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Abstract The poleward branches of the Hadley Cells and
the edge of the tropics show a robust poleward shift dur-
ing the satellite era, leading to concerns over the possible
encroachment of the globe’s subtropical dry zones into cur-
rently temperate climates. The extent to which this trend is
caused by anthropogenic forcing versus internal variability
remains the subject of considerable debate. In this study, we
use a Joint EOF method to identify two distinct modes of
tropical width variability: (1) an anthropogenically-forced
mode, which we identify using a 20-member simulation of
the historical climate, and (2) an internal mode, which we
identify using a 1000-year pre-industrial control simulation.
The forced mode is found to be closely related to the top
of the atmosphere radiative imbalance and exhibits a long-
term trend since 1860, while the internal mode is essentially
indistinguishable from the El Nifio Southern Oscillation.
Together these two modes explain an average of 70% of the
interannual variability seen in model “edge indices” over the
historical period. Since 1980, the superposition of forced
and internal modes has resulted in a period of accelerated
Hadley Cell expansion and decelerated global warming (i.e.,
the “hiatus”). A comparison of the change in these modes
since 1980 indicates that by 2013 the signal has emerged
above the noise of internal variability in the Southern Hemi-
sphere, but not in the Northern Hemisphere, with the latter
also exhibiting strong zonal asymmetry, particularly in the
North Atlantic. Our results highlight the important interplay
of internal and forced modes of tropical width change and
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improve our understanding of the interannual variability and
long-term trend seen in observations.
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1 Introduction

Recent studies have shown a significant expansion of the
tropics since 1980 in a variety of observational products
(e.g., Hu and Fu 2007; Fu and Lin 2011; Davis and Rosenlof
2012; Nguyen et al. 2013). This widening has been indicated
by poleward displacements of the Hadley Cells (Hu and Fu
2007), subtropical dry zones (e.g., Sousa et al. 2011; Hoer-
ling et al. 2012), extratropical storm tracks (Bender et al.
2012), and jet streams (Archer and Caldeira 2008). Such a
major shift in global circulation and precipitation patterns
has had a profound impact on communities and ecosystems
found at the poleward margins of the subtropical dry zones,
including higher occurrences of droughts in southern por-
tions of Australia (CSIRO 2012), the southwestern United
States (Cayan et al. 2010), the Altiplano region of South
America (Morales et al. 2012), the Mediterranean (Sousa
et al. 2011; Hoerling et al. 2012), and northern China (Ye
2014). This has led to significant public concern over a pos-
sible large scale “desertification” of these typically mild cli-
mates, and widespread interest in understanding the mecha-
nisms governing tropical expansion.

While there is a broad agreement that the tropics are
expanding, the magnitude of expansion depends on how the
tropical boundary is defined and the dataset used for the
analysis (Davis and Rosenlof 2012; Lucas et al. 2014). One
common measure is the latitude closest to the equator at
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which the mid-tropospheric mass stream function is equal
to zero (i.e., where mass transport shifts from poleward to
equatorward between the Hadley Cell and the Ferrel Cell).
According to this metric, total observed expansion can range
from 0.2 to 3.2 degrees latitude decade™' depending on the
reanalysis product (Johanson and Fu 2009; Davis and Rosen-
lof 2012). Other measures of tropical width are based on
changes in tropopause height, which can be independent
of Hadley Cell variability (Seidel et al. 2008). The zonal
mean tropopause is relatively flat in the tropics with a height
of about 15 km, but it lowers moving poleward to about
11-13 km in the extratropics and about 9 km near the poles.
Therefore, tropopause based edge metrics estimated from
radiosonde (Seidel and Randell 2006) and reanalysis data
(Davis and Birner 2013) have utilized subtropical height
thresholds to estimate symmetric expansion to be between
—0.5° and 3.1° latitude decade™". Additionally, surface
observations of zonal mean precipitation minus evaporation
(P —E) have been used to define the edge of the tropics as
the transition between the E dominated subtropics (which
reside under the subsiding branch of the Hadley Cells) to
the P dominated midlatitudes (i.e., the latitudes closest to
the equator at which P—E =0). This method suggests tropi-
cal expansion trends of —0.7 to 2.5 in different reanalysis
products (Davis and Rosenlof 2012).

The wide range in the trend estimates listed here could
be due to each metric’s propensity to isolate discrete levels
of the atmosphere that have varying observational coverage.
As a result, some estimates based on reanalysis data are less
constrained by observations than others, and they can be
plagued by the biases and errors associated with the under-
lying model used in a given reanalysis product (Trenberth
et al. 2001; Sterl 2004). Additionally, early estimates that
utilized absolute thresholds (like tropopause height) may
be biased high due to uniform tropopause rise as a result of
global warming.

Previous studies point to two main causes of Hadley Cell
expansion since 1980. First, climate models forced with the
observed increase in greenhouse gases produce a tropical
widening (Lu et al. 2008; Hu et al. 2013); however, the mag-
nitude of the trend is generally underestimated relative to
observations. This has led some to suggest that non-green-
house gas forcings, (i.e., anthropogenic aerosols and strato-
spheric ozone) may also play a significant role (Kang et al.
2011; Allen et al. 2012; Min and Son 2013; Kovilakam and
Mahajan 2015; Waugh et al. 2015; Allen and Ajoku 2016).

Second, other studies have pointed to the primary
influence of natural variability (Garfinkel et al. 2015).
For example, multi-decadal trends in the Northern and
Southern Annular Modes are thought to be important, with
expansion (contraction) during their positive (negative)
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phases driven by shifts in mid-latitude gross static stability
(Previdi and Liepert 2007; Kang et al. 2011; Nguyen et al.
2013). Other studies have pointed to the importance of
the El Nifio—Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO), with contraction (expansion)
of the Hadley Cell occurring during periods when SSTs in
the tropical eastern Pacific are warm (cool) (Lu et al. 2008;
Grassi et al. 2012; Allen et al. 2014; Lucas and Nguyen
2015; Mantsis et al. 2017; Allen and Kovilakam 2017).
Lucas and Nguyen (2015) used radiosonde data and par-
tial regression techniques to conclude that the 1980-2013
PDO phase change may account for as much as 50% of the
widening over Asia, while Allen and Kovilakam (2017)
used tropical Pacific pacemaker experiments to suggest
unforced decadal ENSO variations can account for nearly
all of the Northern Hemisphere (NH) zonal mean expan-
sion and much of the Southern Hemisphere (SH) trend.

Disentangling the natural and forced contributions to
Hadley Cell variability and expansion with such a lim-
ited observational record is a difficult task. These limita-
tions are further compounded when taking into account
the tendency of current width metrics to sample single
levels of the atmosphere without considering how the
tropical edge might vary with height. In this study, we
attempt to overcome these limitations by using targeted
modeling experiments and developing an objective, mul-
tivariate estimate of Hadley Cell width variability over a
range of latitudes and heights to investigate the interaction
between natural and forced variability over the satellite
era. We find that since 1980, the superposition of forced
and internal variability has resulted in an unusual period
of accelerated Hadley Cell expansion, drawing parallels
to a similarly unusual phenomenon—the global warming
hiatus (Fyfe et al. 2016). Furthermore, we find that the
strength of the forced tropical expansion is not symmetric
about the equator, with the signal already emerging above
the noise in the zonal mean SH, but not the NH. Finally,
we consider zonal variations, moving beyond most previ-
ous studies that focused on the zonal mean. We find that
while the SH largely follows the zonal mean results, the
NH displays significant zonal variations, particularly in the
North Atlantic. Our results add to the mounting evidence
that internal variability plays a significant role in observed
tropical expansion and raises several interesting questions
for future studies.

The rest of the paper is organized as follows. In Sect. 2,
we outline the data and methods used in the analysis. In
Sect. 3, we discuss the interplay of internal and forced
modes of tropical width variability in the zonal mean,
and then explore zonal variations in these interactions in
Sect. 4. We conclude with a summary and discussion in
Sect. 5.
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2 Data and methods
2.1 Joint Empirical Orthogonal Function

To objectively analyze variability of the zonal mean over-
turning circulation at a variety of atmospheric levels, we cal-
culated a Joint Empirical Orthogonal Function (EOF) from
60°S to 60°N using three parameters widely discussed in the
tropical expansion literature: (1) The zonal mean meridional
mass streamfunction (MMS) at 500mb (Eq. 1; w5, (2) The
zonal mean height of the tropopause (Z), and (3) The zonal
mean precipitation minus evaporation (P —E). The MMS
was calculated as:

P

2

WP, ) = “Cg“d’ / [Vldp, )
Py

where a is the radius of the Earth, g is gravitational accel-
eration, ¢ is latitude, P, is the model’s lowest pressure level,
and v is the meridional wind component, with brackets
denoting the zonal average. The tropopause was calculated
using monthly mean data and defined according to the World
Meteorological Organization (WMO) lapse rate definition
(WMO 1957). We focus only on the annual mean (from July
to the following June) in order to better represent variability
that is symmetric about the equator. Anomalies were calcu-
lated by removing the long-term annual mean climatology
from each variable. Before taking the EOF, each of the indi-
vidual components were normalized by its Frobenius norm
(i.e., the square root of its total variance) and combined into
a single matrix. The results of the Joint EOF are three spatial
patterns representing the leading modes of s, [Zy], and
[P —E] as a function of latitude, where the time variability
for all three patterns is described by a single principle com-
ponent (PC). Here we focus only on the leading EOF and
PC, for reasons that will become apparent in Sect. 3. Results
are consistent if the domain is extended to 90°S—90°N or if
just the NH or SH is included in the Joint EOF.

There are four main advantages to calculating the Joint
EOF of w5, [Z1], and [P —E]. First, the method draws out
the leading modes of variability among the three parameters
without any a priori assumptions about what those modes
might look like. Second, each chosen variable is related to
a common Hadley Cell edge index found in the literature
(Lucas et al. 2014). Third, the parameters represent hori-
zontal slices at different pressure levels, which allows us
to sample Hadley Cell variability throughout the tropo-
sphere without constraining our analysis to a single pres-
sure surface. Finally, the Joint EOF identifies the modes
when w5, [Z1], and [P — E] vary in tandem, and maximizes
the signal by cutting down on unrelated noise present in

the individual parameters. When an EOF is taken for each
individual parameter, the resulting spatial pattern tends to
be a linear combination of the first and second Joint EOFs
(not shown), which muddles the physical interpretation of
the mode. Therefore, the Joint EOF method is the preferred
method of isolating modes of variability in the zonal mean
overturning circulation variability.

2.2 GCM experiments and observational datasets

We utilize two different experiments from the Geophysi-
cal Fluid Dynamics Laboratory climate model version 2.1
(GFDL-CM2.1) to separate and analyze natural and forced
tropical width variability. First, natural variability is inves-
tigated using the 1000-year pre-industrial control simulation
with all atmospheric forcings set to 1860 levels. Second, a
20-member historical all-forcing experiment from January
1861 to December 2014 is used to approximate the forced
response. The historical ensemble includes 10-members
from the CMIPS5 archive and an additional 10-members run
by Kosaka and Xie (2016). These experiments were initial-
ized from a 600-year control and were forced with observed
atmospheric forcings until 2006, and the RCP4.5 projected
emissions scenario thereafter. CM2.1 has a resolution of
approximately 2° latitude X 2.5° longitude with 17 vertical
levels. The detailed formulation of CM2.1 has been docu-
mented by Delworth et al. (2006), and additional informa-
tion regarding the additional 10-member historical ensemble
and the control simulation can be found in Kosaka and Xie
(2016).

For observations, we use the National Oceanic and
Atmospheric Administration’s (NOAA) Extended Recon-
structed SST versions 3b (ERSSTv3b; Smith et al. 2008),
and atmospheric temperature, wind velocity, precipitation
and evaporation from the Modern Era Retrospective-analysis
for Research and Applications 2 (MERRAZ2; Gelaro et al.
2017). The net effective radiative climate forcing from 1880
to 2012 was taken from Hansen et al. (2011), and is available
at http://www.columbia.edu/~mhs119/Energylmbalance/
Imbalance.Fig01.txt.

3 Internal and forced modes of tropical width
variability

3.1 Internal mode

We begin with the internal mode, which explains 49% of
the total interannual variance across the three parameters
within the pre-industrial control simulation. The climatology
of w5, (black line) in Fig. 1a shows large positive (nega-
tive) values north (south) of the equator, representing the
poleward branches of the NH and SH Hadley Cells. These
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Fig. 1 Joint EOF of sy (kg m™! s71), [Z;] (km), and [P—E]
(mm day‘l) in the 1000-year control simulation (top row) and the
low-passed ensemble mean of the 20-member all-forcing histori-
cal simulation from 1861 to 2014 (bottom row). Black lines repre-
sent the zonal mean climatology of sy, [Z7], and [P—E], respec-

terminate around 30° as zero crossings in either hemisphere
(Wsoo = O; vertical dashed lines), which is often defined to
be the “edge” of the tropics (e.g., Lucas et al. 2014). Super-
imposed on the climatology is the leading internal mode of
W5 variability (blue line). This mode features anomalies
that are a near mirror-image about the equator, with two
opposite-signed peaks in each hemisphere. The peaks cor-
respond to negative (positive) anomalies on the equatorward
flanks of the NH (SH) climatological Hadley Cell and posi-
tive (negative) anomalies on the poleward flanks. Note that
the anomalies are slightly larger in magnitude in the NH
than in the SH.

A similar pattern is seen in the leading internal mode
for the other two parameters (Fig. 1b, c¢). The [Z] clima-
tology (black line) depicts a maximum tropopause height
in the tropics of about 15.5 km, dropping to about 9 km
near 60° in either hemisphere. The tropical edge is similarly
marked, but in this case as the latitude where the tropopause
is 1.5 km less than the tropical (15°S—15°N) mean (i.e., A
Z; = 1.5 km; Davis and Rosenlof 2012). Here the EOF
shows positive anomaly peaks that slightly favor the NH
(orange line), while a broad region of negative anomalies
prevails within the tropics (Fig. 1b). Finally, the climatology
of [P —E] shows two peaks, indicative of a double-ITCZ
(Fig. 1c, black line). Poleward of these rain bands, there
are regions of negative values in the subtropics associated
with the descending branch of the climatological Hadley
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tively. Colored lines are the EOF spatial patterns. Note that we have
removed the tropical mean (15°S—-15°N) from the [Z;] anomalies to
better assess the tropical edges without the influence of globally uni-
form tropopause rise

Cell. The subtropical dry zones end with zero crossings
around 40° in both hemispheres ([P —E] =0), indicating a
transition to mid-latitude storm tracks. The leading internal
mode in [P —E] shows positive anomalies poleward of the
model’s ITCZ climatological peaks and negative anomalies
from 10°S—10°N that are nearly symmetric about the equa-
tor, along with negative anomalies at the subtropical edges
overlying the climatological zero crossings.

In each case, the leading Joint EOF projects strongly in
the tropics and in tropical edge regions traditionally captured
by the various edge indices outlined in the literature (verti-
cal dashed lines). Further, the sign of the anomalies and
their meridional positions are all consistent with a poleward
expansion of each parameter’s climatological tropics. This is
highlighted by the high correlation between the associated
internal mode PC (PC,;; purple line Fig. 2a) and individual
total (NH + SH) tropical edge indices (R=0.75, R=0.94,
and R=0.71 for w53y = 0, AZ; = 1.5 km, and [P—E] =0,
respectively). In contrast, PCs from the next four EOFs do
not project as strongly on these edge indices, and tend to
have average correlation coefficients of less than 0.2 (not
shown). Thus, the leading internal mode can be confidently
interpreted as a measure of internal tropical width variabil-
ity, and we will not focus on higher order modes as a result.

PC,, is strongly correlated with the Nino3.4 index (R
= —0.96; black line), indicating that its variability is pri-
marily driven by ENSO (Fig. 2a). The negative sign of the
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Fig. 2 PC;, and PC;, respectively. Numbers in square brackets are

the percent variance explained by each EOF mode among the three
variables in Fig. 1. Black line in a is the control simulation Nino3.4
index (°C). For clarity, only the first 100 years of PC; , and Nino3.4
are shown. Gray dashed line in b is second-order least-squares fit to
PC;,.. Black line in b is the net effective climate forcing taken from
Hansen et al. (2011) (Wm™?2)

correlation indicates that high values of PC,,, correspond
to a La Nifa-like pattern. These results are consistent with
several studies showing that a La Nifia anomalously weakens
the thermally driven subtropical jet stream, shifting eddy-
momentum convergence and the meridional circulation pole-
ward (Robinson 2002; Seager et al. 2003; Lu et al. 2008).

3.2 Forced mode

We now focus on the forced mode, which represents the
Joint EOF within the ensemble mean of 20 GFDL-CM2.1
historical all-forcing simulations, and explains 62% of the
total interannual variance (Fig. 1, bottom row). Averaging
across the ensemble reduces random internal variability,

thereby enhancing the signal of the forced response. In
addition, each parameter was first linearly detrended,
subjected to a 10-year low-pass filter, and then retrended
before calculating the EOF, further minimizing the influ-
ence of internal variability.

The PC for the forced mode (PCy,,) is characterized by
a long-term secular trend from 1860 to 2013 that is inter-
mittently punctuated by strong negative peaks (Fig. 2b).
PC;,, is highly correlated with the low-passed net effective
climate forcings at the top of the atmosphere (TOA) from
1880 to 2012 derived from Hansen et al. (2011) (black
line; R=0.97; R=0.85 detrended). Therefore, these nega-
tive peaks could be due to strong volcanic forcing, while
the long-term trend may be attributed to increased green-
house gases and decreased stratospheric ozone concentra-
tion throughout the historical period, which is supported
by the high correlation between low-passed global mean
SST (GMSST) and PCy,, (R=0.98; R=0.89 detrended).
Similar to PC,,,, PC,,, also projects strongly on low-passed
variability at the edge of the tropics, with raw (detrended)
correlations of R=0.98 (0.88), R=0.91 (0.70), and
R =0.93 (0.72) for the total (NH+ SH) w559 = 0, AZ; =
1.5 km, and [P — E] = 0 edge indices, respectively. The
high correlation of PC,. with TOA radiative forcings,
GMSST, and the traditional edge indices gives us confi-
dence that the Joint EOF method is credibly capturing the
time variability and trend associated with the prescribed
external forcing of the zonal mean overturning circulation
in this model.

The forced EOFs spatial patterns (Fig. 1d—f) have sev-
eral similarities to their internal counterparts (Fig. la—c).
For example, in all three parameters there are forced
anomalies of the same sign as the internal anomalies
overlying the subtropical zero crossings of the w5, and
[P —E] climatology and near the regions where AZ; =
1.5 km. This suggests that the forced mode induces a
similar poleward expansion of the climatological Hadley
Cells, tropical tropopause heights, and subtropical dry
zones as the internal mode. However, while the internal
mode anomalies are slightly larger in the NH, there is an
asymmetry in the magnitude of the forced anomalies in
favor of the SH. Uniform forcings like greenhouse gas
emissions influence the tropics nearly equally between
hemispheres (Lu et al. 2008; Seager et al. 2010; Hu et al.
2013), but an asymmetric forcing like ozone may explain
the enhanced SH tropical expansion in our forced EOF
mode (Kang et al. 2011; Polvani et al. 2011b; Min and
Son 2013; Lucas and Nguyen 2015). Anthropogenic aero-
sols are another asymmetric forcing (Wang et al. 2016)
that have been hypothesized to contribute to Hadley Cell
expansion (Allen et al. 2014), but modeling studies have
indicated the ozone effect dominates the SH zonal mean
response (Tao et al. 2016).
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3.3 Mode interactions: total variance and total
expansion

To what degree can the forced and internal modes represent
the total tropical width variance? To test this, we project
each ensemble member of the historical simulation onto the
internal and forced EOF patterns to acquire two PCs that
represent the time variability of the leading modes of forced
and internal tropical width changes in each member. We then
construct a multivariate linear regression model for each
member based on the regression coefficients between these
two PCs and the traditional edge indices discussed previ-
ously. We are then able to compare the results of this model
to the total (NH + SH) traditional edge indices in each mem-
ber. Using this method, we find that the combination of our
two EOF modes can explain 66 + 4, 85 + 2, and 57 + 5% of
the total unfiltered variance in y5,, = 0, AZ; = 1.5 km, and
[P—E] = 0, respectively. This result supports the conclu-
sions of recent studies that ENSO and external forcings are
the primary drivers of interannual tropical width variability
in the zonal mean (Allen et al. 2014; Mantsis et al. 2017;
Allen and Kovilakam 2017). Recall, however, that our Joint
EOF method does not partition the influence of the different

Fig. 3 a Monthly mean

external forcings on Hadley Cell width (i.e., ozone and/or
greenhouse gases). As such, single forcing experiments that
take advantage of this objective methodology are needed in
future studies to further quantify the role of these individual
drivers in Hadley Cell width variability.

A related question is, how much of the observed changes
in tropical width during the satellite era can be attributed
to these modes? To answer this, we first scale the EOFs by
the observed changes in each PC from 1980 to 2013, and
then add the results to the climatology of each parameter to
measure how far the climatological tropical edges (vertical
dashed lines) shift poleward. The scaling required for the
forced EOF is fairly straightforward in that it is the change in
PC;,, from 1980 to 2013 due to the trend, which we estimate
to be 1.31c using a 2nd-order polynomial fit to the entire
time series.

The scaling for the internal mode is based on the regres-
sion coefficient between PC;, and Nino3.4 (R ;= —00.94
6° C™1). Using observed SST from ERSSTv3b, we produce
a Nino3.4* index (Chen and Wallace 2015), and calculate
the linear trend from 1980 to 2013 based on the 10-year
low-passed time series (—0.66 °C over 34 years; Fig. 3a).
This trend is multiplied by R . to get an estimate for the

Nino3.4* index calculated > !
from ERSSTv3b (°C, red/blue
shading). Black solid line is the
annual mean, black dashed line
is the 10-year low-pass filter,
and cyan line is the linear fit
from 1980 to 2013. b Probabil-
ity density function (PDF; gray
shading) of 34-year running
trends of Nino3.4 in a 1000-year
control simulation. Black solid 4
line following gray shading is a

(a) ERSSTv3b Nino3.4* Index
T T T T

T T

T T
[ Monthly 7
—— Annual
----10-yr Lowpass |-
1980-2013 Trend

Gaussian distribution with the -1.5 - -
same mean and standard devia-
tion as the PDF. Black dashed 2 ‘ ‘ J . . . ‘ ‘ J . . -
lines mark 95% confidence 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
intervals. Vertical cyan line
represents the observed trend - (b) Control simulation PDF of 34-year running trends

. T T E T T T : T T
(?). Note t.he height of the cyan ___-95% Confidence Interval
line is arbitrary 60 1980-2013 Trend

Probability Density
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-0.02
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representative scaling in PC,,, (0.63c). The fact that the scal-
ing is less than 16 makes sense because the internal mode
is the result of interannual variability and we are interested
in a representative multi-decadal trend in these anomalies.
This does not mean, however, that the observed trend in
Nino3.4* is so common. On the contrary, by calculating a
34-year running trend time series in the control simulation
Nino3.4, we put the observed Nino3.4* trend into historical
context and find that it was actually quite extreme (~2.12c)
relative to the probabilistic range of 34-year trends that may
be expected in nature (Fig. 3b).

The strong cooling observed in the Nino3.4* index has
been linked to a decadal strengthening of the tropical Pacific
trade winds (e.g., Watanabe et al. 2014; Amaya et al. 2015),
and this acceleration may be the result of aerosol forcing
(Takahashi and Watanabe 2016). Therefore, it is possible
that the trend in Fig. 3b is also partially forced by aero-
sols. However, Allen and Kovilakam (2017) recently used
the CMIP5 ensemble to show that forced SST patterns only
weakly project on eastern tropical Pacific during this time
period. Thus, we continue under the assumption that cool-
ing trend in Fig. 3b is entirely due to internal variability, but
we acknowledge that further research is needed to quantify
the role of external forcings on tropical Pacific SST trends.
These results will be discussed in greater detail in Sect. 5.

The contributions of the scaled anomalies to tropical
expansion are reported in Table 1 as changes in degrees
latitude. Based on the combination of the two Joint EOFs,
we estimate a total NH expansion of 0.26°, 0.55°, and 0.38°
latitude and a total SH expansion of 0.38°, 0.44°, and 0.35°
latitude for w5, [Z1], and [P — E], respectively. Interestingly,
the internal anomalies account for 58, 73, and 63% of the
overall NH change in each parameter, but only 42, 66, and
40% of the SH expansion. This is generally consistent with
Allen and Kovilakam (2017) and others, who suggest that
NH tropical expansion is dominated by unforced trends due
to ENSO. These model expansion estimates are smaller than
most other observational estimates during the same time
period, which could be due in part to observational uncer-
tainty (Lucas et al. 2014), or a broader problem with coupled

Table 1 Total (NH+SH) tropical expansion (°latitude) based on
scaled anomalies in Fig. 1

Metric Internal Forced Inter-
1980-2013 1980-2013 nal + forced
1980-2013
Wsoo NH: 0.15 NH: 0.11 NH: 0.26
SH: 0.16 SH: 0.22 SH: 0.38
[Zy] NH: 0.40 NH: 0.15 NH: 0.55
SH: 0.29 SH: 0.15 SH: 0.44
[P-E] NH: 0.24 NH: 0.14 NH: 0.38
SH: 0.14 SH: 0.21 SH: 0.35

models underestimating the observed tropical expansion (Hu
et al. 2013; Tao et al. 2016).

The fact that the expansion of the NH Hadley Cell in the
model is primarily driven by natural variability during the
satellite era could be due to the differences in the strength
of the two EOFs near the tropical edges (note the change
in y-axis between top/bottom row of Fig. 1). The internal
anomalies are stronger than the forced anomalies in these
regions, particularly in the NH, which is possibly a con-
sequence of the observed asymmetrical strength of ENSO
teleconnections to the NH relative to the SH (Garreaud and
Battisti 1999). In contrast, the forced anomalies tend to be
stronger near the SH tropical edge, which is likely due to the
presence of asymmetric forcings such as ozone (Tao et al.
2016). This inverse asymmetry between the two modes leads
to a larger difference in the magnitude of internal and forced
anomalies near the NH tropical edge and a smaller difference
near the SH tropical edge for a 16 occurrence/trend of both
EOFs. Therefore, on short time scales when the trend in
PC,,, is small, we expect that anthropogenic expansion of the
NH Hadley Cell would be dominated by natural variability.

3.4 Mode interactions: signal time of emergence
in the zonal mean

On long time scales, it is interesting to consider the time
when the anomalies associated with the forced expansion
of the Hadley Cell rise above the noise level of the internal
mode. Since we are interested in multi-decadal Hadley Cell
expansion over the satellite era, we will focus on the time
of emergence of the forced trend beginning in 1980. This
trend is estimated with a 2nd-order least-squares fit (PCyg;;
Fig. 2b) calculated from 1861 to 2013, and is extrapolated
into the future until the signal is sufficiently large (see next
paragraph). The trajectory of PCg, corresponds to a non-
equilibrium 2.0 °C increase in GMSST by 2100 (3.0 °C for
global mean surface temperature; GMST), which roughly
corresponds to the CMIP5 RCP6.0 future warming scenario
(Stocker et al. 2013).

Here we define the time of signal emergence to be the
year when the forced trend in each parameter is significantly
larger than the probabilistic range of unforced trends in Had-
ley Cell width due to PC,,. This condition is met when:

nt*
aR($re),, > outoosR(¢re), fork =234, ... n,
(@)
where ¢ is the latitude of the climatological tropical
edge defined by the traditional edge indices, e, is the k-year
change in PCg; from 1980 to k—1 years after 1980, Ry, (R;,)
is the regression slope at ¢p;; of each respective parameter
in the EOF onto PC,,. (PC,,), o, is the standard deviation
of a k-year running trend of PC,;, and 7, ¢5 is the t-statistic
for a 95% confidence interval based on the k-year running

nt>
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trend time series. Thus, if the magnitude of the forced trend
exceeds the 95% confidence level for k-year running trend
time series, then we consider the signal to have emerged
above the “noise” of PC;,, (i.e., ENSO-like variability). If
the magnitude of the forced trend is not significant, then we
increase k and repeat the process.

Since these Joint EOF patterns primarily describe the
expansion of the Hadley Cells, we report the time of emer-
gence for forced anomalies at the tropical edges (i.e., at the
latitudes of the vertical dashed lines in Fig. 1). Within this
framework, we find that the zonal mean forced anomalies
contributing to SH Hadley Cell expansion emerge above the
ENSO-driven noise level at 95% confidence in 2007, 2010,
and 2003 for w5, [Z1], and [P —E], respectively. In con-
trast, the forced anomalies contributing to NH Hadley Cell
expansion do not rise above the noise until 2019, 2015, and
2023. This is consistent with our previous results indicating
that forced Hadley Cell variability is larger in the SH than
in the NH. It also implies that, in the zonal/annual mean and
to the extent that ENSO represents the dominant form of
“noise”, anomalies that would contribute to externally forced
Hadley Cell expansion over the satellite era may currently
be detectible in the SH, while the forced expansion of the
NH tropics may become apparent in the next decade based
on the current trajectory of the forced trend. Other forms
of internal variability produced by different climate modes
or stochastic noise may also prove important, but can only
delay the signal emergence further into the future for each
hemisphere.

3.5 Hadley Cell expansion during hiatus periods

Based on the discussion of Figs. 1, 2 and 3, it is evident
that both ENSO-like variability and external forcings play
important roles in the year-to-year and long-term changes
in tropical width. This conclusion draws interesting paral-
lels between tropical expansion and the recent “hiatus” in
global warming (e.g., Amaya et al. 2015; Kosaka and Xie
2016; Xie and Kosaka 2017). In particular, natural modula-
tions of ENSO/PDO and long-term secular warming due to
increased greenhouse gases linearly superimpose upon each
other to reproduce the so-called global warming “staircase”
and the early 2000’s global warming hiatus (e.g., Kosaka
and Xie 2016).

Similarly, the leading internal mode shown in Fig. 1 sug-
gests that ENSO variability also plays an important role
in modulating tropical width, but in the opposite sense of
global temperature, as illustrated in Fig. 4. Specifically, we
hypothesize that decadal shifts between periods of predomi-
nantly El Nifio events (red shading) to predominantly La
Nifia events (blue shading) will tend to produce long-term
trends (such as in Fig. 3) that act to dampen forced GMST
warming (red line), while simultaneously enhancing forced
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Predominantly
El Nifio events

Predominantly
La Nifia events

Fig. 4 Schematic demonstrating the hypothesized interplay between
anthropogenic forcings (gray dashed line) and decadal phases in the
relative frequency of ENSO events (red/blue sine wave). Green line
represents trajectory of a measured Hadley Cell edge index with time.
Red line represents trajectory of measured global mean surface tem-
perature (GMST) with time. During the long-term transition from
a period of more El Niflo events (red shading) to a period of more
La Nifa events (blue shading), forced global warming is dampened
and the trend flattens out, producing a hiatus period. Simultaneously,
the increasing prevalence of La Nifia-forced Hadley Cell expansion
drives accelerated widening of the tropics through an enhancement of
the externally forced Hadley Cell widening

Hadley Cell expansion as measured by a traditional edge
index (green line).

To test this hypothesis, we first show the 14-year trend
over the observed “hiatus period” (2000-2013) in Nino3.4*
and GMSST for each member of the GFDL-CM2.1 his-
torical simulation (Fig. 5a). There are some members that
have long-term cooling trends in Nino3.4* during this time
period, while others have long-term warming trends. The
spread in the trends is due to the presence of internal vari-
ability in each member, and the trends themselves represent
random transitionary periods between one phase of decadal
ENSO variability to the other in the model. Ensemble mem-
bers with larger warming (cooling) trends in Nino3.4* tend
to have larger (smaller) GMSST warming trends than the
ensemble mean (forced warming, dashed red line) during
this time period (R=0.74). This is consistent with the red
line in our schematic (Fig. 4) and with previous studies that
have shown that long-term changes in ENSO can dampen
or amplify forced warming trends (Kosaka and Xie 2013;
Fyfe and Gillett 2014).

Figure 5b shows the same 14-year trends in GMSST,
but compared to 14-year trends in the symmetric Hadley
Cell index [P —E]=0. In general, ensemble members with
weaker GMSST warming trends tend to have Hadley Cells
that are expanding more rapidly than the ensemble mean or
forced expansion (R = —0.73; horizontal red dashed line).
This suggests that simulations with prolonged cooling in the
equatorial Pacific are not only dampening global warming
due to increased greenhouse gases, but are also enhancing
the forced expansion of the tropics in the model. This result
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Fig.5 a Trends in Nino3.4* (°C 14 years™!) versus trends in
GMSST (°C 14 years™'). b Trends in the latitude where P—E=0
(°lat 14 years’l) versus trends in GMSST. ¢ Trends in the latitude
where P—E=0 versus trends in Nino3.4*. Every trend is calculated

is further reinforced in by Fig. 5c, which shows the edge
index trend versus the Nino3.4* trend. Broadly, ensemble
members with stronger cooling trends in Nino3.4* have
accelerated Hadley Cell expansion relative to the ensem-
ble mean, and ensemble members with warming trends
in Nino3.4* have dampened forced expansion trends (R
= —0.65). Similar correlations are found among 14-year
trends in GMSST, Nino3.4*, and P — E over the full simula-
tion period (1874-2013), giving us high confidence in their
robustness.

4 Zonally varying responses to Hadley Cell
expansion

An important focus of recent literature has been on the
regional characteristics of Hadley Cell expansion (Choi et al.
2014; Chen et al. 2014; Karnauskas and Ummenhofer 2014;
Lucas and Nguyen 2015). These studies have largely been
based on radiosonde and satellite data, and they indicate that
there may be significant differences in tropical expansion
rates depending on the region of interest. In this section,
therefore, we extend our EOF analysis to two dimensions,
in order to better understand how internal and forced modes
of Hadley Cell variability interact regionally.

4.1 Zonal variations in P — E and signal time
of emergence

Figure 6a shows the regression of the low-passed ensemble
mean P —E field onto PCy, scaled by the change in PCg,
from 1980 to 2013 (1.31c), which represents the P —E sig-
nal associated with forced tropical expansion in the model.
Figure 6b shows the regression of the control simulation
P —E field onto PC, , scaled by the 95% confidence level for

nt>

GMSST (°C 14yrs™!)

Nino3.4* (°C14yrs™t)

from 2000 to 2013. Different numbers represent different members of
the 20-member all-forcing historical ensemble. Red dashed lines in
each case are the ensemble mean trend for the corresponding axis

34-year running trends (0344 95 = 0.63; Eq. 2). In both cases,
the regression pattern has been weighted by the standard
deviation of the control simulation P —E at each grid point.
The shape of the line in the side-panels of each subplot in
Fig. 6 represents the zonal mean climatology of P—E. The
color of the line represents the zonal mean regression of
P — E with each respective PC, which has been weighted by
the standard deviation of the zonal mean control simulation
P —E at each latitude and scaled the same as the spatial map
to its left.

The forced P —E regression (Fig. 6a) is characterized by
a near-zonally uniform increase in P — E from 50°S-60°S,
punctuated by smaller regions of strong P—E reduction in
the Southeast Pacific, South Atlantic, and Southeast Indian
Ocean, which are likely due to the poleward shift in the
SH subtropical high centers in each basin (Karnauskas and
Ummenhofer 2014). This result is further highlighted by the
negative zonal mean anomalies found at the climatological
SH zero crossing of P—E (Fig. 6a, side-panel). A similar
shift is evident in the NH, but with less zonal symmetry.
In the North Atlantic, there is a strong increase in P—E at
high latitudes coupled with a strong reduction in subtropical
P —E that encompasses much of southern Europe and the
Mediterranean Sea. This is consistent with the zonal mean
expansion of the NH dry zones and long-term observations
of the region (Hoerling et al. 2012). However, in the North
Pacific, North America, and over the main Eurasian conti-
nent, the anomalies are much weaker, explaining the weaker
zonal-mean regressions for the NH as a whole (side panel
of Fig. 6a).

Figure 6b shows many of the defining characteristics of a
La Nifia event. In the tropical Indo-Pacific, there are anoma-
lies consistent with a western shift and intensification of
the Walker Circulation and the poleward shift in the zonal
mean ITCZ and SPCZ seen in the Fig. 6b side-panel. In the
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Fig. 6 a Regression of

ensemble mean P—E with PCy,
scaled by change in PCg from
1980 to 2013. b Regression of
control simulation P—E with
PC,, scaled to represent a 95%
confidence interval of 34-year
running trends using Eq. (2).
Both patterns weighted by
standard deviation of control
simulation P — E anomalies at
each grid point. Shape of line in
each side-panel is zonal mean
climatological P—E as a func-
tion of latitude. Shading of each
line right of a and b represents
regression of zonal mean P—E
with respective PC, scaled the
same as corresponding x/y
map. Stippling in a denotes grid
points where signal has emerged
above the noise by 2013 (see
text)
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North Pacific, there is a reduction in P — E throughout the
southern portion of the United States, consistent with the
Rossby wave train that tends to steer extratropical cyclones
to higher latitudes during La Nifia events (Horel and Wallace
1981). The North Atlantic, southern Europe, and Mediter-
ranean also experience a drying associated with a poleward
expansion of the Hadley Cell, a shift in the precipitation
bands, and increased evaporation at the surface due to
increased subsidence. As a result, the zonal mean regression
of internal anomalies produces a poleward expansion of the
NH subtropics with negative anomalies at the NH climato-
logical P —E zero crossing (Fig. 6b, side-panel). In the SH
subtropics, the anomalies are similar in space to the forced
anomalies discussed in Fig. 6a, though their magnitudes
are smaller. At high southern latitudes, there are hints of a
poleward displacement of extratropical storm tracks with the
South Pacific dominating the zonal mean.

Equation (2) was applied to each grid point to deter-
mine the year in which the P —E signal would rise above
the noise. As a result, stippling in Fig. 6a indicates forced
P —E changes that have emerged above the noise-level of
PC,,, at the 95% confidence level by 2013. Consistent with
the results presented in Sect. 3.2, much of the SH P — E sig-
nal in the subtropics and high latitude Southern Ocean has
emerged during the early parts of the twenty-first century.
This once again emphasizes the tendency for the SH forced
changes to follow the zonal mean. The bulk of NH forced
anomalies over the subtropical latitudes of the North Pacific,
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North America and Eurasia also follow the zonal mean
results and remain below the noise threshold through 2013.
The North Atlantic does not follow this pattern, but instead
has a large proportion of forced changes (particularly at high
latitudes) that are detectible by 2013. This result stands in
contrast to the zonal mean view of Hadley Cell expansion
discussed earlier and highlights the importance of a region-
ally varying perspective, particularly with respect to future
atmospheric forcings.

4.2 Zonally varying mode interactions
with observational comparisons

Next, we further analyze any zonal variations in the inter-
action between the internal and forced modes of Hadley
Cell width change during the satellite record (Fig. 7a). In
accordance with the schematic outlined in Fig. 4, we scale
the forced P —E regression pattern by the same change in
PCy;, from 1980 to 2013 as before (1.316), and then calculate
linear a combination of this pattern with the internal mode
P —E regression scaled by the observed change in Nino3.4*
during the same time period (i.e., 0.63c; see Sect. 3.3). This
exercise allows us to consider the linear enhancement of
forced P —E changes from 1980 to 2013 by the observed
decadal shift from predominantly El Nifio events to predomi-
nantly La Nifia events (Figs. 3, 4, 7a).

Generally, the internal P — E anomalies dominate the
mode superposition throughout the tropics, North America,
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Fig. 7 a The sum of Fig. 6a, b.
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and Eurasian continent (Fig. 7a). However, in regions where
the forced anomalies project strongly (i.e., the North Atlan-
tic and SH), the interactions between the modes can be
important. For example, the subtropical North Atlantic and
Mediterranean regions experience a sharp decrease in P—E
as the two modes enhance one another. In the zonal mean,
the anomalies found at the NH climatological zero cross-
ing experience a similar strengthening (Fig. 7a, side-panel)
This enhancement is consistent with our earlier results
that showed a larger poleward shift of the dry zone edges
when the impacts of the internal mode and forced mode
“line-up” (Figs. 4, 5). SH anomalies experience a similar
regional and zonal mean intensification with more negative
(positive) P — E anomalies throughout the subtropics (high-
latitudes) relative to either the internal mode or forced mode
individually.

Previous studies have indicated that a combination of
anthropogenic forcings and decadal ENSO variations such
as in Fig. 7a can account for most of the observed tropical
expansion during the satellite era (Grassi et al. 2012; Allen
et al. 2014; Lucas and Nguyen 2015; Mantsis et al. 2017,
Allen and Kovilakam 2017). We further test this hypoth-
esis in the zonally varying sense by comparing Fig. 7a
to observed P — E changes associated with observed Had-
ley Cell width variability. Figure 7b shows the observed
regression pattern of annual mean MERRA2 P —E fields
with a composite Hadley Cell edge index from 1980 to
2013, weighted by the control simulation P — E standard

deviation at each grid point. The composite edge index
was taken as the average of three observed total (NH + SH)
annual mean edge indices discussed earlier (w55, = 0, A
Zp = 1.5 km, and [P —E]=0). We combine the indices
in this way to get a more robust estimate of the variabil-
ity and long-term trend in Hadley Cell width, which can
vary substantially from one index to another (e.g., Lucas
etal. 2014). As in Fig. 7a, the regression pattern was then
scaled by the observed trend in the composite index over
the 34-year period (2.27° latitude) to represent the change
in weighted P — E over this time period. Our results are
generally consistent using any individual index for the
regression.

Broadly, the EOF reconstruction and the observed P—E
changes share much of the same large-scale features. Both
patterns have a near-zonally uniform P —E increase at high
southern latitudes, as well as remarkably consistent pockets
of SH subtropical drying. In the NH, they also show a simi-
lar decrease in P —E in the northeast Pacific off the coast of
California and a much stronger P — E reduction throughout
the North Atlantic and Mediterranean Sea (Bender et al.
2012; Hoerling et al. 2012). The observations also show the
Indo-Pacific zonal gradient in P —E that is reminiscent of
La Nina-like conditions. All told, we contend that the two
patterns are qualitatively quite similar, which further sup-
ports the hypothesis that atmospheric forcings and decadal
ENSO transitions can explain much of the observed change
in tropical width.
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Repeating the experiment with different reanalysis prod-
ucts generates similar regression patterns to Fig. 7b, but the
magnitude of the trend in each composite edge index (i.e.
the scaling of Fig. 7b) varies substantially. For example, data
taken from the National Center for Environmental Programs
Reanalysis 2 (NCEP2) produces a 34-year expansion of less
than 1 degree latitude (not shown). As a result, it would
appear that the spatial pattern seen in Fig. 7b is robust, but as
currently scaled the magnitude of anomalies may be overes-
timated as the MERRA2 trend is on the higher end of obser-
vational estimates (Lucas et al. 2014). Therefore, despite the
EOF reconstruction appearing much weaker than MERRA2
(note the colorbar change), Fig. 7a falls within the range of
observational uncertainty. The good agreement between our
results and observations implies that the satellite record just
so happens to correspond with a period of accelerated tropi-
cal expansion akin to the accelerated warming periods of the
1970s-1990s (Kosaka and Xie 2016). Indeed, if not for the
decadal La Nifia-like cooling pattern in the tropical Pacific
the observed trend may have been substantially smaller.

5 Summary and discussion

In this study, we sought to identify the leading modes of
internal and forced tropical width variability without any
a priori assumptions about what those modes might look
like. Using a Joint EOF approach, we found that the leading
internal mode is closely associated with ENSO variability,
the leading forced mode is related to TOA radiative forc-
ings, and each mode is characterized by symmetric poleward
expansion of the climatological Hadley Cells. The forced
EOF showed an asymmetry in favor of enhanced SH tropical
expansion relative to the NH. This is possibly due to asym-
metric ozone forcing (Kang et al. 2011; Polvani et al. 2011b;
Min and Son 2013; Tao et al. 2016), but could also be the
result of the minimal observed warming in the Southern
Ocean relative to the global average (Li et al. 2013; Armour
et al. 2016; Hwang et al. 2017), which may act to strengthen
the equator-to-pole temperature gradient, thereby strength-
ening thermal winds and shifting eddy-momentum flux con-
vergence poleward in the SH (Lu et al. 2008).

By taking advantage of the long-term trend in PCg,,
we estimated the time that the forced trend in Hadley Cell
expansion would emerge above the probabilistic range of
internally generated trends in the zonal mean and in the
zonal varying sense. In the zonal mean, we showed that the
forced trend may already be detectible above the noise level
in the SH. This was due in part to the asymmetrical nature of
the forced mode about the equator and the weaker projection
of ENSO in the SH relative to the NH (Garreaud and Bat-
tisti 1999). In contrast, we showed that the zonal mean NH
forced anomalies could require several more years at their
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current trajectory to emerge above this noise level. These
results were largely consistent when considering zonally
varying P —E fields, but with the important exception of
the North Atlantic. Here, the forced poleward shift in North
Atlantic subtropical dry zones and mid-latitude storm tracks
is mostly detectible above the noise (Fig. 6a, stipples).

One caveat is that these results are primarily based on a
single model. GFDL-CM2.1 does not simulate the aerosol
indirect effect, and therefore it is possible that aerosol related
signals could be muted in this model. However, we achieved
qualitatively similar results when repeating the Joint EOF
with the Community Earth System Model (CESM) Large
Ensemble (Kay et al. 2015), which does incorporate the
aerosol indirect effect. We defer to future studies to evalu-
ate the viability of these results in the full CMIP5 ensemble.

This study sheds light on several longstanding questions
in the literature. For example, can atmospheric forcings and
ENSO variations alone explain the observed changes in
tropical width? The internal mode’s relationship to ENSO
is consistent with the emerging consensus in the literature
that tropical expansion generated by a long-term transition
from a more EI Nifio-like state (positive PDO) to a more La
Nifia-like state (negative PDO) could account for much of
the observed trend since 1980 (Lu et al. 2008; Grassi et al.
2012; Allen et al. 2014; Lucas and Nguyen 2015; Mantsis
et al. 2017; Allen and Kovilakam 2017). When we put our
EOF modes into this observational context by comparing
the combination of 1980-2013 changes in our forced and
internal modes (Fig. 7a) to the regression of observed P —E
with a composite edge index (Fig. 7b), we found that our
EOF reconstruction qualitatively reproduced the large-scale
observed drying of the global subtropics, the southward shift
of the SH storm tracks, and much of the tropical anomalies,
with the magnitude if the model anomalies falling within the
range of observational uncertainty.

Consistent with recent studies of the hiatus, our results
further reinforce the importance of accounting for both
forced and internally driven variability when interpreting
observed climate trends. Here we have focused exclusively
on ENSO-driven variability, but other types of variability—
e.g., the Annular Modes (Previdi and Liepert 2007) and the
Atlantic Multidecadal Oscillation (AMO; Lucas and Nguyen
2015)—may also influence Hadley Cell width. However, it
should be noted that our Joint EOF method does not identify
these climate modes as major contributors to the interannual
variability of Hadley Cell width, even in the higher order
EOF modes.

Our study also raises the question of why the forced
poleward shift in the storm tracks is stronger in the North
Atlantic than elsewhere in the NH? Bender et al. (2012)
also showed that the magnitude of the storm track shift
was largest in the North Atlantic using satellite observa-
tions. Although they suggest this result should be viewed
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with caution as data artifacts may spuriously amplify the
observed trend, their conclusions imply that external forc-
ings (rather than internal variability) may explain the bulk
of the trend in this region. Aside from increased greenhouse
gases, aerosol and tropospheric ozone forcings have also
been suggested as drivers of forced Hadley Cell expansion
in the SH (Kim et al. 2017) and in the North Atlantic (Allen
et al. 2012; Kovilakam and Mahajan 2015). Since green-
house gases, ozone, and aerosol forcings are not perfectly
correlated during the historical period, it is difficult to assess
the relative contributions of these climate forcings to tropical
expansion when they are all included in a single mode (e.g.,
Fig. 1d—f). Therefore, targeted experiments that utilize single
forcing simulations are needed to provide clarity on the role
of individual forcings in North Atlantic Hadley Cell modes.

Finally, our results highlight just how unusual the period
since 1980 has been. Based on Fig. 3b, observations suggest
the 1980-2013 tropical Pacific cooling was exceptionally
intense in the scope of modeled long-term natural varia-
tions. Consequently, this phase change substantially muted
the global warming trend and generated accelerated Hadley
Cell expansion. As the PDO cycle transitions to a warm
phase, we expect the opposite to occur, with accelerated
global warming and a “hiatus” in Hadley Cell expansion.
On top of the additional contraction expected from ozone
recovery (Polvani et al. 2011a), this suggests that the rapid
pace of Hadley Cell expansion observed since 1980 will
likely not be maintained through the first half of the twenty-
first century.
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