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Abstract In this work, we examine the connection of
vertical temperature gradient of the tropospheric atmos-
phere along the equator with El Nifio—Southern Oscillation
(ENSO) and the possible impact of the long-term change
of the gradient. It is suggested that when the temperature
anomalies in the lower troposphere are relatively warmer
(cooler) than in the upper troposphere, the atmosphere is
less (more) stable and favors an El Nifio (a La Nifia) event
to develop. ENSO evolutions in 1997-1998 and 2014-2015
events are good examples of this relationship. They started
from similar ocean anomaly states in the springs of 1997
and 2014, but developed into an extreme EI Nifio in 1997—
1998 and a borderline El Nifio in 2014-2015. That may be
partially due to differences in the evolutions of the verti-
cal temperature anomaly gradient in troposphere. Thus, in
addition to the significant atmospheric response to ENSO,
the preconditioning of vertical gradient of the tropospheric
temperature due to internal atmospheric processes to some
extent may play an active role in affecting ENSO evolution.
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The long-term trend with more pronounced warming in the
upper troposphere than in the lower troposphere causes a
reduction in the vertical temperature gradient in the trop-
osphere. Moreover, unlike almost homogenous warm
anomalies in the upper troposphere, the lower troposphere
shows remarkable regional features along the equator dur-
ing 1979-2014, with cold anomaly trends over the central
and eastern Pacific Ocean associated with the so-called hia-
tus and some warm anomalies on its two sides in the east
and west. This vertical and zonal distribution of the air tem-
perature trends in the troposphere over the Pacific Ocean is
consistent with the convection suppression over the central
Pacific since 2000, implying a weakening of atmosphere
and ocean coupling.

Keywords EI Nifio—Southern Oscillation - Vertical
gradient of atmospheric temperature - Tropical convection -
Long-term trend

1 Introduction

The El Nifio—Southern Oscillation (ENSO) is the domi-
nant mode of climate variability across the tropical Pacific
Ocean on seasonal-to-interannual time scales (Rasmusson
and Carpenter 1982; Kumar et al. 2014a) and a major con-
tributor to global sea surface temperature (SST) variations
(Kumar et al. 2014b). ENSO is also the most important
source of potential predictability for global climate varia-
tions (National Research Council 2010; Wang et al. 2010).
In other words, the variability and predictability in other
tropical ocean basins and in the extratropical Pacific Ocean
(Hu et al. 2013a, 2014; Jiang et al. 2013; Guan et al. 2014)
are largely affected by SST anomalies in the central and
eastern tropical Pacific Ocean associated with ENSO. Thus,
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ENSO plays the key role in global climate predictions on
seasonal-interannual time scales.

Recently, a decline in ENSO prediction skill after 2000
has been noted (Wang et al. 2010; Barnston et al. 2012).
The decline in skill is consistent with the weakening of
the ENSO variability (Wang et al. 2010; Barnston et al.
2012; Hu et al. 2013b, 2016; Kumar and Hu 2014; Kumar
et al. 2015), and is coincident with an interdecadal shift of
ENSO characteristics around 1999/2000. McPhaden (2012)
reported that, while warm water volume (WWYV), a meas-
ure of oceanic heat content along the equatorial Pacific,
leads ENSO SST anomalies by 2-3 seasons during the
1980s—1990s, the overall variability in WWYV decreased
and its lead time as the ENSO precursor also reduced to
only one season during the 2000s. Similarly, Horii et al.
(2012) argued that in comparison with 1981-2000, the rela-
tionship between WWV and ENSO weakened after 2000,
especially during 2005-2011, and the discharge phases of
WWYV leading to La Nifia events were less frequent after
2001.

A weakened relationship between WWV and ENSO in
the past decade may be linked to a shift towards more fre-
quent central Pacific versus eastern Pacific El Nifios and
the weakening of air—sea coupling in the tropical Pacific
(McPhaden 2012; Horii et al. 2012; Hu et al. 2012a,
2016). Furthermore, in addition to the decrease of ENSO
amplitude, ENSO also shifted to a relatively higher fre-
quency regime (from 2 to 4 years averaged in 1979-1999
to 1.5-3 years after 2000; Hu et al. 2016). The suppressed
variability and increased frequency, therefore, seem to be
associated with the decrease of the ENSO prediction skill
during 2000-2014.

Beyond documenting the change in ENSO characteris-
tics after 2000, we also need to better understand why the
ENSO variability was decreased and why fewer strong El
Nifio events occurred during 2000-2014. Some previous
studies explored the role of change in the mean state both
in the atmospheric boundary layer and ocean. For exam-
ple, based on an observational analysis, Xiang et al. (2013)
noted a decadal change that is characterized by a La Nifia-
like background pattern after late 1990s, and was associ-
ated with a strong divergence in the central Pacific atmos-
pheric boundary layer. They argued that this anomalous
wind divergence in the central Pacific shifted the anoma-
lous atmospheric convection westward, leading to a west-
ward shift of the anomalous westerly response, thereby pre-
venting the eastward propagation of the SST anomaly after
the late 1990s.

Hu et al. (2013b) documented a coherent interdecadal
shift in both the variability and mean state in the tropi-
cal Pacific Ocean. They pointed out that, compared with
1979-1999, the interannual variability in the tropical
Pacific atmosphere and ocean significantly weakened in

@ Springer

2000-2011. The change in the variability was then linked
to the mean state of the tropical Pacific Ocean. Specifi-
cally, compared with 1979-1999, the zonal tilting of the
equatorial thermocline became steeper during 2000-2011.
The difference in the mean state of thermocline between
the two periods was consistent with warmer (colder)
SSTs, increased (decreased) precipitations, enhanced (sup-
pressed) convections in the western (central and eastern)
tropical Pacific, and stronger (weaker) Walker circulations
during 2000-2011 (1979-1999). They emphasized the
role of mean state change, and proposed that the combina-
tion of a steeper thermocline slope with stronger surface
trade winds may hamper the zonal migration of the warm
water along the equatorial Pacific. As a consequence,
the variabilities in WWV and ENSO decreased. They
further argued that both too large and too small thermo-
cline slopes (corresponding too strong and too weak wind
stress) can potentially lead to suppression in ENSO vari-
ability, a hypothesis that was verified by model sensitivity
experiments.

An issue with above investigations is that the analysis
points to consistency, but not to causal relationships. In this
analysis we start with the hypothesis that low-frequency
changes in the atmosphere in the troposphere may play
a role in altering ENSO behavior (such as fewer strong El
Nifio events in 2000-2014). For example, tropical convec-
tion (which plays an important and active role in air—sea
coupling) relies not only on the thermal condition of the
ocean surface, but also on atmospheric environment, such
as low-level atmospheric convergence, zonal temperature
gradient and vertical temperature gradient (stratification, or
profile) in the troposphere. Previous studies have suggested
that variations in the mid and upper troposphere can be an
independent factor influencing the tropical climate variabil-
ity. For instance, the downward propagating temperature
anomalies near the tropopause originating from the strato-
sphere associated with the quasi-biennial oscillation (QBO)
may modulate deep convection in the tropics through alter-
ing atmospheric stability (e.g., Collimore et al. 2003; Huang
et al. 2012; Hu et al. 2012c). Similarly, a recent modeling
study by Nie and Sobel (2015) suggested that the QBO-
induced temperature anomalies in the upper troposphere
could alter the profile of the large-scale vertical motion and
the vertical energy transport throughout the troposphere.

In this work, two questions are addressed: (1) what is
the connection of the atmospheric temperature in the trop-
osphere along the equator with ENSO? And (2) what role
does the long-term change of atmosphere temperature in
the troposphere along the equator play in the ENSO fea-
ture change in 2000-2014? To the best of our knowledge,
the linkage of vertical structure of atmospheric temperature
with the ENSO evolution has not been explicitly investi-
gated in detail.
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The paper is organized as follows. The data used in the
analysis are described in Sect. 2. In Sect. 3, through lead-
lag (partial) correlations in observations and model simula-
tions, the connection of convection over the central Pacific
with SST and the atmosphere temperature in the tropo-
sphere is investigated. The long-term change of the atmos-
pheric temperature gradient along the equatorial Pacific in
the troposphere, and its possible impact on the convection,
and the fact of fewer strong El Nifio in 2000-2014 are also
discussed. A summary and discussions appear in Sect. 4.

2 Data and methodology

The primary variable analyzed in this work is the atmos-
pheric temperature from surface to 100 hPa on a 2.5° x 2.5°
grid from reanalysis data of the NCEP and Department of
Energy (NCEP/DOE; Kanamitsu et al. 2002). In addition,
monthly mean outgoing long-wave radiation (OLR) data on
a 2.5° x 2.5° grid from Liebmann and Smith (1996) are
also analyzed. OLR is used as a proxy for convective activ-
ity over the tropical oceans. The data used in this work span
the period of Jan. 1979-Dec. 2014. To target the anoma-
lous relationships, except in Fig. 10 (that mean anomaly is
referred to climatology in 1979-2014) and Fig. 11, in all
other calculations, monthly mean anomalies with respect to
monthly climatologies in 1981-2010 are used.

Variabilities of two indices are analyzed (Fig. la).
One is the conventional Nifio3.4 index (curve in Fig. la),
which is the average of OIv2 SST anomalies in (5°S-5°N,
170°W-120°W) (rectangle in Fig. 1c) (Reynolds et al.
2002). The Nifio3.4 index represents the anomalous SST
variability in the central and eastern Pacific as well as the
variations of global oceans associated with ENSO (Fig. 1c)
(Barnston et al. 1997). The other index is the so-called
central Pacific OLR (CP-OLR) index (shading in Fig. 1a),
which is defined as the OLR anomalies averaged in 5°S—
5°N, 170°E-140°W (the rectangle in Fig. 1b). According to
L’Heureux et al. (2015), the CP-OLR index is representa-
tive of the deep-convective variability in the central and
eastern tropical Pacific, as well as the global variations con-
nected to ENSO.

To isolate the connection of the tropospheric tempera-
ture variation with the tropical convection without the influ-
ence from ENSO, lead-lag partial correlations between
the tropical convection and vertical atmospheric tempera-
ture anomalous gradient after removing ENSO are com-
puted (Pedhazur 1997). The partial correlation of A and B
adjusted for C is:

T'AB — F'ACTBC

VA=At =) M

FABC =

where, rap, rac, and rgc are the correlations between A
and B, A and C, B and C, respectively. Here, A is the CP-
OLR index, B is a vertical atmospheric temperature gradi-
ent index that will be defined in Sects. 3.2 and 3.3 is the
Nifio3.4 index.

Also, an atmospheric model simulation forced by clima-
tological SST and sea ice averaged in 1981-2010 is ana-
lyzed. The model simulations are from the atmospheric
component (Global Forecast System; GFS) of the NCEP
Climate Forecast System version 1 (Saha et al. 2006). The
model integration is 30 years.

3 Results

Figure 1b, c display the correlations between the CP-OLR
index and global OLR anomalies and between the Nifio3.4
index and global SST anomalies, respectively. In addition
to the similarity of the spatial patterns of the correlations
shown in Fig. 1b, c, there are clear differences. For exam-
ple, in the central and eastern Pacific, the positive correla-
tions have wider meridional extension for the correlations
between SST anomaly and Nifio3.4 index (Fig. 1c) than
that for the correlations between OLR anomaly and CP-
OLR index (Fig. 1b). Furthermore, the correlation patterns
in the Indian and Atlantic Oceans, as well as in the North
and South Pacific also have obvious differences. This sug-
gests that although SST and OLR anomalies in the central
and eastern tropical Pacific Ocean, represented by the CP-
OLR and Nifio3.4 indices (Fig. 1a), respectively, are con-
nected, their teleconnections in remote regions differ. It
may also imply that the convection activity is affected by
other factors (such as, atmospheric stratification, humidity,
convergence and divergence) in addition to SST.

From the time series of the CP-OLR index (shading in
Fig. 1a), we note that the ENSO-related anomalous convec-
tion (i.e., negative CP-OLR values) in the central Pacific
was generally weak in 2000-2014 compared to that before
2000. In contrast to large fluctuations between positive and
negative values before 2000, positive OLR anomalies were
dominant during 2000-2014. Furthermore, for the El Nifio
events during 2000-2014, the corresponding negative OLR
anomaly had smaller amplitude and persisted for a shorter
duration, even for the relatively strong El Nifio event in
2009-2010, compared with El Nifio events during 1979—
1999 (Figs. la, 2; Table 1). For example, mean values of
CP-OLR and Nifio3.4 indices as well as El Nifio duration
(see the filled rectangles at the top of Fig. 1a) averaged for
El Nifio events occurring in 1979-1999 are —19.6 W/m?,
1.17 °C, and 11.8 months, respectively. The correspond-
ing numbers in 2000-2014 are —8.8 W/m?, 0.812 °C, and
8.25 months, respectively. These differences between the
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Time Series of CP—0OLR and Nino3.4 Indices
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Fig. 1 Monthly mean of a CP-OLR (shading) and Nifio3.4 (curve)
indices in Jan. 1979-Dec. 2014, and correlations b between the CP-
OLR index and OLR anomalies, ¢ between the Nifio3.4 index and
SST anomalies. The CP-OLR index is defined as the OLR anoma-
lies averaged in (5°S—5°N, 170°E-140°W; see the rectangle in b),
and the Nifio3.4 index is the average of SST anomalies in (5°S-5°N,

two periods are quite remarkable (Table 1). We should
mention that the El Nifio events chosen here are based on
the definition of Climate Prediction Center (CPC) (http://
www.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ensoyears.shtml). Contrarily, the differences of
OLR anomalies between 1979-1999 and 2000-2014 for La
Nifa events (Fig. 2) are not as pronounced as for El Nifio
events.

The weakened OLR variability in El Nifio years in
2000-2014 is consistent with overall reduction in vari-
ability of tropical atmosphere and ocean coupled system
as documented by McPhaden (2012), Horii et al. (2012),
Hu et al. (2013b), Xiang et al. (2013), and Kumar and Hu
(2014). The lack of strong convections associated with El
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170°W-120°W; see the rectangle in ¢). The units are W/m? and °C
for the CP-OLR and Nifio3.4 indices in a, respectively. The filled rec-
tangles at the top of a represent the duration of each El Nifio event
used in the calculations of Table 1. Shading in b, ¢ represents the sig-
nificant correlation at 99 % confidence level using the T test

Nifo events during 2000-2014 may be partially associ-
ated with a westward shift of the mean convective activity
(Hu et al. 2013b), and also implies a weakened basin—wide
air—sea interaction or the Bjerknes (1969) air-sea feed-
back normally seen in an El Nifio development (Hu et al.
2016). Further, a shift to high frequency of the CP-OLR
index (shading in Fig. 1a) is consistent with the fact that
the tropical Pacific coupling system shifted to a higher-
frequency regime in 2000-2014 noted by Hu et al. (2016).
We hypothesize that, in additional to the forcing from the
ocean thermal condition, the atmosphere environment
(such as vertical and zonal temperature gradients), to some
extent, may have played an active role in altering the char-
acteristics of tropical convection development, and thus,
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Fig. 2 Scatter of CP-OLR and

Time Series of CP—OLR and Nino3.4 Indices
(Red Square: 1979—1999; Green Triangle: 2000—2014)
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Table 1 Mean values of CP-OLR and Nifio3.4 indices as well as El
Nifio duration (see the filled rectangles at the top of Fig. 1a) averaged
in El Nifio years in 1979-1999 and 2000-2014 and their differences

El Nifio year mean 1979-1999  2000-2014  Differences:
(2000-2014) to
(1979-1999)
CP-OLR (W/m?) —19.6 —8.8 10.8
Nifio3.4 SSTA (°C) 1.17 0.812 —0.358
El Nifio duration 11.8 8.25 —3.55
(months)

affect the air—sea coupling in the tropical Pacific and the
ENSO development.

3.1 Significant response of atmospheric temperature
in the troposphere to ENSO

Figure 3 shows the lead and lag correlations between the CP-
OLR index and tropospheric temperature anomaly along the
equator averaged in 5°S—5°N. We should point out that when
convection is active, which corresponds to below normal
OLR, regions with positive (negative) correlations correspond
to cold (warm) anomalies of temperature, and vice versa.

For tropospheric temperature leading the CP-OLR
index, negative correlation presents over the central and
eastern tropical Pacific and positive correlations are found

CP—OLR (W/m#x2)

over the western tropical Pacific, tropical Indian and Atlan-
tic Oceans (Fig. 3a—c). Physically, preceding the above-
normal convection (i.e., negative OLR anomalies) in the
central Pacific, troposphere warms over the central and
eastern tropical Pacific and cools over the western tropi-
cal Pacific, tropical Indian and Atlantic Oceans. The tropo-
spheric warm anomalies are largely confined to the lower
troposphere and cold anomalies occur in the whole column
between the surface and 100 hPa. These results are gener-
ally consistent with lead and lag correlations between the
Nifio3.4 index and air temperature anomaly along the equa-
tor averaged in 5°S—5°N (not shown).

At zero month lag, when convection is above normal
(negative OLR anomaly), the warm anomalies intensify
and extend into the whole troposphere, and the cold anom-
alies over the tropical Indian and Atlantic Oceans weaken.
The strengthened and vertically extended warm anomalies
are due to heat release from enhancement in convection in
the central Pacific that are dispersed to the entire tropics.
Meanwhile, the cold anomalies over the central and west-
ern tropical Pacific strengthen in the lower troposphere and
weaken in the mid and upper troposphere. The lag correla-
tions show that after above-normal convections (Fig. 3e, f)
and positive Nifio3.4 SST anomaly (not shown), the warm
anomalies over the central and eastern Pacific weaken, but
spread to the tropical Indian and eastern Atlantic Oceans.
This is consistent with the delayed atmospheric response to
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Lead & Lag Correlation of NCEP/DOE T Anomaly (5S—5N) & CP-OLR (170E—140W, 5S—5N)
(Shading: 99%; Jan1979— Dec2014
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Fig. 3 Lead and lag correlations between the CP-OLR index and air
temperature anomaly referred to climatology in 1981-2010 along the
equator averaged in 5°S—5°N. a—d are the correlations for the temper-
ature leading the CP-OLR index by 6, 4, 2, 0 months, and e, f are the

ENSO documented by Kumar and Hoerling (2003). For the
mechanism, as proposed by Chiang and Sobel (2002) and
Sobel et al. (2002), the troposphere temperature anomaly
alters moisture convection and then affects the communi-
cation of the tropospheric temperature signal caused by
ENSO to the remote regions of ocean surface.

To further demonstrate the connection of ENSO with the
tropospheric temperature, Fig. 4 shows the lead-lag correla-
tions of temperature anomalies at 250 and 1000 hPa with
the CP-OLR and Nifio3.4 indices. The temperature anom-
aly is represented by average in (5°S-5°N, 170°E-60°W)
(which is the region with the highest correlations in Fig. 3d)
at 250 and 1000 hPa and is referred to as T250 and T1000,
respectively. The results suggest that with the development
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correlations for the temperature lagging the CP-OLR index by 3 and
6 months, respectively. Shading represents the significant correlation
at 99 % confidence level using the 7 test

of ENSO, lower tropospheric temperature along the equa-
tor evolves concurrently, and then the anomaly of the same
sign is observed in the upper troposphere a few months
later. That is consistent with the delayed atmospheric
response to ENSO (Kumar and Hoerling 2003) that tem-
perature signal associated with ENSO propagates from the
low to the upper troposphere through the heat release asso-
ciated with deep convection in response to SSTs.

3.2 Possible influence of atmosphere temperature
vertical gradient on ENSO

From the analyses in the previous subsection, we see the
evidence of the significant response of the tropospheric
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Lead and Lag Correlations (T250 & T1000: 5S—5N, 170E—60W; NCEP/DOE; 95% T—test)
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(b) CP—OLR and T250
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Fig. 4 Lead-lag correlations between a the Nifio3.4 index and T250,
b the CP-OLR index and T250, ¢ the Nifio3.4 index and T1000,
and d the CP-OLR index and T1000. T250 and T1000 represent
temperature anomaly at 250 and 1000 hPa averaged in (5°S-5°N,
170°E-60°W), respectively. Negative (positive) numbers in the x axis

temperature to ENSO. Now, we ask if there are any impacts
of the tropospheric temperature, in particular the vertical
temperature gradient, on an ENSO evolution. To investigate
the possible impact, the lead and lag correlations among the
CP-OLR index, the Nifio3.4 index, and vertical temperature
anomaly gradient index are calculated and shown in Fig. 5.
Here, the vertical temperature anomaly gradient index is
defined as the temperature anomaly difference between 250
and 1000 hPa averaged in (5°S—5°N, 170°E-60°W).

From Fig. 5b, we note that maximum negative correla-
tion presents when the vertical temperature gradient index
leads the Nifio3.4 index by 3 months, and maximum posi-
tive correlation occurs when the vertical temperature gra-
dient index lags the Nifo3.4 index by 6—7 months. The

l—.ll II._-I
T
N -0.61

3 6

0.9 . . . ! :
“12 -9 -6 -3 0 g 12
T1000 Lead (Month) CP—OLR T1000 Lag (Month)

represent months of T250/T1000 leading (lagging) the Nifio3.4 index
in a, ¢, and leading (lagging) the CP-OLR index in b, d. Dotted lines
represent the significance at 95 % confidence level using the T test. In
the significance test, independent sample numbers are used following
Bretherton et al. (1999)

existence of the negative correlation may be due to the fact
that T1000 is a variable close to the surface and has very
strong simultaneous correlation with Nifio3.4 and mean-
while the correlation between T250 and Nifio3.4 peaks at
a lag of a few months. The correlation pattern shown in
Fig. 5b may be a result of different delay time at different
layer in the tropospheric temperature response to ENSO.
On the other hand, both factors may play some roles for
the vertical temperature gradient to affect or feedback to
the ENSO evolution. That will be further examined later. In
fact, the causes of the temperature vertical gradient affect-
ing the atmospheric stability/stratification may also result
from the extratropical forcings (e.g., Ding et al. 2015a,
b), that are beyond the scope of this paper. The maximum
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Lead and Lag Correlations Among Nino3.4 Index, CP—OLR Index, and

Vertical Temperature Anomaly Gradient: T250—-T1000 (5S-5N,

170E—60W; NCEP/DOE; 95% T-Test)
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Fig. 5 Lead-lag correlations between a the CP-OLR and Nifio3.4
indices, b the Nifio3.4 index and vertical temperature anomaly gra-
dient index, and ¢ the CP-OLR index and the vertical temperature
anomaly gradient index. The vertical temperature anomaly gradient
index is defined as the temperature anomaly difference between 250
and 1000 hPa averaged in (5°S—5°N, 170°E-60°W). Negative (posi-
tive) numbers in the x axis represent months of the CP-OLR index

positive correlation is likely a consequence of heat release
of condensation in the upper layer due to the deep convec-
tions associated with ENSO and a delay in upper tropo-
spheric warm anomalies (Fig. 4). From the CP-OLR per-
spective, maximum positive correlation is seen when the
vertical temperature gradient index leads the CP-OLR
index by 2-3 months, and maximum negative correlation is
observed with smaller amplitude when the vertical temper-
ature gradient index lags the CP-OLR index by 7 months
(Fig. 5c). This is consistent with the result in Fig. 5a that
the correlation between the CP-OLR and Nifo3.4 indices
is negative and peaks at O—1 month lag of the CP-OLR to
Nifo3.4 indices.
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leading (lagging) the Nifio3.4 index in a, the vertical temperature
anomaly gradient index leading (lagging) the Nifio3.4 index in b, and
the vertical temperature anomaly gradient index leading (lagging) the
CP-OLR index in ¢. Dotted lines represent the significance at 95 %
confidence level using the 7 test. In the significance test, independent
sample numbers are used following Bretherton et al. (1999)

As we know, the atmospheric stability/stratification
affects the atmospheric convection development. Neverthe-
less, the correlations shown in Figs. 3, 4 and 5 may be due
to the combination of the heat release associated with con-
vection forced by ocean surface heating and the impact of
the stability on the convection due to other internal atmos-
pheric processes. To exclude the influence of ENSO and
to single out the connection between deep convection and
troposphere stratification, Fig. 6 shows the lead-lag par-
tial correlations (Pedhazur 1997; also see Eq. (1)) between
the CP-OLR and the vertical temperature anomaly gradi-
ent indices adjusted for the Nifio3.4 index. The partial
correlations are significant and positive while the vertical



Does vertical temperature gradient of the atmosphere matter for El Nifio development? 1421

Fig. 6 Lead-lag partial correla-
tions between CP-OLR index

Lead and Lag Partial Correlations adjusted for Nino3.4 Index
between CP—OLR Index and Vertical Temperature Anomaly Gradient (95% T—Test)

and the troposphere temperature
differences between 250 and
1000 hPa averaged in (5°S-5°N,
170°E-60°W) adjusted for
Nifio3.4 index. Dotted lines
represent the significance at

95 % confidence level using the
T test. In the significance test,
independent sample number is
used following Bretherton et al.
(1999)
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temperature anomaly gradient index leads the CP-OLR
index. This indicates that under the circumstance excluding
the influence of ENSO associated processes, stability vari-
ations of the tropospheric atmosphere do affect the convec-
tive activity on seasonal time scales. The leading positive
correlations here suggest that stable (unstable) troposphere
suppresses (favors) the deep convection development. The
partial correlation values (Fig. 6) are smaller than the cor-
responding correlations shown in Fig. Sc, suggesting that if
the influence of ENSO is included, the connection between
the deep convections and troposphere stratification is
strengthened.

To further examine the connection between the verti-
cal temperature stratification and convection anomalies,
an atmospheric model (NCEP GFS) experiment forced by
climatological SST and sea ice is analyzed. In the experi-
ment, not only the influence of ENSO-associated SST
anomaly but also other potential oceanic feedback on the
vertical temperature profile is excluded because of the
use of the climatological SST. Then, the lead-lag correla-
tions between the CP-OLR and vertical temperature gra-
dient indices (Fig. 7) show the connection in the model
between two indices in the circumstance without the influ-
ence of ENSO. The correlations are positive when the ver-
tical temperature gradient index leads the CP-OLR index
by 5-11 months. The correlations become negative when
the vertical temperature gradient index leads the CP-OLR

-3 0 3 6 9 12

CP-OLR Gradient Lag (Month)

index by 1 month to until lag by 2 months. When the ver-
tical temperature gradient index leads the CP-OLR index,
the positive correlations in the model experiment (Fig. 7)
are generally consistent with that in the observations
(Figs. 5c, 6). We should point out that in the model experi-
ment, due to the specification of climatological SST, vari-
ability of temperature at 1000 hPa (T1000) in the tropical
Pacific is significantly reduced (not shown). The variation
of the vertical temperature gradient index defined in this
work is dominated by the anomaly of T250. The model
results support the argument that stable (unstable) tropo-
sphere suppresses (favors) the deep convection develop-
ment, implying the impact of tropospheric stability on the
convection evolution. However, in addition to noisier of
the correlations in Fig. 7, the amplitudes of the correla-
tions are smaller in Figs. 6 and 7 than in Fig. 5c, suggest-
ing that, compared with the influence of the troposphere
temperature variability on the convection, the impact of
ENSO associated SST anomaly on the troposphere tem-
perature variability is more significant and dominant. Fur-
thermore, there are obvious differences between Figs. 6
and 7, such as the remarkable differences of the correla-
tions when the gradient index leads the CP-OLR index by
1-5 months, that may be due to impact of sampling error,
and/or an indication of default or bias of the model and/or
reanalysis in capturing the connection between the tropo-
spheric stratification and convection variations.
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Fig.7 Same as Fig. 5c, but
for lead-lag correlations of

Lead & Lag Correlations of CP—OLR Indices with Vertical T Anomaly Gradient of
CFS AMIP with Climatological SST: T250-T1000 (5S—5N, 170E—60W) (95% T—Test)

the troposphere temperature
differences between 250 and
1000 hPa averaged in (5°S-5°N,
170°E-60°W) in AMIP run

forced by climatological SST 02

with CP-OLR index. Dotted

lines represent the significance

at 95 % confidence level using o 4

the 7 test. In the significance
test, independent sample num-
ber is used following Bretherton
et al. (1999)
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These lead and lag correlations in both the observa-
tions and model simulations suggest that when upper
level (250 hPa) temperature anomaly is relatively cooler
(warmer) than that in the lower level (1000 hPa), cor-
responding to negative (positive) vertical temperature
anomaly gradient, the atmosphere is more (less) unstable
and deep convections are more enhanced (suppressed).
Putting this connection in the context of ENSO evolution,
with favorable/unstable (unfavorable/stable) tropospheric
stratification for convection development, an El Nifio (a
La Nifia) is favored to develop through positive feedback
among convections, lower and upper level winds and SST
(so-called Bjerknes feedback, Bjerknes 1969). In other
words, Bjerknes feedback requires mediation via convec-
tive activity, and if tropospheric stability is not conducive
for convection, Bjerknes feedback may not sustain. Thus,
the vertical temperature anomaly gradient in the tropo-
sphere, via enhancing or suppressing deep convections,
may affect the ENSO evolution. In addition to the signifi-
cant response of the tropospheric temperature to ENSO
as analyzed in last subsection and previous studies (e.g.,
Chiang and Sobel 2002), the vertical temperature anomaly
gradient in the troposphere seems sometime an active and
important player at intraseasonal time scale in the coupling
process during ENSO evolution.

The ENSO evolutions in 2014-2015 and 1997-1998 are
two examples that are consistent with the above statistical
relationship. In the early spring of 2014, subsurface ocean
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warm anomalies were even stronger than that in the same
season of the 1997/1998 El Niifio (http://origin.cpc.ncep.
noaa.gov/products/GODAS/ocean_briefing_gif/global
ocean_monitoring_2014_05.pdf), the strongest El Nifio
event in the instrumental record. On the other hand, zonal
atmospheric temperature gradient in the lower troposphere
cross the tropical Pacific was weak. Meanwhile, positive
anomaly of atmosphere temperature in the central tropical
Pacific in the troposphere above 750 hPa was much larger
than that below 750 hPa (Fig. 8c). According to the statis-
tical relation, such zonal and vertical temperature gradi-
ent patterns in the tropical Pacific do not favor convection
development. Eventually, the basin-wide air—sea interaction
or the Bjerknes (1969) like air—sea feedback cannot be sus-
tained. As a result, only a borderline El Nifio with maxi-
mum warming of the Nifio3.4 index in Nov. 2014 occurred
(Zhu et al. 2016).

In contrast, in 1997 (Fig. 9), both the zonal atmospheric
temperature gradient in the lower troposphere cross the
tropical Pacific and vertical temperature anomaly distri-
bution in the troposphere over the central tropical Pacific
favored convection development. The fact is that the
strongest El Nifio in the instrumental record until 2014
was observed in 1997-1998 with maximum warming
of the Nifio3.4 index in Dec. 1997. Comparing the verti-
cal gradient of the troposphere temperature anomalies in
the two specific events, we note that the vertical gradient
in boreal summer and autumn (July, September, before
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Fig. 8 Air temperature anomaly referred to climatology in 1981-2010 along the equator averaged in 5°S—5°N and in a Mar. 2014, b May 2014,

c Jul. 2014, d Sep. 2014, e Nov. 2014, and f Jan. 2015. The unit is °C

climatological peak of an ENSO event or during the devel-
opment phase of ENSO) displays pronounced contrast
(Figs. 8, 9). That is also consistent with the lead-lag cor-
relations shown in Figs. 5b, c, 6, and 7.

3.3 Trend of the atmospheric temperature gradient
and its impact on convection

The mean state of tropospheric temperature along the
equator experienced a remarkable change during 1979-
2014. Figure 10 shows the temperature anomaly averaged
over two periods referred to climatology in 1979-2014:
1979-1999 and 2000-2014, as well as their differences
and the linear trends during 1979-2014, respectively. The
mean anomalies averaged in the two periods are almost
mirror image with opposite sign. In contrast to the mean

anomaly in 1979-1999 (Fig. 10a), the anomaly averaged
for 2000-2014 is slightly larger for both positive and nega-
tive anomalies (Fig. 10b). The differences between the two
periods (Fig. 10c) are consistent with the linear trends dur-
ing 1979-2014. The overall troposphere air temperature
change pattern is featured by negative (or cold) anomalies
mainly around tropopause and positive (or warm) anoma-
lies in the troposphere. The overall anomaly and trend pat-
terns are similar if different reanalysis data are used (not
shown), although there are some differences in details.
However, unlike the homogenous cooling trends in the
upper troposphere (above 200 hPa), the temperature trends
in the middle and lower troposphere show significant
regional features (Fig. 10c, d). For example, warm anoma-
lies between 550 and 250 hPa present only over the regions
from the Atlantic Ocean to the central and western Pacific.
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NCEP/DOE Temperature Anomaly (5S—5N)
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Fig. 9 Air temperature anomaly referred to climatology in 1981-2010 along the equator averaged in 5°S—5°N and in a Mar. 1997, b May 1997,

cJul. 1997, d Sep. 1997, e Nov. 1997, and f Jan. 1998. The unit is °C

The trend is small over the central and eastern Pacific. In
the lower troposphere, major warm anomalies occur over
the Atlantic and the western Indian Oceans, and centers
with weaker warm anomalies exist over the central and
western Pacific Ocean. The most interesting feature in the
lower troposphere is the pronounced cold anomaly trend
over the central and eastern Pacific Ocean. This kind of the
distribution of temperature trend forms temperature zonal
gradient in the lower troposphere over the Pacific Ocean,
which is consistent with strengthening of the Walker cir-
culation as documented by analyzing multi-reanalysis data
(Hu et al. 2013b).

The temperature trend pattern shown in Fig. 10 is similar
to the spatial pattern of the correlations preceding CP-OLR
development shown in Fig. 3a—d, particularly for the Pacific
Ocean region. This similarity implies that the long-term
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trends of the troposphere air temperature for both zonal and
vertical gradients along the equator are not favorable for
the convection development over the central Pacific. Mean-
while, the wind shear of zonal component between 250 and
1000 hPa in the central and eastern Pacific (140°E-120°W)
becomes stronger since 2000 (Fig. 11). That is consistent
with the interdecadal change of the mean state in the tropi-
cal Pacific, such as the strengthening of the Walker circu-
lation (Hu et al. 2013b). Such wind shear change is also
unfavorable for the deep convection development. Thus,
long-term trend of the tropospheric atmosphere (e.g., tem-
perature profile and wind shear) change may be one of the
possible factors associated with the suppression of convec-
tion variability in the central and eastern Pacific (Fig. 12).
Without the favorable atmosphere environment for convec-
tion development, the atmosphere—ocean coupling or the
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Averaged Temperature Anomaly Referred to Climatology in 1979-2014 (5S-5N, C, NCEP/DOE)
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Fig. 10 Air temperature anomaly referred to climatology in 1979—
2014 along the equator averaged in 5°S—5°N and in a Jan. 1979-Dec.
1999 and b Jan. 2000-Dec. 2014, and c¢ the differences of a, b. d is

Bjerknes feedback cannot be sustained. As a result, devel-
opment of strong El Nifio may not be favored, which is
consistent with the observational fact that fewer strong El
Nifo events occurred in 2000-2014.

In fact, this trend pattern (Fig. 10) bears some resem-
blance to the temperature change caused by the increase
of greenhouse gas (GHG) concentrations (Fig. 12 of Chap-
ter 12, IPCC 2013), which may imply some contributions
of the increase of GHG concentrations to the observed
troposphere air temperature change. Nevertheless, the dif-
ference in the tropospheric stability between pre- and post-
2000 may also be associated with a phase shift of the inter-
decadal Pacific Oscillation (IPO), or the so-called hiatus
event. Around 1999/2000, IPO shifted from positive phase
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the linear trend during Jan. 1979-Dec. 2014. The units are °C in a—c¢
and °C/36 years in d

to negative phase (see Fig. 4 in Henley et al. 2015). It is
a further research topic to examine the connection of IPO
with mean state change of the tropospheric temperature
profile along the equator as well as the interdecadal change
of ENSO.

4 Summary and discussion

In this work, we examined the possible connection of trop-
osphere air temperature variation and ENSO evolution as
well as the possible impact of long-term trend in tropo-
spheric temperature on ENSO. The lead and lag correlation
analyses suggested that in addition to zonal temperature
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Fig. 11 Wind shear of zonal

U250-U1000 (5S—5N, m/s, NCEP/DOE): 1979—1999 (dash line) & 2000—2014 (solid line)

component between 250 and

1000 hPa (U250-U1000) aver-

aged in 5°S—5°N in Jan. 1979— 12 1
Dec. 1999 (dash line) and Jan.

2000-Dec. 2014 (solid line).

The unit is m/s. Green (red)

shading represents that the wind 8
shear in Jan. 2000-Dec. 2014

is more westerly (easterly) than

that in Jan. 1979-Dec. 1999
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gradient in lower atmosphere, the troposphere vertical
temperature gradient may affect ENSO evolution through
enhancement or suppression of convection over the cen-
tral Pacific. When lower troposphere is relatively warmer
(cooler) than upper troposphere, the atmosphere is more
(less) unstable and favors the development of an El Nifio
(a La Nifia) event, via enhancement (suppression) of deep
convection. This relationship is also consistent with the
overall suppression of the variability of tropical Pacific
atmosphere and ocean coupled system (including sup-
pressed convections, and reduced ENSO and SST variabili-
ties) in 2000-2014.

Differences in the ENSO evolutions in 1997-1998 and
2014-2015 are found consistent with the statistical rela-
tionship. During the springs of 1997 and 2014, there were
comparable ocean subsurface warm anomalies along the
equator. The contrast of the troposphere atmosphere anom-
alies seems to be one of the factors leading to different
outcomes: the strongest El Nifio in the instrumental record
in 1997-1998 with profound impact on extra-tropics, and
a borderline El Nifio in 2014-2025 with little impact on
extra-tropics (http://www.climate.gov/news-features/blogs/
enso/do-recent-global-precipitation-anomalies-resemble-
those-el-ni%C3%B1o). Thus, in addition to the significant
and dominant response to ENSO which is largely verti-
cally homogenous in the troposphere, vertical gradient
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(heterogeneity) of troposphere temperature may play an
important and active role to some extent in affecting ENSO
evolutions.

It should be pointed out that due to the fact that ampli-
tude of ENSO is controlled by multiple physical processes,
the vertical gradient of air temperature in the troposphere
is just one possible factor among them. Particularly, since
the dominated impact of ENSO on the troposphere tem-
perature, it is a challenge to distinguish the role of the
troposphere temperature in affecting convection, from the
ENSO-induced other air—sea coupling processes. Our very
preliminary work suggested a potentially active role of the
atmosphere in ENSO. The vertical temperature gradient in
the troposphere may also serve as an intermediate process
to enhance or suppress the ENSO development. Clearly,
further data analysis, carefully designed model experiments
as well as theoretical study are necessary. In addition, it
will be a future research topic about the relative importance
of lower and upper troposphere temperature variation in the
vertical gradient variation as well as the seasonality.

For the long-term trend, the warming is more pro-
nounced in upper troposphere than in the lower tropo-
sphere, meaning a reduction of the vertical gradient. Unlike
almost homogenous cooling in the upper troposphere,
lower troposphere air temperature change along the equa-
tor during 1979-2014 shows remarkable regional features.
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Mean and Standard Deviation of OLR (W/mx*x*2)
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Fig. 12 Mean (left panels) and standard deviation (right panels) of monthly OLR in a Jan. 1979-Dec. 1999 and b Jan. 2000-Dec. 2014, and ¢
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Strong cooling trend presents over the central and eastern
Pacific Ocean, and some warming trend to their two sides,
which bears certain resemblance to a La Nifia pattern. The
lower troposphere warms much less (in fact cools) in the
eastern Pacific compared to other regions that suggests the
stability there is increasing. According to the lead and lag
correlations, this kind of the zonal and vertical distribu-
tion of troposphere air temperature trend over the Pacific
Ocean is not favorable for convection developments over
the central Pacific. Meanwhile, the wind shear in the cen-
tral and eastern Pacific becomes stronger since 2000 that is
also not favorable for the deep convection development. As
a consequence of unfavorable atmosphere environment for
convection developments, the atmosphere-ocean coupling
weakens and strong El Nifio is less likely to be generated.

However, to make clear, the expected unfavorable long-
term trend of tropospheric temperature vertical distribution
in global warming scenario does not mean to prevent the
happening of strong El Nifio; instead, the long-term statis-
tical probability may decrease, since ENSO is determined
by complicated physical processes in the ocean and atmos-
phere other than the sole factor of tropospheric temperature
vertical distribution.

Our results suggest that, in addition to the important role
played by long-term trend of the atmospheric boundary
and ocean, the long-term trend of the tropospheric atmos-
phere may also play an important and active role to some
extent in the ENSO variability suppression in 2000-2014.
The role of heterogeneous distribution of atmosphere
temperature trend in the lower troposphere on the ENSO
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variability change discussed here is consistent with Xiang
et al. (2013). They argued that strong divergence in the cen-
tral Pacific atmospheric boundary layer after the late 1990s
prevented the eastward propagation of SST anomalies and
results in a more frequent occurrence of central Pacific El
Nifio and less and weaker eastern Pacific El Nifio in the
recent decades.

The relationship between the mean state and ENSO
feature is a long-time controversial question (Fedorov and
Philander 2000; Wang and An 2002; McPhaden et al. 2011;
An and Choi 2015). For example, the change in the char-
acteristics of ENSO in 2000-2014, with a preference for
La Nifia events and fewer large El Nifios, may contribute
to the increase of contrast between the western and east-
ern Pacific, such as the east-west gradient in SST and the
thermocline (McPhaden et al. 2011; Kumar and Hu 2014,
Hu et al. 2013b). Furthermore, it is unclear whether the
observed ENSO variability change is just a manifestation
of natural variability in the climate system, such as IPO, or
it is linked to external forcings. For example, the interdec-
adal change of ENSO around 1999/2000 is coincident with
a shift of IPO from positive phase to negative phase. In
addition, in the earlier period (1979-1999), there were two
large ENSO events (1982-1983 and 1997-1998), while
there was no large ENSO event during 2000-2014. That
may be a factor resulting in the linear trends and interdec-
adal changes of the vertical temperature in the troposphere
as well as the heterogeneous distribution of horizontal
SST trends. Besides the natural variations, the increase of
the GHG concentrations is also a potential contributor to
the changes in the mean state and characteristics of ENSO
variability (Hu et al. 2012b; Collins et al. 2011; Yeh et al.
2011; Latif and Keenlyside 2008; Meehl et al. 2006; Vecchi
et al. 2006; Jin et al. 2001). For instance, under the influ-
ence of increase of GHG concentrations, Hu et al. (2012b)
showed a weakening of variability associated with ENSO
in a coupled model simulation, a scenario consistent with
the observed evidence analyzed in this work. Thus, both the
natural variability and GHG forced mean state changes may
contribute to the observed ENSO variability suppression.

Last, similar to the asymmetric response of convection
in the tropical central and eastern Pacific to SST anomaly
in warm and cold phases of ENSO as discussed in Hoerling
et al. (1997), the connection of vertical temperature gradi-
ent with ENSO evolution may also be asymmetric for El
Nifio and La Nifa. It is speculated that the impact of the
vertical temperature gradient is more notable in an El Nifio
development than in a La Nifia development, since there
are few deep convective activities in the central and eastern
Pacific during both climatological state and La Nifa. It is
also unclear how this asymmetry is associated with possible
change of the relationship between the deep convections
and ENSO SST. All these deserve further investigations.
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