K after the
eruptions. The multi-model ensemble mean (MME) of the Atmospheric Model Intercomparison Project
(AMIP) runs from Phase 6 of the Coupled Model Intercomparison Project (CMIP6), in which realistic sea
surface temperatures (SST) were specified, can simulate an extreme TP cooling response of upto —0.79 K|
which is much larger than the direct aerosol cooling of —0.36 K simulated by the historical runs. The positive
North Atlantic Oscillation (NAQO) anomaly during the post-eruption winter after the eruptions plays a key role
in amplifying the TP cooling through atmospheric teleconnection, which overwhelms the warming response
associated with the frequently occurring El Nifios. The results from this study provide a perspective on the
potential contribution of volcanic activity or stratospheric sulfur injection scenarios to specific TP cooling.

Despite experiencing a significant warming trend'~, the TP, known as the
“Third Pole” and serving as an “Asian water tower”, is still frequently
affected by extreme winter cooling. For instance, the record-breaking low-
temperature disaster combined with heavy snow in January-February 2019
in Yushu, northeastern TP caused the deaths of 53,000 livestock, resulting in
a total loss of more than 12 million over the whole TP in the last 60 years".

The change in surface air temperature (SAT) over the TP has typically
been attributed to internal climate variability. Factors such as central-Pacific
El Nifio warming’, positive Arctic Oscillation®, and positive Indian Ocean
dipole”® have been shown to induce increased snowfall and lower SAT over
the TP. The SAT over the TP has also been influenced by external forcing.
Anthropogenic forcing has caused a much larger increasing trend in TP
SAT than the global warming trend*’. The presence of black aerosols is also
believed to contribute to TP warming by reducing albedo'*"".

Volcanic eruption is one of the major natural forcing in Earth’s climate
variability, which can erupt sulfur gas into the stratosphere to form sulfur
aerosol". The stratospheric volcanic aerosol can last for about 2 years, and
result in signiciant global cooling 2-3 years after the eruption by reflecting
solar inrradiance'*"*. It has been argued that the global cooling caused by the
1991 Pinatubo eruption reached approximately 0.5 K'°.

In response to the direct cooling induced by volcanic activity, the
climate typically exhibits delayed processes across different time scales. The

volcanic eruption can trigger intraseasonal variability'’, increase the like-
lihood of El Nifio'*, force the negative phase of Atlantic multi-decadal
variability’ ™, and initiate cold phases, such as the Little Ice Age on a
centennial time scale”’. On the interannual time scale, tropical eruptions can
also induce the positive phase of the NAO or Arctic Oscillation®*. It is not
clear whether volcanoes can affect TP SAT through these delayed processes.

This study aims to explore the changes in TP SAT induced by tropical
volcanic eruptions through both observational and simulation analyses (see
Methods). The primary focus will be on the direct and delayed responses of
TP SAT to these eruptions. This research is beneficial for gaining a com-
prehensive understanding of TP SAT variability and, more importantly, for
enhancing the prediction of the potential response of TP SAT to volcanic
eruptions, which could have implications for the safety of local environment
and property.

Results

Observed TP cooling in the first winter after eruptions

During the last century (Fig. la), the TP has experienced a significant
warming trend of 0.13 K/decade during the boreal winter, which is con-
sistent with previous observations’. A drop in TP SAT, however, is observed
after each of the five recent large tropical eruptions, which calls for further
investigation into the volcanic cooling effect on the TP.
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Fig. 1| Observed TP SAT response to tropical eruptions. a Boreal-winter (DJF) TP
SAT (K) from 1880 to 2020 in the observation of GISTEMP. Red dots mark the
eruption years of five recent large tropical eruptions, i.e., 1883 Krakatau, 1902 Santa
Maria, 1963 Agung, 1982 El Chich6n, and 1991 Pinatubo. b Composite monthly TP
SAT anomaly (dashed blue line, K) and global-mean land SAT anomaly (dashed
dark line, K) with respect to the five years preceding the five eruptions in GISTEMP.
3-month moving average is shown. Solid lines denote anomalies significant at the
95% confidence level. “0” denote the eruption year, and “—1/ + 1” one year before/
after the eruption. The blue and gray horizontal dashed lines denote standart
deviation of winter TP SAT anomaly and global land SAT anomaly, respectively.
¢ Composite SAT anomaly (contour, K) in the first winter after the five tropical
eruptions in GISTEMP. Slash denotes SAT anomaly significant at the 95% con-
fidence level. Contour interval is 0.1 K. Aslo shown is the composite SAT anomaly
(dots with color, K) for 1982 and 1991 eruptions in Chinese Meteorology Admin-
istration (CMA) stationary observation. The biggest dot denote Qinhai-Henan
station with a maximum cooling of —3.8 K. The areas of the TP with altitude above
2500 m are outlined by purple lines.

Figure 1b compares the composite responses in global mean and TP
SAT for the five most recent large tropical eruptions. Substantial global
cooling is observed from spring in the second year after tropical eruptions,
persisting until the end of the third year. This is consistent with previous
studies that have shown large volcanic eruptions causing significant global
surface cooling, which typically lasts for three years”"'. The composite
global-mean land SAT drops by a peak of —0.30 K in the second winter.
Significant cooling in the TP, however, is observed in the first winter after
eruptions, with the composite TP SAT anomaly dropping by about —0.80 K.
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Fig. 2 | Extreme TP cooling after tropical eruptions in grid datasets. a Composite
SAT anomalies (shading, K) in the first winter after the 1982 and 1991 eruption in
CNO5.1. Stippling indicates SAT anomalies significant at the 95% confidence level.
The areas of the TP with altitude above 2500 m are outlined by purple lines. b Same
as (a) except for CMFD.

The TP SAT returns to align with the global average after this winter. This
TP cooling is much larger than the global-mean land cooling of —0.30 K,
and it also exceeds the interannual variability of TP SAT, represented by one
standard deviation of winter TP SAT, demonstrating an extreme regional
response to tropical eruptions.

No significant global-mean cooling is observed in the eruption year,
and even a small positive, albeit not significant, global-mean SAT anomaly is
observed in the first winter after eruptions. This finding is consistent with
previous observations™, which suggests that the occurrence of an El Nino
event may have counteracted the aerosol-induced global cooling.

During the first winter after eruptions (Fig. 1¢), the entire TP displays a
significant negative SAT anomaly, with its cooling center reaching below
—1.20 K over the eastern TP. The cooling in the eastern TP is much more
pronounced for the 1982 El Chichén and 1991 Pinatubo eruptions, espe-
cially when Chinese Meteorology Administration (CMA) stationary
observations are available. For these two eruptions, the cooling can reach as
low as —2 K at 16 out of the 62 available stations, with the maximum cooling
occurring at the Qinhai-Henan station reaching —3.80 K. There are only
seven stations located west of 90°E. The cooling observed at these stations is
much weaker compared to that over the eastern TP. In fact, the westernmost
station, Shiquan River station, even experiences a slight warming response,
although it is not statistically significant. This extreme cooling is also
observed in the high-quality gridded datasets (Fig. 2), ie., the CN05.1
dataset” and the China Meteorological Forcing Dataset (CMFD) dataset™
(see Methods). Both the grid and station datasets consistently demonstrate
that extreme cooling occurs over the eastern TP during the first boreal
winter following the 1982 and 1991 volcanic eruptions.

Aerosol and circulation-induced cooling
To separate the role of direct aerosol forcing and delayed climate response in
the TP cooling after tropical eruptions, historical runs with free air-sea
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Fig. 3 | Direct and delayed response to tropical
eruptions in CMIP6 models. a Composite SAT

anomaly (shading; K) and 200 hPa geopotential
height anomaly (contour; m) with respect to the five
preceding years during the first boreal winter after
1982 and 1991 eruptions for the MME of historical
runs. Stippling indicates temperature anomalies
significant at the 95% confidence level. Solid and
dashed contours denote positive and negative
anomalies, respectively, and contour interval is

10 m. Purple lines corver the TP with altitude above
2500 m. The averaged SAT anomalies over the TP
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coupling and AMIP runs using observed SST forcing from CMIP6 are
studied. In the MME of the historical run (Fig. 3a), a global cooling pattern is
simulated during the winter following the two recent tropical eruptions,
with the exception of warming observed from the North Atlantic to the
Arctic region. Most continents exhibit a consistent cooling response, and the
TP does not show a significantly larger response compared to other regions.
The circulation change, as represented by the anomaly in 500 hPa geopo-
tential height, is relatively weak, and the Eurasian continent is influenced by
a uniform low-pressure anomaly. The composite analysis of all five recent
tropical eruptions also reveals similar results (not shown).

In the AMIP run where the observed SSTs were used as the boundary
condition (Fig. 3b), both the Aleutian low and Siberian high are strength-
ened, leading to the occurrence of northeasterly wind anomalies over the TP.
This results in a greater cooling effect on the TP compared to the historical
run, demonstrating the delayed response of TP SAT to tropical eruptions.

An El Nifo-like teleconnection pattern in tropical SAT is
observed in the AMIP run. This pattern is associated with warming in
the equatorial eastern Pacific and leads to the activation of a strong
Pacific-North American teleconnection in the upper troposphere. As
a result, North America experiences significant warming, while
Mexico undergoes cooling. However, in the historical run, no El Nifio
is simulated (Fig. 3a). Observationally, four El Nifios were recorded in
the first boreal winter following these five volcanic eruptions™?,
while the CMIP6 historical run fails to reproduce this El Nifio
response after eruptions“.

The comparison between the historical run and the AMIP run
seems to suggest that the occurrence of El Niflo leads to the inten-
sified cooling of the TP after tropical eruptions, with temperatures
dropping from —0.36 K to —0.79 K (Fig. 3). However, the winter
cooling of the TP is statistically associated with a La Nifia event rather
than an El Nifio event in the observations (Fig. 4a). This implies that
El Niilo is not the reason for the different TP cooling in AMIP and
historical runs, and there are other boundary forcings that contribute
to the extreme TP cooling following volcanic eruptions.

Role of NAO on extreme TP cooling

Another notable distinction in the boundary conditions between the AMIP
and historical runs for the 1982 and 1991 events is the SST pattern over the
North Atlantic region (Fig. 4b). Compared to the historical run, a dipole
structure in North Atlantic SST is observed in the AMIP run, characterized
by a positive anomaly over the North Atlantic around 40°-50°N and
negative anomalies over the Davis Strait, resembling the positive NAO
anomaly.

The NAO index can be measured by this dipole SST structure, speci-
fically, the difference in SST between the Davis Strait regions and the North
Atlantic region. A positive NAO index indicates colder temperatures in the
Davis Strait region. The positive NAO index or Davis Strait cooling is quite
significant in the AMIP run (Fig. 3b), while it is relatively weak in the
historical run (Fig. 3a). In the observations (Fig. 4a), the positive NAO index
is also observed in association with TP cooling, indicating that it is the
positive NAO response that triggers the extreme TP cooling after tropical
volcanic eruptions.

In observations, the NAO is typically negatively correlated with El
Nifio events. This negative correlation is also evident in Fig. 5a, where the
North Atlantic region shows a negative NAO index when Davis Strait is
warm during an El Nifio winter. However, this relationship is reversed in the
presence of tropical eruptions”, and the El Nifio and positive NAO anomaly
will occur simultaneously (Fig. 3b).

To confirm the role of the positive NAO response in cooling the TP,
we compare the impacts of El Niflo and NAO on the Northern Hemi-
spheric climate (Fig. 5). In the AMIP run, an El Nifio event displays a
strong Pacific-North American teleconnection, resulting in positive SAT
anomalies over most Northern Hemispheric land areas, except for the
southern part of the United States and northern Eurasia (Fig. 5a). This
suggests that the cooling effect on the TP after tropical eruptions cannot be
attributable to the El Nifio phenomenon. During a positive NAO winter
(Fig. 5b), however, the AMIP run is able to simulate a NAO-like high-
latitude teleconnection, in which high and low-pressure anomalies control
North and South Eurasia, respectively’. A significant negative SAT
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Fig. 4 | TP winter cooling associated SST anoma-
lies. a Regressed boreal-winter SST anomaly
(shading, K) onto the negative TP winter SAT
anomaly from 1880-2020. Stippling indicates
anomalies significant at the 95% confidence level.
b Difference of composite SAT (K) in the MME
between AMIP and historical runs for boreal winters
of 1982 and 1991. Dark boxes denote the Nifo3.4
and North Atlantic regions. The NAO index is
defined by the SAT difference between the lower and
upper boxes over the North Atlantic regions.
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Fig. 5 | Role of SST forcing in TP winter cooling.
a Composite SAT anomaly (shading; K) and 500 hPa
geopotential height anomaly (contour; m), with
respect to the five preceding years, for the winters
with Nifno3.4 index above one standard deviation in
the MME of AMIP run from 1979-2014. Purple lines
corver the TP with altitude above 2500 m. Stippling
indicates temperature anomalies significant at the
95% confidence level. b Same as in a except for the
winters with NAO index above one standard
deviation.
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anomaly is simulated over the TP, accompanied by a positive SAT
anomaly over North Eurasia. These results indicate that although El Nifio
and positive NAO occur simultaneously during the post-eruption winter,
the mid-to-high latitude teleconnection is predominantly influenced by
the positive NAO.

Relative roles of direct aerosol forcing and delayed climate
forcing

The contribution of direct aerosol forcing and delayed climate forcing to the
extreme winter cooling over the TP can be linearly quantified by comparing
the historical and AMIP runs. For the 1982 and 1991 eruptions, the total
extreme TP cooling, including both direct and delayed forcing in the AMIP
runs, is approximately —0.79 K (Fig. 3b). The cooling induced by direct
aerosol forcing, represented by the MME of historical runs (Fig. 3a), is
—0.36 K, which accounts for 46% of the total cooling.

The cooling over the TP induced by the NAO can be estimated by
compositing the SAT anomaly with respect to the large positive NAO
anomalies in the AMIP runs from 1979-2005 (Fig. 5b). Then, it can be
multiplied by the ratio of the average NAO values in 1982 and 1991 (Fig. 3b)
to the average of all these large NAO anomalies from Fig. 5b. The cooling
induced by the NAO after the eruptions is approximately —0.57 K,
accounting for about 72% of the total cooling. The nonlinear feedback
between NAO and El Nifio, as well as other unidentified delayed processes,
may contribute to —18% of the extreme TP cooling after tropical eruptions.

Discussion

As of now, the question of whether tropical eruptions can trigger
positive NAO and El Nifio anomalies remains open. In observa-
tions, four out of the five recent tropical eruptions were followed by
a positive NAO and an El Nifo in the first winter, with the exception
being no positive NAO after the 1963 Mt Agung eruption and no El
Nifo after the 1883 Krakatau eruption. Paleoclimate analysis,
including more tropical eruptions during last millennium, has also
revealed that tropical volcanic eruptions could induce positive NAO
anomalies and associated European warming™, as well as increase
the likelihood of El Nifio'**. A tropical volcanic eruption tends to
warm the lower tropical stratosphere through the absorption of
incoming near-infrared and upwelling longwave radiation, while
cooling the polar stratosphere through the depletion of ozone. This
results in an increased meridional temperature gradient and a
strengthening of the polar vortex, leading to a positive NAO™.
The tropical eruption also triggers an El Nifio by cooling the African
continent and suppressing the African monsoon and equaotiral
westerly anomalies”™*". Both proxy data and simulation also
indicate that the positive NAO and El Nifo following tropical
eruptin are indistinguishable from internal variability* .

In conclusion, this study reveals a significant cooling response over the
TP following large tropical volcanic eruptions during the first winter after
the eruption. The average decrease in SAT over the TP can reach -0.80 K for
the five most recent tropical eruptions, and —1.30 K for the last two erup-
tions in 1982 and 1991 when stationary observation is available. Based on
the MME analysis from CMIP6, the extreme cooling observed over the
eastern TP can be mainly attributed to two factors: the direct aerosol cooling
effect and the delayed processes, particularly the presence of positive NAO
anomalies rather than the El Nifio response. The direct cooling effect and the
influence of the NAO contribute to 46% and 72% of the cooling, respec-
tively, while the remaining nonlinear or other unidentified delayed pro-
cesses exhibit negative feedback.

The results obtained from this study highlight the significant role and
intricate nature of delayed processes, such as NAO and El Nino, providing
valuable insights into the potential impact of volcanic eruptions on the
climate and environment of the TP. Accurate simulation of these delayed
processes is crucial for predicting regional climate change in the event of
potential future volcanic eruptions®, nuclear war scenarios™* or strato-
spheric sulfur injection scenarios”.

Methods

Observation data

The daily mean temperature data used in this study were derived from gauge
observations spanning the period of 1951-2020. These observations were
obtained from 824 national ground meteorological stations in China and
underwent rigorous quality control*’. These gauge observations were uti-
lized to investigate the SAT response over the TP to volcanic eruptions.
Additionally, we incorporated long-term monthly global temperature data
from the NASA Goddard Institute for Space Studies Surface Temperature
Analysis (GISTEMP v4), which employed a spatial smoothing technique
with a scale of 1200 km and covers the time period from 1880 to 2020". Two
high-quality gridded SAT datasets were also used. The monthly SAT of
CNO5.1 with a horizontal resolution of 0.25°x0.25° was based on the
observations of more than 2416 Chinese surface meteorological stations and
was gridded by interpolation using the anomaly approximation method™.
The CMFD, the first high spatial-temporal resolution gridded near-surface
meteorological dataset developed specifically for studies of land surface
processes in China, was created through the fusion of remote sensing pro-
ducts, reanalysis datasets, and in-situ station data™. For the analysis of SSTs,
we used monthly data from the Extended Reconstructed Sea Surface
Temperature dataset version 5, which cover the period from 1854 to 2017
and has a spatial resolution of 2° x 2°.

Model simulations

The month mean SAT and 200 hPa geopotential height data from 32 earth
system models participating in CMIP6 were utilized in this study’'. These
models include results from both historical and AMIP experiments. The
historical experiment focuses on simulations under historical climate for-
cing, specifically covering the period from 1850 to 2014 in CMIP6. It aims to
capture the response of the Earth’s climate system to natural and anthro-
pogenic forcings during this time period. On the other hand, the AMIP
experiment is one of the four baseline Diagnostic, Evaluation, and Char-
acterization of Klima (DECK) experiments in CMIP6. In AMIP, SST and
sea ice conditions are prescribed from observations, allowing for the eva-
luation of the atmospheric and land components of each model under the
constraint of observed ocean conditions.

The 32 models used in the AMIP cover the period from 1979 to 2014
and incorporate observed SSTs and sea ice data for the AMIP runs. Both the
historical and AMIP runs include simulations forced by both anthropogenic
and natural forcings, including the five major tropical eruptions in the
historical runs and the more recent eruptions of El Chichén in 1982 and
Pinatubo in 1991 in the AMIP runs. For this study, a total of 126 available
ensemble members from the historical runs and 120 available ensemble
members from the AMIP runs were considered for the 32 models. Table 1
presents the detailed information of the models used in this study. The
temporal resolution of the model output is monthly.

The cooling cased by five tropical volcanic eruptions
Five large tropical volcanic eruptions occurred during 1880-2020. This paper
chooses these five volcanic eruptions with a significant injection of sulfuric
aerosol in the tropical stratosphere: Pinatubo in June 1991, El Chichén in
April 1982, Mt Agung in March 1963, Santa Maria in October 1902 and
Krakatau in August 1883. Details of these five eruption are listed in Table 2.
In this study, we adopted the methodology previously used in a
similar research article exploring the impact of volcanic eruptions
on global temperature™. First, we eliminated the long-term linear
trend from the data. Superposed epoch analysis (SEA) was
employed to analyze the SAT responses to the selected tropical
volcanic eruptions™. To isolate the climate responses specifically
attributed to the eruptions from the background noise, we removed
the climatological annual cycle of the five years preceding each
eruption to obtain the anomalies. An 11-year window, spanning 5
years before and after each eruption, was used for the SEA analysis.
A significant test at the 95% confidence level was conducted using
the bootstrapped resampling method with 10,000 random draws
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Table 1 | Details of the 32 CMIP6 climate models

ID Modelname Country No.of ensem- Runused Spatial reso-
ble members lution/(°)
(H/A)

1 ACCESS- Australia 4/4 rlitp1f1 192 x 144
CM2

2  ACCESS- Australia 10/10 ritp1f1 192 x 145
ESM1-5

3 BCC- China 3/3 rlitp1f1 320 x 160
CSM2-MR

4 CAMS- China 2/3 rliltp1fi 320 x 160
CSM1-0

5 CanESM5 Canada 2/2 rlitp1f1 128 x 64

6 CAS-ESM2-0 China 4/4 rlitp1f1 256 x 128

7 CESM2 America 10/10 rlitp1f1 288 x 192

8 CESM2- America 3/3 rlitp1f1 288 x 192
WACCM

9 CMCC- Italy il r1i1p1f1 288 x 192
CM2-HR4

10 CMCC- Italy M rlitp1f1 288 x 192
CM2-SR5

11 CNRM- France 6/1 rlilp1f2 256 x 128
CMe6-1

12 CNRM-CM6- France 1 rliip1f2 720 x 360
1-HR

13 CNRM- France il rlilp1f2 256 x 128
ESM2-1

14 EC-Earth3 Sweden 11 rlitp1f1 512 x 256

15 FGOALS-f3-L  China 3/3 r1i1tp1f1 288 x 180

16 FGOALS-g3 China 5/5 rli1p1f1 180 x 80

17 FIO-ESM-2-0 China 3/3 rlitp1f1 288 x 192

18 GFDL-ESM4  America 11 ritp1f1 288 x 180

19 GISS-E2-1-G America 5/5 rlitp1f1 144 x 90

20 HadGEM3- UK 5/5 ri1p1f3 192 x 144
GC31-LL

21 HadGEM3- UK 4/4 rilp1f3 432 x 324
GC31-MM

22 INM-CM4-8 Russian 1M rlitp1f1 180 x 120

23 INM-CM5-0 Russian 1 rlitp1f1 180 x 120

24 |PSL- France 22/22 rlitp1f1 144 x 143
CMB6A-LR

25 KACE-1-0-G  Korea 11 rlitp1f1 192 x 144

26 MIROC6 Japan 10/10 rlilp1fl 256 x 128

27 MIROC-ES2L  Japan 3/3 rlitp1f1 128 x 64

28 MPI-ESM1- Germany 3/3 rli1tp1f1 384 x 192
2-HR

29 MPI-ESM1- Germany 3/3 ritp1fi 192 x 96
2-LR

30 MRI-ESM2-0  Japan 5/3 rlitp1f1 320 x 160

31 NorESM2-LM  Norway M rlitp1f1 144 x 96

32 TaiESM1 Taiwan, 11 rlitp1f1 288 x 192

China

from the entire studied period, assuming no correlation between
volcanic eruptions and other climate variations'®.

Since the AMIP runs began in 1979, we utilized the average of
climatology from the three years preceding the 1982 El Chichén
eruption for analysis. When calculating the MME, we first com-
puted the average among the ensemble members within each model
to ensure that all models were given equal weight in the analysis.

Table 2 | List of five major tropical volcanic eruptions since
1870 used in this study

Name Date Location AOD(550 nm) IVI2(Tg) VEI

Krakatau 26-27 Aug 1883 6.1°S, 105.4°E 0.16 22 6

Santa Maria 24-250Oct 1902 14.8°N, 0.08 4 5
91.6°W

Agung 17 Mar, 16 8.3°S,115.5°E  0.09 17 5

May 1963

El Chichon  3-4 Apr 1982 17.4°N, 0.10 14 5
93.2°W

Pinatubo 15 Jun 1991 15.1°N, 0.15 30 6
120.4°W

Alternatively, we also obtained similar results by directly averaging
across ensemble members of all models without considering
model bias.

Data availability

All data used in this study were obtained from publicly available sources.
The volcanic forcing data are available from Gao et al. (2008) at http://
climate.envscirutgers.edu/IVI2/. The Global Precipitation Climatology
Centre’s (GPCC) monthly land precipitation dataset for defining the
monsoon region is available from Schneider et al. (2016) at https://rda.ucar.
edu/datasets/ds496.0/. The CNO5.1 data can be download at https://ccrc.iap.
ac.cn/resource/detail?id=228/. The CMED data can be download at https://
poles.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/.  All
the model data utilized in this research can be downloaded from the CMIP
website: http://esgf-node.llnl.gov/.

Code availability

Codes for creating the figures and analysis were written in NCAR Com-
mand Language Version 6.6.2. and are available from the corresponding
author upon a reasonable request.
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