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The boundaries of the tropical belt—climatologically identified 
on the basis of a range of climatological metrics, including 
the extent of the Hadley circulation—determine the latitude 

of the subtropical dry zone1. Latitudinal movements of the tropical 
belt boundary influence the hydroclimate in many arid and semi-
arid regions, and are critical for sustainable use of urban resources, 
regional agriculture and ecosystem water services2.

On seasonal and interannual timescales, the position of the 
tropical belt boundary is associated with external forcings such as 
volcanic activity, as well as with internal climate variability3, includ-
ing tropical–extratropical teleconnections, such as the Pacific North 
America (PNA) pattern4 and the El Niño Southern Oscillation 
(ENSO) system5. On multidecadal timescales, the Pacific Decadal 
Oscillation (PDO)6 and the northern and southern annular modes7 
can influence tropical belt variations.

Since the late 1970s, the tropical belt has shown a poleward 
expansion in both hemispheres8, which is associated with chang-
ing global precipitation patterns and has encouraged a suite of 
observational, reanalysis and modelling studies investigating the 
Earth system mechanisms and forcings that drive shifts in tropical 
belt width1,3.

The magnitude of the observed poleward shift in the late twenti-
eth century is dependent on the data and metrics used8. Reanalysis 
products tend to agree on the Northern Hemisphere tropical expan-
sion7 and to amplify it compared with model simulations8,9, even 
when the magnitude of the expansion is less pronounced in most 
recent reanalysis products compared to earlier ones9.

Historical general circulation model (GCM) runs indicate that 
the observed widening over the twenty-first century may result 
from combined greenhouse gas (GHG) forcing1,3,10, black carbon 

aerosols and tropospheric ozone in the Northern Hemisphere11,12, 
and stratospheric ozone depletion in the Southern Hemisphere13. 
In the Northern Hemisphere mid-latitudes, this recent tropical 
expansion has been partly offset by increasing industrial aerosol  
(for example sulfate) emissions that cause tropospheric cooling12.

However, coupled climate model simulations show no clear con-
sensus on the primary forcing mechanism of Northern Hemisphere 
tropical expansion over the past four decades8, and comparisons of 
models with observations show that neither anthropogenic forcing14 
nor natural variability15,16 alone can explain it. As a result, the rela-
tive importance of anthropogenic versus natural drivers is incom-
pletely understood10,11. The drivers of an observed multidecadal 
1945–1980 contraction of the Northern Hemisphere tropical belt8,17 
are even less well known.

Such shortcomings in our understanding of the factors influenc-
ing the tropical belt width can lead to a large intermodel spread in 
simulated future trends18, and thus to large uncertainties in future 
hydroclimate projections. Advanced models and more refined 
observations are needed to reduce such uncertainties and to 
improve the ability of GCMs to project trends in tropical belt width. 
This information will provide a better understanding of the rela-
tive roles of prospective drivers, particularly aerosols1,11. Here, we 
contribute to this by using data on tree-ring widths to reconstruct 
the northern boundary of the tropical belt over the past 800 years  
(ad 1203–2003).

The target of our reconstruction is the latitudinal extent of the 
Hadley circulation (HCE), a commonly used metric that is robust 
in its representation of the position of the tropical belt boundary7,19. 
We computed monthly HCE indices for the period ad 1930–2014, 
averaged over all longitudes in the Northern Hemisphere, based on 
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meridional winds derived from the Twentieth Century Reanalysis 
V2 (20CR) dataset20 according to the method described in ref. 21 and 
modified by ref. 22 (Supplementary Fig. 1; see Methods).

Northern or southern HCE excursions, particularly during 
early spring (FMA: February, March and April), can have a con-
siderable impact on precipitation patterns near the northern edge 
of the subtropical region (~35–40° N), and precipitation-sensitive 
tree-ring data from these locations can thus reflect HCEFMA move-
ments (Fig. 1). We used mid-latitude tree-ring width data that are 
sensitive to precipitation or water deficit (for example the self- 
calibrating Drought Severity Index, scPDSI) during the target season 
(FMA) to compile regional tree-ring chronologies for five Northern 
Hemisphere regions (Supplementary Tables 1 and 2; Methods). 
The five regions of the Northern Hemisphere are located in west-
ern and central North America (hereafter W USA and C USA), 
southeastern Europe (Turkey, hereafter E EU), and western and 
central Asia (northern Pakistan, hereafter W Asia; and the Tibetan 
Plateau, hereafter C Asia; Fig.  1). Fluctuations in intensity of the 
FMA Northern Hemisphere Hadley circulation (hereafter HCIFMA; 
see Methods) can also affect subtropical precipitation patterns, par-
ticularly in W USA and C Asia (Supplementary Fig. 2). However, 
the five regional tree-ring chronologies, and 93 out of the 96 site 
chronologies contributing to them, are independent of HCIFMA vari-
ability (Supplementary Tables 1 and 3a), and we therefore consider 
our reconstruction to reflect primarily variations in HCEFMA.

We developed two regression models to reconstruct HCEFMA 
based on these five regional tree-ring chronologies. The first model 
includes all five regional chronologies and extends back over their 
common period (ad 1532–2003). The second model includes 
three chronologies (W USA, C USA and C Asia) that extend back 
to ad 1203 and was used to reconstruct HCEFMA for the period ad 
1203–1531 (Fig.  2; Supplementary Fig. 3). Both models are cali-
brated against a reanalysis-based HCEFMA target20 over their period 
of overlap (ad 1930–2003), explain 51% and 45% of the total vari-
ance in that target, respectively, and show robust statistical skills 
(Supplementary Table 3). The five-chronology model and the three-
chronology model were merged to obtain the reconstruction of the 
early spring northern boundary of the tropical belt (RHCEFMA) cov-
ering the period ad 1203–2003.

Internal climate variability
Our reanalysis-based HCEFMA target is significantly negatively cor-
related with the leading modes of sea surface temperature (SST) 

variability: ENSO (ad 1930–2014, r =​ −​0.60, P <​ 0.001, for the east-
ern Pacific FMA NIÑO3.4 SST, and r =​ −​0.52, P <​ 0.001, for the cen-
tral Pacific FMA NIÑO4 SST) and PDO (ad 1930–2014, r =​ −​0.41, 
P <​ 0.001). This coupling is reflected by the warmer (cooler) SSTs 
found in the tropical Pacific during southernmost (northernmost) 
HCEFMA positions (Fig. 1a,b). Our results thus confirm that over the 
instrumental period (ad 1930–2014), the early spring tropical belt 
boundary in the Northern Hemisphere tends to contract (expand) 
during the warm (cool) phases of ENSO and PDO, triggered by an 
increase (decrease) in the meridional temperature gradient5,6,9,21.

Pacific SSTs also modulate PNA phases, with positive (nega-
tive) PNA phases associated with warm (cool) phases of ENSO and 
PDO23. As such, our HCEFMA target also correlates significantly 
negatively with the FMA PNA pattern (ad 1950–2014, r =​ −​0.56, 
P <​ 0.001). Composite maps of February-to-April sea level pres-
sure (SLP) for southernmost (northernmost) HCEFMA positions 
reflect the positive (negative) phase of the PNA teleconnection 
pattern (Fig. 1c,d).

In line with our findings for the twentieth and twenty-first 
centuries, the early spring tropical belt boundary in the Northern 
Hemisphere (ad 1203–2003)—here represented by the recon-
structed FMA Hadley circulation extent (RHCEFMA) — typically 
moved southward during warm ENSO (El Niño) and positive PNA 
phases and northward during cold ENSO (La Niña) and nega-
tive PNA phases over the past 800 years. These RHCEFMA–ENSO 
and RHCEFMA–PNA relationships are reflected in the significantly 
negative correlations between RHCEFMA and two ENSO reconstruc-
tions and one PNA reconstruction over their full period of overlap 
(r =​ −​0.20, P <​ 0.001 with NIÑO3.424 (ad 1301–2003); r =​ −​0.12, 
P <​ 0.001 with NIÑO425 (ad 1203–2003); r =​ −​0.20, P <​ 0.001 with 
PNA26 (ad 1203–1998)). RHCEFMA movements during past positive 
(negative) ENSO and PNA extremes, defined as the 95th and 90th 
(5th and 10th) percentiles of the reconstructions24–26, are further 
demonstrated in a superposed epoch analysis (SEA; see Methods). 
We found a significant contraction of the RHCEFMA during extreme 
positive ENSO (El Niño) and PNA phases and a significant expan-
sion during extreme negative ENSO (La Niña) and PNA phases 
(Fig. 3a–c). These results are confirmed by a reverse SEA that com-
posites reconstructed ENSO and PNA indices during southernmost 
and northernmost RHCEFMA extremes (Supplementary Fig. 4).

Spectral analyses revealed significant periodicity in the posi-
tion of the RHCEFMA within interannual (3–8 years) and decadal 
(10–26 years) bands over the past eight centuries (Supplementary 
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Fig. 1 | Influence of February to April HCEFMA on Northern Hemisphere climate variability. a,b, Composite maps of anomalies in FMA precipitation from 
the Climatic Research Unit time series CRU TS4.01 (shading every 4 mm —  top colour scale) and in SSTs from HadlSST1 (contours every 0.3 °C) for the 
10th percentile (southernmost) (a) and 90th percentile (northernmost) (b) HCEFMA years (ad 1930–2014, P <​ 0.05), with blue (and red) colours indicating 
wet and cool (and dry and warm) anomalies, respectively. c,d, Composite maps of FMA sea-level pressure from the Twentieth Century Reanalysis V2 for 
the 10th percentile (southernmost) (c) and 90th percentile (northernmost) (d) HCEFMA years (shading every 40 Pa — bottom colour scale; ad 1930–2011, 
P <​ 0.05). Black boxes in each panel indicate the locations of the five regional chronologies used in the reconstruction models.
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Fig. 5; Fig. 2), highlighting the association between the RHCEFMA 
movements and past ENSO24, PNA and PDO variability27.

Post-volcanic tropical belt contractions
Past GCM simulations have shown that the northern boundary of 
the tropical belt is projected to contract after major volcanic strato-
spheric sulfur injection events16. Reanalysis data have also shown 
that increases in stratospheric volcanic aerosols drive a weaken-
ing and equatorward shift of the subtropical jet, and the associated 
HCE28, but direct observational evidence of past post-volcanic trop-
ical belt contractions is lacking.

Volcanic sulfate aerosol injections into the stratosphere block 
the Earth’s surface from incoming solar radiation driving cooling at 
regional-to-global scales that can persist for up to 10 years (ref. 29),  
along with changes in atmospheric circulation and precipitation 
patterns that can persist for up to 2 years (refs 30,31).

The tropical eruption of Mount Tambora in 1815, for instance, 
resulted in the following year 1816 being one of the coolest years 
recorded for the Northern Hemisphere32, often referred to as 
‘the year without summer’33. Our reconstruction shows that the 
RHCEFMA in 1816 was in its southernmost position for at least the 
past 800 years.

To put the 1816 contraction of the Northern Hemisphere tropi-
cal belt into a longer-term context, we applied SEA to determine 
the response of RHCEFMA to past major volcanic forcing events (ad 
1203–2003). These major volcanic events were defined as: (1) tropi-
cal volcanic events and (2) events with sulfate injections the same 
size as the 1991 eruption of Pinatubo (1P) or twice the size (2P), 
derived from three independent, ice-core-based volcanic recon-
structions (see Methods and Supplementary Table 4). We found evi-
dence of a significant contraction of 0.25° to 0.86° latitude, one year 
after tropical events, and stronger contractions of 0.41° to 0.99° and 
1.25° to 1.56°, one year after 1P and 2P volcanic events, respectively 
(Fig. 3d; Supplementary Fig. 6a,b).

We also used SEA to detect post-volcanic effects in the five indi-
vidual mid-latitude regional chronologies contributing to RHCEFMA. 
We found significant positive post-volcanic responses in tree growth 

for the W USA and E EU chronologies (Supplementary Fig. 6c–e). 
The observed increases in tree growth are related to the wet condi-
tions following volcanic events reported for both regions31, similar 
to the positive precipitation anomalies caused by southern HCE 
positions (Fig. 1a).

Observational data and model simulations have linked the onset 
of El Niño (positive ENSO phases) to large tropical or Northern 
Hemisphere eruptions25,34. This is consistent with our results show-
ing significant contractions of the RHCEFMA in response to El Niño 
events (Fig. 3a,b), which in turn occur up to 2 years following vol-
canic events (Fig. 3d). Such an El Niño-amplified response can be 
expained by the thermostat mechanism in the equatorial Pacific35: 
the western Pacific warm pool is more sensitive to changes in radia-
tive forcing than the eastern Pacific and will cool relatively faster 
following a uniform radiative reduction such as those associated 
with large volcanic events. As a result, the zonal SST gradient in 
the Pacific will initially decrease, and the trade winds driven by 
this gradient will weaken. These effects will, in turn, lead to a fur-
ther reduction of the SST gradient, and promote the emergence of  
El Niño conditions34.

Late sixteenth-century tropical belt expansion
The Little Ice Age (LIA)36, a period from c. ad 1450 to 1850, was 
generally characterized by low atmospheric CO2 concentrations, 
cooling in the Northern Hemisphere36 and strong tropical volcanic 
activity (Supplementary Table 4). Low-resolution palaeoclimate 
records that accurately capture centennial-scale variability indicate 
that the LIA was generally characterized by El Niño-like condi-
tions37 and coincided with a contraction of the tropical belt38 and 
a southward movement of the Intertropical Convergence Zone39,40.

Our reconstruction is limited in its ability to capture the centen-
nial-scale variability of the LIA. It best represents HCEFMA variabil-
ity at interannual to decadal scales (Fig. 4a; Supplementary Fig. 5).  
On these decadal timescales, we find an expansion covering six 
decades that occurred during one of the coldest periods of the LIA. 
The longest period of persistent tropical belt expansion in RHCEFMA 
extended from c. ad 1568 to 1634, with a northernmost expansion 
peak in 1624 (Fig. 2b).

Several Northern Hemisphere regions where dry conditions 
prevail during HCEFMA expansions, such as the southwestern and 
southeastern United States, northern Mexico, Turkey and east-
ern China, are documented to have experienced the most severe 
droughts of at least the past 500 years at the end of the sixteenth 
century41–43. In particular, two extreme droughts during the period 
from ad 1587 to 1612 in the Carolinas and Virginia of the United 
States have been linked to the disappearance of the Lost Colony of 
Roanoke Island and the near-abandonment at Jamestown Colony, 
the first English settlements in North America44.

In Turkey, the famine, rural flight, epidemics and violence asso-
ciated with a severe 1590s drought gave rise to the Celâlî Rebellion 
(ad 1596–1610), the most severe crisis in Ottoman history before 
World War I. During the crisis, rebel armies plundered the Ottoman 
provinces in their revolt against the authority of the Ottoman 
Empire45. In Asia, the exceptional drought event that occurred in  
ad 1586–1589 over eastern China was followed by widespread 
famines and peasant rebellions that marked the end of the Ming 
dynasty, which finally collapsed in 164443.

Most of these severe droughts have been recorded as summer 
droughts in tree-ring-based palaeoclimate reconstructions that are 
independent of RHCEFMA. They commonly targeted drought indi-
ces, such as scPDSI, that integrate short- to long-term effects on 
the soil water balance, and thus recorded drought conditions not 
only in summer, but also in the spring months leading up to it41. As 
such, a northward movement of the RHCE in early spring (FMA) 
during the late sixteenth century could have moved storm tracks 
away from these regions and created prolonged spring but also 
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summer drought conditions. The synchronicity of these historically 
documented societal crises over the Northern Hemisphere can thus 
be linked to the RHCEFMA expansion of the late sixteenth to early  
seventeenth century.

The driving force behind this period of persistent tropical belt 
expansion, however, is not fully understood. A recent climate 
model simulation for E EU, one of the regions impacted by HCEFMA 
(Fig.  1a,b), suggests that internal climate dynamics, rather than 
external forcings, drove decadal-scale precipitation variability in 
the late sixteenth and early seventeenth centuries45. Such climate 
dynamical patterns, including ENSO and PDO, have also been 
linked to the extreme droughts across North America in the late 
sixteenth century41.

In the late 1500s and early 1600s, ENSO was more negative than 
average24,25 (Fig. 4b) and these La Niña-like conditions in the tropi-
cal Pacific could also have contributed to a negative PNA pattern26 
(Fig.  4c) and thus be in line with northward RHCEFMA positions 
(Fig.4a; Fig. 3a–c). It is likely that the tropical belt expansion of the late 
sixteenth to early seventeenth century was driven by internal climatic 
variability, rather than external forcings such as volcanic eruptions.

Role of anthropogenic forcing
Our RHCEFMA extends the observational period of interannual 
tropical belt movements in the Northern Hemisphere by more than 
700 years and shows that before the twenty-first-century increases 
in GHG and anthropogenic aerosol emissions, natural atmospheric 
variability and volcanic forcing were the primary drivers of early 
spring tropical belt variations in the Northern Hemisphere.

Over the most recent four decades, our instrumental HCEFMA 
target shows an expansion trend of 0.4° per decade (1979–2014; 
Supplementary Fig. 1c), which is consistent with other recent 
reanalysis-based expansion rates1,5,9. The correlation between 
HCEFMA and FMA ENSO and PDO modes also increases over this 
period (ad 1979–2014, NIÑO3.4 SST r =​ −​0.71; NIÑO4 SST r =​  
−​0.6; PDO r =​ −​0.61, P <​ 0.001), compared with an earlier period of 
similar length (ad 1943–1978, NIÑO3.4 r =​ −​0.3 SST; NIÑO4 SST 
r =​ −​0.3, P <​ 0.1; PDO r =​ −​0.05, P >​ 0.1).

This strong relationship in recent decades suggests that anthro-
pogenic forcing of internal climate modes6, such as the recent 
increase in the frequency of La Niña events46 and the post-1979 
change of phase in the PDO6, might amplify or temper projected 
twenty-first-century expansion of the Northern Hemisphere 
tropics due to increased GHG emissions and decreased  
aerosol emissions47.

In closing, we show that, like anthropogenic aerosols47, volca-
nic effects lead to a contraction of the RHCEFMA. We find that past 
major volcanic events have resulted in a short-lived (1–2 year) con-
traction of the RHCEFMA. Our results should be taken into account 
when considering the potential implications of proposed solar radi-
ation management approaches. In view of delayed action on GHG 
emission reductions, continuous and deliberate injections of aero-
sols into the stratosphere (mimicking the effect of major volcanic 
eruptions) are increasingly being considered in an effort to counter-
act anthropogenic planetary warming48. Our results indicate that, 
in addition to modelled impacts on regional hydroclimate49 and on 
extreme climate events50, such artificial stratospheric aerosol injec-
tions could result in tropical belt contractions. These contractions 
could potentially offset projected GHG-driven tropical expansion47, 
but can have hemispheric-scale hydroclimate implications that 
demand careful consideration.

Online content
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Methods
Hadley circulation. Our reconstruction targets the HCE as a metric for the 
tropical belt extent in the Northern Hemisphere. Monthly HCE indices, averaged 
over all longitudes of the Northern Hemisphere, were computed according to ref. 21 
modified by ref. 22. The modification consists of computing the zonal mean stream 
function for meridional mass from the zonal mean divergent component of the 
meridional wind instead of directly from the zonal mean meridional wind. We first 
decomposed monthly horizontal winds into the divergent components in spherical 
coordinates, which is the only part of the wind that contributes to the vertical 
motion and can be regarded as the meridional overturning circulation. The global 
(zonal mean) mass stream function was computed from the monthly divergent 
meridional wind component in the same way as ref. 21. The HCE is defined as the 
average position of the 25%-peak value of the global stream function between 400 
and 700 hPa. The results of our methodology agree with the classical definition 
described in ref. 21, with correlations exceeding 0.9 when comparing zonal mean 
edges of the Hadley circulation22,51.

HCE indices were based on horizontal wind data derived from the Twentieth 
Century Reanalysis V2 (20CR) dataset20. The 20CR dataset is available from 1871 
to present, with a spatial resolution of 2° and a monthly temporal resolution. We 
limited the monthly target time series to the period ad 1930–2014 because 20CR 
can be strongly affected by inhomogeneity in its earliest period, owing to a decline 
in station density and measurement quality52, particularly before the arrival of 
radiosonde measurements in the 1930s20.

We used monthly HCI indices, defined by the maximum values of the 
overturning stream function expressed in kg s−1 and derived from the 20CR 
dataset20, to study the intra-seasonal variability of HCI and its association with 
HCE position. The Hadley circulation, which is thermally driven, responds 
to increased global temperatures by decreasing its intensity and increasing its 
latitudinal extension5,7. Our analysis confirmed previous reanalysis results6 
suggesting that HC strengthens and contracts during winter and early spring, 
and weakens and expands during summer in the 20CR dataset, but the intra-
annual peak of the northernmost HCE position is slightly out of phase with the 
weakest HCI (Supplementary Fig. 1a). During early spring (FMA), the Northern 
Hemisphere HCE (hereafter HCEFMA) is relatively close to the Equator, while FMA 
Northern Hemisphere HCI (hereafter HCIFMA) is relatively high (Supplementary 
Fig. 1a), and HCIFMA and HCEFMA time series are inversely correlated with each 
other (ad 1930–2008; r =​ −​0.38, P <​ 0.001; Supplementary Fig. 1b).

We computed field correlations between monthly HCE indices and 
precipitation and temperature for the Northern Hemisphere (0–80° N), derived 
from the monthly resolved CRU TS4.01 dataset of gridded (0.5° ×​ 0.5°) climate 
indices. From the field correlation analyses we determined the fraction of the map 
(%) with significant correlations between monthly HCE with gridded 0.5° CRU 
TS4.01 temperature and precipitation data (Supplementary Fig. 1a).

These field correlations between monthly HCE indices and precipitation for 
the Northern Hemisphere (0–80° N) show a high percentage of grid cells with 
significant correlations for February and March, probably due to intensification of 
the Hadley circulation during winter and early spring (Supplementary Fig. 1a).  
HCE movements during winter also have a significant impact on climate 
(Supplementary Fig. 1a). Field correlations between monthly HCE indices and 
temperature for the Northern Hemisphere (0–80° N) show the highest percentage 
of grid cells with significant correlations for December and January. However, in 
the Northern Hemisphere, tree-ring proxies that capture winter variability are 
scarce, particularly temperature-sensitive ones. We thus chose early spring as the 
target season for our reconstruction of the tropical belt northern boundary: that 
is, HCE averaged from February to April, HCEFMA. The HCEFMA index correlates 
significantly (positively, P <​ 0.05) with the HCE indices of January and summer 
(July, August and September, Supplementary Table 5).

To assess the influence of interannual HCE variability on Northern Hemisphere 
climate we developed composite maps for the 10th (southernmost) and 90th 
(northernmost) percentiles of HCEFMA. Northern Hemisphere climate data 
included gridded FMA averages of sea level pressure from the 20CR dataset, sea 
surface temperatures from the HadlSST1 dataset, and CRU TS4.01 precipitation 
data53. Field correlation analysis and composite maps were computed using the 
KNMI Climate Explorer (https://climexp.knmi.nl; ref. 54).

We calculated Pearson correlation coefficients on an annual basis, from 
February to April, between our HCEFMA index and the PNA pattern time series 
from the US National Weather Service Climate Prediction Center (CPC; http://
www.cpc.ncep.noaa.gov/) over the period ad 1950–2014, and between HCEFMA 
index and two ENSO indices (the Central Pacific HadISST1 NIÑO3.4 and the 
eastern Pacific HadISST1 NIÑO455) and the PDO index time series (http://
research.jisao.washington.edu/pdo/PDO.latest.txt, refs 56,57) over three time 
windows: 1930–2014, 1943–1978 and ad 1979–2014.

The significance level for field correlations and time series was set to P <​ 0.05.

Tree-ring data and climate response of regional chronologies. We selected 
a network of precipitation or drought-sensitive tree-ring chronologies 
(Supplementary Table 1) to reconstruct Northern Hemisphere HCEFMA based on 
three criteria: (1) located in a Northern Hemisphere region that is climatically 
influenced by HCEFMA (Fig. 1), (2) sensitive to the same FMA climatic variable that 

is influenced by HCEFMA and (3) statistically significantly correlated with HCEFMA 
over the period of overlap. Of the 96 chronologies that fit these criteria, 78 were 
derived from the International Tree-Ring Data Bank (ITRDB; http://www.ncdc.
noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring) and 18 additional 
chronologies were contributed by the authors (Supplementary Table 1).  
The chronologies are clustered in five regions in W USA and C USA,  
Turkey (E EU), northern Pakistan (W Asia) and the Tibetan Plateau (C Asia) 
(Fig. 1, Supplementary Table 1).

For each region, we combined the individual tree-ring series of the 
contributing chronologies into a regional chronology. Between 6 and 47 
site chronologies contributed to each of the five regional chronologies 
(Supplementary Table 3a). This chronology development approach allows for 
improved sample depth further back in time and emphasizes the common 
signal within a region58. Between 150 and 2,908 individual tree-ring series 
were thus compiled per regional chronology (Fig. 2c; Supplementary Table 3a). 
Age-related trends were removed from the raw measurements of individual 
tree-ring series using cubic smoothing splines with a 50% frequency-response 
cut-off equal to 2/3rds of the length of each series (SupplementaryTable 3a). 
Regional chronologies were then calculated by averaging the detrended series 
using a biweight robust mean. The variance of each regional chronology was 
stabilized to avoid biases due to changing in series replication over time59. 
Regional chronologies were then scaled to match their mean and variance with 
the target HCEFMA time series over the period of overlap (ad 1930–2003). The 
period spanned reliably by each regional chronology was determined based on 
the expressed population signal (EPS): the chronology period was cut off for 
reconstruction when EPS values fell below the commonly used yet arbitrary 
threshold of 0.85. Using this threshold, all five regional chronologies covered  
the period ad 1532–2003, and three of the chronologies (W USA, C USA  
and C ASIA) extended back to ad 1203 (Supplementary Table 3a; Fig. 2c).

We assessed the climate responses for the five regional chronology using 
Pearson correlation analyses (significance level set to P <​ 0.05) with monthly and 
seasonal precipitation, temperature and scPDSI data for the target months of the 
HCE reconstruction (February to April and 1- to 2-month combinations thereof), 
over the period ad 1930–2003. Monthly and seasonal climate data were averaged 
for all CRU grid points within a region defined by the most distant north–south 
latitude and east–west longitude coordinates of all the individual chronologies 
contributing to each regional chronology (Supplementary Table 2). Each of the 
five regional chronologies correlated significantly with HCEFMA (Supplementary 
Table 3a) as well as with regional early spring climate variables that are influenced 
by HCEFMA (Supplementary Table 2). The signs of the correlations between tree-
ring chronology and HCEFMA correspond to the signs of the precipitation–HCEFMA 
correlations for all regions (Fig. 1), suggesting that the statistical link 

between tree growth and HCEFMA in these regions is founded in HCE and  
tree-growth climatology.

Reconstruction of the early spring northern boundary of the tropical belt. 
The five regional chronologies were included in a stepwise multiple linear 
regression model that was calibrated against the instrumental HCEFMA index 
over the period ad 1930–2003 (Supplementary Table 3b). This model was used 
to reconstruct HCEFMA over the period ad 1532–2003—the period common 
to all five chronologies. We used the split calibration-verification method to 
determine the skill of the reconstruction over two sub-periods ad 1930–1967 
and 1968–2003, where above-zero values of coefficient of efficiency (CE) 
and reduction of error (RE) statistics indicate that the regression model has 
acceptable reliability in reproducing the HCEFMA target signal in both  
sub-periods60 (Supplementary Table 3c).

Uncertainty in the reconstruction arises from (1) the decreasing number of 
tree-ring series back through time (replication error) and (2) unexplained variance 
in the stepwise multiple linear regression model (calibration error; ref. 61).  
We estimated the replication error for each regional chronology by bootstrapping62: 
standardized tree-ring measurements for every year were sampled with 
replacement 1,000 times, and arithmetic means were calculated. Two-tailed 
95% confidence intervals (CI) were estimated based on the distribution of the 
bootstrapped mean and the upper and lower limits of the CI were used as the 
replication error boundaries. The calibration error was estimated as the standard 
error (SE) for the full calibration period ad 1930–2003. The overall error of the 
reconstruction was then estimated as the square root of the standardized summed 
and squared replication error of each regional master chronology and calibration 
error terms. The same protocol (including model development, calibration and 
uncertainty estimation) was used to develop a second HCEFMA reconstruction 
using only the three regional chronologies that extended back to ad 1203 
(Supplementary Fig. 3; Supplementary Table 3c). The two reconstructions were 
merged to obtain the reconstruction of the early spring tropical belt northern 
boundary (RHCEFMA), with the five-chronology model covering the period ad 
1532–2003 and the three-chronology model the period ad 1203–1531 (Fig. 2).

We performed a multi-taper method spectrum analysis63 to identify the 
periodicity of the RHCEFMA reconstruction. A wavelet analysis was also performed 
using a Morlet transform64 on the full reconstruction to determine whether 
low-frequency behaviour of the RHCEFMA was stationary over time. Spectrum 
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and wavelet analyses were performed with KNMI Climate Explorer54. Statistical 
significance was tested (95% confidence intervals) against a red-noise background.

ENSO, PNA and PDO reconstructions. We calculated Pearson correlation 
coefficients (significance level set to P <​ 0.05) on an annual basis between the 
RHCEFMA and two ENSO reconstructions and one PNA reconstruction over the 
maximum period of overlap (ad 1203–2003). Weak agreement between various 
PDO reconstructions for the period prior to the twentieth century27 prevents us 
from confirming with confidence past coupling between PDO and RHCEFMA. 
The Central Pacific November through January NIÑO3.4 SST reconstruction24 is 
based on tree-ring chronologies from both the tropics and mid-latitudes of both 
hemispheres and overlaps roughly 10% with chronologies used in the RHCEFMA. 
The eastern Pacific NIÑO4 SST reconstruction25 is based on tree-ring oxygen 
isotopic time series from Taiwan. It targets the spring season (March–May) and 
is independent of the RHCEFMA. The winter (December through March) PNA26 
reconstruction is based on 29 proxies from the Northern Hemisphere, and it  
shares 2 (out of 96) site chronologies with the RHCEFMA.

We compared lagged relationships between RHCEFMA and ENSO and PNA 
reconstructions in an SEA (Fig. 3a–c) using the R package dplR65. For this purpose, 
we superposed an 11-year window of contemporaneous and lagged RHCEFMA 
anomalies centred over reconstructed positive and negative ENSO and PNA 
extremes (event years). Positive (negative) event years in the ENSO and PNA 
reconstructions24–26 were defined as the 95th and 90th (5th and 10th) percentiles 
of the reconstructions, after processing with a 10-year high-pass filter to isolate 
interannual variability (Supplementary Table 6). Monte Carlo simulations 
(n =​ 10,000) were used to develop bootstrapped confidence intervals to estimate 
whether RHCEFMA anomalies were significantly (P <​ 0.05) higher or lower than 
average in the 11-year window (t −​ 5 to t +​ 5) centred around the ENSO and PNA 
event years (t = 0).

To corroborate our results, we also calculated the inverse SEA, in which we 
determined reconstructed ENSO and PNA anomalies in an 11-year window 
centred on the southernmost (northernmost) RHCEFMA event years, defined as 
the 5th (95th) and 10th (90th) percentiles of the RHCEFMA, after processing with a 
10-year high-pass filter (Supplementary Table 7, Supplementary Fig. 4).

Global volcanic forcing. Newly revised ice-core records of volcanic forcing29 and 
two additional independent volcanic forcing reconstructions66,67 that extend back 
to at least ad 1203 were used to analyse the response of the reconstruction of the 
early spring tropical belt northern boundary to major volcanic stratospheric sulfur 
injection events over the past eight centuries.

We consider major volcanic forcing events those that have either a tropical 
source (T) or an estimated sulfate injection that was once (1P) or twice (2P) the 
size of the eruption of Mount Pinatubo in 1991, a commonly used metric of global 
volcanic forcing equivalent to −​7.5 W m−2 of volcanic forcing29, 15 Tg of sulfate 
aerosols67 or 11 kg km−2 of sulfate flux66 (Supplementary Table 4).

Eruption years, volcano names and regions, and volcanic explosivity index 
(VEI) of major volcanic forcing events listed by ref. 29 were assigned to known 
volcanic events. The match of ice-core sulfate signals with volcanic eruptions was 
mainly based on ref. 68. Nine out of the 30 volcanic events listed with a tropical 
source and 6 out of the 14 volcanic events classified as 1P remain unknown. 
Only 1 out of the 5 volcanic events classified as 2P remain unknown, the volcanic 
event of 1230. The other four 2P events correspond to the eruptions of Rinjani 
(Samalas) in 1258, Kuwae in 1458 (ref. 69), Grímsvötn in 1783 and Tambora in 1815 
(Supplementary Table 4).

When ice-core sulfate signals were not matched to a known eruption, eruption 
latitudes—tropical, Northern Hemisphere or Southern Hemisphere source—were 
assigned based on the presence or lack of simultaneous signals in both Greenland 
and Antarctic ice cores. Therefore, synchronous sulfate deposition on both polar 
ice sheets indicate a tropical eruption, and signals in only one hemisphere are 
assumed to be extratropical in origin and were attributed accordingly to Northern 
Hemisphere or Southern Hemisphere eruptions29.

We conducted SEA to determine the averaged response in degrees of latitude 
of RHCEFMA to major volcanic forcing events in the 11-year window (t −​ 5 to t +​ 5) 
centred around these volcanic events (t0). We first used as a list of events the 
tropical volcanic eruptions (T) and 1P and 2P eruptions from the three volcanic 

reconstructions29,66,67 (Supplementary Table 4). Northern Hemisphere and Southern 
Hemisphere source events were also tested in SEA but not reported because of the 
lack of significance. To investigate the volcanic response of the five contributing 
regional chronologies to the early spring tropical belt northern boundary 
reconstruction, we also ran SEA using as event years the tropical volcanic eruptions 
(T) and the 1P and 2P eruptions from the volcanic reconstruction of ref. 29.

Data availability
The RHCEFMA will be housed at NOAA-Paleoclimatology/World Data Service for 
Paleoclimatology: https://www.ncdc.noaa.gov/paleo/study/25050. The data that 
support the findings of this study are available from the corresponding author  
upon request.
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