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The direct radiative effects of volcanic eruptions
resulting in solar dimming, stratospheric warming,
global surface cooling and reduction in rainfall are
well documented. However, eruptions also cause indirect climatic impacts that are not well understood. For
example, solar dimming induced by volcanic aerosols
could cause changes in tropical Hadley circulation
that in turn largely affect evaporation and precipitation patterns. Therefore, understanding the sensitivity
of HC to volcanism is essential, as this circulation is
directly related to precipitation changes in the tropics
and with other large-scale circulations. Hence, to better understand the post-eruption sensitivity of HC and
associated changes in the hydrologic cycle, simulations
for the El Chichón and Pinatubo tropical eruptions
were conducted using a high-resolution atmospheric
model (HIRAM), effectively at 25 and 50 km grid
spacing. The model simulated results are then compared with observational and reanalysis products.
Both the model and observational analysis show posteruption weakening, shrinking and equatorward displacement of the updraft branch of HC caused by the
equatorward shift of midlatitude jets and hemispheric
land–sea thermal gradient. The Intertropical Convergence Zone (ITCZ) is tightly coupled to the rising
branch of HC, hence, post-eruption weakening and
equatorward displacement of HC cause weakening of
ITCZ that adversely affects rainfall distribution in the
monsoon-fed regions, especially the South Asian and
African tropical rain-belt regions. The modelproduced post-eruption distribution of cloud contents
suggests a southward shift of ITCZ. The HIRAM results are largely in agreement with the reanalysis, observations and previous studies indicating that this
model performs reasonably well in reproducing the
global and regional-scale dynamic changes caused by
volcanic radiative forcing.
Keywords: Atmospheric models, jet streams, monsoon
circulation and ITCZ, tropical volcanic eruptions.
T HE Hadley circulation, a global-scale meridional overturning circulation in the tropical atmosphere, plays a
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significant role in the inter-hemispheric distribution of
heat and water vapours1–7. The Hadley circulation is
responsible for trade winds in the tropics and controls
low-latitude weather patterns. An intensification/weakening
of the Northern Hemisphere (NH) Hadley Cell (HC) circulation in boreal summer leads to an increased/decreased
water vapour inflow across the equator into the NH resulting in positive/negative anomalies of precipitation in
the NH tropics8–14. A slight perturbation in this largescale tropical atmospheric circulation by the internal or
external climate forcings will have substantial consequences for the hydrologic cycle15–20. The response of
large-scale Hadley circulation to anthropogenic greenhouse gas forcing and the resultant variation in the hydrologic cycle have been studied21–23. Focusing on the later
part of the 20th century, a large number of studies have
shown a widening, strengthening and poleward shift of
HC and associated changes in the tropical belt24. It has
been hypothesized that a weaker rate of precipitation
growth (~2% K–1) under global warming with a growth
rate of 7% K–1 for the atmospheric water vapour would
result from the weakening of this large-scale overturning
circulation in the atmosphere. A comprehensive mechanism of strengthening and expansion of HC is still far
from completion. However, previous observational and
model-based studies have linked these changes in HC to
global warming24–26 , stratospheric ozone depletion 6,24–25
and associated tropospheric warming and stratospheric
cooling14. The sensitivity of HC to climate forcings such
as global warming and circulation changes such as El
Niño Southern Oscillations (ENSO) has been well discussed. However, fewer studies are available regarding
the impact of volcanic radiative forcing on HC, especially
on the Intertropical Convergence Zone (ITCZ) and subsequent changes in the water budget over the tropical regions15,16,27–29. Some studies have discussed the widening
and poleward expansion of the midlatitude jets and HC in
the past couple of decades8–10,12–14,30,31. Polvani and
Kushner32 suggest that ozone depletion could be responsible for the recent widening of HC33, as it may induce an
equator-to-pole temperature gradient in the stratosphere that
consequently affects HC. However, Polvani et al.33
focused on the response of HC in the Southern Hemisphere
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(i.e. JJA season in the Southern Hemisphere). Recently, it
has been established that this expansion of HC is partly
attributed to ozone-induced stratosphere cooling, tropospheric heating (caused by global warming) and resultant
stratosphere–troposphere temperature gradient14, and associated pressure and wind changes.
It has also been shown in previous studies that stratospheric aerosols cause warming in the lower stratosphere
as well as cooling in the troposphere and at the surface.
Such post-eruption changes consequently initiate equatorto-pole thermal gradient in the lower stratosphere as well
as the hemispheric land–sea thermal gradient at the
surface. Therefore, these changes are anticipated to cause
a significant effect on Hadley circulation 16, presumably in
an opposite direction, as is the case under global warming
scenarios24. Hence, understanding the sensitivity of HC
circulation following volcanic eruptions, such as its
movement, strengthening or weakening is essential for
human activities. Moreover, this circulation is directly
related to the precipitation activity in the tropics, and
with other large-scale circulations that affect human activities through changes in surface winds, precipitation,
droughts, etc. Thus, it is important to study the possible
changes in the tropical Hadley circulation and tropical
convective activities, under a climate change environment,
and their consequences following explosive tropical eruptions.
To better understand such effects, we studied the response of HC following El Chichón and Pinatubo tropical
eruptions. We chose these two as they erupted in a satellite era and have better observational records, resulting in
a better chance to compare and validate model results
with observations.
We used a state-of-the-art global atmospheric model
with very high spatial resolution, typically comparable to
that of regional climate models, to study the sensitivity of
HC to radiative perturbations caused by large-scale tropical volcanic eruptions. We focused on the following
questions. (1) How is HC modulated following tropical
volcanic eruptions? (2) How sensitive is ITCZ, especially
the African and South Asian ITCZ to volcanic perturbations? (3) How well can HIRAM (effectively at 50 km
and 25 km horizontal grid resolutions) simulate posteruption HC circulation and ITCZ shift?

Model, data and methodology
In this study, a high-resolution atmospheric model
(HIRAM), developed at the Geophysical Fluid Dynamics
Laboratory (GFDL) is used to assess the sensitivity of
Hadley circulation and ITCZ to El Chichón and Pinatubo
explosive tropical volcanic eruptions. HIRAM is based
on the GFDL-atmospheric model version 2; AM2 (ref.
34) with increased horizontal and vertical resolution
(model top reaches 10 hPa with 32 vertical layers instead
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of 24), to better resolve tropospheric–stratospheric interactions, as well as simplified parameterization for moist
convection and large-scale stratiform cloudiness. The
model top at 10 hPa reaches the middle stratosphere,
which is sufficient to cover post-eruption climatic processes taking place in the lower stratosphere and upper
troposphere, that are especially important for volcanicinduced climatic interactions. It uses cubed–sphere finitevolume dynamical core35. A detailed description of
HIRAM can be found at: http:www.gfdl.noaa.gov/hiram.
We employed Atmospheric Model Intercomparison Project (AMIP) style simulations of HIRAM effectively at
50 and 25 km horizontal resolutions20,36. This high resolution is comparable to that of regional climate models and
is important to better resolve regional-scale dynamic features that are important, especially in the tropics. In these
HIRAM–AMIP simulations, the model is forced using
Hadley Center observed sea surface temperature (SST)
and sea-ice boundary conditions37. Three different realizations covering the period 1976–2008 were produced using different SST initial conditions that were obtained
after several integrations of the atmosphere-only model.
The first three years of the simulation period were excluded from the analysis in order to avoid spin-up effects.
The aerosol data for both the eruptions used in this model
were calculated following Stenchikov et al. 38. To have a
reliable comparison with observations, we selected wellobserved tropical volcanic eruptions, i.e. El Chichón of
March 1982 and Mount Pinatubo of June 1991.
We have compared HIRAM simulation results with
20th Century Reanalysis (20CR) of National Oceanic and
Atmospheric Administration (NOAA) and ERA-Interim
reanalysis of European Centre for Medium-Range
Weather Forecasts (ECMWF). University of Delaware
(UDEL) precipitation data (available over land only) has
also been used to compare post-eruption model precipitation response39. A two-tailed Student’s t-test is employed
to account for post-eruption significant responses at 95%
confidence level. 20CR is a comprehensive global atmospheric dataset spanning the 20th century at six-hourly
temporal and 2 spatial resolution. It is produced using
observed interpolated monthly SST and sea-ice distribution from the Hadley Centre SST and sea-ice dataset36 as
prescribed boundary conditions. It uses an ensemble
Kalman filtering data assimilation method and a new version of the National Centers for Environmental Prediction
(NCEP) Global Forecast System atmosphere–land global
numerical weather prediction model to generate background ‘first guess’ fields40. The annual averages of the
time-varying CO2 concentration, volcanic aerosols and
downward solar radiation flux used in 20CR have been
specified as described in Saha et al.41. The ERA-Interim
dataset used in this study is a reanalysis that is based on
an assimilation system that includes a four-dimensional
variational analysis (4D-Var) with a 12 h analysis window. The spatial resolution of the ERA-Interim dataset is
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Figure 1. a, b, Zonal mean omega (vertical velocity in shaded colours; Pa/s) and zonal mean meridional mass stream function (in contours;
108 kg/s) mean patterns calculated for the period 1979–2008; and post-eruption two summer seasons averaged anomaly patterns following (c, d) El
Chichón (e, f ) and Pinatubo. g, h, Two summer seasons averaged anomaly composited following both the El Chichón and Pinatubo eruptions from
20th century NOAA reanalysis (left panel) and HIRAM model at 25 km (right panel). The positive (negative) shaded values in colour bar represent
sinking (rising) branch of Hadley cell (HC).

approximately 80 km on 60 vertical levels from the surface up to 0.1 hPa (ref. 42).
To simulate the impact of volcanic eruptions, we have
shown anomalous response of different climatological
parameters by considering their departure from long-term
summer (JJA) seasonal mean that is computed for the
period 1979–2008. This seasonal mean summer climatology is computed after excluding two post-eruption summer seasons following both the eruptions. To reduce
noise, model results are presented (both for 50 and 25 km
simulations) by averaging over three ensemble members.
As large volcanic eruptions induce atmospheric impacts
for 2–3 years, anomalous responses are calculated by
averaging over two summer seasons following both the El
1286

Chichón and Pinatubo eruptions, which are called posteruption anomalous responses.

Results and discussion
Vertical wind and meridional mass stream function
changes
To quantify the sensitivity of HC to volcanic radiative
forcing, in Figure 1, the zonal mean omega (vertical wind
(Pa/s), displayed in shaded colours) and zonal mean
meridional mass stream function (108 kg/s, displayed in
contours) are shown. The negative and positive values of
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018
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Figure 2. Mean (left panel) and anomaly (right panel) of zonal mean omega (vertical velocity in shaded colors; Pa/s) with overlaid zonal mean
wind vectors (v; –100  omega, m/s; 100  Pa/s) in the latitude–pressure plane. The mean pattern (calculated using the 1979–2008 period) is shown
using (a) 20CR, (c) ERA-Interim, (e) HIRAM at 50 km and (g) HIRAM at 25 km and the post-eruption (following both the El Chichón and
Pinatubo) two summer seasons averaged anomaly patterns is shown using (b) 20CR, (d) ERA-Interim, ( f ) HIRAM at 50 km and (h) HIRAM at
25 km. Positive shaded values in colour bar represent sinking motion, whereas negative values represent the rising branch of HC. Hatching shows
areas where the mean and anomaly patterns are significant at 95% confidence level.

omega in these plots represent the ascending and descending branch of HC circulation respectively. The top
panel (Figure 1 a and b) shows mean pattern and rest of
the panels show anomalies (averaged over two seasons
following each eruption) for the post-eruption El Chichón
and Pinatubo cases. The mean pattern is computed using
total simulation period (i.e. 1979–2008) after excluding
two post-eruption summer seasons both for the 20CR and
HIRAM simulation. Figure 1 c, d and e, f shows HC
anomalous response for the El Chichón and Pinatubo
eruptions respectively. Figure 1 g and h shows HC composite response following both the El Chichón and
Pinatubo eruptions.
Both the reanalysis and model results depict a weakening of the NH summer HC and southward migration of its
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018

rising branch, the ITCZ, after both the eruptions. Both the
El Chichón (Figure 1 c and d) and Mount Pinatubo (Figure 1 e and f ) cause shortening, weakening and equatorward movement of the rising branch of northern HC. The
anomalous patterns of vertical velocity and associated
meridional mass stream function (especially for the El
Chichón eruption) show more pronounced weakening and
southward migration of the HC in the model than in the
reanalysis. The rising and sinking limbs of the northern
HC following El Chichón eruption intersects at 6°N in
the model compared to 20CR, where they meet at around
8°N (Figure 1 c and d) implying that model shows
stronger southward shift. The response of zonal mean
vertical velocity and associated meridional mass stream
function both for the El Chichón and Pinatubo eruptions
1287
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Figure 3. Global zonally averaged zonal wind (m/s) mean pattern using (a) 20CR, (c) ERA-Interim, (e) HIRAM at 50 km and (g) HIRAM at
25 km and anomaly response (averaged for two summer seasons following both the eruptions) using (b) 20CR, (d) ERA-Interim, ( f ) HIRAM at
50 km and (h) HIRAM at 25 km. Mean response is calculated using the 1979–2008 period after excluding two summer seasons following both the
eruptions and anomaly following each eruption is calculated using this mean. Hatching shows areas where the mean and anomaly patterns are
significant at 95% confidence level.

is somehow more compact in model than 20CR (Figure
1 g and h). The southward shift is also more obvious in
the model simulation compared to 20CR, presumably because HIRAM has very high resolution and therefore resolves Hadley dynamic features reasonably better
(especially at regional scales) than 20CR and also because model results are presented by averaging over three
realizations which could minimize the effect of internal
noise. We also noticed that the El Chichón eruption
shows slightly stronger southward shift than the Pinatubo
eruption (both in the model and 20CR) presumably because the former erupted slightly farther northward to the
equator compared to the latter and therefore produces
stronger hemispheric thermal gradient at the surface, re1288

sulting in stronger shift to updraft branch of HC. A slight
spatial inconsistency between the model and 20CR, especially following the Pinatubo eruption, could be partly
accounted for by the contribution of varying patterns
caused by internal variability signal that could be different in the model and 20CR.
To further understand the statistical significance of HC
response following both these tropical eruptions, we plotted vertical velocity pattern and associated wind vectors
(Figure 2) using different reanalysis products. As both the
El Chichón and Pinatubo eruptions roughly induce similar impact (i.e. weakening and southward shift of ITCZ),
henceforth, we show composite (averaged over both the
eruptions) patterns only. The weakening and southward
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018
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Figure 4. Summer (JJA) mean and post-eruption two summer seasons averaged wind vector (m/s) anomaly (composited for El Chichón and
Pinatubo eruptions) from (a, b) 20 CR, (c, d) ERA-Interim and (e, f ) HIRAM at 50 km and (g, h) 25 km horizontal resolutions. The mean wind
vector plots are computed over the period 1979–2008 after excluding two post-eruption summer seasons and anomaly is shown as a composite response averaged over two summers following both the eruptions.

shift is obvious, and rising and sinking anomalies of the
vertical velocity are significant at 95% confidence level
in the reanalysis (i.e. ERA-INT and 20CR). However,
both the reanalysis show some spatial differences, such
that rising branch is slightly wider in the reanalysis compared to model response. The model-produced mean and
post-eruption anomaly responses (both in Figures 1 and
2) are in good agreement, both qualitatively and quantitatively, with the 20th century reanalysis product; however,
post-eruption shrinking and shortening of the HC rising
branch is more pronounced in HIRAM simulations than
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018

in 20CR and ERA-Interim reanalysis. This could be due
to the former having a much finer resolution compared to
the latter products. Moreover, it shares averaged response
produced using three ensemble members, which presumably minimizes the contribution introduced by internal
variability. The model at 50 km resolution shows a comparable response to the reanalysis products; however, the
rising branch of HC is more compact in the 25 km model
resolution compared to the reanalysis and 50 km model
simulation, suggesting that HIRAM with fine resolution
resolves HC feature better compared to its low-resolution
1289
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Figure 5. Post-eruption two summer (JJA) seasons averaged precipitation anomaly (mm/d) composites following El Chichón and Pinatubo eruptions using UDEL (top panel), HIRAM at 50km (middle panel) and HIRAM at 25 km (bottom panel). Hatching shows areas where the precipitation
anomaly pattern is significant at 95% confidence level.

counterpart and low resolution reanalysis products. The
location and intensity of the rising and sinking branch can
also be seen from the overlay contour plots of meridional
mass stream function following each eruption (Figure 1),
and these are consistent with vertical wind patterns. The
intensities of the wind vectors (Figure 2) are comparable
between HIRAM and the reanalysis products.

Midlatitude jet stream response
To further understand the physical mechanism governing
post-eruption HC changes, we examined the zonally
1290

averaged zonal velocity (m/s) following both eruptions
(Figure 3). Both the reanalysis and model results show an
equatorward movement of midlatitude jet streams. The
subtropical jet streams form near the boundary of the
Hadley and Ferrel cells, hence, an equatorward displacement of these jets after both these eruptions imply that
the Hadley cell is displaced equatorward. HIRAM (especially at 25 km) shows more pronounced features of
equatorward displacement of subtropical jets in both the
hemispheres, suggesting that volcanic-induced stratospheric and tropospheric thermal gradient could induce
changes in zonal wind pattern that might affect
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018
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Figure 6. Post-eruption two summer seasons averaged total cloud content anomaly (%) composite following El Chichón and Pinatubo eruptions using HIRAM at 50 km (top panel), at 25km (middle panel)
and low cloud content anomaly using HIRAM at 25 km (bottom panel). Hatching shows areas where the
cloud content anomaly pattern is significant at 95% confidence level.

HC in an opposite direction, as is caused under the global
warming scenario16,24,26,27,29. Both the mean and anomalous patterns (Figure 3) of the jet streams are well simulated by the HIRAM model.

Wind, precipitation and cloud response
Let us consider how the tropical eruptions affect African
and South Asian monsoonal circulation. Figure 4 displays
wind vector seasonal mean (left panel) and anomalous responses at 850 hPa for post-eruption periods (right panel)
over the African and South Asian regions employing
20CR, ERA-Interim and HIRAM (at 50 and 25 km horiCURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018

zontal resolution). Both the African and Indian monsoon
wind patterns show post-eruption (averaged over two seasons following both the El Chichón and the Pinatubo
eruptions) weakening in the respective monsoons27,30.
The HIRAM model reproduces cross-equatorial monsoonal current and reversal of wind (m/s) reasonably well
both in the mean plot and anomaly patterns. The model
simulation (at both resolutions) captures well the mean
and post-eruption anomaly patterns of cross-equatorial
low-level Somali jets. Model-generated wind anomalous
responses show more pronounced weakening patterns
both for Indian and African monsoon regions compared
to 20CR and ERA-Interim, which show a slightly different pattern over the western part of the central African
1291
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Figure 7.

Summer (JJA) precipitation anomaly (mm/d) averaged over 0–360E, 3S–35N.

domain, that could be accounted for by coarse resolution
of the reanalysis models together with scarcity of observational measurements over the African domain. We
also looked at post-eruption (averaged over both the El
Chichón and Pinatubo eruptions) spatial pattern of precipitation anomaly over the northern HC region during
summer (JJA) season (Figure 5). A decreased precipitation anomaly both from the observation and the model is
evident over the entire HC with a slight increasing pattern
over southern parts of India, Central Africa (south of
tropical Sahel rain-belt region) and Bangladesh that could
be attributed to the southward shift of the rising branch of
HC28–30. The decrease in precipitation is a result of posteruption weakening of the rising branch of HC (Figures 1
and 2), and associated decreased cloud content (Figure 6).
Similar decreased cloud amount and associated precipitation changes over the tropical regions following high latitude as well as tropical eruptions were also reported in
earlier studies29,30. The pattern of precipitation anomaly
and cloud content, especially low clouds (Figures 5 and
Figure 6 respectively) suggest a weakening and southward shift of the ITCZ as a result of post-eruption
weakened thermal gradient between ocean and inland
continents30,31. HIRAM-produced precipitation anomaly
patterns following both the eruptions are in good agreement with the UDEL observations (Figure 5). The precipitation deficit over the tropical areas reaches a
maximum value of –1.5 mm/day both in HIRAM simulations and UDEL observation. These post-eruption precipitation responses suggest that the strong tropical
volcanic eruptions result in weakening of the tropical
Hadley circulation, which may produce droughts-like
conditions in the African and South Asian tropical regions. These results are consistent with earlier studies15,16. Figure 7 shows global zonally averaged summer
season precipitation anomaly (mm/d) averaged over a
selected region (3S–35N) that covers mainly the HC
regions. It is produced using 20CR and HIRAM simula1292

tion (at 25 km) after removing ENSO-related variations.
Previous studies have suggested eliminating possible
ENSO signals15,43, as both the eruptions occurred during
an ENSO event, which could modulate volcanic signal.
The ENSO-related contribution is filtered out using simple linear regression technique with the Niño 3.4 SST index for summer (JJA) season 15,43,44 . The decreased
precipitation anomaly is evident following both the eruptions, which shows a weakening of moisture inflow towards inland regions caused by weakening of posteruption hemispheric thermal gradient between land and
ocean28. This decreased precipitation after both the eruptions is consistent with earlier studies28,29. Both HIRAM
and 20CR product are in good agreement. Figure 7 shows
that the northern branch of HC circulation is weakened as
a result of weakened land–sea thermal contrast following
both the eruptions, which results in decreased amount of
water-laden air driven from the ocean surface towards
inland regions30. Hence, a decreased inflow of moisture
content towards inland tropical regions results in decreased precipitation over the tropical convective regions
in summer.

Summary and conclusion
The sensitivity of HC circulation to the warming induced
by anthropogenic greenhouse forcing has been well discussed in previous studies. However, response of HC to
volcanic aerosol radiative forcing has received less attention. In this study, we have analysed the post-eruption
response of Hadley circulation in boreal summer (JJA)
season. For this, we conducted simulations of the late
20th century explosive eruptions, i.e. El-Chichón and Pinatubo, applying GFDL–HIRAM model effectively at 50
and 25 km horizontal grid spacing. This high-resolution
global modelling system is essential to better resolve
post-eruption regional dynamic circulations (such as
CURRENT SCIENCE, VOL. 114, NO. 6, 25 MARCH 2018
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Asian and African summer monsoons), and their interaction and modulation by global-scale circulations (such as
tropical Hadley and Walker circulations) which are important, especially in the tropics. This study shows that
the massive NH tropical eruptions significantly affect
midlatitude jet streams in the boreal summer season
which in turn play a significant role in contracting and
displacing the updraft branch of the northern HC towards
the equator. The observational and model-produced
results further indicate that the tropical eruptions cause
significant surface cooling that results interhemispheric
thermal asymmetry as well as weakened land and ocean
thermal gradient. This weakened thermal gradient leads to
decreased cloud content and moisture inflow towards
inland tropical convective regions in summer resulting in
a decreased precipitation, suggesting post-eruption
drought-like conditions. HIRAM model effectively simulates a weakening of the NH summer HC and a southward
displacement of its rising branch (i.e. ITCZ) in the posteruption summer season. However, HIRAM at 25 km
horizontal resolution shows more pronounced displacement of midlatitude jet streams and associated HC response compared to 20CR, ERA-Interim and HIRAM at
50 km resolution. Our results clearly reveal that the posteruption changes in northern HC circulation and ITCZ
cause weakening in the South Asian and African summer
monsoon circulation systems. The model results are
largely consistent with the observations and reanalysis
products that emphasize that GFDL–HIRAM can be effectively used to simulate post-eruption dynamic circulation changes. This study indicates that volcanic eruptions
significantly impact HC circulation. However, in-depth
understanding of the impacts of volcanic eruptions on HC
using high-resolution coupled modelling approach is
needed to better account for post-eruption oceanic feedback and concomitant changes in HC.
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