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Abstract Arctic geoengineering wherein sunlight absorp-
tion is reduced only in the Arctic has been suggested as a
remedial measure to counteract the on-going rapid climate
change in the Arctic. Several modeling studies have shown
that Arctic geoengineering can minimize Arctic warming
but will shift the Inter-tropical Convergence Zone (ITCZ)
southward, unless offset by comparable geoengineering in
the Southern Hemisphere. In this study, we investigate and
quantify the implications of this ITCZ shift due to Arctic
geoengineering for the global monsoon regions using the
Community Atmosphere Model version 4 coupled to a slab
ocean model. A doubling of CO, from pre-industrial levels
leads to a warming of ~6 K in the Arctic region and pre-
cipitation in the monsoon regions increases by up to ~15%.
In our Arctic geoengineering simulation which illustrates
a plausible latitudinal distribution of the reduction in sun-
light, an addition of sulfate aerosols (11 Mt) in the Arctic
stratosphere nearly offsets the Arctic warming due to CO,
doubling but this shifts the ITCZ southward by ~1.5° rela-
tive to the pre-industrial climate. The combined effect from
this shift and the residual CO,-induced climate change in
the tropics is a decrease/increase in annual mean precipi-
tation in the Northern Hemisphere/Southern Hemisphere
monsoon regions by up to —12/+17%. Polar geoengineer-
ing where sulfate aerosols are prescribed in both the Arctic
(10 Mt) and Antarctic (8 Mt) nearly offsets the ITCZ shift
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due to Arctic geoengineering, but there is still a residual
precipitation increase (up to 7%) in most monsoon regions
associated with the residual CO, induced warming in the
tropics. The ITCZ shift due to our Global geoengineering
simulation, where aerosols (20 Mt) are prescribed uni-
formly around the globe, is much smaller and the precipi-
tation changes in most monsoon regions are within +2%
as the residual CO,-induced warming in the tropics is also
much less than in Arctic and Polar geoengineering. Fur-
ther, global geoengineering nearly offsets the Arctic warm-
ing. Based on our results we infer that Arctic geoengineer-
ing leads to ITCZ shift and leaves residual CO, induced
warming in the tropics resulting in substantial precipitation
decreases (increases) in the Northern (Southern) hemi-
sphere monsoon regions.

Keywords Arctic geoengineering - Stratospheric
sulfate aerosols - ITCZ shift - Global monsoon regions -
Stratospheric climate change

1 Introduction

Unabated increase in greenhouse gas emissions is warm-
ing the planet, and this warming is amplified in the polar
regions. This larger warming in the polar regions is known
as polar amplification and occurs mostly due to the ice-
albedo, temperature and water vapor feedbacks that oper-
ate strongly at higher latitudes (Collins et al. 2013; Pithan
and Mauritsen 2014). Polar amplification is robustly seen
in climate model simulations of climate change (Holland
and Bitz 2003) and has also been observed in late twenti-
eth century data (Vaughan et al. 2013; Stroeve et al. 2012).
The main effects of polar climate change such as rapid
sea ice loss, damaged ecological systems, accelerated
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melting of Greenland and Antarctic ice sheets, increased
risk of extreme events and permafrost thawing are already
observed in the Arctic and are likely to reach tipping points
(Duarte et al. 2012). It is likely that the Arctic ocean could
be ice free during summer by 2050, and will probably
have effects on the northern mid-latitudes shifting the jet-
streams and storm tracks (Duarte et al. 2012). In the con-
text of countering the impact of this rapid climate change
in the Arctic, the Arctic Council discussed some regional
geoengineering options (Duarte et al. 2012).

Geoengineering is an intentional manipulation of the
climate system to reduce the undesired impacts of climate
change caused by increasing greenhouse gases (Keith
2000; Shephard et al. 2009; IPCC 2014). Geoengineer-
ing by injecting sulfate aerosols into stratosphere was
first suggested by Budkyo (1974). These injected aerosols
would increase the planetary albedo, thereby reducing the
incoming solar radiation at the surface and counteract the
greenhouse warming. These aerosols could also affect the
UV flux into the troposphere, affecting the atmospheric
chemistry. Crutzen (2006) advocated research into climate
geoengineering since CO, emission reductions were not
taking place. Early modeling research in geoengineering
showed that solar geoengineering schemes could markedly
diminish regional and seasonal climate change caused by
increase in CO, concentration (Govindasamy and Caldeira
2000; Govindasamy et al. 2003). In the recent past, several
modeling studies have investigated solar geoengineering
using stratospheric sulfate aerosols (Robock et al. 2008;
Modak and Bala 2014; Tilmes et al. 2009; Pitari et al.
2014; Niemeier and Timmreck 2015). Other geoengineer-
ing methods such as marine cloud brightening and ocean
albedo modification are also discussed in detail in several
reviews (Bala 2009; Lenton and Vaughn 2009; Caldeira
et al. 2013; NRC Report 2015).

In contrast to global scale geoengineering proposals,
regional geoengineering proposals target intervention on
selected regions such as the Arctic. Climate interventions in
the Arctic are generally suggested as an interim endeavour
to reduce the polar amplification while global emissions
are reduced in order to bring overall global warming under
control, and not as some independent intervention. In one
of the earliest modeling studies on Arctic geoengineeing
by Caldeira and Wood (2008), solar irradiance is reduced
uniformly across the Arctic region. It is found that a 25%
reduction in solar irradiance from 61°N to 90°N would
restore the climate in the Arctic region. However, there is
a residual global mean warming present in the regions out-
side the Arctic. This study further finds that Arctic geoen-
gineering could reduce Arctic amplification by more snow
accumulation in the Arctic and thus moderate the sea-level
rise. Tilmes et al. (2014) shows that summer Arctic sea-
ice can be saved by solar irradiance reduction only in the
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Arctic but it would require four times more reduction in the
Arctic than a simulation with globally uniform reduction.
Jackson et al. (2015) show that controllability of Arctic sea-
ice extent can be achieved by making annual adjustments to
SO, injection in the Arctic stratosphere.

Robock et al. (2008) simulated geoengineering by
injecting 3 Mt/a of SO, at 68°N in the lower stratosphere
(10-15 km) to form sulfate aerosols, which did spread pole-
ward, but also spread southward and reached some of the
monsoon regions. A larger warming, relative to the sce-
nario without geoengineering, was simulated in Northern
India and Africa during summer due to weakening of mon-
soon circulation and reduction in cloud cover. The weaker
monsoon circulation is due to a reduced temperature gra-
dient between Indian Ocean and Asia (Oman et al. 2005;
Graf et al. 1992), resulting in a large reduction in summer
monsoon precipitation, for India, China, Sahel and Japan.

Haywood et al. (2013) simulated reduced precipitation
in Sahel when geoengineering is implemented in the north-
ern hemisphere (NH). Injecting 5 Tg of SO, in the NH
stratosphere in an RCP 4.5 scenario led to more negative
Sahelian precipitation anomalies relative to the 1900-2010
climatology and also resulted in ~60 to 100% reduction
in Net Primary productivity (NPP) in the Sahel region. In
contrast, SO, injection in the southern hemisphere (SH)
stratosphere resulted in more positive Sahelian precipita-
tion anomalies and an increase in NPP by more than 100%.
These changes are mainly attributed to a shift in the loca-
tion of the June—October Inter-tropical Convergence Zone
(ITCZ) away from the hemisphere in which geoengineering
is implemented.

MacCracken et al. (2013) showed that solar irradiance
reduction, when imposed in NH high latitudes to reduce
the Arctic climate change, would lead to a southward shift
in ITCZ during both June—July—August (JJA) and Decem-
ber-January—February (DJF) seasons. However, when com-
parable solar reduction is imposed in both NH and SH high
latitudes, the position of ITCZ is nearly unaltered. Kravitz
et al. (2016) showed that annual mean Arctic temperature
and ITCZ location can be adjusted by reducing solar radia-
tion in the Arctic and Antarctic by appropriate amounts.

Apart from ITCZ shifts, previous studies showed
that, Arctic geoengineering is associated with residual
global and tropical mean warming (Caldeira and Wood
2008; MacCracken et al. 2013). However, uniform global
reduction in incoming solar radiation (Govindasamy and
Caldeira 2000; Kalidindi et al. 2014; Kravitz et al. 2016)
can restore global mean temperatures without shifting the
ITCZ (Modak and Bala 2014; Kravitz et al. 2016) but it
could overcool the tropics and leave residual warming
in the polar regions (Govindasamy et al. 2003). In order
to reduce regional anomalies, some studies (Ban-Weiss
and Caldeira 2010; MacMartin et al. 2013; Modak and
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Bala 2014; Kravitz et al. 2016) imposed a latitudinal dis-
tribution of solar insolation reduction or sulfate aerosol
prescription such that the temperature and precipitation
anomalies in all latitudes were minimized.

The shifting of ITCZ has been discussed in not only
Arctic geoengineering studies, but also in various other
studies that investigate the effects of extra-tropical forc-
ing such as high latitude sea ice cover changes (Chiang
and Bitz 2005), high latitude volcanic eruptions (Oman
et al. 2005; Robock et al. 2008; Haywood et al. 2013),
boreal deforestation (Devaraju et al. 2015), high latitude
ice sheets corresponding to the glacial periods (Broccoli
et al. 2006) and hemispherical asymmetries in clear-sky
albedo (Voigt et al. 2014). One of the effects associated
with ITCZ shift is the change in cross-equatorial heat
transport (Donohoe et al. 2013; Frierson and Hwang
2012). For instance, cooling the high-latitudes of the NH
(SH) leads to an increased equator-to-pole heat transport
in that hemisphere (translating to an increase (decrease)
in cross-equatorial northward heat transport) and a shift
in ITCZ away from NH (SH) (MacCracken et al. 2013).

In this paper, we use climate model simulations to
study the impacts of Arctic geoengineering on precipi-
tation changes in the global monsoon regions associated
with ITCZ shifts caused by the Arctic geoengineering.
We address the following research questions: By what
magnitude does the ITCZ shift due to Arctic geoengi-
neering and what are the reasons for it? How much com-
pensation in this shift is achieved by geoengineering in
both Arctic and Antarctic simultaneously? How large is
this ITCZ shift when solar radiation is reduced uniformly
around the globe (Global geoengineering)? To what
extent is precipitation in the monsoon regions affected
due to Arctic, Polar (both Arctic and Antarctic) and
Global geoengineering? What are the associated changes
in atmospheric heat transport due to Arctic, Polar and
Global geoengineering? Among the regional and global
geoengineering options attempting to offset Arctic cli-
mate change, which option would have smaller effects on
precipitation in the tropics?

We address these questions using the National Center
for Atmospheric Research (NCAR) climate model Com-
munity Atmosphere Model version 4 (CAM4) coupled
to a slab ocean model that is briefly discussed in the
next section where the experimental design is also pre-
sented. In Sect. 3, we first discuss global mean residual
climate change in our geoengineering experiments. The
ITCZ shifts and the corresponding precipitation changes
in monsoon regions and heat transport changes are dis-
cussed next. Finally, the implementation of Arctic geoen-
gineering only during summertime is discussed. Discus-
sion and conclusions are presented in Sect. 4.

2 Model and experiments
2.1 Model

We use the Community Atmosphere Model (CAM4) cou-
pled to the Community Land Model (CLM4) and a Slab
Ocean Model for this study. CAM4 Model has 26 verti-
cal atmosphere layers, and for our simulations we used a
horizontal resolution of 1.9° latitude and 2.5° longitude.
We used the finite volume scheme as the dynamical core
in CAM4, as it gives improved transport properties (Neale
et al. 2010).

CAM4 has 0.6 Mt of background sulfate aerosols in the
entire global atmosphere in the form of (NH,),SO, with
fixed size (0.05 pm, 2.0, 0.17 um for dry mode radius,
standard deviation, and effective radius, respectively). Sev-
eral previous studies injected SO, into stratosphere which
later oxidized to form H,SO, aerosols (Robock et al. 2008;
Haywood et al. 2013; Jackson et al. 2015). Although hygro-
scopic growth is different for (NH,),SO, and H,SO,, their
optical properties are similar (Kiehl et al. 2000). Hence,
prescribing (NH,),SO, is similar to injecting SO, into the
stratosphere and oxidizing it. These sulfate aerosols reflect
the incoming solar radiation but also absorb near-IR radia-
tion (single scattering albedo is ~0.9). The absorption of
terrestrial radiation by sulfate aerosols is not included in
CAM4. Amounts of other aerosol species in the model such
as dust, organic carbon, black carbon and sea-salt remain
the same in all our experiments. All aerosol species, includ-
ing the additionally prescribed aerosols are not transported,
and aerosol indirect effects such as cloud lifetime and cloud
albedo modification in the troposphere by the prescribed
aerosols are not modelled in our simulations.

The slab ocean model used here considers only the
mixed layer of the ocean with no explicitly simulated ocean
currents. However, the climatological mean heat transports
by these currents are prescribed: deep water heat exchange
and poleward ocean heat transport are fixed across the sim-
ulations. The spatial pattern of heat transport is obtained
from the control run of CESM’s fully coupled ocean and
atmosphere model (Neale et al. 2010). The thermodynamic
sea-ice model adopted in this study uses the mixed layer
temperature to update the sea-ice fraction. No ice dynam-
ics is involved in computing the sea-ice extent (Neale et al.
2010).

2.2 Experiments

In order to investigate the influence of different geoengi-
neering schemes on the tropical precipitation response and
associated changes in ITCZ location, we perform five equi-
librium simulations (Table 1): (1) control ‘CTL’ where the
atmospheric CO, concentration is fixed at pre-industrial
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Table 1 Experiment details

Name Sulfate amount Constraint for sulfate amount Ratio of additional
to naturally present
sulfate amount in
the stratosphere

CTL 0.45 Mt SO, in troposphere - 1

0.15 Mt SO, in stratosphere

2XC02 Same as CTL - 1

ARCTIC Same as CTL, but with 11 Mt of additional amount in Mean surface temperature anomaly (relative to the 73.3

the Arctic (50°N-90°N) stratosphere CTL case) from 60°N to 90°N is nearly zero

ARCTIC_S Same as ARCTIC, but sulfate prescribed only during ~ Same amount of aerosols as in ARCTIC but aerosols  73.3

the sunlit months (April-September) are prescribed only during the sunlit months of the
Arctic region
POLAR Same as CTL, but with an additional 10 Mt in the Mean surface temperature anomaly (relative to the 120
Arctic (50°N-90°N) stratosphere and 8 Mt in Ant- CTL case) from 60°N to 90°N and from 60°S to
arctic (50°S-90°S) stratosphere 90°S is nearly zero

POLAR_S Same as POLAR, but sulfate prescribed only during ~ Same amount of aerosols as in POLAR but aerosols 120

sunlit months i.e. April-September in the Arctic and  are prescribed only during the sunlit months of the
October—March in the Antarctic respective polar regions
GLOBAL  Same as CTL, but with an additional 20 Mt in the Global mean surface temperature anomaly (relative to 133.33

stratosphere uniformly spread across the globe

the CTL case) is nearly zero

CO, level (284.7 ppmv), (2) 2XCO2’ where the atmos-
pheric CO, concentration is doubled (569.4 ppmv) from
its pre-industrial value, (3) ‘ARCTIC’ which is similar to
“2XCO2” but a total amount of 11 Mt of sulfate aerosol is
prescribed in the Arctic stratosphere from 50°N to North
Pole, (4) ‘POLAR’ which is similar to “ARCTIC” but with
prescription of 10 Mt of sulfate aerosols in the Arctic strat-
osphere from 50°N to North Pole and 8 Mt in the Antarctic
stratosphere from 50°S to South Pole and (5) ‘GLOBAL’
which is similar to “2XCO0O2” but with a prescription of a
total amount 20 Mt of sulfate aerosols prescribed with uni-
form concentration across the globe (Table 1). To compare
the amounts of sulfate aerosols used in our geoengineering
simulations to a major volcanic eruption, it may be noted
that the 1991 Pinatubo eruption injected about 20 Mt of
SO, (30 Mt of SO,; Stenchikov et al. 2002) into the strat-
osphere. Further, it should be noted that we do not inject
aerosols in our simulations. Rather, we have prescribed
them in all our experiments. Assuming the sulfate aerosol
lifetime in the stratosphere is 2 years, the prescription of
20 Mt of sulfate in the stratosphere is equivalent to a Pina-
tubo eruption every 3 years. The tropospheric aerosols in
the ARCTIC, POLAR and GLOBAL simulations are kept
unchanged from the CTL case.

In the ARCTIC and POLAR simulations the additional
sulfate aerosol concentration is prescribed such that it starts
from a zero value at 50° in each hemisphere and increases
smoothly to reach the maximum concentration at the poles;

sinx T.m .
T,x c [— 52] with

x = — 7 corresponding to 50° latitude and x =7 to the poles

the concentration varies as 0.5 +

@ Springer

(Fig. 1b, c). The profile used here is a sine curve (sin[%” : %]),
as it increases and reaches a peak value smoothly, instead
of a profile where there is a uniform solar reduction from
61°N to 90°N and 61°S to 90°S, which could generate a
strong cooling effect at the sea-ice edges due to ice-albedo
feedback (MacCracken et al. 2013). In all the geoenginee-
irng simulations (ARCTIC, POLAR and GLOBAL) the
additional stratospheric sulfate aerosols are prescribed in
the lower stratosphere from 78t09.8 hPa with maximum
concentration~30 hPa throughout the year. The constraint
for selecting the specific amount of sulfate aerosols in the
geoengineering simulations is that the warming in the
2XCO2 simulation in the region where the sulfate aerosols
are prescribed should be nearly offset (anomaly relative to
the CTL case is within the +1 standard deviation (inter-
annual variability) in the CTL case; Table 1). This con-
straint was achieved in each geoengineering simulation by
performing several trial simulations (lasting a few decades)
with different total amount of aerosols.

While it is known that the Antarctic sulfate loading
would tend to shift the ITCZ back to its original position
(Kravitz et al. 2016), we design the POLAR experiment
such that the warming in both Arctic and Antarctic are also
offset. Therefore, unlike Kravitz et al. (2016) who design
the Antarctic forcing to offset the ITCZ shift due to Arc-
tic geoengineering, we choose Antarctic sulfate forcing to
offset the Antarctic warming caused by CO, doubling. The
Arctic region sulfate loading has been reduced from 11 Mt
in ARCTIC to 10 Mt in the POLAR case. This is because
retaining 11 Mt in the Arctic region for the POLAR case
overcools the Arctic surface by ~0.5 K relative to the CTL
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aerosols from 50°S to 90°S, 1000 - ~ 0
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uniformly around the globe. | R |
Aerosols are prescribed from 0.00 0.15 0.30 0.45 0 600 1200 1800
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geoengineering simulations
with maximum concentration
at 30 hPa (~22 km). The dotted
lines in the panels represent the (C) POLAR (d) GLOBAL
tropopause in the respective 35
simulations and the tropopause —_ 10 30
in the 2XCO?2 case is shown by g =
white solid line in a < 25 E
o 20 T
4 10 2
o 5
1000 0
90S 455 Egq 45N 90N 90S 45S Eq 45N 90N
| T T
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case and would not satisfy our design constraint. The Aero-
sol Optical Depth (AOD) and planetary albedo changes
due to the geoengineering simulations are shown in Online
Resource 1 (Figures S1, S2), and the radiative forcings are
shown in Fig. 2.

In order to investigate the differences between the effects
of Arctic geoenginering during the entire year vs the sunlit
months of the year, we performed two additional experi-
ments (Table 1): (1) ARCTIC_S: similar to ARCTIC but
with 11 Mt of sulfate aerosols prescribed in Arctic strato-
sphere only in the 6 sunlit months of the year from April to
September; and (2) POLAR_S: similar to POLAR but with
10 Mt of sulfate aerosols prescribed in Arctic stratosphere
from April to September and 8 Mt of sulfate aerosols pre-
scribed in Antarctic stratosphere from October to March.
Results of these experiments are discussed in Sect. 3.6.

The above set of simulations are performed in two dif-
ferent configurations: (1) Slab Ocean simulations that last
for 100 years (of which the final 60 years were considered
for analysis) are used to study climate change, and (2)
prescribed-SST (sea surface temperature) simulations that
last for 60 years (of which the final 30 years are used for
analysis) are used to estimate the radiative forcing (Hansen

et al. 1997). In the Prescribed-SST simulations the clima-
tological monthly mean SST and sea ice concentration are
prescribed.

3 Results
3.1 Residual global climate change

Unless specified, we discuss the annual mean responses
of our simulations relative to the CTL case. Doubling of
CO, (2XCO?2) causes a top-of-atmosphere (TOA) radiative
forcing of 3.5 Wm™2, which is nearly uniform across all
latitudes (Fig. 2a; Table 2). The ARCTIC case has a large
negative forcing of ~—9 Wm~? relative to the CTL case,
induced by the prescribed sulfate aerosol burden in the Arc-
tic region, resulting in a smaller global mean radiative forc-
ing (2.22 Wm™2, Fig. 2b; Table 2) compared to the 2XCO2
case. Similarly, the POLAR case shows relatively smaller
global mean radiative forcing (1.87 Wm™2) again because
of the large negative forcing of ~—9 and ~—3 Wm™2 in the
Arctic and Antarctic regions respectively (Fig. 2c; Table 2).
The global mean radiative forcing in the GLOBAL case is
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Fig. 2 Top-of-atmosphere radiative forcing [net radiative flux
change at top of the atmosphere (TOA); Wm™2] estimated from the
prescribed-SST simulations in the a 2XCO2, b ARCTIC, ¢ POLAR
and d GLOBAL cases relative to the CTL case. Hatched regions are
not significant at the 5% significance level estimated using student’s t

negative (~—0.67 Wm™2) as the efficacy of solar forcing is
only about 80% (Modak et al. 2016) and consequently more
solar irradiance reduction is required to nearly compensate
the warming in the 2XCO2 case (Fig. 2d; Table 2; Schmidt
et al. 2012).

We note that although sulfate aerosol loading in the Arc-
tic region is only 2 Mt larger than Antarctic sulfate loading
in the POLAR case, the magnitude of the negative radiative
forcing in the Arctic region is 6 Wm™ more than in the
Antarctic. This is because most of the Antarctic is covered

1
(Wm=?)

test for 30 annual means and standard error corrected for autocorrela-
tion (Zweirs and von Storch 1995). The zonal means are shown on the
right of each panel and the width of the shading is equal to twice the
standard deviation calculated from 30 annual means of the CTL case

by continental ice that already has a large albedo and pre-
scribing aerosols over ice results in a small forcing. An
effective approach for Antarctic forcing would be to intro-
duce more solar reduction/sulfate loading near the latitudes
where there is sea-ice (to reverse the positive ice-albedo
feedback). This could ensure that more negative radiative
forcing is induced in the Antarctic region for less sulfate
loading (MacCracken et al. 2013). Such a forcing over Ant-
arctic sea-ice requires tuning of the sulfate aerosols’ lati-
tudinal profile and can be achieved realistically through a

Table 2 Regional and global
annual mean radiative forcing
[net flux change at top of the

Radiative forcing (W m™?)

Arctic region
(60°N-90°N)

Antarctic region Global mean

(60°S-90°S)

Tropical region
(30°S-30°N)

atmosphere (TOA) relative to

2XCO2-CTL 3.544022 3.0420.28 3.9820.11 3.5820.06
the CTL case] ARCTIC-CTL ~8.83+0.23 2624022 3.04+0.12 2.16+0.07
ARCTIC_S-CTL ~777+0.21 3.5240.21 3.9040.12 2.88+0.08
POLAR-CTL 28154028  —2.78+0.18 3.19+0.08 1.89+0.05
POLAR_S-CTL 7284020  —1.90+029 3.99+0.09 2.5720.07
GLOBAL-CTL 0.74+0.84 1735071 ~1.194031 ~0.67+0.20

Uncertainties are estimated as the standard errors calculated from 30 annual mean differences in net TOA

fluxes
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tropospheric approach rather than a stratospheric approach,
as the lifetime of tropospheric sulfate is much smaller than
those in the stratosphere (MacCracken 2016).

The global mean surface warms by 3.1 K for a CO,
doubling (Fig. 3a; Table 3) and we estimate the climate
sensitivity as ~0.86 K/Wm™2. In agreement with several
previous studies (Govindasamy and Caldeira 2000; Govin-
dasamy et al. 2003; Kravitz et al. 2016), we find that the
polar regions warm much more than the global mean: the
Arctic region (60°N-90°N) warms by ~6.5 K while the

(a)2XC02 - CTL mean= 3.10 K

Antarctic region (60°S-90°S) warms by ~5.5 K (Fig. 3a;
Table 3). This enhanced warming at the poles is known as
polar amplification and is mainly associated with the posi-
tive sea-ice albedo, temperature and water vapor feedbacks
(Collins et al. 2013; Holland and Bitz 2003; Pithan and
Mauritsen 2014).

In the ARCTIC case, the enhanced Arctic warming is
nearly offset but the tropical and global means have resid-
ual warming of 1.5 and 2 K, respectively (Fig. 3c; Table 3).
In the POLAR case, both Arctic and Antarctic warming

e \¢ b
VARE /.
9/ 53 »

(C)POLAR - CTL

....... /

mean= -0.06 K
2
e

Fig. 3 Annual mean surface temperature anomalies (K) in the a
2XCO2, b ARCTIC, ¢ POLAR and d GLOBAL cases relative to the
CTL case. Hatched regions are not significant at the 5% significance
level estimated using student’s t test for 60 annual means and standard

7///// //////////"N// 3‘// 7 ////4 H
02468

] . R

20 40 6.0 80

error corrected for autocorrelation (Zweirs and von Storch 1995). The
zonal means are shown on the right of each panel and the width of
the shading is equal to twice the standard deviation calculated from
60 annual means of the CTL case

Table 3 Regional and
global annual mean surface
temperatures (K) for the CTL

Surface temperature (K)

Arctic region
(60°N-90°N)

Antarctic region Global mean

(60°S-90°S)

Tropical region
(30°S-30°N)

case and anomalies in the

he CTL 259024046  250.70+0.38 298.41+0.08 287.19+0.18

2XCO2 and the geoengineering vy oy 6.63+0.09 5.51+0.08 2.07+0.02 3.1040.02

simulations relative to the CTL

case ARCTIC-CTL 0.24+0.08 5.33+0.06 1.73+0.02 2124002
ARCTIC_S-CTL 0.73+0.10 5.04+0.07 1.77+0.02 2224002
POLAR-CTL 0.01+0.10 0.13+0.07 123+0.02 1.1440.02
POLAR_S-CTL 0.45+0.08 0.91+0.06 137+0.02 1.4040.02
GLOBAL-CTL 0.3940.20 0.37+0.15 ~0.26+0.02 ~0.0640.03

Uncertainties are estimated as the standard errors calculated from 60 annual mean differences. However,
for the CTL case, uncertainty is estimated as the standard deviation from 60 annual means
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is nearly offset but the tropical and global regions still
have a residual warming of about 1 K (Fig. 3c; Table 3).
In the POLAR case, we have prescribed a smaller amount
of sulfate aerosols in the Antarctic than the Arctic, as the
warming in the Antarctic due to CO, doubling (5.5 K) is
less than that of the Arctic region (6.5 K) (Table 3). In the
GLOBAL case, the global average temperature is restored
with slight residual warming over the Arctic and Antarctic
regions and residual cooling over the tropics (Table 2) in
agreement with global scale geoengineering studies in the
past (Govindasamy et al. 2003; Kravitz et al. 2016).

In the 2XCO2 case, we simulate a decline in annual
mean sea-ice extent of ~3.5 million km? (~26%) in the Arc-
tic and ~6 million km? (~42%) in the Antarctic (Table 4).
We simulate more percentage reduction in sea-ice extent in
the end of summer (September in the Arctic and February
in the Antarctic) than the annual mean due to strong posi-
tive ice-albedo mechanism during summertime. The reduc-
tion in sea-ice in the Arctic region during September in
the 2XCO2 case is ~47%, whereas observations show that
the September sea-ice extent in the Arctic shrunk by ~55%
from 1980 to 2012 although CO, has not doubled rela-
tive to the pre-industrial levels (Jeffries et al. 2013). This
shows that our model underestimates the Arctic sea-ice
extent decline. In the ARCTIC case, the sea-ice extent of
Arctic region is restored to the pre-industrial level but we
find that the Antarctic sea-ice still has a decline of ~6 mil-
lion km? because of the residual warming in the Antarctic.
In the POLAR case, we find that the annual mean sea-ice
extent in both polar regions is restored (Table 4). In the
GLOBAL case, we simulate a near restoration of both Arc-
tic and Antarctic sea-ice extent (Table 4), despite a slight
residual warming in the polar regions as discussed previ-
ously (Table 3).

We simulate a~5% increase in global mean precipitation
in the 2XCO2 case and find that the hydrological sensitivity
is ~1.8% K~!, in agreement with earlier studies which used
a previous version of the same model (e.g. Bala et al. 2010).

Similar to past geoengineering modeling studies (e.g. Bala
et al. 2008; Tilmes et al. 2013; Cao et al. 2016), we find
that the global mean precipitation decreases by ~2.5% in
the GLOBAL case relative to the CTL case (Fig. 4d). This
precipitation reduction in the GLOBAL case is because of
the differences in the fast response of the climate system to
solar and CO, forcings (Bala et al. 2008, 2010; Cao et al.
2012). However, we find that the global mean precipita-
tion increases by ~4 and ~2% in the ARCTIC and POLAR
cases respectively relative to the CTL case, because of the
residual global mean warming (Table 3). This increase in
global mean precipitation in the ARCTIC and POLAR
cases can also be related to the geoengineering location:
the regions where most evaporation occurs (tropics and
mid-latitudes) are not the locations where additional aero-
sols are prescribed (Caldeira and Wood 2008; MacCracken
et al. 2013).

Figure 4 shows that in the ARCTIC case, the zonal
mean precipitation in the tropics decreases (increases)
significantly in the NH (SH) by ~0.5 mm day~' associ-
ated with a southward shift of the ITCZ relative to the
CTL case (Fig. 4b). However, in the POLAR case, we
simulate much smaller zonal mean precipitation anoma-
lies in the tropics relative to the CTL case, as there is lit-
tle southward shift in ITCZ (Fig. 4c). These results are in
agreement with MacCracken et al. (2013) where Arctic
geoengineering is simulated by reducing the solar con-
stant. In the next section, we present a detailed analysis
of ITCZ shifts and precipitation response in the global
monsoon regions due to the geoengineering simulations.
We recognise that changes in precipitation minus evapo-
transpiration (P—E) are ecologically more important than
the changes in precipitation alone and hence we discuss
the spatial pattern of changes in evapo-transpiration and
P—E for the 2XCO2, ARCTIC, POLAR and GLOBAL
cases relative to the CTL case in Figures S3 and S4
(Online Resource 1) respectively.

Table 4 Sea ice extent in the CTL case and the changes in the 2XCO?2 case and geoengineering simulations relative to the CTL case

Mean sea ice extent Arctic sea ice extent

Antarctic sea ice extent

(10 km?)

Annual September Annual February
CTL 13.42+0.23 9.62+0.24 14.64+£0.61 6.01£0.62
2XCO02-CTL —3.49+0.04 (—26.00%) —4.55+0.07 (—47.30%) —6.07+0.10 (—41.36%) —3.49+0.10 (—57.54%)
ARCTIC-CTL —0.12+0.04 (—0.83%) 0.86+0.05 (9.03%) —5.90+0.08 (—40.19%) —3.50+0.09 (—57.78%)
ARCTIC_S-CTL —0.35+0.04 (—2.58%) 0.67+0.05 (7.07%) —5.84+0.08 (—39.82%) —3.42+0.08 (—56.67%)
POLAR-CTL —0.03+0.05 (-0.16%) 0.80+0.05 (8.45%) —0.24+0.09 (—1.50%) 1.79+0.11 (31.07%)
POLAR_S-CTL —0.31+0.03 (-2.31%) 0.61+0.04 (6.40%) —1.28+0.08 (—8.59%) 0.98+0.10 (17.41%)
GLOBAL-CTL —0.22+0.04 (-1.61%) —0.20+0.04 (—2.06%) —0.51+0.10 (=3.30%) —0.10+0.10 (-0.84%)

Uncertainties are estimated as the standard errors from 60 annual/monthly mean differences. However, for the CTL case, uncertainty is estimated
as the standard deviation from 60 annual/monthly means. Values in parentheses show percentage changes relative to the CTL case
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Fig. 4 Annual mean precipitation anomalies (mm day™') in the a
2XCO2, b ARCTIC, ¢ POLAR and d GLOBAL cases relative to the
CTL case. Hatched regions are not significant at the 5% significance
level estimated using student’s t test for 60 annual means and standard

There are also differences between the geoengineer-
ing simulations in the partition between direct and dif-
fuse radiation, which could alter carbon uptake by plants.
Geoengineering increases the amount of diffuse radiation
reaching the surface, but decreases the direct radiation as
found in previous studies (Xia et al. 2016; Kalidindi et al.
2014). This effect on global mean direct and diffuse radia-
tions is more prominent in the GLOBAL case than in the
ARCTIC and POLAR cases (Online Resource 1: Table S1).
The changes in diffuse radiation fraction in the Arctic could
be as big as 16% for the ARCTIC case during the summer
months. However, this change in the diffuse radiation in the
Arctic would not have substantial effect on the primary pro-
ductivity over land as there is little vegetation in the Arctic
(Online Resource 1: Table S2).

Arctic geoengineering has potential to build snow in
the Arctic region and moderate the loss of ice from Green-
land ice sheet and the rate of sea-level rise (Caldeira and
Wood 2008). Online Resource 1: Figure S5 shows that
there is more snow accumulation in the Arctic region for
both ARCTIC and POLAR cases, relative to the CTL case,
mainly during the summertime. In the GLOBAL case,
however, we simulate only a small increase in snowfall.
The increase in snowfall in the ARCTIC and POLAR cases

error corrected for autocorrelation (Zweirs and von Storch 1995). The
zonal means are shown on the right of each panel and the width of
the shading is equal to twice the standard deviation in the CTL case

relative to the CTL case is likely due to the residual warm-
ing outside of the geoengineering domain and the conse-
quent increase in poleward transport of water vapor.

3.2 Precipitation changes in monsoon regions and shift
in ITCZ

In order to investigate the effect of geoengineering on tropi-
cal precipitation, we study the monsoon regions which
are selected based on the criteria developed by Wang and
Ding (2006). Annual range is defined as the difference
between the local summer [June—July—August (JJA) for
NH; December—January—February (DJF) for SH] and the
local winter precipitation (DJF for NH; JJA for SH). The
tropical areas where the annual range exceeds 180 mm, and
the local summer precipitation contributes to more than
35% of annual precipitation would qualify for consideration
under monsoon precipitation domain. We plot this mon-
soon precipitation domain from the CTL case and demar-
cate the areas of interest in order to establish seven mon-
soon regions (Online Resource 1: Figure S6; Table S3).
These monsoon regions constitute four regions in the NH:
East Asia (EA), North America (NA), North Africa (NAf)
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and South Asia (SAs), and 3 regions in SH: South America
(SA), South Africa (SAf) and Australia (AUS).

When changes relative to the CTL case are considered in
the analysis of precipitation changes in the geoengineering
experiments, there is a combined effect of both CO, dou-
bling and geoengineering. In order to exclusively estimate
the effects of geoengineering we separate the geoengineer-
ing effects from the combined effect by analysing precipita-
tion changes relative to the 2XCO?2 case. Here, the changes
due to geoengineering relative to the 2XCO2 case denote
the exclusive effect of geoengineering whereas those rela-
tive to the CTL case denote the combined effect of CO,
doubling and geoengineering.

We also discuss the location of ITCZ and the shift in its
position in our experiments. ITCZ position is located using
a metric called precipitation centroid (P, defined as the
median latitude of zonal mean area-weighted precipitation
between 20°S and 20°N, interpolated to a 0.01° grid as
used in many previous studies (Devaraju et al. 2015; Dono-
hoe et al. 2013; Frierson and Hwang 2012). The mecha-
nisms leading to the shifting of ITCZ are discussed in the
next subsection.

In the 2XCO2 case, we find an increased annual mean
and summer precipitation in all monsoon regions except
NA (Fig. 5). We simulate a decrease in precipitation for
NA region which is in agreement with observed trends and
previous modeling studies (Neelin et al. 2006; Christensen
et al. 2013). It should be noted that a reasonable propor-
tion of precipitation in the NA region comes from tropical
cyclone events that global climate models do not simu-
late adequately (Christensen et al. 2007). The CTL case’s
P... is located in the southern hemisphere in our model
indicating that the SH tropics receive slightly more rain-
fall than NH tropics. As analysed by Frierson and Hwang
(2012), models showing P_. . in the southern hemisphere
in their control simulation tend to shift their P, south-
ward for CO, increase, as wet regions tend to get wetter for
an increase in CO, (Held and Soden 2006). This implies
that the increase in the SH tropical rainfall in the 2XCO2
case is more than that in NH, shifting the P, southward.
The changes in run-off ratio in the 2XCO2 case are simi-
lar to changes in precipitation for the NH and SH monsoon
regions (Online Resource 1: Figure S7).

The ARCTIC case shows a reduction in both seasonal
and annual mean precipitation in all NH monsoon regions
relative to the 2XCO2 case (Fig. 6a). We find up to 9%
reduction in annual mean precipitation in NAf monsoon
region. However, we find a smaller contribution to annual
mean precipitation reduction from summers (JJA/JJAS).
We find only up to 7% reduction during summers in SAs
and 5% in EA monsoon regions. This reduction in precipi-
tation when combined with increase in precipitation due to
CO, doubling (Fig. 5a) would cause a near restoration of

@ Springer

NH regions 30 SH regions

20t (a) , (b)
~ L
o
o
<
o~

’ : - : -10 . - :

Annual JA DJF a5 Annual JA DJF
(d)

30

ARCTIC

15¢

Annual A DJF
20 - JJ, J

4
3
o
a
Anr; al 'A DlF Anr; al A D‘F
PR L N .
. 8f L
= af
S
50
41
Annual JJA DJF Annual JJA DJF
[ East Asia [ South Africa
North America I South America
I North Africa [ Australia
3 South Asia

Fig. 5 Percentage changes in precipitation in the monsoon regions
relative to the CTL case. Left (right) panels show changes in the NH
(SH) monsoon regions. These changes signify the effects of both geo-
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annual and summer precipitation in EA and SAs monsoon
regions (Fig. 5c; precipitation changes relative to the CTL
case). In NA monsoon region, however, we find a decrease
in precipitation due to the 2XCO2 case which is enhanced
in the ARCTIC case (Figs. 2a, 5a) during summer and win-
ter seasons and in the annual mean. There is a net annual
and summer mean precipitation decrease in EA monsoon
region as the increase in precipitation due to CO, doubling
is smaller when compared to the decrease in precipitation
due to Arctic geoengineering. Overall, there is a reduced
annual mean and summer precipitation in the ARCTIC
case relative to the CTL case for most NH monsoon regions
(Fig. 5¢).

In contrast, there is a slightly increased annual mean
precipitation of up to 5% in the SH regions (Fig. 6b)
in the ARCTIC case relative to the 2XCO2 case. This
increase in precipitation due to Arctic geoengineer-
ing is amplified by CO, increase (Fig. 5b, d; precipita-
tion changes relative to the CTL case), especially in the
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Table 5 Annual mean northward atmospheric heat transport at the
equator (AHT,), ITCZ location (P, and inter-hemispheric temper-
ature gradient (AT,) for different experiments

AHT,, (PW) P, (degrees latitude) AT}, (K)
CTL 0.05+0.07 —-0.64+£0.54 0.65+0.15
2XC02 0.14+0.07 -1.07+£0.38 0.90+0.16
ARCTIC 0.28+0.06 —2.11+0.46 -0.71+£0.07
ARCTIC_S  0.28+0.08 -2.01+£0.47 -0.51+0.15
POLAR 0.12+0.06 -0.79+£0.54 0.75+0.16
POLAR_S  0.12+0.08 —-0.80+£0.48 0.67+0.07
GLOBAL 0.05+0.07 —-0.58£0.46 0.67+0.15

The uncertainties are estimated as standard deviations from 60 annual
means

SH winter and annual mean. In the SA monsoon region,
however, the net increase in winter precipitation of 13%,
relative to the CTL case, is mainly contributed by geo-
engineering (addition of stratospheric aerosols on the
Arctic; changes relative to the 2XCO2 case). Although
the SH summer (DJF) precipitation is nearly not altered
by geoengineering (Fig. 6d; precipitation changes rela-
tive to the 2XCO2 case), we see a net increase of up to
10% due to the combined effects of geoengineering and
CO, doubling (Fig. 5b, d; precipitation changes relative
to the CTL case). Therefore, there is an increased pre-
cipitation relative to the CTL case in all seasons for all
SH monsoon regions in the ARCTIC case (Fig. 5c). The
changes in annual mean runoff ratio [(P—E)/P] are similar

to precipitation changes in the ARCTIC case: there is
a reduction (increase) in NH (SH) monsoon regions
(Online Resource 1: Figure S7).

The POLAR case, relative to the 2XCO2 case, shows
much smaller changes in precipitation in the monsoon
regions compared to the ARCTIC case. Only small changes
in precipitation of up to +5% are seen in the monsoon
regions of both hemispheres (Fig. 6¢c, d). We find from
Fig. 4c, that the intensity of the anomalous precipitation
bands in the tropical regions is small, in the POLAR case
when compared to the ARCTIC case (Fig. 4b). As opposed
to a 1.5° southward shift of P, in the ARCTIC case, there
is a shift of only 0.15° in the POLAR case which is within
the +1 standard deviation of the CTL case (0.5°; Table 5).
This shows that the POLAR case nearly restores the ITCZ
shift caused by Arctic geoengineering to that of the CTL
case. We find that the annual mean and summer precipita-
tion increases by up to 7% in all monsoon regions except
NA in the POLAR case relative to the CTL case (Fig. Se,
f). This residual increase of 7%, despite the restoration of
ITCZ location, is due to the residual CO, induced warm-
ing in the tropical regions in the POLAR case. The change
in run-off ratio also shows a residual increase of up to 7%
(Online Resource 1: Figure S7).

In the GLOBAL case, precipitation decreases in most
regions of both hemispheres relative to the 2XCO2 case
(the effect of geoengineering). Annual mean precipitation
reduces up to 7% in NH monsoon regions and up to 10% in
SH monsoon regions (Fig. 6e, f). In the NA region, how-
ever, there is an increase of up to ~3%. When the effects
of CO, doubling are included, we find a smaller reduction
in annual mean precipitation in most regions (Fig. 5g, h).
These precipitation reductions can be attributed to the over-
cooling of the tropics (Fig. 3d), as simulated by past model-
ling studies (Govindasamy et al. 2003; Kravitz et al. 2016).
There is an increase in the run-off ratio (Online Resource 1:
Figure S7) as P-E in the tropical regions increases (Online
Resource 1: Figure S4) but these changes are mostly not
significant. We see almost no shift in the ITCZ location in
the GLOBAL case (Table 5) which is consistent with previ-
ous studies (Modak and Bala 2014). Since the CO, induced
warming and hence precipitation changes are nearly offset
and the ITCZ does not shift,, we find that the overall pre-
cipitation changes are within +~2% in the GLOBAL case
for most monsoon regions. However, it should be noted
that the changes in regional precipitation are not consistent
between different models (Kravitz et al. 2014).

3.3 ITCZ shifts and atmospheric heat transport
The changes in cross-equatorial atmospheric heat trans-

port have been investigated in many previous studies which
relate the shifts in ITCZ due to various phenomena and
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forcings to changes in heat transports (Frierson and Hwang
2012; Donohoe et al. 2013; Devaraju et al. 2015). The
annual mean northward heat transport (AHT) is calculated
under steady state assumptions as:

¢
AHT(¢) = / (Qroa — Qy)a’ cos ¢ d¢p, (1)
90°S
Qron = F SW,TOA — Frw roa> 2)
Qs = Fswsrc — Frwsrc —SH — LH, 3)

where a is the radius of the Earth, Qpg, is the top-of-
atmosphere (TOA) energy budget with Fqy 1o, and
Frwroa being the TOA shortwave and longwave zonal
mean fluxes respectively, Qg is the surface energy budget
with Fgy spc and Fyy, gpc being the shortwave and longwave
zonal mean fluxes at surface at a given latitude ¢, and SH
and LH are the zonal mean sensible heat and latent heat
fluxes at a given latitude ¢. We find that the cooling in the
Arctic region in the ARCTIC and POLAR cases leads to
an increased northward AHT at the equator (AHT,) rela-
tive to the CTL case, with heat transport anomalies reach-
ing maximum values of 0.4 PW near 60°N. Similarly, the
maximum in southward AHT anomaly is simulated in the
POLAR case at 60°S (Fig. 7). However, in the GLOBAL
case, the AHT anomalies are within the +1 standard devia-
tion of the CTL case (Fig. 7; Table 5), keeping the AHT,,
change insignificant. It is likely that the increased poleward
heat transport in the ARCTIC and POLAR cases in the
mid- to high-latitudes is mainly due to poleward latent heat
flux due to the residual warming in the non-polar regions
(Tilmes et al. 2014). This can explain why there is little
change in the GLOBAL case. The enhanced latent heat
transport in the ARCTIC and POLAR cases leads to more
snowfall in the Arctic region (Online Resource 1: Figure
S9).

We notice from Table 5 that a larger AHT,, would cor-
respond to a more southward location of P . Since the
AHT,, changes are driven by changes in the temperature
gradient between the hemispheres, (Donohoe et al. 2013;
McGee et al. 2013), we also analyse the hemispherical tem-
perature gradient (AT,), defined as the difference between
the northern and southern hemisphere’s mean surface
temperature.

A cooler northern hemisphere (or smaller AT,) would
imply a tendency for more heat to be transported from the
southern hemisphere to the northern hemisphere, in turn
leading to a larger AHT,. As discussed previously, larger
AHT,, corresponds to more southward location of P
In order to verify this, we perform 100-year simulations
with prescribed sulfate aerosol burdens in the Arctic rang-
ing from 4 to 16 Mt in increments of 4 Mt, and analyse
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variation in the location of P, in the last 60 years. The
sulfate aerosol prescription profile and region of prescrip-
tion and CO, levels are similar to the ARCTIC case as
discussed in Sect. 2.2 and Table 1. From Fig. 8, we find
a strong linear relationship between AHT,, and AT,
(R*=0.99; Fig. 8a) and also between and P, and AT,
(R>=0.98; Fig. 8b). This confirms our previous finding
that P, shifts southward for a cooler northern hemisphere
and larger AHTeq. Hence, we conclude that a larger sul-
fate aerosol burden in the Arctic cools the NH increasing
the AT,. This larger AT, drives more heat from SH to the
NH thereby increasing the AHT,,. This increased AHT,, is
associated with a more southward location of P, .. We also
find that successive increases in sulfate burden in the Arctic
causes smaller southward shifts in P_.,.. This is because the
planetary albedo in the Arctic region tends to saturate for
successive sulfate aerosol additions (Fig. 8c).

The ITCZ is the location where the convergence of
upwelling limbs of the Hadley circulation occurs. The Had-
ley cell is a thermally direct circulation that transports heat
poleward. Most of the poleward heat transport by the Had-
ley cell is contributed by its upper poleward limb (Donohoe
et al. 2013). Since the NH is cooled in the ARCTIC case,
the NH Hadley circulation shifts in such a way that more
heat is transported from the warmer SH to the cooler NH.
More cross-equatorial northward atmospheric heat trans-
port (AHT,,) implies that the NH Hadley cell tends to shift
southward, hence, the ITCZ also shifts southward (Dono-
hoe et al. 2013). Thus, we find a teleconnection between
Arctic cooling by geoengineering and changes in tropical
precipitation patterns.

Similar to past studies (Donohoe et al. 2013; McGee
et al. 2013; Devaraju et al. 2015) we investigate the
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Fig. 8 a Annual mean northward atmospheric heat transport at the
equator (AHT,,) vs annual mean inter-hemispheric temperature gra-
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temperature gradient for the Arctic geoengineering experiments with
various aerosol loadings (in Mt) which is indicated next to the points.
¢ Planetary Albedo in the Arctic region (50°N-90°N) vs amount of
sulfate prescribed in the Arctic stratosphere. The red and blue squares
indicate the 2XCO2 and ARCTIC cases, respectively

seasonal cycle of ITCZ location and its relation to the
AHT,, and AT, Further, we compare these seasonal shifts
with the shifts in the annual mean location of ITCZ due to
different geoengineering simulations. We note that in cal-
culating monthly AHT,, (denoted as AHT, ,,), the steady
state assumption used for calculating the annual mean AHT
in Eq. (1) cannot be used and we need to include the stor-
age terms. We calculate the atmospheric heat storage for

monthly AHT,,

2013):

AHTeq,m = < QTOA>m_ < QS>m

< STORAGE>,,,,~ < STORAGE>,_,,
At ’

om for a given month m as (Donohoe et al.

“
where, <-> represent area-weighted integration over south-
ern hemisphere, Qpg, and Qg are defined in Eq. (1), and
At is time interval (2 months) and STORAGE represents
the vertically integrated moist static energy stored in the
atmosphere which is given by:

PS

STORAGE = 1 / (Lg+ C,T + gZ)dP, )
8 0

where L,, C,T and gZ are theatent heat energy, sensible
heat energy, and potential energy (gZ), respectively. L
is the latent heat of vaporization of water, Cp is the heat
capacity at constant pressure, T is the temperature, g is the
acceleration due to gravity, Z is the geopotential height and
Py is the surface pressure.

We find that the extent of variation of P is from 8°S to
8°N on a seasonal timescale (Fig. 9) in the CTL case. Cor-
respondingly, the AHT,, varies from ~-2 to ~2 Wm~2 and
AT, varies from ~—10 to ~10 K. Similar to the annual mean
values simulated for various amounts of sulfate aerosols in
Arctic, we simulate strong relationship between AHT,, and
AT,, (R*=0.90), and between P, and AT, (R*=0.64) on
the seasonal timescale. However, we find that the change in
the annual mean values of AHT,,, AT}, and P, in the geo-
engineering and 2XCO2 simulations relative to the CTL
case is very small when compared to these seasonal vari-
ations (Fig. 9; Table 5). We discuss the seasonal changes
in AHT,, AT, and P, in our three geoengineering and
2XCO2 simulations relative to the CTL case in the caption
of Online Resourcel: Figure S8.

3.4 Effects of stratospheric warming on zonal winds

The sulfate aerosols prescribed in the stratosphere tend to
cool the surface by reflecting part of the solar radiation
back to space, thereby reducing the radiation reaching the
surface. Apart from this, these aerosols tend to warm the
stratospheric regions where they are prescribed by absorb-
ing the solar radiation in the near-infrared spectrum (single
scattering albedo of sulfate aerosol is ~0.9). Various effects
of this stratospheric temperature change such as changes
in the mid-latitude jet streams (Ferraro et al. 2015), strato-
spheric temperature, water vapor, ozone depletion (Tilmes
et al. 2009), Quasi-biennial Osciallation (Aquila et al.
2014) etc. have been discussed in many previous studies. In
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Fig. 9 a Monthly mean northward atmospheric heat transport at the
equator (AHT,, ) vs monthly mean inter-hemispheric temperature
gradient (AT); monthly mean northern hemisphere mean surface
temperature minus southern hemisphere mean surface temperature),
b monthly mean ITCZ location (P,) vs monthly mean inter-hem-
ispheric temperature gradient in the CTL case and the annual mean
positions for the CTL, 2XCO2, ARCTIC, POLAR and GLOBAL
cases. Note that the CTL case (gray) and the GLOBAL case
(magenta) annual means are nearly same and hence they overlap. Val-
ues of annual means of the three quantities can be found in Table 5

this section, we discuss the effect of stratospheric aerosols
prescribed in our simulations on the stratospheric tempera-
ture changes and corresponding changes in the zonal winds
in the upper troposphere and stratosphere.

In the 2XCO?2 case, we simulate an accelerated strato-
spheric jet in both Arctic and Antarctic regions which
is consistent with CO, induced zonal mean zonal wind
changes discussed in previous studies (Fig. 10a, b; Wu
et al. 2011; Ferraro et al. 2015). For the ARCTIC and
POLAR cases, we first discuss the temperature and zonal
wind anomalies relative to the 2XCO2 case (Online
Resource 1: Figure S9) in order to analyse the exclusive
effect of geoengineering as discussed in Sect. 3.2. In the
ARCTIC and POLAR cases, the heating of the stratosphere
due to the aerosols prescribed in the polar regions is maxi-
mum during the respective hemisphere’s summertime. Dur-
ing NH summer (JJA), we simulate a maximum warming
of ~12 K (Online Resource 1: Figure S9a, c) in the Arc-
tic stratosphere (between 78.8 and 9.8 hPa) due to a large
concentration of sulfate aerosols (up to ~2000 pg kg™
in both ARCTIC and POLAR cases. Similarly, during
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Fig. 10 Zonal mean temperature (contour lines) and zonal wind
(colored shadings) anomalies during JJA and DIJF seasons in the
2XC0O2, ARCTIC, POLAR and GLOBAL cases relative to the CTL
case. White areas are not significant (wind changes) at the 5% signifi-
cance level estimated using student’s t-test for 60 annual means and
standard error corrected for autocorrelation (Zweirs and von Storch
1995)

SH summer (DJF), there is a maximum warming of ~9 K
(Online Resource 1: Figure S9) in the Antarctic strato-
sphere in the POLAR case. However, in both the cases,
there is no warming in the tropical stratosphere (Online
Resource 1: Figure S9a, S9c), and hence the equator-
to-pole temperature gradient at levels above 30 hPa is
reduced (Online Resourcel: Figure S9a, S9c). As a result
of this, we simulate a slowdown (up to ~11 ms™!) of polar
stratospheric westerly jet above the 30 hPa level (Online
Resource 1: Figure S9a, c). Similar slowdown in zonal
winds is simulated for the SH but with a much weaker
magnitude.

We also simulate a strengthening of the mid-latitude
jets in the troposphere (between 500 and 100 mb) by up to
3 ms™! in the NH mid-latitudes during the NH summer in
both the ARCTIC and POLAR cases (Online Resource 1:
Figure S9a, c). We notice similar changes in the SH mid-
latitude zonal winds during SH summer (~4 ms™"), but only
in the POLAR case. This intensification of winds in the
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mid-latitudes is associated with an increased upper tropo-
spheric equator-to-pole temperature gradient caused by the
residual warming in the tropical troposphere and cooling in
the polar troposphere (Online Resource 1: Figure S9a—d).
In the GLOBAL case, there is relatively less sulfate aero-
sol concentration in the polar regions and hence less strato-
spheric warming than the ARCTIC and POLAR cases. As
a result of this, the magnitude of the wind changes simu-
lated in the GLOBAL case (Online Resource 1: Figure S9e,
f) is much smaller compared to the ARCTIC and POLAR
cases (Online Resource 1: Figure S9a—d).

We now discuss Fig. 10c-h which show the combined
effect of CO, doubling and geoengineering in the geoen-
gineering simulations as the anomalies are relative to the
CTL case. We simulate a marginal slowdown in the Arc-
tic stratospheric vortex during JJA in both ARCTIC and
POLAR cases (Fig. 10c, e). In the troposphere, however,
there is an increase in the equator to pole temperature gra-
dient (because of the residual warming in the tropics) dur-
ing summertime corresponding to an accelerated jet stream
(Fig. 10c—f), which could possibly reduce the number of
weather extremes in the mid-latitudes (Francis and Vavrus
2012). The anomaly in zonal winds relative to the CTL
case is the least in the GLOBAL case (Fig. 10g, h) since
the change in meridional temperature gradients are the
least: jets are more like in the CTL case.

3.5 Stratospheric water vapor response

The increase in stratospheric water vapor could lead to
depletion of stratospheric ozone as stratospheric water
vapor can alter the HO, cycle (Tilmes et al. 2009; Krav-
itz et al. 2012). As shown in several previous studies (e.g.
Manabe et al. 1975), temperature decreases in the strato-
sphere in the 2XCO2 case. However, water vapor increases
at all levels in the stratosphere and by up to 20% at around
120 hPa in the 2XCO2 case (Fig. 11). This shows that,
unlike tropospheric water vapor changes where specific

humidity changes are controlled by temperature (via the
Clausius—Clapeyron relation), the stratospheric water vapor
changes are not constrained by stratospheric tempera-
ture changes. Instead, stratospheric water vapor changes
are likely governed by tropical tropospheric temperature
changes: we find a~35% increase in total stratospheric
water vapor (Online Resource 1: Figure S10) for a tropi-
cal mean surface warming of ~2.1 K (Table 3) relative
to the CTL case. This is because in the 2XCO?2 case, the
troposphere is warmer which leads to transport of more
tropospheric water vapor from the tropical troposphere to
the stratosphere (Sherwood et al. 2010; Feuglistaler et al.
2009), and hence we find that the stratospheric water vapor
increase scales with the tropical mean surface warming.
We simulate global mean tropospheric cooling due
to both regional (ARCTIC and POLAR) and global
(GLOBAL) geoengineering experiments relative to the
2XCO2 case (Online Resource 1: Figure S11). Because of
this cooling, the stratospheric water vapor is reduced in our
geoengineering simulations though the stratosphere (above
100 hPa) is warmer (Online Resource 1: Figure S11c). The
tropospheric cooling and hence the reduction in strato-
spheric water vapor are larger in the GLOBAL case than
the ARCTIC and POLAR cases. Thus, the GLOBAL case
is more likely to offset the stratospheric ozone depletion
caused by a CO, doubling (and the related increase in strat-
ospheric water vapor) than the ARCTIC and POLAR cases.
There is a residual increase in the tropospheric tempera-
ture in the ARCTIC and POLAR cases relative to the CTL
case (Fig. 11). Correspondingly, there is a residual increase
in stratospheric water vapor in the ARCTIC and POLAR
cases: the total amount of stratospheric water vapor
increases by 28 and 30% in the ARCTIC and POLAR case,
respectively. This residual tropospheric warming is not sim-
ulated in the GLOBAL case. Instead, there is a slight cool-
ing of about 0.5 K near the tropical tropopause layer and an
associated decrease in water vapor (Fig. 11). It should be
noted that the prescribed sulfate aerosols in the GLOBAL

Fig. 11 Vertical profile of 0 0 . 0
changes in specific humid- (a) (b)
ity (mg kg™'; a), percentage 20l 20} 20}
changes in specific humidity (%,
b) and changes in temperature -
(K, ¢) in the upper atmosphere g 40 40 40
(120-3 hPa) in the ARCTIC, b
POLAR and GLOBAL cases 5 60y 60r 60¢
relative to the CTL case a
2 8o} 80t 80}
— ARCTIC-CTL
100} 100} 100} — POLARCTL
— GLOBAL-CTL
—  2XC02-CTL
12070 o4 o8 12 2% o 10 20 30 0§ Z6 -4 =2 0
Specific Humidity Change Specific Humidity Change Temperature Change
(mg kg™!) (%) (K)

@ Springer



3390

A. Nalam et al.

case are much above the tropical tropopause layer (Fig. 1)
and hence the GLOBAL case does not simulate warming
near the tropical tropopause layer due to near-IR absorption
by prescribed sulfate aerosols.

3.6 Prescription of sulfate aerosols during summer

In our ARCTIC and POLAR simulations, we have pre-
scribed the stratospheric sulfate aerosols throughout the
year. However, the effective negative radiative forcing in
these cases is only seen during the sunlit months of the
polar regions (Fig. 12). Further, the sulfate aerosols in the
Arctic stratosphere have a residence time of only 3 months
(Robock et al. 2008). MacCracken (2009), therefore, sug-
gested that Arctic geoengineering only be implemented
during the sunlit months of the Arctic. In practice, there
is probably no need for implementation during the spring
when the surface is ice and snow covered (though this
could change by the time the atmospheric CO, doubles).

The reduction in the duration of implementation is likely
to cut the cost of implementing geoengineering by approxi-
mately half.

The comparison of the simulation with prescription of
aerosols during sunlit months to year-long prescription
shows that there are no substantial differences in either the
radiative forcing (Fig. 12) or temperature change (Fig. 13)
between the two simulations (Tables 2, 3, 4, 5). However,
we note that the global mean radiative forcing for prescrip-
tion only during sunlit months is larger (Fig. 12) by 0.56
and 0.73 Wm™? for Arctic and Polar geoengineering cases,
respectively. This is because of the residual solar radia-
tive forcing during the Spring and Autumn in the respec-
tive high latitudes which results in a slightly larger resid-
ual annual mean warming (~0.5 K) in the polar regions
in the cases with prescription only during sunlit months
(Table 3). We also find that the precipitation changes in
the monsoon regions in the simulation with prescription of
aerosols during sunlit months and year-long prescription
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45N | 1t
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Fig. 12 Monthly variation in latitudinal profile of radiative forcing in a 2XCO2, b GLOBAL, ¢ ARCTIC, d POLAR, e ARCTIC_S, f POLAR_S

cases relative to the CTL case
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are similar (Online Resourcel: Figure S12). This suggests
that prescription of aerosols during the sunlit months of the
polar regions is sufficient to ameliorate the Arctic climate
change.

4 Discussion and conclusion

In this study, we investigate the precipitation response in
the tropical monsoon regions to ARCTIC, POLAR (geoen-
gineering in both Arctic and Antarctic) and GLOBAL geo-
engineering, by prescribing stratospheric sulfate aerosols
in a 2XCO2 world, such that the Arctic, Polar and Global
mean surface temperatures are restored to pre-industrial
levels, respectively. In the ARCTIC case, aerosols are pre-
scribed poleward of 50°N, poleward of 50°N and 50°S in
the POLAR case and uniformly around the globe in the
GLOBAL case. We simulate precipitation increases in all
monsoon regions for CO, doubling, except in the North

American region. In the ARCTIC case, the ITCZ shifts
southward by 1.5° causing a precipitation decrease in the in
NH monsoon regions (up to —12%) and increase in the SH
monsoon regions relative to the CTL case (up to +17%).
This ITCZ shift due to Arctic geoengineering could be
reduced by geoengineering the southern hemisphere simul-
taneously (MacCracken et al. 2013) and the ITCZ location
can be tuned by varying the Arctic and Antarctic forcing
(Kravitz et al. 2016). In agreement with these earlier stud-
ies, the ITCZ shift in the ARCTIC case is nearly offset in
the POLAR case. This near restoration of ITCZ position in
the POLAR case reduces the reduction in precipitation in
NH monsoon regions and increase in SH monsoon regions
that are simulated in the ARCTIC case. The annual mean
precipitation increases in most monsoon regions by up to
7% in this case which is mainly due to the residual CO,
induced warming in the tropics. In the GLOBAL case,
there is very little ITCZ shift and precipitation changes in
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most monsoon regions are within +2%, as the CO, induced
warming in the tropics are nearly offset in this case.

The ITCZ shifts are associated with changes in AHT,
as shown in many previous studies (Donohoe et al. 2013;
Frierson and Hwang 2011; McGee et al. 2013). We find an
increase in northward AHT,, in the ARCTIC and POLAR
cases relative to the CTL case, and this increase is associ-
ated with the southward shift in ITCZ. The ARCTIC and
POLAR simulations show large increases in poleward
atmospheric heat transport anomalies mainly in the mid-
latitudes which is likely contributed by increased poleward
latent heat flux due to the residual warming in the tropical
regions (Tilmes et al. 2014). In the GLOBAL case, there is
no significant change in the latitudinal distribution of pole-
ward atmospheric heat transport and consequently very lit-
tle change in AHT,. Correspondingly, we simulate almost
no shift in the ITCZ in the GLOBAL case.

Some previous studies have also reported results that
are similar to our findings here. For instance, MacCracken
et al. (2013) found that Arctic geoengineering by solar
insolation reduction in Arctic region would cause negative
(positive) zonal mean precipitation anomalies in the NH
(SH) tropics due to southward shift in ITCZ location. They
further showed that when equal amount of insolation reduc-
tion is imposed in both Arctic and Antarctic regions these
anomalies are reduced, keeping the ITCZ position more or
less in place. Kravitz et al. (2016) showed that a system can
be designed such that the changes in Arctic temperatures
are offset and the shifts in the tropical precipitation centroid
are simultaneously minimized for two degrees of freedom:
amount of solar reductions in Arctic and Antarctic. Some
studies such as Ban-Weiss and Caldeira (2010) found that a
symmetric polar weighting of solar insolation reduction or
sulfate aerosol prescription is required in order to minimize
the changes in both temperature and precipitation patterns.
For several symmetric distributions of aerosols between
SH and NH but with a fixed amount of total global aerosol
amount, Modak and Bala (2014) found almost no shift in
the ITCZ location. MacMartin et al. (2013) showed that by
adjusting the spatial and temporal reductions in solar inso-
lation, various optimization objectives such as minimizing
residual global mean warming, residual mean temperature
and precipitation changes in the Giorgi regions can be
achieved. Kravitz et al. (2016) showed that multiple climate
constraints can be satisfied simultaneously using an equal
number of degrees of freedom as that of the constraints.

Since we prescribe a large concentration of sulfate aer-
osols in the polar stratosphere, we simulate a large strato-
spheric warming in the regions where aerosols are pre-
scribed. Because of this large local heating we find a strong
reduction in zonal wind speed in the stratosphere above
30 hPa and enhancement in the upper troposphere wind in
the NH mid-latitudes during NH summers. The magnitude
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of wind changes due to the ARCTIC and POLAR cases is
much larger than the wind changes in the GLOBAL case
(Fig. 10). The residual surface and upper tropospheric
warming in the ARCTIC and POLAR cases leads to larger
amount of water vapor changes in the stratosphere com-
pared to the GLOBAL case. This could potentially lead
to ozone depletion (Tilmes et al. 2009) as well as more
global warming due to stratospheric water vapor feedback
(Dessler et al. 2013) in the ARCTIC and POLAR cases.

There are several limitations to our modelling study. Our
simulations are idealized equilibrium experiments designed
to illustrate the basic mechanisms associated with the
remote effects of Arctic geoengineering and hence may not
mimic the real world accurately. Further, as our simulations
are idealized and only meant to understand the processes
involved in altering the tropical precipitation patterns for
regional/global geoengineering, we impose a larger forcing
(e.g. we double CO, concentration) so the climate change
signal would be large. Our model lacks deep ocean feed-
backs and a dynamic sea-ice and hence the ocean heat
transport changes due to CO, increase and geoengineer-
ing and the transient effects are not modelled realistically
in our simulations. Also, the spatial pattern of ocean heat
uptake that has an effect on surface warming and net forc-
ing patterns (Armour et al. 2012) has not been considered
in our simulations. The carbon and other biogeochemical
cycle components are not included in our simulations and
hence the feedbacks between climate and biogeochemical
cycles are missing in our simulations.

We have not injected the aerosols into the stratosphere,
rather we prescribe them. Therefore, our simulations lack
the microphysics of aerosol evolution and transport of
aerosols. The smoothly increasing prescription of aerosols
from 50° latitude to the pole in the ARCTIC and POLAR
cases (see Sect. 2.1) and the uniform prescription in the
GLOBAL case may not be achievable in the real world
because of the stratospheric circulations such as Brewer
Dobson circulation which could influence both the horizon-
tal and vertical distribution of aerosols in the stratosphere
(Ferraro et al. 2015). For instance, a recent study (Jackson
et al. 2015) of Arctic Geoengineering using HadGEM?2 by
emission of sulfate aerosols at 78°55'N finds that aerosols
spread across the NH all the way to the equator. It is also
important to note that the prescription of sulfate aerosols in
the Antarctic region for the POLAR case is not optimal as
pointed out in Sect. 3.1. A much more effective approach
would be to concentrate more aerosols at latitudes where
there is sea-ice. This requires a well-tuned profile of lati-
tudinal distribution of aerosols that could be achieved by
tropospheric approaches (MacCracken 2016). The Globally
uniform geoengineering may also not be optimal as the cli-
mate sensitivity in this case is much smaller compared to
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the regional climate sensitivity of Arctic and Polar geoen-
gineering methods (MacCracken et al. 2013).

Presence of sulfate aerosols in stratosphere also has
adverse effects on stratospheric ozone chemistry (Tilmes
et al. 2009), especially with the prescription of sulfate in
the ARCTIC and POLAR cases as more sulfate is concen-
trated in the polar regions. We do not model these effects
of stratospheric sulfate aerosols on ozone chemistry. How-
ever, it has been suggested that the ozone depletion effects
due to stratospheric geoengineering can be reduced or even
reversed when alkaline metal salts are injected (Keith et al.
2016). Further, we have used a single climate model in this
study. Although our results are consistent with previous
studies, we suggest a multi-model study of Arctic and Polar
geoengineering for testing the robustness of our results and
estimate the uncertainty. We also suggest further research
be done on other approaches considered for regional geo-
engineering such as tropospheric sulfate injection (Mac-
Cracken 2016).

Despite these shortcomings in our study, we believe that
our results are qualitatively robust. Even with improve-
ments in model simulations by including the complexities
such as deep ocean dynamics, dynamic sea-ice, aerosol
transport, aerosol indirect effects, the robustness of our
main results such as the southward shifting of ITCZ due
to Arctic geoengineering is likely to hold. Further stud-
ies related to Arctic geoengineering such as extreme event
analysis, effect on vegetation response, etc. could be the
subject for future investigations to further improve our
understanding of the effects of Arctic geoengineering.

In summary, Arctic geoengineering would shift the
ITCZ southward causing precipitation reduction in the NH
monsoon regions and increase in the SH monsoon regions.
This shift in ITCZ location can be reduced by geoengineer-
ing both Arctic and Antarctic regions: we do simulate much
smaller precipitation changes in both NH and SH monsoon
regions compared to those resulting from geoengineering
only the Arctic. Geoengineering with uniform prescription
of sulfate aerosol concentration across the globe is associ-
ated with a much smaller precipitation change in both NH
and SH monsoon regions when compared to Arctic and
Polar geoengineering, as the ITCZ does not shift and the
residual CO, induced warming in the tropics is the least.
Further, the changes in zonal winds and stratospheric water
vapor relative to the pre-industrial climate are much smaller
when aerosols are uniformly prescribed around the globe.
Based on our results we infer that both ITCZ shift and
residual CO, induced warming in the tropics could result in
precipitation changes relative to the pre-industrial climate
in the monsoon regions: (1) Arctic geoengineering causes
large remote effects (southward ITCZ shift) and also leaves
CO, induced warming in the tropics leading to large pre-
cipitation decreases (increases) in the NH (SH) monsoon

regions, (2) Polar geoengineering nearly restores the ITCZ
location but leaves CO, induced warming in the tropics
leading to substantial precipitation increases in most of the
monsoon regions, and (3) Global geoengineering does not
shift ITCZ and also nearly offsets the warming in the tropi-
cal regions resulting in little precipitation changes in the
monsoon regions.
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