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Abstract The recent slowdown in the warming of global surface temperatures has been linked to the
enhancement of trade winds in the central equatorial Pacific. The possible role of Asian aerosol emissions
in forcing these wind anomalies is investigated through a series of idealized model simulations. Circulation
patterns in response to localized negative radiative perturbations, indicative of aerosol effects, are
investigated for both a slab and an active ocean models. The results suggest that Asian aerosols cannot
explain the recent intensification of trade wind anomalies in the equatorial Pacific.

1. Introduction

Since 1890, the rise in global mean surface temperatures (GMSTs) has been dominated by two periods of
rapid increase, from 1910 to 1944 and 1976 to 2002, interspersed with two periods of relative stability, from
1944 to 1975 and from 2002 to the present day. The recent stabilization of GMST has been deemed a “hiatus”
[Trenberth and Fasullo, 2013], although there has been some discussion surrounding the statistical signifi-
cance of this “pause” [Cowtan and Way, 2014; Karl et al., 2015]. Even if temperatures are still rising, the rate
of warming has clearly slowed since 2002 as compared to the prior two and a half decades [Fyfe et al.,
2016]. These alternations between rapid warming and relative stability over the past century suggest that
a common physical mechanism may be at play. A few studies have highlighted the Pacific Decadal
Oscillation, or PDO, as the possible cause behind the current hiatus [Meehl et al., 2011; Balmaseda et al.,
2013; Meehl et al., 2013]. The PDO is characterized by a pattern of sea surface temperatures in the tropical
and subtropical Pacific that oscillates on decadal timescales between warm tropics with cool subtropics (posi-
tive PDO) and cool tropics and warm subtropics (negative PDO). During both periods of surface temperature
stability the PDO was in a negative phase, although the periods of rapid warming corresponded with a posi-
tive PDO [Trenberth and Fasullo, 2013; Tollefson, 2014]. The midcentury hiatus, however, has been attributed
to increases in aerosol forcing. Between the 1940s and 1970s, sulfate aerosol emissions drastically increased
as the use of coal for electricity generation grew in the United States and Europe. These aerosols are thought
to have added a negative climate forcing through the reflection of incoming solar radiation and the alteration
of cloud microphysics, which counterbalanced increasing levels of greenhouse gases [Bryson, 1974; Broecker,
1975; Bryson andWendland, 1975; Bolin and Charlson, 1976]. Support for the attribution of themidcentury hia-
tus to aerosol forcing came from improvements seen in the ability of models to replicate the historical tem-
perature record upon the addition of an aerosol forcing [Mitchell et al., 1995; Santer et al., 1995], hemispheric
differences in emissions and cooling trends [Damon and Kunen, 1976], and changes in the diurnal tempera-
ture range [Wild et al., 2007]. In addition, aerosols have been shown to drive multidecadal sea surface tem-
perature changes in the North Atlantic and North Pacific [Boo et al., 2015; Booth et al., 2012], the frequency
of Atlantic hurricanes [Dunstone et al., 2013], and the South Asian summer monsoon [Bollasina et al., 2011],
highlighting their importance to circulation patterns.

Given that aerosol forcing is a widely accepted mechanism for explaining the stability of midcentury tem-
peratures, it is reasonable to ask whether aerosol emissions are also responsible for the recent stabilization
of GMST. Coal burning in China over the past two decades has led to a dramatic increase in Asian aerosol
emissions, such as sulfur dioxide (Figure 1) [Smith et al., 2011]. Although Asian sulfate aerosol emissions have
increased steadily since 1970, the stabilization of GMST occurred around 2000. The offset of these two time-
lines does not negate the possibility of an Asian aerosol forcing, as it is not just the magnitude of emissions
but also the spatial and temporal distribution, transport, and interactions with clouds that impact the
response [Carslaw et al., 2013]. These factors have changed over the period of Asian aerosol emission
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increases, evident in the corresponding decline of European and North American aerosol emissions [Kinne
et al., 2013], obscuring the translation of emissions to an exact forcing magnitude. A number of studies using
in situ measurements, satellite data, ground-based observations, and modeling simulations have estimated
the combined localized direct and indirect forcing from Asian aerosols to be between �8 and �30Wm�2

[Ramanathan et al., 2001; Markowicz et al., 2003; Yabe et al., 2003; Bates et al., 2006; Wang et al., 2014]; how-
ever, the radiative impact of aerosols remains uncertain [Hansen et al., 2011; Carslaw et al., 2013].

Aerosols could explain the stabilization of GMST simply through the reduction of the top of the atmosphere
energy imbalance. Yet attribution of the recent trend in GMST to aerosol forcing requires additional evidence,
such as an explanation for the spatial patterns of temperature and winds that have been linked to the hiatus.
Patterns of sea surface temperature (SST) anomalies and wind trends in the tropical Pacific Ocean have stood
out in addition to thedeviation in theglobalwarming trend since 2002.Models overestimate thewarmingover
the past decade, particularly in the eastern Pacific where the disagreement between observed and modeled
temperature trends is largest [England et al., 2014]. This region, however, is critical to controlling global cli-
mate—Kosaka and Xie [2013] were able to recreate the hiatus in a model by fixing SSTs in the eastern Pacific
tomatchobservations. Theirfindingshighlight the importanceofaccurately capturing the tropical Pacificwhen
it comes to simulatingglobal temperatures. Yet to replicate the temperaturepattern in this region, surface trade
windsarecritical.Englandetal. [2014]analyzedwindstress trendsbetween1992and2012andsuggested thata
recent strengthening of equatorial trade winds explains the cool state of the eastern Pacific tied to the hiatus.
Rather than trends, the difference in mean surface wind fields during and prior to the hiatus is a more natural
metric for the change in state of the tropical Pacific. As shown in Figure 2, the difference in meanwinds shows
a similar strengthening along the equatorial Pacific as noted by England et al. [2014]. This posits that a deeper
understanding of the hiatus lies in better understanding of trade winds. Takahashi and Watanabe [2016] sug-
gested that aerosol forcing explains some of the intensification of the trade winds but not the trends in
GMST. Their analysis, however, found the intensification of trades farther westward in the tropical Pacific than
observed by England et al. [2014] and considered the combined effect of all changes in aerosol emissions since
preindustrial asopposed to isolating theeffectsof recent changes in regional emissions. If the recent increase in
Asian aerosol emissions is the physicalmechanismbehind the stabilization of GMST, the negative radiative for-
cing from these emissions must also explain the observed wind trends.

This study examines the connection between enhanced Asian aerosol emissions and the wind anomalies
associated with the current hiatus. Climatemodel simulations are performed with a negative radiative forcing
over Eastern Asia to simulate Asian aerosol effects. The effect of aerosols transported over the Pacific is also
considered, as there is evidence of increasing trends in aerosol outflow from Asia [Yang et al., 2015] and
increasing aerosol loads in this region could have a significant impact due to the heightened sensitivity of
indirect aerosol forcing in pristine environments [Carslaw et al., 2013]. Because there is such large uncertainty
surrounding the interactions of aerosols with clouds and radiation, we have not sought to simulate the exact
forcing pattern of Asian aerosols. Rather, we have asked how a shortwave radiation anomaly, suggestive of
aerosol effects, would impact circulation patterns in the tropical Pacific. As the circulation response to heating

Figure 1. Chinese sulphur dioxide emissions over time [Smith et al., 2011].
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anomalies is sensitive to the forcing location [Branstator, 1985; Meehl et al., 2006], a couple of different simu-
lations are performed to investigate the impact of the location and extent of a radiative forcing on model
response. Our objective is to assess whether a negative radiative anomaly could reproduce the observed
strengthening of trade winds that has been tied to the hiatus.

2. Methods

The magnitude of aerosol forcing is marked by large uncertainty for both the direct and indirect effects due
to the nuanced interactions between aerosol distributions, radiation, and clouds [Boucher et al., 2013].
Although refining these uncertainties and imposing realistic sulfate aerosol effects is important when evalu-
ating the full impact of Asian aerosols, the aim of this work is to broadly examine the potential influence of
aerosols on large-scale circulation patterns over the Pacific. To this end, modifying the solar forcingmay be an
acceptable idealization of aerosols’ combined direct and indirect effects, as atypical circulations are largely
driven by anomalous energy fluxes. Mimicking sulfate aerosol forcing by reducing the solar constant is often
used in investigations of geoengineering impacts [Govindasamy and Caldeira, 2000; Govindasamy et al., 2002,
2003; Matthews and Caldeira, 2007; Kravitz et al., 2013], with this simplification producing similar climate
states as a modeled addition of aerosols [Kalidindi et al., 2015]. Using the Community Earth System Model
(CESM) from the National Center for Atmospheric Research, the solar constant is selectively modified over
a portion of the globe. The modification to the solar constant of �78Wm�2 was selected, such that once
the albedo effect and diurnal average are considered, the local forcing is within this range of estimates of past
studies [Ramanathan et al., 2001;Markowicz et al., 2003; Yabe et al., 2003; Bates et al., 2006;Wang et al., 2014]
and on the order of �10Wm�2. Although the focus is on reflective aerosols, the presence of any adsorptive
aerosols, such as black carbon, can be viewed as a decrease in the strength of the forcing, as the reflective and
adsorptive aerosols have a similar structure of tropospheric response but of opposite signs [Xu and Xie, 2015].
The forcing idealization inherently overlooks the fine details of aerosols, such as changes in precipitation and
latent heating as well as the vertical distribution of the forcing; however, it provides the simplest picture pos-
sible that still captures dominant changes in the circulation.

Three different perturbation patterns are investigated and summarized in Table 1. In the first, the modifica-
tion to the solar constant is applied in the region of maximum observed aerosol optical depth [Kinne et al.,

Figure 2. The difference inmean surface winds between the hiatus (2002–2012) and the period prior (1989–2001) from the
European Centre for Medium-RangeWeather Forecasts (ECMWF) Re-Analysis (ERA-Interim) [Dee et al., 2011]. The red box
denotes the region in the equatorial Pacific where England et al. [2014] noted the largest trade anomalies (6°S–6°N, 180°W–
150°W).Only statistically significant differences inmean surfacewinds are shownbasedon a t testwith 95%confidence level.
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2013]. As cold fronts and orographic lifting transport aerosols over the Pacific [Liu et al., 2003], the second
configuration extends the perturbation eastward. Finally, the impact of a radiative anomaly over the Pacific
Ocean is considered. The location of the perturbation was chosen to align with transport pathways of
Asian aerosols identified in previous studies [Jaffe et al., 1999; Liu et al., 2003].

The simulations are run on a 2° grid, with present-day forcings, and an atmospheric CO2 concentration of
400 ppm. For the atmosphere component of CESM, the Community Atmosphere Model version 4.0 is used.
A slab ocean model is used for all forcing configurations. The perturbation over the Pacific Ocean is also
run with a fully active ocean model—the Parallel Ocean Program version 2 (POP2)—to understand the com-
plete effects of ocean-atmosphere feedback on the circulation response. Control simulations, without any
modification to the solar constant, are run using both the slab and active ocean configurations. For both con-
trol and perturbation cases, the model is spun up for 16 years, followed by 20 years of simulation with
monthly averaged output.

3. Results

Figure 3 shows the time-averaged atmospheric surface temperature and wind response to the various per-
turbations. For all three slab ocean simulations, the region of the perturbation (designated by a black bound-
ing box for clarity) corresponds to the region of maximum cooling. A box is also placed around the region in
the equatorial Pacific where England et al. [2014] noted the largest enhancement of easterly trade wind
anomalies during the hiatus. Although the wind response in all cases is indicative of an anticyclonic
circulation about a high-pressure cell in the region of the perturbation, these wind anomalies do not appear
to reach the equatorial region highlighted by England et al. [2014]. As the perturbation over the Pacific
(S-SolarP) has a stronger easterly wind response in the central and western Pacific than the other two simula-
tions, the subsequent focus is placed on understanding the complete response in this setup. The broad
picture of the circulation response in this simulation should be extendable to the other configurations even
though the details of the circulation response will be case specific.

With a slab oceanmodel, the development of a high in the region of the perturbation is evident at the surface
but disappears at higher levels in the atmosphere (Figure 4). Although the wind response in the upper levels
of the atmosphere is in geostrophic balance with the pressure field, the surface winds deviate from contours
of constant pressure, reminiscent of the frictional effects seen in an Ekman layer. Overall, the spatial structure
of the pressure and wind response enhances the mean state high over the Pacific rather than aligning with
the region of the imposed perturbation.

The responses of the zonal mean velocities to the S-SolarP simulation are largely restricted to the Northern
Hemisphere (Figure 5). The jet stream in the Northern Hemisphere strengthens and shifts equatorward in
response to the perturbation. Simultaneously, the meridional velocity exhibits greater poleward transport
in the upper levels of the atmosphere and greater equatorward transport near the surface. The vertical velo-
city shows enhanced upwelling in the southern tropics and enhanced downwelling in the northern tropics.

Figure 3d shows the response to the Pacific perturbation with a fully active ocean model. Although the tem-
perature, surface pressure, geopotential height, and wind response patterns are similar to the slab ocean
simulation, the magnitude of the response is damped (Figures 6 and 7). The temperature response has a
smaller magnitude and hemispheric gradient than with the slab ocean (Figure 3c). Similarly, with the active
ocean the high surface pressure localized in the region of the perturbation is diminished and the wind
response is substantially dampened. The jet stream in the Northern Hemisphere still shows an equatorward

Table 1. Model Simulation Configurationsa

Simulation Name Ocean Solar Forcing Perturbation Perturbed Area

S-Control Slab - -
S-Solar Slab �78Wm�2 15°N–35°N, 105°E–125°E
S-Solar2A Slab �78Wm�2 15°N–35°N, 105°E–145°E
S-SolarP Slab �78Wm�2 25°N–40°N, 140°E–200°E
A-Control Active - -
A-SolarP Active �78Wm�2 25°N–40°N, 140°–200°E

aThe solar constant (here 1361.27Wm�2) is modified over the specified region by the solar forcing perturbation.
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shift and intensification with the POP2 oceanmodel; however, a response inmeridional and vertical velocities
is less coherent than with the slab ocean model.

The differences in surface heat flux response between the active and slab ocean simulations are illustrated in
Figure 8 for sensible and latent heat. The active ocean simulation exhibits an enhanced heat flux response
from the ocean to the atmosphere as compared to the slab ocean. In the localized region about the

Figure 3. The time-averaged atmospheric surface temperature (shading) and wind (vector) anomaly response in the (a) S-
Solar simulation, (b) S-Solar2A simulation, (c) S-SolarP simulation, and (d) A-SolarP simulation. The black bounding box
denotes the region where the perturbation to the solar constant was applied and the red bounding box denotes the region
in the equatorial Pacific where England et al. [2014] noted the largest trade wind anomalies. A t test was performed to
determine statistically significant anomalies at the 95% confidence level. Stippling indicates where surface temperature
anomalies are significant, and only significant wind anomalies are shown.

Figure 4. Slab ocean climatology and circulation response in the S-SolarP simulation. Surface pressure (shading) and surface winds (vectors) from (a) the slab
ocean control climatology and (d) the anomalous response. Geopotential height (shading) and winds (vectors) at of the climatology and anomalous response at
(b and e) 500 mp and (c and f) 800 mp. A t test was performed to determine statistically significant anomalies at the 95% confidence level. Stippling indicates where
surface pressure and geopotential height anomalies are significant, and only significant wind anomalies are shown.
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perturbation, the increase of both sensible and latent heat fluxes with the active ocean is evident, with the
magnitude of the latent heat flux dominating the overall response.

4. Discussion

Regardless of the location of the perturbed region, all of the model runs exhibit the same general features of
local cooling and anticyclonic circulation within the region of the forcing. For both the S-Solar and S-Solar2A
cases, the wind response is too far westward to correspond to the region in the central Pacific observed to
have the largest enhancement of easterly winds [England et al., 2014]. As the perturbation over the Pacific

Figure 5. Zonally averaged slab ocean climatology and anomalous response in the S-SolarP simulation for (a and d) zonal velocity, (b and e) meridional velocity, and
(c and f) vertical velocity. Stippling indicates where anomalies are significant to a 95% confidence level from a t test analysis.

Figure 6. Active ocean climatology and circulation response in the A-SolarP simulation. Surface pressure (shading) and surface winds (vectors) from (a) the slab
ocean control climatology and (d) the anomalous response. Geopotential height (shading) and winds (vectors) at of the climatology and anomalous response at
(b and e) 500 mp and (c and f) 800 mp. A t test was performed to determine statistically significant anomalies at the 95% confidence level. Stippling indicates where
surface pressure and geopotential height anomalies are significant, and only significant wind anomalies are shown.
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(S-SolarP and A-SolarP) shows a mild enhancement of easterly winds in the region corresponding to observa-
tions, the majority of the discussion will focus on understanding the dynamics of the response in this case,
with the intent that the broad picture of the response is extendable to the other cases.

Overall, the circulation responds to balance the negative radiative perturbation through adjustments in heat
transport. In the slab ocean simulation, the heat adjustment is largely confined to the atmosphere due to the
restriction of heat transport between the deep and surface ocean. The Hadley cell can shift to counteract
hemispheric energy imbalances [Kang et al., 2008]. Decreasing the incoming radiation in the Northern
Hemisphere subtropics establishes an energy imbalance. Thus, to maintain the mean climate state in
response to the negative perturbation, the Hadley cell shifts southward and increases heat transport to the
northern subtropics. This adjustment of the Hadley cell is evident in the velocity profiles, which show
increased meridional velocity in the upper branch of the northern Hadley cell and enhanced downwelling
in the northern subtropics (Figures 7d–7f).

The mean circulation pattern in the Northern Hemisphere appears to contract equatorward in response to
the perturbation. In the upper levels of the atmosphere, the geopotential height anomalies follow a similar
pattern to the mean geopotential height of the control state, with a high anomaly over the North Pole bor-
dered by a region of depressed geopotential height (Figure 6). The similarity of the anomaly and mean state
patterns suggests a meridional shift in the mean state. An equatorward shift of the jet stream is evident in the
Northern Hemisphere, as shown in changes in zonal velocity (Figure 6d). This shift can be understood simply
as a response to changes in the equator-to-pole temperature gradient associated with the perturbation. To
first order, the location of the jet stream is dictated by a balance between the equatorward Coriolis force
and the poleward pressure gradient. As the radiative perturbation diminishes the midlatitude temperature
gradient, and consequentially the pressure gradient, the wind fields respond accordingly, shifting the jet
stream southward.

The atmospheric response for the active ocean is similar to the slab ocean, although with diminished magni-
tude as the ocean plays a larger role in the heat transport adjustment. Heat adjustment in response to the
perturbation is no longer suppressed with an active ocean, decreasing the burden placed on the atmospheric
response. As compared to the slab ocean, the heat flux adjustment from the ocean to the atmosphere is sub-
stantially stronger in the active ocean, particularly for the latent heat flux (Figure 8).

The ocean and atmosphere respond to counteract the negative radiative forcing through enhanced heat
transport, and the strengthening of surface trade winds is evident. The location of the wind response,

Figure 7. Zonally averaged active ocean climatology and anomalous response in the A-SolarP simulation for (a and d) zonal velocity, (b and e) meridional velocity,
and (c and f) vertical velocity. Stippling indicates where anomalies are significant to a 95% confidence level from a t test analysis.
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however, is northward of the observed fields linked to the hiatus. Both the slab and active ocean configura-
tions show an enhancement of winds in the region of the perturbation, yet there is little impact on equatorial
wind anomalies. Even if the perturbation were farther southward, it is doubtful that the circulation response
would reach the equator. Moving the perturbation closer to the equator would likely dampen the Hadley cir-
culation. As the dominant response to the simulated anomalies is the adjustment of heat transport to coun-
terbalance the perturbation, a tropical radiative forcing would lead to an atmosphere that decreases
meridional transport to reduce heat loss. Upwelling in the Hadley cell would decrease, and the overall circu-
lation would weaken. Rather than strengthening the equatorial trade winds, as observed in connection with
the hiatus, this would weaken the winds. In addition, the Coriolis effect in the tropics is weaker than in the
midlatitudes. Thus, a wind response to a pressure anomaly would have a larger component perpendicular
to pressure contours, as opposed to tangential. To replicate the enhancement of trade winds, a low pressure
in the western tropical Pacific and/or high pressure in the eastern tropical Pacific would likely be necessary—
the inverse of what one would expect from enhanced Asian aerosol forcing. There is no evidence of an aero-
sol source in such locations as to explain the observed atmospheric trends. The lack of correspondence
between the wind patterns in response to the perturbation and the observed trends indicates that a negative
radiative forcing over the Pacific is not responsible for these patterns. Although the simulated forcing is a
highly idealized representation of Asian aerosols, it casts doubt upon the role Asian aerosols play in explain-
ing the current hiatus.

The idealization of an aerosol forcing through a perturbation of the solar constant is coarse, missing the intri-
cacies of the forcing. For instance, a constant perturbation to the solar constant leads to a seasonally varying
forcing as the length of day and solar declination change. This causes variations in the forcing of 25% over the
seasonal cycle, with a maximum in summer and minimum in winter—opposite the observed Asian aerosol
loading patterns, which peak in winter [Liu et al., 2003]. In addition, the idealization glosses over the vertical
forcing structure, transport pathways, and chemical interactions. Despite these shortcomings, investigating
the response to such a radiative perturbation still provides insight on the effects of Asian aerosols. The

Figure 8. The difference in the surface (a) latent and (b) sensible heat flux anomaly between the A-SolarP and S-SolarP
simulations.
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inclusion of the finer details of aerosol effects does not change the overall response. Increasing sulphate aero-
sol loading by an order of magnitude over the Pacific produces temperature and wind response patterns
similar to the idealized aerosol forcing (Figure 9). A more realistic aerosol representation does not change
the overall conclusion about aerosol forcing on large-scale circulation patterns: the atmospheric adjustment
to increase heat transport in response to a midlatitude negative radiative perturbation cannot evoke a sub-
stantial response in equatorial wind patterns.

These results contradict the conclusions of Takahashi and Watanabe [2016], who attributed part of the recent
equatorial wind trends to aerosols. Takahashi and Watanabe [2016] compared a model with all climate for-
cings to a model with aerosols prescribed to preindustrial levels. They found that including aerosols did
strengthen equatorial Pacific trade winds, but the magnitude of change in wind speed was only a third of
what has been observed. Moreover, it is not clear howmuch of the wind changes can be attributed to aerosol
changes from the 1990s to the hiatus period, as their comparison was based on a preindustrial base state. In
our analysis, we consider changes in Asian aerosols, which are the major source of change from the 1990s to
the hiatus period and would be most likely to impact circulation.

Our finding that Asian aerosols are unable to explain the current hiatus raises questions as to the attribution
of the midcentury hiatus to anthropogenic aerosol forcing. Although this study does not simulate the effects
of aerosols in the geographical locations tied to the midcentury hiatus, the similarities between the two per-
iods of temperature stability, in particular the phase of the PDO, suggest a common underlying mechanism.
Unless one argues that aerosols were driving the PDO during the midcentury but are not doing so currently,
or that the correlation between the phase of the PDO and the hiatus periods is purely coincidental, then it
suggests that sulfate aerosols were not the primary factor behind either hiatus period.

5. Conclusion

We have explored whether Asian aerosols can explain the recent enhancement of equatorial trade winds tied
to the hiatus. Model experiments with the Asian aerosol forcing idealized as a negative radiative perturbation
were performed to investigate the circulation response. The overall circulation adjusts to counterbalance the
perturbation through enhanced heat transport but does not replicate the observed equatorial wind patterns
during the hiatus period. This indicates that Asian aerosol emissions are not an adequate explanation for the

Figure 9. The time-averaged atmospheric surface temperature (shading) and wind (vector) anomaly response to a simu-
lation with increased sulphate aerosol concentrations. Monthly sulphate concentrations over the Pacific are increased
tenfold compared to 2000 levels in all atmospheric levels. The black bounding box denotes the region where the
perturbation to the sulphate aerosol was applied, and the red bounding box denotes the region in the equatorial Pacific
where England et al. [2014] noted the largest trade wind anomalies. A t test was performed to determine statistically
significant anomalies at the 95% confidence level. Stippling indicates where surface temperature anomalies are signifi-
cant, and only significant wind anomalies are shown.
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recent plateau in GMST. The inability of an idealized Asian aerosol forcing to replicate key circulation patterns
also suggests the need to reexamine the attribution of the midcentury hiatus to aerosol forcing.
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