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The puzzle of recent global warming trend slowdown has captured enough attention,
though the underlying cause is still unexplained. This study addresses that area
segregating the role of natural factors (the sun and volcano) to that from CO2 led
linear anthropogenic contributions. It separates out a period 1976–1996 that covers two
full solar cycles, where two explosive volcanos erupted during active phases of strong
solar cycles. The similar period also matched the duration of abrupt global warming.
It identifies that dominance of Central Pacific (CP) ENSO and associated water vapor
feedback during that period play an important role. The possible mechanism could be
initiated via a preferential alignment of NAO phase, generated by explosive volcanos.
Inciting extratropical Rossby wave to influence the Aleutian Low, it has a modulating
effect on CP ENSO. Disruption of Indian Summer Monsoon and ENSO during the abrupt
warming period and a subsequent recovery thereafter can also be explained from that
angle. Interestingly, CMIP5 model ensemble, and also individual models, fails to comply
with such observation. It also explores possible areas where models miss important
contributions due to natural drivers.
Keywords: Hiatus, Sun, Volcano, NAO, CMIP5

INTRODUCTION
The global temperature has risen at an unprecedented pace since 1976/1977 (Hansen et al., 2010;
Ipcc, 2013). Coupled modeling community using all forcing could successfully capture that rising
trend. Main external forcing used in CMIP (Coupled Model Inter-comparison Project) models are
solar, volcano, and longer term linear trend (to represent anthropogenic CO2). Associated with
that abrupt hike in temperature, world experienced unusual climate patterns globally (Monsoon
globally: Yim et al., 2013) as well as regionally (Indian Summer Monsoon(ISM): Yim et al., 2013;
Kumar et al., 1999; Trenberth and Hoar, 1997; Ashok et al., 2001; ENSO: Qiong et al., 2008; Ashok
and Yamagata, 2009; Yeh et al., 2009: North Atlantic Oscillation (NAO): Roy, 2016) etc. Existing
coupling among known major climate modes also suggested deviations (ISM-ENSO: Kumar et al.,
1999; Ashok et al., 2001; NAO-ISM: Chang et al., 2001). As Many physical conditions in the ocean
and atmosphere changed abruptly during the year 1976/77, studies (Miller et al., 1994; Meehl and
Teng, 2014) indicated it as climatic ‘regime shift’.
Substantial evidence indicates that physical conditions also altered during 1998 around oceans
(McPhaden and Zhang, 2004; Vecchi and Soden, 2007) as well as the atmosphere (Minobe, 2000;
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it is noteworthy that considering 1976–1998, i.e., adding two
additional years does not change our major findings.
The role of explosive volcanos was examined by EmileGeay et al. (2008) which showed a noticeable influence on
the modeled ENSO. Using observational data of longer-term
paleoclimate records, studies (Adams et al., 2003; McGregor and
Timmermann, 2011) also suggested an increase in the probability
of warm events of ENSO and showed nearly twice the probability
of an El Niño occurrence in the winter following a volcanic
eruption. It is also supported by modeling works (Stenchikov
et al., 2009; Ohba et al., 2013). Those also suggested explosive
volcanos during El Niño phase contribute to its duration, whereas
the same during La Niña shortens the period counteracting to
its duration. On the other hand, using simulations from CMIP5,
Driscoll et al. (2012) concluded that following eruptions, models
fail to capture the Northern Hemispheric dynamical response.
Examining reanalysis data of the 20th Century version 2 [20CRv2,
Compo et al. (2011)] a significant surface warming over Asia
and northern Europe, relating to volcanos, was detected by
them.
Based on geographical coverages of tropical Pacific Sea
Surface Temperature (SST), various ENSO index time series
are formulated, among those, the most widely used one is the
Niño 3.4 Index (spatial coverage 5◦ N-5◦ S, 170◦ W-120◦ W), which
roughly covers Central Pacific (CP) region. Analyzing Niño 3.4
temperature, highest ENSO signal was identified during 1982 and
that with the longest duration during 1992 (Trenberth and Hoar,
1997). In the observational record, the warming in the tropical
Pacific was unprecedented from 1990 to mid-1995 for more than
a century (Trenberth and Hoar, 1996). Qiong et al., 2008 noted
that last two decades of the 20th century, experienced nearly
50%– 60% increase in the ENSO variability (significant at the
95% confidence level). It is consistent that SST trend along the
equator during the latter half of last century suggests a robust
El Niño-like signature for all observations even using different
sets of data (Liu et al., 2005). There is a good correspondence
between temperatures of the troposphere and the ENSO (Sobel
et al., 2002), with warm periods coincide with El Niño’s whereas,
the cold with La Niña’s. As the water vapor is the most important
Green House Gas (GHG) that constitutes 60% of total radiative
forcing (Kiehl and Trenberth, 1997), it supports why the ENSO
could play an important role in regulating the global temperature.
The aim of this particular study is an attempt to underpin
major areas where model ensembles indicate failure since 1998
and disagree with observation. The purpose is to address the
puzzle of global warming trend slowdown or Hiatus and an
abrupt global warming prior to that. A possible mechanism
involving the NAO, explosive volcanos and CP ENSO was
proposed. The disruption of ISM-ENSO teleconnection during
an intervening period (around 1976–1996) is also addressed from
that angle.

Bond et al., 2003). Since then, observed temperature trend
suggested an insignificant rise (Santer et al., 2017). Unlike earlier
period, its temporal variation failed to match with results of
CMIP model ensemble and even lied outside of ensemble spread
range (Santer et al., 2017). Many studies observed and discussed
such unexplained behaviour of recent warming trend slowdown
and named the period (since 1998) as ‘global warming Hiatus
period’ (Kosaka and Xie, 2013; Meehl and Teng, 2014; Meehl
et al., 2014; Karl et al., 2015; Santer et al., 2017). That unusual
feature is still a major puzzle and deserves more exploration.
Other climate patterns also changed since 1998. Similar
to temperature other features/ teleconnections those suggested
aberrations during the intervening period of around 1976–1997
are documented here, in a few.
Based on spatial variability of tropical Pacific SST, different
forms of ENSO are proposed in recent time, among which
Central Pacific (CP) ENSO is an important one (Ashok et al.,
2007; Kug et al., 2009). It is mainly dominated by the variability
of SST around CP region (Ashok et al., 2007). For CP ENSO,
atmospheric forcing plays the dominant role and it has an
extratropical connection (Kao and Yu, 2009). Interestingly, CP
ENSO became more persistent and frequent since the 1970s
(Ashok and Yamagata, 2009; Yeh et al., 2009), though reverted
back after late 1990s. Using Niño temperature reconstruction
based on oxygen isotopic from 1190 AD to 2007 AD (818 years),
Liu et al. (2017) also noted an unprecedented rise in CP ENSO
variability during later periods of last century. What caused such
difference in behavior of CP ENSO is not yet understood. A recent
study pointed toward CP ENSO as one responsible factor for the
current warming trend slowdown or warming Hiatus (Kulkarni
and Siingh, 2016).
There is also a common changing point for regional
monsoon–ENSO relationship around the 1970s with a recovery
in the late 1990s. During the intercepting period, the relationship
strengthened for the western North Pacific, North American,
Northern African, and South American summer monsoons.
Interestingly, the teleconnection weakened for the ISM, over the
same period (Yim et al., 2013). Hence there is a justification to
separate out a period 1976–1998 and the purpose are to segregate
the role of natural factors (the sun and volcano) to that from CO2
led linear anthropogenic contributions.
The Sun is the primary source of energy for the climate of
the earth. Explosive volcanos are one form of natural calamities
that impinge enormous impact on the climate of the earth, those
involve troposphere as well as the stratosphere (discussed in
details by Robock and Mao, 1992; Robock, 2003). During the
intervening period of 1976–1998, two major volcanos erupted
during 1982 and 1991. Unlike other previous occasions, those
coincidentally matched active years of stronger solar cycles. That
period also captured two full solar cycles, (number 21 and
22) starting from one solar minimum (1976) and ending with
another minimum (1996). To analyze the combined influence
of the sun and volcano (including the phasing) it is justified to
consider a period 1976–1996. A study suggested separating the
period of those two decades give better insight on understanding
some climate features (Roy, 2016) which are also supported by
latest studies (Oliva et al., 2017; Polvani et al., 2017). However,
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METHODOLOGY AND DATA
One method used here is the Multiple Linear Regression (MLR)
technique using AR(1) noise model. The MLR technique may be
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FIGURE 1 | (A) The AOD (for volcano) signal (max–min, hPa) using a MLR technique on SLP (DJF) data for the period 1856–2012. Other indices used are ENSO,
SSN and a longer term trend. Significant areas (95% significant) using a two-sided Student’s t-test are marked by hatching and negative contours are shown by
dotted lines. (B) The result of SLP anomaly (DJF) plot from NCEP data for 1976–1996 with respect to reference level 1956–1975. Plot (B) is generated from the
NOAA/ESRL Physical Sciences Division, Boulder Colorado web site at http://www.esrl.noaa.gov/psd/.

written as:

arise due to various sources (e g., internal noise, un-modeled
variability, all sources of observational error, etc.). Using an
autoregressive noise model of order one [AR(1)], autocorrelation
in the time series and its effects on the derived coefficients
of regression are estimated alongside its significance levels. In
this methodology, noise coefficients are estimated simultaneously
with the variability components so as the residual matches
with a red noise model of order one. Finally, the level of

y = βX + u
Where ‘X’ is a ‘n x m’ order matrix, those are thought to
influence the data and comprises time series of m indices. ‘y’
is a rank n vector that contains the time series of the data. ‘β’
is a rank m vector containing amplitudes of the indices, those
we estimate. The noise term is represented by ‘u’, which may
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FIGURE 2 | SST anomaly (DJF) from NOAA Extended SST V4 (ERSST), for 1976–1996 with respect to different reference levels: (A) 1999–2017, (B) 1956–1975, (C)
1936–1955, and (D) 1916–1935, respectively. Plots are generated from the NOAA/ESRL Physical Sciences Division, Boulder Colorado web site at
http://www.esrl.noaa.gov/psd/.

confidence in the value of derived β is estimated for each index,
using the Student’s t-test. By this methodology, it is possible
to minimize noise being interpreted as a signal. This technique
is applied/discussed elaborately by Roy and Haigh (2010); Roy
(2014, 2018); Roy and Collins (2015); Roy et al. (2016) and
previously used in many other studies [Gray et al. (2013) among
others]. In MLR, the dependent variable is Sea Level Pressure
(SLP). Various independent factors used are monthly Sun Spot
Number (SSN), Stratospheric Aerosol Optical Depth (AOD)
(indicative of volcanic eruptions), Niño3.4 (for ENSO) and a
long-term linear trend (to represent anthropogenic influence
arising from CO2).
Sun spot number is used for solar eleven-year cyclic variability,
which is available from http://www.sidc.be/silso/versionarchive
(version 1). I also used the new updated version of SSN, version 2,
which is available from http://www.sidc.be/silso/versionarchive.
As the study focuses on solar cyclic variability, the results are
seen very similar to using either of these two versions of SSN.
To represent ENSO, Niño 3.4 index is used (Kaplan et al., 1998),
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available since 1856 and can be found at http://climexp.knmi.
nl. In the regression, AOD has been employed for volcanic
eruptions and available at http://data.giss.nasa.gov/modelforce/
strataer/.
Other techniques used are composites of mean differences.
Parameters used are SLP, Surface temperature [Sea Surface
Temperature (SST) and mean air temperature] and specific
humidity at the surface. Last three parameters are also analyzed
for CMIP5 models during Historical and RCP scenarios1 . Details
of forcing and model set up are all well documented in Taylor
et al. (2012). For the future period, various RCP scenarios are
considered. For individual model performances, different CMIP5
models are also examined. Some models only have one ensemble
member, and hence for consistency, the first ensemble member
from models is included for individual model analyses. SLP data
used in the regression are HadSLP2 (Allan and Ansell, 2006)
which is updated with a recent version of HadSLP2r_lowvardata
1

4

http://cmip-pcmdi.Llnl.gov/cmip5/experiment_design.html
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FIGURE 3 | Same as Figure 2 (A–D) respectively, but for mean air temperature using observation from GISTEMP 1200. Plots generated using the IPCC’s Climate
Change Atlas, climexp.knmi.nl/plot _atlas_form.py. Signal smaller than one standard deviation of natural variability is shown by hatching.

consistent with earlier findings of Roy (2016) and Gray et al.
(2013). Hence during the period (1976–1996), when two major
explosive volcanos erupted, it showed a preferential alignment
of the NAO phase toward its positive polarity side. However,
as the study focuses on natural influence, that includes both
the sun and volcano, caution should be taken if the sun
indicates reverse behavior for NAO. Hence an anomaly plot
of SLP for the period 1976–1996 is presented (Figure 1B) and
it again suggests a strong NAO signature. [The sun-NAO also
suggests a positive connection during that period was earlier
shown by Roy (2016)]. It is well-known the positive phase of
the NAO is aligned with cooling around the north Atlantic
and its associated implications will be explored in subsequent
sections.

and available from http://www.metoffice.gov.uk/hadobs/
hadslp2 and http://www.metoffice.gov.uk/hadobs/hadslp2/data/
download.html. It also used combined SST/air temperature
GISTEMP data, 2 provided by the NOAA/OAR/ ESRL PSD,
Boulder, Colorado, United States, from their Web site at
https://www.esrl.noaa.gov/psd/. For ISM, observed rainfall
from GPCP, which is available since 1979 is used. It can be
downloaded from http://climexp.knmi.nl and also available from
NOAA/OAR/ESRL PSD, Boulder, Colorado, United States, web
site3 . It also used specific humidity from reanalyses product
ERA-Interim, which can be downloaded from http://climexp.
knmi.nl.

RESULTS
Influence of Natural Factors on Regional
Temperature

Influence of Explosive Volcanos
The signal of explosive volcanos on SLP using the MLR technique
suggests a strongly positive NAO pattern (Figure 1A) for an
overall 160 years period (1854–2012). A positive connection
between AOD and NAO is clearly noticed even separating
out influences of ENSO, a longer-term trend and SSN. It is
2
3

Analysis of Observation
To address further on a mechanism, Figure 2 plotted mean
difference of SST during 1976–1996 w.r.t. four other reference
periods (of around 20 years each). Recent anomaly period
1999–2017 (Figure 2A) is also considered. Interestingly, in
spite of a linear trend in SST, warming around central Pacific
is noticed in all cases, even when reference period is recent

https://www.esrl.noaa.gov/psd/data/gridded/data.gistemp.html
http://www.esrl.noaa.gov/psd/
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FIGURE 4 | Mean temperature anomaly (Dec-Feb) for 1976–1996 with respect to reference level (A) 1999–2017 and (B) 1956–1975 considering AR5 CMIP5 subset
models ensemble. Plots are generated using the IPCC’s Climate Change Atlas, climexp.knmi.nl/plot _atlas _form.py. Signal smaller than one standard deviation of
natural variability is shown by hatching.

years (Figure 2A). A consistent pattern is noticed in all four
cases: a strong cooling around the north Atlantic (even more
than 0.6K for most cases), warming in Aleutian Low (AL) and
warming in Niño 3.4 region (of a range 0.4K and more). The

Frontiers in Earth Science | www.frontiersin.org

cold SST signature around north Atlantic is consistent with
positive NAO pattern. This signal also remains similar using the
period 1976–1998, which adds two extra years (Supplementary
Figure S1). The longer-term global warming signal (linear) is

6
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FIGURE 5 | Mean surface temperature (DJF): 1976–1996 minus 1956–1975 (Left); 1976–1996 minus 1999–2017 (Right) for two arbitrarily chosen CMIP5 models,
IPSL-CM5A-LR (top) and NorESM1-M (bottom).

(Figures 2A–D). An oceanic/atmospheric pathway connecting
AL and Central Pacific is very distinct (for SST) in all
four plots. It is thus consistent with the findings of (Ham
et al., 2013a,b) and also in favor of Extra-tropical Forcing
Theory (Kao and Yu, 2009; Yu et al., 2010; Yu and Kim,
2011) and Equatorial Ocean Advection Theory (Kug et al.,
2009) for CP ENSO formation. The Current analysis thus
suggests that period 1976–1996 shows some special features,
involving the NAO, AL and CP ENSO, which are different
to that from a longer-term CO2 led linear trend and needs
attention.
Further analysis was carried using surface ‘air temperature’
instead of SST with a new data set GISTEMP1200
(Figures 3A–D). Similar signals around north Atlantic, AL
covering up to Niño 3.4 region is clearly distinguished. It
strengthens the finding involving natural influences which are
distinct to that from CO2 led linear trend. Interestingly, it
also identifies a very strong warming around Eurasian snow
cover, discrete from a longer-term linear trend. A similar signed
warming signal (red) is noticed around the Eurasian sector, in all

captured in most parts for all four plots with an exception of Niño
regions connecting AL and North Atlantic region (it even shows
cooling).
Perturbations around North Atlantic was noted as a precursor
of CP ENSO (Ham et al., 2013a,b) and the mechanism
involves atmospheric Rossby wave. Positive NAO via triggering
Rossby wave around mid-latitudes can influence north Pacific
(AL is likely to be modulated) and subsequently has the
potential to initiate CP ENSO through the atmospheric and
oceanic bridge (for e.g., Equatorial Ocean Advection Theory
(Kug et al., 2009) and Extra-tropical Forcing Theory (Yu
et al., 2010; Kao and Yu, 2009; Yu and Kim, 2011). Ocean
Advection Theory proposes that by the zonal ocean advection,
anomalous SST along the equatorial region of Pacific is grown;
while the other theory of ‘Extratropical Forcing’ indicates
that the excitation is initially originated via a forcing from
extra-tropics and later developed by the advection from
the tropical Pacific. Our observation supports a chain of
hypotheses: positive NAO – incite atmospheric Rossby wave to
influence AL- via atmosphere/ oceanic bridge trigger CP ENSO
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FIGURE 6 | Mean specific humidity anomaly (1979–1996 minus 1999–2017) for Dec-Feb from (A) AR5 CMIP5 subset models and (B) ERA-interim data. It started
from 1979 instead of 1976 because ERA-interim data are only available since then. Areas with signal smaller than one standard deviation of natural variability is
shown by hatching. Plots generated using the IPCC’s Climate Change Atlas; climexp.knmi.nl/plot _atlas_form.py. Note here the reverse color bar.
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FIGURE 7 | Observed time series of various natural factors (solar cycle variability, volcano and ENSO) and global surface temperature. Solar cycle variability is
represented by SSN, volcano by AOD and ENSO by Niño3.4 indices. The period 1976–1996, the time of abrupt global warming is marked by dotted lines. The
period exceeding the right dotted lines represent the warming slowdown period. The warming in 2016 is distinct and it is seen linked with the strong El Niño of 2016.

four plots of Figure 3 (even using anomaly period of recent years
in Figure 3A).
To check the robustness of identified signals on surface air
temperature, two different datasets (HadCRUT4.2 and ERAinterim) are also tested (Supplementary Figure S2). It only
compared anomaly period 1976–1996 with respect to the recent
time (since 1999). It again verified that signals around north
Atlantic, AL, CP ENSO and Eurasian snow cover are indeed
robust for the period 1976–1996 and different from CO2 led
linear anthropogenic influences.

Frontiers in Earth Science | www.frontiersin.org

Analysis of CMIP5 Models
To compare with observation, a model ensemble from AR5
CMIP5 subset models are used (Figure 4). Results (1976–1996)
using only two different anomaly periods are presented (1999–
2017) (Figure 4A) and 1956–1975 (Figure 4B). No specific
features around north Atlantic, AL, CP ENSO and Eurasian snow
cover are identified. In contrary to observation, Figure 4A is
dominated by blue; whereas, Figure 4B by red. Such signal in the
model ensemble is nothing but to represent a longer-term linear
trend arisen out of CO2 led linear anthropogenic influences. An

9
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FIGURE 8 | Time series plots (Dec-Feb) of various meteorological parameters from reanalyses product (top plot) and CMIP5 models. Anomaly period considered is
1980–2010. The top plot is for specific humidity from ERA Interim, and the rest three are from AR5 CMIP5 subset models for global specific humidity, global
temperature and near-surface temperature in Niño 3.4 region, respectively. For models, one line per model is shown by thin lines, while multi-model mean is marked
by a thick line. On the right, the spread associated with various RCP scenarios over 1986–2016 are shown. Horizontal line denotes the median (50%) of the whole
dataset, the box extends from 25 to 75% and the whiskers from 5 to 95%. White mark within the plots of model results indicates the start of RCP scenarios. Plots
are generated using the IPCC’s Climate Change Atlas; climexp.knmi.nl/plot _atlas_form.py.
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TABLE 1 | Variation of Niño 3.4 and Global Specific Humidity (gm/kg) anomaly in abrupt warming period (1976–1996) and warming trend slowdown period.
Period
Observation/ Model
Kaplan, ERA Interim

1976–1996 (I)
Niño3.4 (a)

Global Specific Humidity (b)

Niño3.4 (a)

Anomaly (ll-l)

Global Specific Humidity (b)

(a)

(b)

0.02

−0.389/(−0.19)

−0.52

−1.82

IPSL-CM5A-LR

−0.35

−0.16

0.26

0.20

0.61

0.36

NorESM1-M

−0.20

−0.08

0.06

0.12

0.25

0.21

MIROC-ESM

−0.07

−0.09

0.11

0.13

0.18

0.22

0.14

−0.06

0.21

0.15

0.07

0.22

ACCESS1-0

−0.11

−0.11

0.26

0.16

0.37

0.27

CSIRO-Mk3-6-0

−0.17

−0.08

0.24

0.14

0.41

0.22

IPSL-CM5A-MR

−0.16

−0.26

0.19

0.25

0.34

0.51

MIROC-ESM-CHEM

0.131

after 1999 (II)

−1.8

Results of observation and reanalyses are presented in the first line (marked bold). For model, ‘II’ considers 1999–2016; whereas, for observed specific humidity it is upto
2011 due to availability of ERA-Interim data, and for Niño3.4, it shows 2011/(2016).

FIGURE 9 | Mean difference of Niño3.4 and specific humidity from period after 1999 to that from 1976 to 1996. First two bar plots are for Niño3.4 and specific
humidity, respectively, from observed or reanalyses products. Results for seven different models are presented, purple for Niño3.4 and blue for specific humidity.
Models shown are IPSL-CM5A-LR, NorESM1-M, MIROC-ESM, MIROC-ESM-CHEM, ACCESS1-0, CSIRO-Mk3-6-0 and IPSL-CM5A-MR, respectively. For rest
other models, almost all suggest similarly and hence not shown.

to identify opposite signature around North Atlantic (as seen
here for NorESM1-M). On the other hand, some models if
match around the north Atlantic but disagree in Niño 3.4
region.
The similar varied pattern of ISM rainfall is also noted
by Roy (2017) that used 23 most commonly used CMIP5
models. That study compared observed decreasing rainfall trend
around central north east (CNE) India with CMIP5 model
results. To present diverse behavior among models, results
were presented starting with positive patterns and ending with
the negative pattern, with models without much indications
in between. Similar inconsistency in CMIP5 model results
with observation was also identified by Turner and Annamalai
(2012), where they discussed about the cause of discrepancy and
indicated improper modulation of decadal signature in models
as one potential factor. Other probable candidates identified
for similar disagreement are circulation-based changes (Roxy
et al., 2015), aerosol-based changes [Bollasina et al. (2011)

anomaly period of 1936–1955 is also considered which again
suggests red indicating a similar linear trend (Supplementary
Figure S3).
To test individual model performances, two arbitrary
model (IPSL-CM5A-LR and NorESM1-M) results are presented
for surface air temperature (Figure 5). Those two model
results are presented as those suggest opposite signature
around tropical Pacific. As seen, none of the individual
two models captures the observed behavior for the period
1976–1996. Niño 3.4 temperature region in IPSL-CM5ALR is dominated by blue for both the anomaly period
(Figures 5A,B), while it is red for the model NorESM1M (Figures 5C,D). Around a similar period, two models
are also suggesting differently. For rest other CMIP5 models,
all indicate varied spatial patterns and do not show any
consistency among each other, let alone with observations
and hence not shown. Some models, however, suggest similar
signed signature around tropical Pacific, as observed, but fail
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to that from 1976 to 1996. Thus models suggest consistency
in terms of global features and follow the known connection
between these three parameters. It indicates that rise in Niño
3.4 temperature trend will cause more water vapor content
and more rise in global temperature. Interestingly, observation
suggests differently. There is no rising trend noticed for either
observed ENSO (Figure 7) or global specific humidity (Figure 8,
top panel). Global temperature, however, suggests a rise in
observation as well as models. The post-volcanic cooling as noted
in the model ensemble for temperature, (by two sharp troughs,
Figure 8) is however, not identified in observation (Figure 7,
bottom panel). In observation, only a sharp trough is noticed at
1985, between two dotted lines, which could be probably due to
the strong La Niña of 1985.
To analyze further, I present Table 1 where results of only
seven models are presented, starting with two chosen models,

and sea-surface temperatures in the Indo-Pacific (Roxy et al.,
2015)].

Influence on Humidity
Analyses on specific humidity for the period 1976–1996 is carried
w.r.t. an anomaly period (1999–2017) (Figure 6). Note here the
reverse color bar. Model ensemble suggests less water vapor
throughout (Figure 6A) which is consistent with cooling as
noticed in Figure 4A. On the contrary, observation using ERAInterim shows diverse regional impact (Figure 6B), agreeing with
observed surface air temperature anomaly pattern. As expected,
more water vapor is accumulated around the central and eastern
Pacific. In contrast to model, results from Reanalysis is dominated
by blue (and hence more water vapor). If the anomaly period
considered is (1956–1975) (Supplementary Figure S4), the
model ensemble also conforms to its temperature signature
(Figure 4B). Noting the water vapor as the major GHG (Kiehl
and Trenberth, 1997), its contribution during later two decades
of last century and Hiatus period is clearly established. Also, the
GHG effect from water vapor is seen not linear but dominant
during period 1976–1996. It explains why temperature trend
in model ensemble could deviate to that from observational
records during warming Hiatus period. Moreover, it points
that it could be the preferential alignment of ENSO positive
phase during the period 1976–1996, and associated water vapor
feedback that could be a prime factor for an abrupt rise in global
temperature.
Results from same two individual CMIP5 models (IPSLCM5A-LR and NorESM1-M) are also presented (Supplementary
Figures S5A,B). An anomaly of specific humidity for period
1976–1996 is calculated w.r.t. 1956–1975. Model IPSL-CM5A-LR
suggests less water vapor around Niño3.4 region; whereas,
NorESM1-M shows an abundance. However, individual models
are in accordance with the humidity-temperature known
connection in Niño3.4 region, i.e., rise (fall) in temperature
(Figures 5A,C, respectively) will normally be linked with a rise
(fall) in humidity (Supplementary Figures S5A,B, respectively).
Similar to SST, representation of humidity also fails to indicate
consistency among various CMIP5 models, and hence not shown.

Time Series Analyses
In terms of the Sun and volcano, how time series of the observed
ENSO and global temperature follow are presented Figure 7. The
ENSO, measured by Niño 3.4 is seen in phase with observed
global temperature series, with their peaks and troughs matching
with each other. The Niño 3.4 suggests more variability during
the period 1976–1996 (shown in between dotted lines in Figure 7)
as also noted by Qiong et al. (2008). That period is dominated by
warm peaks of ENSO; whereas cold peaks are more prominent
since 1999.
Figure 8 presented few time-series from reanalyses and
CMIP5 model outputs. It showed global specific humidity
observed from reanalyses product ERA-Interim (top panel) and
also presented model ensemble behavior for global specific
humidity, global temperature and Niño 3.4, respectively. The
model ensemble (and also almost all individual models) shows
a clear rising trend for all those three parameters in recent period
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FIGURE 10 | Average ENSO (Dec-Jan-Feb) against annual average Sunspot number (SSN). Observed Niño 3.4 index is used in the top row of each plot, while
bottom two rows use Niño 3.4 temperature for CMIP5 models NorESM1-M and IPSL-CM5A-LR, respectively. In (A) it considers the whole period of observed record
(1856–2016) and in (B) it separates out an intervening period (1958–1997) from the whole set of observation. The right panel in (B) is for period ‘1958–1997’ and the
left for ‘1856–1957 and 1998–2016.’

IPSL-CM5A-LR and NorESM1-M. The rest almost all models
suggest the same and hence not shown. It indicates a decrease
in observed Niño 3.4 temperature and a subsequent decrease in
global specific humidity in recent period to that from 1976 to
1996. The deviation in the recent period, however, is completely
opposite (positive) for all models (last column Table 1). As
the ERA-Interim data for relative humidity is present upto
2011, the calculation for Niño 3.4 using observation was carried
upto 2011, as well as upto 2016. Even including the strong
El Niño of 2016, the negative anomaly during a recent period
is still clear. On the other hand, if the analyses for models
are restricted upto 2011 instead of 2016, the same consistent
pattern is noticed. To highlight further, the difference between
results of the model to that from Observation/Reanalysis, I

Frontiers in Earth Science | www.frontiersin.org

present Figure 9. It considers the value from the last column
of Table 1. Models those indicate higher Niño 3.4, also suggest
higher specific humidity and vice versa in Figure 9. It clearly
identifies the difference between observation and model results,
which are completely opposite, and suggests models in general,
are overestimating global water vapor contents in recent periods.
Such contributions are most likely to add additional warming due
to greenhouse gas, and a subsequent rise in global temperature in
models.
Time series plots of various model Niño 3.4 temperatures
are also presented along with the observed Niño 3.4 series
(Supplementary Figure S6). It highlights the diverse behavior
of ENSO among models, where the model Niño 3.4 peaks and
troughs are seen very unlike to match with each other, let alone
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observation, almost all models indicate a rise in Niño 3.4 in recent
periods to that from 1976 to 1996 and do not follow observed
ENSO behavior, as discussed.

Exploring on the Sun and ENSO Behavior
To examine further, I explore the connection between individual
drivers - here the focus is on the Sun and ENSO behavior. The
observed results as noted in Roy and Haigh (2012), and Roy
(2014) are reproduced updating both the SSN (also used the
new SSN data of version 2) and Niño 3.4 data. This is a plot of
ENSO (DJF) against SSN and results of observation and those
two models (IPS-CM5A-LR and NorESM1-M) are presented
(Figure 10). Peak or max year from all solar cycles are marked
by red squares. When SSN is high, say, above ∼120 (1.9 standard
deviations of SSN is 122), a bias toward a cold event side of the
ENSO is noticed in observation. Exceeding that SSN threshold,
all 12 solar max or peak years lie on the cold event side. Such
feature is not present in models (Figure 10A). During all solar
max years, Niño 3.4 values in models also differ to that from
observation, as seen by the individual positioning of red squares.
In terms of the sun and ENSO behavior, it also confirmed another
interesting feature from the study of Roy and Haigh (2012), and
Roy (2014). It showed that if we segregate out the period 1957–
1997, not only solar max years, but all years above high SSN
values (say above ∼120) lie on the cold event side of ENSO
(Figure 10B). During period ‘1856–1957 and 1998–2016,’ not a
single point lies in the top right quadrant, though points are
near equally distributed in all four quadrants in the intervening
period of 1957–1997. Chosen models do not comply with such
observation. Other models also suggest similarly and hence not
shown. As the purpose is to verify those previous results, hence
similar intervening time periods as used there are presented. Also,
note that the value of SSN threshold (∼120) has changed here due
to the use of new version (2) of SSN data.

Some Lead-Lag Analyses Involving ISM
Several studies (Liu and Yanai, 2001; Xavier et al., 2007) showed
that winter NAO has a strong modulating effect on ISM.
The period the relationship between the ISM and ENSO has
weakened, the connection between the temperature of West
Eurasia and ISM turned stronger (Chang et al., 2001). According
to them, as the ENSO ISM teleconnection became weaker, the
possibility for the NAO to influence the ISM through the above
mechanism has enhanced.
To study the teleconnection between various temperatures
related fields and ISM rainfall, some lead-lag analyses are
performed (Figure 11). For temperature fields, I consider three
different locations: the region of Niño 3.4, a location from
the Eurasian sector (40◦ N to 60◦ N, 70◦ E to 100◦ E) and also
a region around the North Atlantic (40◦ N to 60◦ N, 50◦ W to
30W◦ ). From the Eurasian sector and the north Atlantic, I
chose an arbitrary location each, which suggested a stronger
observed temperature anomaly during 1976–1996. For ISM,
the main interest is around regions of the CNE India and
its surroundings. This is the location of strengthened ITCZ
(Intertropical Convergence Zone) during JJAS, receives intense
heating and serves as the meeting point of both the Walker

FIGURE 11 | Correlation between various temperatures related fields and
Indian Summer Monsoon (ISM) rainfall (in JJAS) and some lead-lag analyses.
The top two panels use Niño 3.4 temperature and the bottom two for the
temperature of North Atlantic and Eurasian sector, respectively. The top panel
shows correlation using Niño 3.4 temperature of JJAS, while the bottom three
panels consider temperature fields of DJF. Left panel for 1979–1996 and the
right for 1999–2016. Significant regions at 95% level, using a student’s t-test
are marked by white lines.

with the observation. The observed ENSO, (first plot) suggests
more bias toward warm ENSO phase and shows a stronger
variability during the period 1976–1996 (shown in between two
vertical dotted lines) to that from any other intervals. Observed
Niño 3.4 also do not suggests any clear rising trend in a recent
period, the period after the red dotted line. In contrary to
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FIGURE 12 | Longitude vs. Height anomaly plot for Dec-Feb, (1979–1996 minus 1999–2017) averaging over 50◦ N to 70◦ N. Parameter used are air temperature,
and geopotential height, respectively, as shown in subtitles. Plots are generated by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their Web
site at: http://www.esrl.noaa.gov/psd/.

circulation and regional Hadley cell (Gill, 1980; Goswami, 1994).
The area covering CNE region received enough interest in latest
studies (Bollasina et al., 2011; Roy et al., 2017; Roy, 2017). For
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the Niño 3.4, in both DJF and JJAS, a significant anti-correlation
is noticed in that location, which is stronger when Niño 3.4
for JJAS is considered (first and second row). The connection
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FIGURE 13 | A schematic of mechanisms initiated by explosive volcanism during 1976–1996. It modulates various modes (NAO, ISM and CP ENSO) and influences
various places (AL and Eurasian snow cover), shown by blue box. AL is impacted from North Atlantic via Atmospheric Rossby waves. That signal is transported to
trigger CP ENSO via Atmospheric (pink arrow) and Oceanic pathways (green arrow). CP ENSO increases atmospheric water vapor causing abrupt rise in global
temperature (shown by red). Combination of NAO and Eurasian Snow strongly modulate regional N-S Hadley circulation (yellow arrow) to impact ISM. Usual
ENSO-ISM teleconnection via E-W Walker circulation (yellow arrow) is thus overtaken suggesting a disruption in ENSO-ISM teleconnection (shown by red).

on positive NAO phase (Figures 1A,B, 12), it influences
extra-tropical Atmospheric Rossby waves and via AL and
oceanic, atmospheric bridge it has a modulating effect on
CP ENSO (Ham et al., 2013a,b). Those pathways are also
noted using results from various observational and reanalyses
products (Figures 2, 3 and Supplementary Figures S1, S2).
CP ENSO became more persistent and frequent since the
1970s (Ashok and Yamagata, 2009; Yeh et al., 2009), though
reverted back after late 1990s. Solar decadal variability was
also identified around those locations [north Atlantic for NAO:
Roy (2016); AL: (Roy and Haigh, 2010, 2012); CP ENSO:
Sullivan et al. (2016)]. However, this work points toward
the role of explosive volcanos (Figure 1A) during the active
solar phase and studies the combined influence of natural
forcing (Figures 1A,B). Interestingly, during those decades there
was an enhancement of CP El Niño variability even when
data from last eight centuries were considered (Liu et al.,
2017).
It also supports Adams et al. (2003) and Ohba et al.
(2013), those indicate volcanic forcing drives the coupled oceanatmosphere system more subtly toward a preferential direction,
where multi-year El Niño-like situations (measured by Niño
3.4 temperature) are favored. The number of El Niño during
that period outnumbered to that of La Niña with a significant
rise of its variability and duration (Trenberth and Hoar, 1996;
Qiong et al., 2008). El Niño phase is associated with warm global
temperature (Sobel et al., 2002), it could be due to more water

is seen also strengthened in the recent period. However, when
the Eurasian sector is considered, its connection with ISM in
CNE region is completely reversed in recent period to that
from 1979–1996. Using a temperature of north Atlantic, similar
reversal of correlation pattern of ISM is noticed around CNE
India, though it is not significant. Due to a closer proximity
of Eurasian sector to India, its effect seems stronger than the
effect from the north Atlantic. It is very likely that a strong
temperature anomaly around the northern part of regional
Hadley circulation can modulate the other end of the circulation,
which passes through the ITCZ and also covers the CNE region
of India.

Proposing a Mechanism
Figure 12 considers a latitudinal slice 50–70◦ N and shows
that during period (1976–1996) (w.r.t. 1999–2017) for DJF, the
observed cooling over the north Atlantic is not only restricted
to surface level. The cooling even extends high in the upper
troposphere. Consistent to that, geopotential height suggests
a strong negative anomaly in the vertical column, exceeding
55 m around upper troposphere. Such anomaly pattern has
the potential to modulate mid-latitude planetary scale Rossby
waves around the north Atlantic and subsequently can impact
AL.
A schematic is proposed (Figure 13) to outline hypothesized
mechanisms initiated by explosive volcanism during later two
decades of last century (1976–1996). Amplifying the effect
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vapor content in the atmosphere. As water vapor is the most
powerful GHG (Kiehl and Trenberth, 1997), our analyses of
Figures 7–9 and Table 1 explains the puzzle of global warming
hiatus and also clarifies an abrupt rise in global temperature
during 1976–1996.
Positive NAO phase and Eurasian snow cover both show
dominance during that period (1976–1996) as shown in
Figures 1B, 2, 3, and Supplementary Figures S1, S2. The
possibility for the NAO and Eurasian snow cover to influence the
ISM by modulating the regional N-S Hadley circulation may have
overpowered the known teleconnection generated due to E-W
Walker circulation (Kumar et al., 1999). It is noted that the period
when ISM-ENSO known anti-correlation became weakened, the
connection between the temperature of West Eurasia, NAO and
ISM turned stronger (Chang et al., 2001). It explains why ISMENSO connection strengthened again in recent days. Analyses
using observed ISM data of Figure 11 are in agreement with such
pattern. Though the proposed pathways are in agreement with
popular research and supported by existing theories but to test
those in more details are beyond the scope of current analyses
and it will be addressed in a subsequent study.
Model results (Figures 4, 5, 6A, 9 and Supplementary
Figures S3–S5), however, disagree with observations and hence
do not support hypothesized mechanism. As the phasing of
models for Niño 3.4 temperature and other parameters do
not match with observed series (Supplementary Figure S6),
the models are likely to indicate a diverse regional pattern
and to miss the proposed teleconnection pattern as discussed
in Figure 13. Driscoll et al. (2012) also discussed that
following eruption, models fail to capture the Northern
Hemispheric dynamical response. One possible explanation of
such disagreement could be that CMIP model simulations
do not follow the same phasing of natural climate variability
(that also include decadal variability) with observation (Turner
and Annamalai, 2012; Santer et al., 2017). Current analyses
also addressed those issues. Roy (2017) also discussed how
the ENSO and ISM phase in CMIP5 models vary from
observation. In spite of the fact that CMIP5 models differ
with observation in terms of phasing of various modes of
climate variability, we show here those also fail to recognize
shifting of important major climate features at later decades.
Hence the question arises about the reliability of CMIP5
model results of global temperature series. The purpose of
this study is also to pinpoint those areas for improving model
performances.

influence of the sun and volcano (including the phasing), it
separated out a period 1976–1996 that captured two full solar
cycles, (number 21 and 22), where two explosive volcanos
erupted (1991 and 1982) during active periods of strong solar
cycles.
The possible mechanism could be initiated via a preferential
alignment of NAO phase, generated by explosive volcanos.
During that particular period, it identified certain deviations
on various climate features, those include temperature around
Niño 3.4 region (warming), North Atlantic region (cooling),
AL (warming) and Eurasian snow cover (warming). The
robustness of detected signal is established by analyzing
different observational and reanalyses datasets. Consistent with
temperature, a dominance of atmospheric water vapor content
is also noticed. Interestingly, CMIP5 model ensemble (and
also arbitrarily chosen individual models) fails to comply with
such findings. It is also true for other models. This study
indicates that water vapor being the most important GHG
has major contributions for an observed abrupt rise in global
temperature during that period. Overall the analysis suggests
a change in CP ENSO and associated water vapor feedback
plays a very important role in regulating global temperature
behavior since 1976 that also includes ‘Hiatus’ period. It
identified the signal of natural origin is different to that
from CO2 led anthropogenic linear influence. Interestingly,
models suggest a failure to detect such signals, which provides
explanations for the long-standing puzzle of global warming
hiatus.
It also discussed mechanisms how an anomaly in the north
Atlantic can modulate CP ENSO features. Inciting extratropical
atmospheric Rossby wave, NAO has the potential to influence the
AL. It has a modulating effect on CP ENSO via the pathway of the
atmospheric and oceanic bridge.
Disruption of ISM-ENSO teleconnection during the later
decades of last century can also be explained from that
angle. As positive NAO phase and Eurasian snow cover show
dominance during that period, their possibility to influence the
ISM by modulating the regional N-S Hadley circulation has
overshadowed the known teleconnection generated due to E-W
Walker circulation from ENSO. It is consistent with the finding
that during that period when ISM-ENSO known anti-correlation
became weakened, the connection between the temperature of
West Eurasia, NAO and ISM turned stronger. It explains why
ISM-ENSO teleconnection reverted back again in the recent
period.

DISCUSSION AND SUMMARY

AUTHOR CONTRIBUTIONS

The puzzle of global warming hiatus is discussed in many
recent studies, though the underlying cause is still unexplained.
Many climate features, in atmosphere and ocean including
global temperature trend, suffered deviations during later two
decades of the last century, so as some known teleconnection
patterns. This study addresses those areas segregating the role
of natural factors (the sun and volcano) to that from CO2
led linear anthropogenic influences. To analyse the combined

IR has done the whole work.
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