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ABSTRACT

Major volcanic events with a high loading of stratospheric aerosol have long been known to cause cooling,

but their impact on precipitation has only recently been emphasized, especially as an analog for potential

geoengineering of climate. Here, the authors use a coupled atmosphere–ocean–land–vegetation model in

conjunction with observations to study the effects of volcanic aerosol on the tropical and subtropical pre-

cipitation. The small internal variability in the model enables a clear identification of the volcanic impact,

which is broadly supported by observations, especially for the large Pinatubo event. Area averaged rainfall

over land between 408S and 408N decreases by about 0.15 mm day21, 4–5 months after the height of a major

volcanic aerosol loading, such as from Pinatubo, with regional changes as large as 0.6 mm day21 or higher,

such as over the Amazon and equatorial Africa. These anomalies migrate seasonally, following the movement

of monsoon rainfall. This is because the low heat capacity of the land leads to rapid response of rainfall there,

owing to the energy imbalance caused by volcanic aerosol cooling. In contrast, precipitation response over the

ocean is much slower and considerably damped because of the much larger heat capacity. In addition, the

difference in heat capacities over land and over ocean leads to an anomalous land–sea thermal contrast, which

could further contribute to the reduction of rainfall over land. The volcano-induced drought may have sig-

nificant impact on the ecosystem, agriculture, and the carbon cycle, especially in the monsoon regions.

1. Introduction

The cooling effect of volcanoes that injects particles and

gases into the stratosphere has been long known. The ear-

liest records of surface cooling from such events stems from

Franklin (1784), who attributed the unusually cool summer

of 1783 to the Laki volcano that erupted in Iceland that

year. More recent modeling and observational studies have

confirmed that there can be substantial effects of volcanic

eruptions on surface temperature (e.g., Humphreys 1940;

Hansen et al. 1992; Minnis et al. 1993; Robock and Mao

1995; Robock 2000 and references therein; Jones et al. 2003;

Wigley 2000; Free and Angell 2002). This cooling is affected

by the injection of sulfuric gas into the stratosphere, which

combines with water and oxygen to form small optically

important particles that get redistributed producing a veil of

aerosol that blocks incoming solar radiation to the earth.

Further, the aerosols of low-latitude volcanoes cover the

tropics fairly quickly and uniformly, while the aerosols of

high-latitude volcanoes normally are confined to the ex-

tratropics. It is worth noting that the three eruptions with

the largest aerosol loadings (Agung, 1963; El Chichón

1982; Pinatubo, 1991) in the latter half of the twentieth

century all occurred at very low latitudes. These are the

events studied in this paper.

Compared to this well-known cooling effect, fewer

studies have examined the impact of the volcanic aerosols

on the hydrologic cycle. The higher variability of precipi-

tation in comparison with temperature makes it more

challenging to diagnose the impact of volcanoes on pre-

cipitation. One of the first studies to address the precip-

itation response to volcanic events was Robock and Liu

(1994). They used the Goddard Institute for Space Studies
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general circulation model (GCM) to analyze the precipi-

tation response to major volcanoes and noted a reduced

tropical precipitation for 1–2 years following the volcanic

signal. Oman et al. (2005) used Nile River records to in-

dicate the impact of high-latitude volcanoes on the African

monsoon. Trenberth and Dai (2007) used observations of

global freshwater discharge and total continental precipi-

tation to indicate a 0.07 Sv (1 Sv [ 106 m3 s21) decrease

during the 1-yr period following the Pinatubo eruption.

They also presented the spatial pattern of precipitation

decrease and the Palmer Drought Severity Index for the

12-month average following the Pinatubo event. Gu et al.

(2007) while identifying the interannual and longer-time

variability in precipitation using the Global Precipitation

Climatology Product (GPCP) data quantified the decrease

of the tropical mean precipitation due to the Pinatubo and

El Chichón eruptions. The water vapor responses to the

major volcanic events have been discussed by Soden et al.

(2002). They examined the total column water vapor from

the National Aeronautics and Space Administration

(NASA) water vapor product along with model results and

found a decrease in total column water vapor of about 3%

in both the model and observations during the peak of

Pinatubo cooling.

In addition, some studies have also examined the re-

lationship of changes in radiative forcing and precipitation.

Wild et al. (2008) used observations to connect changes in

net reduction in shortwave (SW) radiation to changes in

precipitation. Using idealized GCM experiments, Yang

et al. (2003) show that the response of precipitation to ra-

diative changes in the atmosphere depends on both the

radiative changes as well as the changes in surface warm-

ing. Lambert and Allen (2009) analyze changes in pre-

cipitation for the whole globe, ocean, and land in several

GCMs. They indicate precipitation changes over the oceans

can be expressed as an energy balance between the direct

and surface temperature–dependent effects of external

climate forcings. However, precipitation over land is more

complicated.

Recent interest in the possible use of sulfate aerosols

injected directly into the stratosphere to reduce incoming

solar radiation, as a geoengineering technique, to combat

the effects of global warming, have generated consider-

able discussion in literature with respect to potential

impacts on the hydrologic cycle. Several idealized studies

have examined, to varying extents, the reduction of in-

coming shortwave radiation due to sulfate aerosols. Re-

sults indicate that these processes not only cool the

surface but also affect the precipitation, especially in the

tropics (e.g., Robock et al. 2008; Rasch et al. 2008; Bala

et al. 2008).

A good analog for understanding the impact of

aerosol geoengineering is the volcanic aerosol effect.

However, there have been very few studies on the hy-

drologic cycle response to volcanic aerosol (primarily,

Robock and Liu 1994; Trenberth and Dai 2007). These

studies all suggest a reduction in tropical precipitation

under additional stratospheric aerosol loading. We rea-

son that because tropical precipitation has strong sea-

sonal movement, following the seasonal movement of the

sun, an anomalous perturbation to the solar energy in-

cident on the surface should also have a seasonal de-

pendence. Because of the large difference in the heat

capacity of land and ocean, we also expect a different

response to volcanic forcing between land and ocean. In

this paper, we discuss the effect of volcanic aerosols on

hydrologic processes, focusing on the tropical and sub-

tropical land regions where agriculture strongly depends

on the seasonal migration of monsoon rainfall. We use

a coupled atmosphere–ocean–land–vegetation model in

conjunction with observations to study the seasonal evo-

lution of precipitation anomalies in response to volcanic

aerosol forcing and develop an understanding of the

underlying mechanisms. Using seasonal composites of pre-

cipitation response we examine the regions where pre-

cipitation has decreased in observations and our model.

We further examine the potential of land–sea contrast to

explain the seasonal decreases of precipitation. Lastly, as

volcanic cooling is known to affect the carbon uptake by

the land–vegetation system (Gu et al. 2002; Jones and Cox

2001), we analyze the impact of the reduction in tem-

perature and precipitation on the vegetation and carbon

cycle in a coupled climate model.

2. Brief description of the model and data

a. Model description

The model is a coupled atmosphere–ocean–land–

vegetation model of intermediate complexity. Different

versions of this model have been used in several climate

studies in evaluating the West African monsoon, Indian

monsoon, and the Asian–Australian monsoon as part of

the Climate of the Twentieth Century (C20C) project

(Scaife et al. 2008; Kucharski et al. 2008; Zhou et al.

2008). The model is also part of the Coupled Carbon

Cycle Climate Model Intercomparison Project (C4MIP;

Zeng et al. 2004; Friedlingstein et al. 2006; Qian et al.

2010). The land and vegetation components have also

been used to study the impact of climate variability such

as the El Niño–Southern Oscillation (ENSO) on vegetation

and the carbon cycle (Zeng et al. 2005; Qian et al. 2008).

The model consists of the global version of the at-

mospheric model Quasi-equilibrium Tropical Circula-

tion Model (QTCM) (Neelin and Zeng 2000; Zeng et al.

2000), which simulates a reasonable seasonal climate

compared to observations in the tropics and midlatitudes.
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The QTCM is coupled to the simple-land model (Zeng

et al. 2000), and a slab mixed layer ocean model with

Q-flux to represent the effects of ocean dynamics (Hansen

et al. 1983). The mixed layer ocean depth used here is the

annual mean derived from Levitus et al. (2000). The ter-

restrial carbon model Vegetation–Global–Atmosphere–

Soil (Zeng 2003; Qian et al. 2008) is a dynamic vegetation

model with full soil carbon dynamics but without the al-

bedo feedback of vegetation.

The model response is examined as an ensemble av-

erage of 9 members, thereby reducing the fluctuations

due to natural variability. All model results presented in

this paper will be ensemble averages of the appropriate

quantities. The individual members were forced with

differing initial conditions. Though the model was run

from 1870 to 2005, we focus our analyses only on 1960–

2000, to facilitate comparison with observations. The

model was forced by observed CO2, sulfate aerosols from

Koch et al. (1999), volcanic aerosol (Amman et al. 2003),

and solar forcing (Crowley 2000). Specifically, all volcanic

aerosols are assumed to be well mixed and are applied

uniformly in the zonal dimension; they change only in the

meridional direction. Each tropical eruption, the aerosol

cloud originates in the tropics, builds and spreads over

a few months before decaying and is transported pole-

ward six months to a year after the eruption as in Amman

et al. (2003). Because of the low vertical resolution in the

climate model, which uses a Galerkin framework in the

vertical, the optical thickness of the aerosol is converted

to a reduction in shortwave radiation at the top of the

atmosphere. An example of the rate of distribution of

the aerosol, the optical depth is shown in section 3. The

model has a climate sensitivity of about 3 K in global

mean surface air temperature at doubled CO2.

b. Data

The observational data used to validate the precipi-

tation and surface air temperature (SAT) response to

volcanic events is the Climatic Research Unit (CRU)

precipitation and temperature data (Mitchell et al. 2004)

and the GPCP precipitation data (Adler et al. 2003;

Huffman et al. 1997) over land. The sea surface temper-

ature (SST) reference dataset is the Hadley Center’s sea

ice and SST analysis (HadISST data) (Rayner et al. 2003).

c. Methodology

The timing of the three volcanic events (see Table 1) in

this study is such that they all happened during periods

when the El Niño also occurred. Therefore, while exam-

ining the associated climate response to volcanic events in

observations, the natural variability associated with ENSO

has to be removed. The method used to remove ENSO

is similar to the method used by Chen et al. (2008), the

details of which can be found in the appendix. The idea

behind the method is that ENSO responses occur with

different lags globally due to atmospheric teleconnections.

In lieu of removing contemporaneous correlations only,

we remove the response of ENSO corresponding to the

lagged regression explaining the largest percentage of var-

iance within a 12-month window. Though this technique

does not remove the nonstationary components of ENSO

(Compo and Sardeshmukh 2010; Penland and Matrosova

2006), it does remove the response due to the maximum

stationary signal of ENSO at each point. The model uses

a mixed layer ocean so there is no internally generated

ENSO variability.

3. Results

The optical thickness of volcanic aerosols averaged

between 408S and 408N used as a forcing in our model is

shown in the top panel of Fig. 1. There are three large

volcanic events during the period 1960–2000 with optical

depth greater than a 0.06 threshold: Agung, El Chichón,

and Pinatubo (see Table 1), with Pinatubo having a max-

imum area averaged forcing of about 0.25. The remaining

panels show the overall temperature and precipitation

response in the model as compared to observations. In

accordance with the increase in optical depth, and hence

the decreased shortwave radiation absorbed during major

volcanic events, the model responds with a greater re-

duction in anomalous SAT and precipitation, with the

response to Pinatubo event being the largest. It is en-

couraging to note that the precipitation response over

land in the model is similar to the regressed precipitation

plot obtained by Gu et al. (2007, Fig. 8c) for the GPCP

precipitation data corresponding to volcanic forcing. Even

the small increase below the 0.06 threshold in the optical

TABLE 1. Details of the three major volcanic events in the latter half of the twentieth century: Eruption date, location, month of maximum

optical depth, and the periods used in this study are shown here.

Volcanic event Eruption time

Location of

eruption

Month of maximum

optical depth

1-yr period of maximum

response used in analysis JFM period JAS period

Pinatubo June 1991 Philippines Nov 1991 Oct 1991/Sep 1992 1992 1992

El Chichón Mar 1982 Mexico Aug 1982 Jul 1982/Jun 1983 1983 1982

Agung Feb 1963 Indonesia Aug 1963 Jul 1963/Jun 1964 1964 1963
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depth produces corresponding changes in SAT, SST, and

precipitation in the model. These events, however, are too

small to have any reasonable signal in observations (Figs.

1c and 1d). Even the largest volcanic signal cannot be

unequivocally identified in the precipitation observations

owing to the higher variability of the coupled nature of the

earth–atmosphere system. The use of a mixed layer model

leads to smaller variability on interannual to interdecadal

time scales, thus a clearer signal in response to the ex-

ternal volcanic forcing.

In analyzing observations, the ENSO-related variabil-

ity has been removed as discussed in the methodology

section. Despite the removal of ENSO variability, large

variabilities still remain, both in GPCP and CRU. The

reduction of precipitation during the Pinatubo period is

the strongest and the magnitude of reduction (about

FIG. 1. Time series of precipitation and temperature in the model and observations in

relation to the major volcanic events averaged between 408N and 408S. (a) The optical depth

of the stratospheric aerosols used as a forcing in the model. (b) Model results for land

precipitation (green, mm day21), land air temperature (red, K), and SST (orange, K).

(c) Terrestrial precipitation for the CRU (green) and GPCP (purple) observations

(mm day21). (d) SAT from CRU observations (red, K) and SST from HADISSTs (orange,

K) are shown. In panels (b)–(d), all results presented as anomalies smoothed with a

12-month running mean. Anomalies are calculated from climatologies for the length of the

data shown. For observations, the effects of ENSO were regressed out using the Niño-3.4

index as described in the text.
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0.15 mm day21) in the model is comparable to that in the

GPCP data. The higher variability in the precipitation

data compounded with the lack of reliable data the fur-

ther one goes back in time precludes detailed analysis of

volcanic events earlier than those highlighted in this pa-

per (Trenberth and Dai 2007). Both the SAT and SST

observations show a significant trend of about 0.5 K.

However, the temperature decrease of about 0.35 K can

be seen for all three volcanic events in the SAT for the

model and observations. The temperature response of

the model shows a larger decrease in the tropics over land

than over ocean because of the lower heat capacity of the

land. This is in accordance with observations shown in the

bottom panel of Fig. 1.

With the intent of examining the composites of the

annual and the seasonal response to the volcanic aerosol

forcing, we chose the year of maximum response to be 1

month prior to and 11 months after the maximum of the

optical depth. This period was chosen so as to include

the months of maximum response of the austral and

boreal summer (i.e., January and July). The period of

maximum annual response thus defined is shown by the

gray lines in Fig. 1 and are also indicated in Table 1. The

period representative of the summer and winter season

used in the analysis are shown in the table. Though the

three volcanic events originated in different months

during the year and had different intensities as reflected

in the differences in optical depth (Fig. 1a), the model

response of precipitation is intrinsically locked to the

seasonal cycle as discussed later. Hence, to illustrate

the overall response of volcanoes during summer and

winter, composites are made using the time periods

indicated in Table 1. This approach has also been

used by Schneider et al. (2009) in their evaluation of

the volcanic effects in the Community Climate System

Model.

For all the results in the remaining text, the effect of the

trend seen in Fig. 1 was initially removed. Then, as dis-

cussed in the methodology, the effect of ENSO has been

removed before the composite response to the three

volcanic events was made. The top panels of Fig. 2 are the

1-yr composites of the three volcanoes for the period of

maximum volcanic response indicated in Table 1, in the

model and in the CRU observations. The model response

clearly shows a decrease in precipitation over equatorial

Africa, the northern part of South America, northern

Australia, and the Indian subcontinent. There are re-

gional differences between observations and the model in

the tropics in the African and the South American con-

tinent. The decrease in precipitation in the observations

is less organized and patchier than in the model. How-

ever, when averaged over the large region of 408S–408N,

they have comparable precipitation decrease of about

0.15 mm day21 (Fig. 1). The three-volcano composite in

the observations is dominated by the results of Pinatubo

because it was a stronger event and had the most reliable

data, while the results from the model are similar to each

other since the model inherently has less variability. The

1-yr average of observational composite in Fig. 2 is sim-

ilar to Fig. 3a of precipitation anomalies of Trenberth and

Dai (2007).

A seasonal shift in the precipitation response is seen

when the spatial plots of the austral and boreal summer

plots are examined (middle and bottom panels of Fig. 2).

In the austral summer [January–March (JFM)], there is

a decrease in precipitation over South Africa, northern

Australia, and South America, both in observations and

in the model. These are regions dominated by monsoonal

flows in this season. This decrease shows up consistently

in the three individual events in both observations and in

the model (individual figures not shown). However, in

observations, the decrease in precipitation extends far-

ther south in Africa than in the model. This is because of

a bias in the model climatology of the Kalahari Desert,

which spans a larger area than reality. In the boreal

summer [July–September (JAS)], the decrease in pre-

cipitation over the Indian and Asian subcontinent is

similar in the model and observations. This suggests that

regions of precipitation decrease in response to volcanic

forcing move along with seasonal migration of the mon-

soons and the ITCZ.

Figure 3 shows the 1-yr composite of SAT over land

and SST for the model and the observations with CRU

SAT over land and HADISSTs over the ocean. In gen-

eral, the observations show a decrease in temperature

over land and ocean in the tropics, with our model re-

sults supporting this decrease. We do notice some re-

sidual warming in observations over the east Pacific and

in the southern Indian Ocean where our ENSO removal

technique did not completely remove all the ENSO SST

warming during the Agung volcano event as discussed

also in the appendix. There is a substantial cooling in the

subtropics particularly over the dry arid desert over land

both in the model and observations. In these regions,

land is seen to cool more than the neighboring oceans

due to the lower heat capacity of the land. This differ-

ence between the cooling over land and ocean was also

seen in Fig. 1 and also in the two panels on the right in

Fig. 4, indicating that during major volcanic events, the

land–sea contrast in temperature is reduced. One of the

caveats of using temperature as a measure of land–sea

contrast is that in regions where precipitation decreases

local warming is also observed. This is primarily due to

two factors: 1) a decrease in cloud cover increases the

shortwave radiation reaching the surface and 2) regions

with lower precipitation have lower evaporation, which
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also leads to a local warming. This is particularly seen in

observations where the decrease in climatological pre-

cipitation in observations is coupled with a local warm-

ing (cf. Figs. 2 and 3). This effect also explains why in the

zonally averaged plot of temperature, the equatorial re-

gion is warmer than the subtropics even when the aerosol

forcing is generally stronger around equator (the two

panels on the right in Fig. 4). Nevertheless, the land–sea

thermal contrast is clear outside the regions with reduced

precipitation such as the large cooling on land over North

Africa–Mediterranean and East Asia, seen both in the

model and observations. Though not a focus in this paper,

the extratropical winter warming discussed in Stenchikov

et al. (2004) and Robock (2000) is not captured in our

model owing to the lack of a stratosphere. However, the

results of the surface temperature response in our model

FIG. 2. Composites of precipitation anomalies of the 3 volcanic events for the (left) model and (right) CRU observations for 1 year

during the peak response period to volcanic aerosol forcing. (top) The 1-yr-average response and the seasonal migration of precipitation

decrease for the (middle) austral and (bottom) boreal summer. Units are in mm day21. The anomalies from the appropriate seasons of the

3 volcanic events, Pinatubo (peak period: Oct 1991–Sep 1992), El Chichón (peak period: Jul 1982–Jun 1983), and Agung (peak period:

Jul 1963/Jun 1964) are averaged to create the composite after the trend is removed. The 5 mm day21 contour of the climatology for the

whole period is plotted for reference. Regions significant at the 95% level using the Student’s t test are indicated as dots in the background.
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are similar to the results of geoengineering experiments

in Robock et al. (2008) in which the sulfate aerosols in the

stratosphere are well mixed.

The larger cooling over land than the surrounding

oceans in the appropriate summer hemisphere might be

partly responsible for driving the lower precipitation due to

lower land sea–contrast in temperature. This can be further

seen in Fig. 4, where the Hovmöller plots of optical depth

and the model precipitation and temperature anomalies

over land and ocean are presented for the Pinatubo event.

The seasonal migration of the precipitation anomalies over

land are seen once the zonal mean optical depth has

reached 0.02 in the tropics. The region of maximum pre-

cipitation indicating the climatological movement of the

monsoon and the ITCZ over land is indicated by the

5 mm day21 contour. Approximately a 10% reduction of

precipitation over land is noted zonally in the model with

a decrease in precipitation lasting for about 3 years.

The seasonal migration of precipitation anomalies

seems to be supported by a slightly larger cooling over

the land than the oceans by about 0.1 K, as was seen in

Fig. 1b and Fig. 3. The SST takes longer to cool and this

cooling lasts longer and is less strong than the land SAT

at the corresponding latitude. Over the ocean, the

precipitation anomalies lag that of the ocean by about 6

months, and in our model it is locked to the movement

of the ITCZ.

Further support of the seasonal migration of precipi-

tation anomalies over land comes from the comparison of

the three volcanic events that erupted at different times

of the year. Yet, after the initially staggered response, the

precipitation anomalies all get locked into the same

FIG. 3. The 1-yr-averaged spatial temperature response for (top) the 3-event composite in the

model, represented by SAT over land and SST over the ocean for the model and (bottom)

observations (CRU SAT over land and HadISSTs over the ocean). Units are in K. Composites

are calculated as described in Fig. 2. Regions significant at the 95% level using the Student’s t

test are indicated as dots in the background.
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FIG. 4. Hovmöller plots of the model for the Pinatubo event: (left to right) The aerosol optical depth, anomalous precipitation over land

and over ocean (mm day21), and anomalous SAT over land and SST over ocean (K). The anomalies are calculated from the 1981–2000

climatology. The contour for the optical depth is for a value of 0.28, while the contours in precipitation are for the 5 mm day21 clima-

tology. The contour line of precipitation climatology is plotted to indicate the seasonal movement of precipitation.
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seasonal cycle, that is, following the climatological pre-

cipitation (Fig. 5). For instance, the optical depth of the El

Chichón and Agung volcanoes peaked in July, while that

of Pinatubo in November. However, the model responds

with a decrease in regions of high precipitation following

the movement of the monsoons and the ITCZ in all the

cases: the decrease in precipitation lasting between 2 and

3 years. The precipitation anomalies for the CRU obser-

vations for the Pinatubo eruption shows a decrease in

precipitation in the region of the monsoons and ITCZ

(with zonal mean precipitation greater than 5 mm day21)

though the anomalies in the observations are less orga-

nized and contain more variability. As discussed earlier

the observations of precipitation are less reliable in the

earlier periods. The most noticeable decrease in precipi-

tation is in the Southern Hemisphere in the austral

summer which is dominated by the decrease in pre-

cipitation over the South African monsoon and the

Australian monsoon region.

To further understand the decrease in the monsoonal

flow, in Fig. 6 we show the total moisture convergence

overlaid with vertically integrated moisture transport for

FIG. 5. Hovmöller plots showing the seasonal movement of precipitation anomalies over land for the (left) Pinatubo event from CRU

observations; and (left to right) the Pinatubo, El Chichón, and Agung events from the model. The anomalies of Pinatubo and El Chichón

are from the 1981–2000 climatology while that of Agung is from 1961–1980 climatology. ENSO is regressed out in the observations as

described in the text. Units are in mm day21. The contours in precipitation are for the 5 mm day21 climatology; and this qualitatively

indicates the seasonal movement of precipitation.
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the austral and boreal summer periods indicated in Table 1

for the appropriate composites of the model. We note a

clear reversal of the wind directions that we would expect

during monsoon seasons. The winds of the Australian and

the South African monsoon are reversed in the summer

austral summer as are those of the East Asian, North

American , and East African monsoon in the boreal

summer. The vertically integrated moisture convergence

FIG. 6. Composites of vertically integrated moisture convergence (10–6 s21) overlaid with

vertically integrated moisture flux (m s21) of the 3 volcanic events in the model. The anomalies

of Pinatubo and El Chichón are from the 1981–2000 climatology while that of Agung is from

1961–1980 climatology.
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supports this by the decrease in moisture in these regions.

This supports the idea that the precipitation decrease over

land exists because of a lower moisture convergence which

in turn exists due to a smaller land-sea contrast.

The seasonal decrease in anomalous precipitation both

in model and observations over land in regions where the

total precipitation is a maximum has been shown. This

decrease in precipitation is due to the larger decrease in

temperature over land compared to the surrounding

oceans. This mechanism could drive a weaker monsoonal

circulation in the summer seasons of both hemispheres.

To further understand the mechanisms and timing of

events, we examine the model variables: shortwave radi-

ation reaching the surface, surface air temperature, pre-

cipitation, and evaporation change over land and ocean

averaged over the region between 408S and 408N for the

Pinatubo event in Fig. 7. The same analysis has been re-

peated for the three volcanic events and the results are

consistent. Reduction in shortwave radiation at the sur-

face reaches a peak value at 3.5 W m22 2–3 months after

the aerosol optical depth becomes a maximum. The re-

sponse over land and ocean show dramatic difference, as

described below.

To facilitate comparison of the time evolution of

events, we use a time marker that corresponds to the first

month chosen to represent the Pinatubo eruption (i.e.,

Oct 1991). Oceanic SST response to Pinatubo is relatively

slow, reaching a peak value of approximately 20.3 K

after about 1 year of the time marker. Evaporation de-

crease peaks at 1 month after SST while precipitation lags

further by another month. This is consistent with the notion

that the relatively large heat capacity of the ocean leads to

a delayed response in SST to radiative forcing. This is in

turn reduces evaporation and subsequently forces a re-

duction in precipitation. This mechanism is not unlike the

atmospheric response to El Niño SST anomalies.

In contrast, the response of the land is distinctly dif-

ferent. The land precipitation response to the Pinatubo

event is rapid and reaches a peak value of about 20.15

mm day21 after about 5 months of the time marker, with

evaporation lagging slightly and surface temperature

lagging precipitation by about 4 months. This large dif-

ference between land and ocean is fundamentally be-

cause land has a much lower heat capacity so that the

moisture convergence (therefore precipitation) responds

quickly to any imbalance in the energy budget. Over the

ocean SST acts as a forcing (or at least as an intermediary

to propagate heating anomalies to circulation and pre-

cipitation changes) leading to evaporation change and

then a change in precipitation. However, over land, the

chain of response is very different. Surface temperature

is a response to land surface water and energy balance

and it is the total heating that directly drives moisture

convergence and therefore precipitation, while evapora-

tion is a response and feedback, as opposed to be forcing as

in the ocean. This happens because of the much lower heat

capacity over land. A theoretical framework that details

this thinking was presented in Zeng and Neelin (1999).

The difference in heat capacity also fundamentally de-

termines the seasonal migration of precipitation anomaly

following the climatological precipitation discussed above.

These results are consistent with the results of Lambert

and Allen (2009) who examined the tropospheric energy

budget and concluded that the ocean and land behave

differently with respect to radiative perturbations to the

energy budget.

A potentially important impact of cooling and reduced

precipitation is on ecosystems and carbon cycle. The top

panel in Fig. 8 shows the three-event composite of the

model-simulated net land-atmosphere carbon flux (Fta)

or net ecosystem exchange following the volcanic erup-

tions. In many of the tropical regions, land atmospheric

flux is reduced. Here, two countering mechanisms are at

play as indicated in the following equation:

F
ta

5 R
h
�NPP,

where Rh is the heterotrophic respiration (bottom panel of

Fig. 8), which describes the carbon released to the atmo-

sphere as a result of temperature-dependent decompo-

sition, and NPP is the net primary production, which is

the carbon taken up from the atmosphere due to plant

growth (central panel of Fig. 8). To explain the additive

nature of Rh and NPP the color scale for NPP is reversed

with green indicating a positive flux from the land to the

atmosphere. Therefore, on the one hand, drought would

reduce vegetation productivity, thus less carbon uptake.

On the other hand, the cooling would reduce respiration

loss, thus less CO2 release from the soil. The fact that

overall the model simulates a reduction in the net flux

indicates that the cooling effect on respiration is stronger

than precipitation effect on productivity, consistent with

other model studies (Peylin et al. 2005; Zeng et al. 2005).

A natural analog has been noted for the after-Pinatubo

response of the terrestrial biosphere, although the carbon

cycle models have not converged on the relative impor-

tance of these processes (Nemani et al. 2003). What is

clear is that this cooling and drying is very different from

typical ENSO response where warming accompanies

drying (Zeng et al. 2005). However, there are two regions

(northern Australia and western South America) where

NPP response is different from most other regions, in-

dicating the competing effects of cooling and drying on

NPP and Rh are such that Rh does not always dominate.

We expect such regional features to be highly model and

parameterization scheme sensitive.
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4. Conclusions

A coupled atmosphere–ocean–land–vegetation model

along with observational data is used here to understand

the underlying mechanisms of precipitation decrease due

to volcanic aerosols. Only the direct effect of the aerosols

contributing to the reduction in shortwave radiation is

examined here. An advantage of the particular model

FIG. 7. The response in the model to Pinatubo aerosol forcing: (top) The aerosol optical

depth in black used to force model. The response of shortwave radiation at the surface is in light

brown. The precipitation response in green, evaporation in blue, and surface air temperature

anomaly in red for the (middle) land and (bottom) SSTs for ocean. Units are W m22 for the

shortwave radiation; mm day21 for evaporation and precipitation; and K for SAT and SSTs.

All lines are smoothed with a 12-month filter. The time marker indicates the first month use for

averaging in the study. For Pinatubo it is Oct 1991 (see Table 1).
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employed is that the variability from interannual to in-

terdecadal scales is minimized because of the use of a

mixed layer model for the ocean. Hence, the volcanic

signals are not masked by climatic effects dependent on

more complicated dynamics (i.e., ENSO). On the other

hand, many processes have been simplified, limiting any

interaction feeding back onto any oceanic dynamics.

Nevertheless, our model captures the right magnitude

of the temperature (;0.35 K) and precipitation (;0.15

mm day21) decrease for the region of 408N–408S as

compared to observations. The agreement is particularly

good for the Pinatubo event where the precipitation data

is also most reliable.

Complementing existing studies on the precipitation

response to volcanic aerosol, we highlight a clear seasonal

migration of the rainfall anomalies that follows the cli-

matological monsoons over land. We hypothesize two

reasons for this phase locking. First, precipitation re-

sponds with a 4–5-month time scale over land owing to

the energy imbalance caused by volcanic aerosol cooling,

similar to the response after the thermal peak of an ENSO

event (e.g., Qian et al. 2008). In contrast, the precipitation

response over oceans is much slower (;1 year) and is

considerably damped because of the much larger heat

capacity. The difference in heat capacities over land and

over ocean additionally leads to an anomalous land–sea

thermal heat contrast, which could further contribute to

the reduction in rainfall over land via reduction of mon-

soonal flows.

The model responses to the exogenous forcing are

clearly very different over land and ocean. Over the ocean,

SST responds to volcanic forcing, followed by evaporation

and then precipitation. In contrast, land precipitation re-

sponds quickly to the forcing, followed by evaporation,

with surface temperature responding slowest. The surface

energy and water balances are clearly different over land

and ocean, and further study on the details of the hydro-

logical cycle under volcanic aerosol forcing is warranted.

The dynamical vegetation model responds to volcano-

induced drought and cooling, showing an anomalous

carbon uptake of 50–100 gC m22 yr21 over many tropical

and subtropical region. Our results are consistent with

several previous studies in that the reduction in the net

carbon flux to the atmosphere indicates that the cooling

effect on respiration is stronger than precipitation effect

on productivity (Peylin et al. 2005; Zeng et al. 2005; Gu

et al. 2002; Jones and Cox 2001). This has significant

implication for the ecosystem, agriculture, and the carbon

cycle especially in the monsoon regions.

The cooling effects of volcanoes due to high loadings of

stratospheric aerosol have been well known for over a

century. However, the impact on precipitation has only

recently been stressed. This paper has emphasized the

seasonal varying nature of the reduction in precipitation

due to the direct effects of volcanic aerosols, in particular

focusing on the seasonally locked nature of the induced

tropical–subtropical drought of three large late twentieth-

century eruptions. Also highlighted are the differences in

mechanisms that could lead to the reduction in precipi-

tation over land and over ocean as seen in the QTCM, a

model of intermediate complexity. The reduction in pre-

cipitation and the cooling of the earth system both have

been shown to have important implications for the eco-

system and carbon cycle over the tropics. This research

provides a glimpse of the impact that stratospheric aero-

sol geoengineering could have on the hydrological cycle.

FIG. 8. The 3-event composite response of the land–atmosphere

carbon flux (Fta), net primary production (NPP), heterotrophic

respiration (Rh) in gC m22 yr21 for the 1-yr period indicated in the

text. The shading for NPP is opposite to Rh and Fta.
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APPENDIX

Removal of ENSO

ENSO is known to affect different regions through

teleconnections at different lags. Hence, removal of the

effects of contemporaneous correlations–regressions

is not necessarily effective in removing the maximum

impact of ENSO. The method used to remove ENSO in

this paper is similar to that of Chen et al. (2008). With

the intent of removing the maximum impact of ENSO

over each grid point, regressions–correlations with the

Niño-3.4 index with a lag of up to 12 months are first

calculated. Then the month of the most extreme lag

correlation for each spatial point is used to calculate re-

gressions with lag to that month. The regressed values are

then removed from the observations. It is worth noting

that using the month of extreme correlations, as in Chen

et al. (2008), or using the month of extreme regressions

(as in this paper) to calculate the lag regressions produces

similar results.

An illustration of the method is indicated in Fig. A1 for

the HadISST data. The top-right panel shows the month

in which extreme regressions occurred, while the top-left

FIG. A1. (top left) The values in K at every latitude–longitude point corresponding to largest regressions of Ha-

dISST data with the Niño-3.4 index obtained within a 12-month lead–lag window. (top right) The corresponding lag

in months at which those values are largest. The top two figures bear a strong resemblance with those of Chen et al.

2008 (their Fig. A2). (bottom) The detrended HADISST data averaged between 408N and 408S in black and cor-

responding data with ENSO removed in orange as explained in the appendix.
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panel shows the extreme regressions that occur at the

respective lags indicated in the top-right panel. These two

panels are similar to Fig. A2 in Chen et al. (2008), except

that their study used surface temperature from the In-

ternational Comprehensive Ocean–Atmosphere Dataset

(ICOADS) and extreme correlations to remove ENSO,

while the results shown here use HadISSTs and extreme

regressions over the ocean to remove ENSO. Extreme

positive regressions are observed in the central and

eastern Pacific with 0 lag. This is the region most affected

by ENSO. The eastern Pacific off the California coast and

the coast of Chile also has positive values of regression;

these values correspond to a lag and lead of about three

months, respectively. The lag along the eastern Pacific

off the California coast is well known (Rasmusson and

Carpenter 1982), while the lead along the Chilean coast

can be attributed to the weaker trade winds that lead the

ENSO SST event. Regressions are maximized in the

Indian Ocean with a lag of 3–5 months. This can be

attributed to increased subsidence and a decrease in

monsoon activity and cloudiness (e.g., Lau and Yang

1996). Not all the features corresponding to the lead–lag

relationship can be simply understood, though the re-

lationships recovered by our method bear close corre-

spondence to the results in Chen et al. (2008). The bottom

panel in Fig. A1 shows the result of the detrended data

with and without the removal of ENSO. This clearly

shows that our technique is capable of removing strong

ENSO events toward the latter 30 years of the last cen-

tury. However, some of the earlier events prior to the

climate shift in ENSO climate in the 1970s are not clearly

removed. This does not negatively impact the results of

the paper based on the simulation because the model has

no ENSO.
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