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Abstract. Volcanic eruptions induce a dynamical response inin model output without using a control ensemble is tested
the climate system characterized by short-term global reducagainst a traditional methodology using two separate ensem-
tions in both surface temperature and precipitation, as welbles of runs; the method is found to produce similar results
as a response in biogeochemistry. The available observatioria the global average. These results suggest that not only is
of these responses to volcanic eruptions, such as to Pinatubsimulating volcanoes a good test of coupled carbon—climate
provide a valuable method to compare against model simmodels, but also that this test can be performed without a
ulations. Here, the Community Climate System Model Ver- control simulation in cases where it is not practical to run
sion 3 (CCSM3) reproduces the physical climate responseeparate ensembles with and without volcanic eruptions.

to volcanic eruptions in a realistic way, as compared to di-
rect observations from the 1991 eruption of Mount Pinatubo.
The model’s biogeochemical response to eruptions is smalle§  |ntroduction

in magnitude than observed, but because of the lack of ob-

servations, it is not clear why or where the modeled carborvolcanic eruptions provide sharp, transient, and relatively
response is not strong enough. Comparison to other modelwell-understood forcings to the climate system, and induce
suggests that this model response is much weaker over tropshort-term global surface cooling and lower-stratospheric
cal land; however, the precipitation response in other modelsvarming in their aftermath Mass and Portman1989

is not accurate, suggesting that other models could be geRobock and Map1992 1995 Shindell et al. 2004. This

ting the right response for the wrong reason. The underesresponse is due to the eruptions’ injection of large amounts
timated carbon response in the model compared to obsekf sulfate aerosols into the stratosphere, which increases the
vations could also be due to the ash and lava input of bio-amount of incoming solar radiation reflected back out to
geochemically important species to the ocean, which are nogpace at the top of the atmosphere. Although stratospheric
included in the simulation. A statistically significant reduc- aerosols tend to mix relatively quickly in the atmosphere
tion in the simulated carbon dioxide growth rate is seen at(less than a few months), tropical eruptions tend to have
the 90 % level in the average of 12 large eruptions over thegreater climate impacts than high-latitude ones, due to both
period 1870-2000, and the net uptake of carbon is primarfonger residence times of their aerosols as well as an apparent
ily concentrated in the tropics, with large spatial variability. stronger dynamic respons@ifian et al.2005.

In addition, a method for computing the volcanic response
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122 D. Rothenberg et al.: Volcano impacts on climate and biogeochemistry

The forcing from volcanic eruptions tends to cool the ring records suggest that in some temperate forests, net pri-
tropics but produces some continental warming in the win-mary production is reduced due to volcano-induced cooling
ter, similar in spatial pattern to a shift towards the positive (Krakauer and Randerspg?003. A transient reduction in net
phase of the Arctic Oscillation in the Northern Hemisphere primary production in the high latitudes following Pinatubo
(Stenchikov et a).2006 Oman et al.2005 Shindell et al has been attributed to decreased growing-season length due
2004. It has also been observed in the paleoclimate recordo volcanic-induced coolingNemani et al.2003. However,
that a multi-year, EI Nio-like response can be induced in the some low-latitude ecosystems experienced increased plant
atmosphere—ocean system as a response to explosive tropiggiowth as cooling reduced evaporative demand or volcanic
volcanic eruptionsAdams et al.2003. ash increased diffuse radiatioNémani et al. 2003. En-

Because of their strong impacts on climate, volcanic erup-hanced uptake of carbon over North America during 1992—
tions provide good natural experiments to test the sensitiv-1993, as compared to previous time periods, has also been
ity of climate models. Very large volcanic explosions appearobserved Bousquet et al2000.
to increase the likelihood of an El Rb event Emile-Geay The ocean response to volcanoes is not well documented.
et al, 2008. Stenchikov et al(2006 analyzed the IPCC Some authors argue that the additional nutrients and trace el-
ARA4 climate models and showed that although the includedements added to the ocean may be responsible for additional
models reproduced a post-eruption shift to the positive phasearbon uptake (e.gWatson 1997 Frogner et al. 2001,
of the Arctic Oscillation, there was considerable spread inDuggen et a].2007, 2010, but a quantitative assessment of
the set of the models’ particular dynamic responses. Furtherthis effect on global carbon or ocean productivity has not yet
more, the winter warming of the continents in the Northern been performed. The strength at which land and ocean sinks
Hemisphere (associated with a shift to the positive phase ofeduce atmospheric GOs not increasing at the same rate
the AO) was much weaker in the models than in the observaas anthropogenic emissions are increaslrey QLer€ et al,
tional record Stenchikov et a].2006. The models analyzed 2009 Sarmiento et al.2010, as evidenced by an increase
by Stenchikov et al(2006 also failed to show a preference in atmospheric C@levels. Modeling studies suggest that the
for El Nifio conditions following eruptions, contrary to the balance of increased carbon uptake associated withf@©
response identified bjxdams et al.(2003 in the paleocli- tilization and decreased uptake associated with global warm-
mate record. ing could lead to a reduction in the efficiency of the land

Direct observations of the 1991 Mount Pinatubo eruptionsink of carbon in the futureGox et al, 200Q Friedlingstein
provide a baseline for analyzing the models’ physical cli- et al, 2006 Thornton et al.2009 Sitch et al, 2008. Stud-
mate responses to volcanoes. While the Pinatubo eruptiores of future carbon dioxide levels tend to use sophisticated
produced global surface cooling of about 95 (Hansen  coupled carbon cycle models, and one of the difficulties with
et al, 1996, it yielded strong continental warming in the these models is finding ways to test their response to climate
Northern Hemisphere winter following the eruptio@hjn- change. The carbon cycle response to volcanoes is a valu-
dell et al, 2004). Precipitation over land was strongly di- able testing metriclones and CqgxX001; Friedlingstein and
minished in the aftermath of Pinatubo as well, especiallyPrentice 2010.
in Europe and in the tropics in South America and Africa  This study investigates the performance of one coupled
(Trenberth and DaR007). carbon—climate model — the CCSMBHornton et al.2009

The surface cooling, increase in diffuse radiation, andMahowald et al.2011) — by analyzing the responses by the
global precipitation reduction following eruptions have im- ocean and land carbon cycle to volcanic eruptions during the
pacts on the carbon cycle. In 1991, the growth rate of atperiod 1870-2000. This study differs from previous studies
mospheric CQ was expected to rise due to the onset of in several ways: It looks at multiple volcanoes over 130 yr,
El Nifio, but in the aftermath of the Pinatubo eruption, the while Jones and Co#001) focused on the volcanic forcing
growth rate slowed for several yeaBafmient91993. This of climate and the impact on the carbon cycle using a differ-
Pinatubo—C@ anomaly was potentially linked to a connec- ent model and only for the Pinatubo eruption, @&rdvkin
tion between post-eruption global cooling and a resultinget al. (2010 looked at the role of eruptions over the last
shift in the behavior of the terrestrial biosphere. However, 1000 yr. In addition, this study compares the response using
it is difficult to directly ascribe variability in atmospheric a control case (without volcanoes) to an analysis without a
CO, to volcanic eruptions because inter-annual variability control case. This additional analysis allows us to consider
in atmospheric C@is closely tied to the El Nio-Southern  to what extent we can diagnose the response of volcanoes
Oscillation (ENSO) Jones et a].200]). During periods of in transient simulations where there was not a paired con-
El Nifio, the terrestrial biosphere becomes a net source ofrol simulation that did not include eruptions. It also indi-
CO, to the atmosphere, whereas the opposite trend occursates what fraction of the true volcano signal we expect to
during La Nia events Jones et a).200J); thus, decon- see in the real world, where we have no control case. Previ-
volving the effects of volcanoes from El fb events is  ous studies at higher resolution with the CCSM3 suggest that
difficult. Observational evidence is too limited to diagnose the model is able to capture the observed response to volca-
from observations what is driving the carbon response. Treaoes Schneider et al2009, but generally has difficulty in
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accurately capturing El Kb (Deser et a].2006. This paper, El Chichon, more aerosols were observed in the Northern
similar toJones and Cof2001), does not consider the poten- Hemisphere than the model predicted.
tially important impacts of the addition of biogeochemically = The land carbon cycle used in these simulations (CLM-
relevant species from a volcanic eruption, but only the re-CN) includes linked carbon and nitrogen cycl@h@rnton
sponse to the physical forcing. Section 2 describes the modedt al, 2007). The land biogeochemistry in this model in-
configuration and experimental setup for the simulations includes N limitation, which reduces carbon uptake in the pres-
these studies. Section 3 describes the results, and Sect.ehce of higher C@conditions Thornton et al.2007). Gross
summarizes and discusses the implications of this study.  primary production increases with larger diffuse radiation
fraction in the model Thornton and Zimmermanr2007).
The CLM-CN has been previously evaluated for its mean be-

2 Methods havior by Randerson et al2009. Ocean biogeochemistry
is handled here with the Biogeochemical Element Cycling
2.1 Model description (BEC) model Moore et al, 2004, which includes a full

depth carbon cycle module, and has been compared against
The model used here is based on the NCAR Communityavailable observations byoney et al.(2009gb). The BEC
Climate System Model Version 3 (CCSM3) as described inmodel also features several phytoplankton functional groups
Collins et al.(20063 andYeager et al(2006 and is run in  (including diazotrophs, diatoms, and smaller phytoplankton)
a coupled configuration with atmosphere, land, ocean, anénd growth-limiting nutrients (nitrate, phosphate, iron, and
sea ice components with the addition of a fully-coupled car-others) Thornton et al.2009.
bon cycle with land and ocean components, as described The CCSM3 also includes a module modeling sources,
in Thornton et al(2009 and Mahowald et al(2011). The  atmospheric transport, and deposition of desert dust, as de-
model was configured identically to the one used in thescribed byZender et al(2003 andMahowald et al(2006.
aerosol experiments iMahowald et al.(2011), with the The dust model generates dust in regions with unvegetated,
CAM atmosphere model component running at a T31 res-dry soils with strong winds and easily erodible saikader
olution (375° x 3.75° latitude by longitude grid) with 26 et al, 2003. Interactions between the dust and ocean bio-
vertical levels Collins et al, 20068; it included estimates geochemistry modules has previously been investigated (
of historical volcanic forcing, as well as prognostic carbona-howald et al.2011). Changes in dust deposition affect ocean
ceous, sulfate, dust and sea salt aerosols and correspondipgoductivity by perturbing iron limitation of nitrogen fixing
emissions varying over the time period 1870-20D@&¢hl organisms and ultimately impacts oceanic uptake of carbon
et al, 2006. The time-varying volcanic forcing dataset (pre- dioxide in the model.
scribing volcanic aerosol loading) used here, as well as
in Meehl et al.(2000, is derived from previous work by Ensemble member setup
Ammann et al(2003.

Ammann et al.(2003 scaled the peak aerosol depth for Model runs were branched from a control run after 50 yr
20th century eruptions by looking at previous estimates ofand subsequently integrated over a 130-yr period span-
peak aerosol loading, and assumed a consistent compositiaring 1870-2000, as described in more detaiMahowald
of 75 % H,SOy and 25 % HO and fixed aerosol size distribu- et al. (2011). In addition to the “AEROSOL” simulation re-
tion (with reff = 0.42 micron). This is comparable to the com- ferred to in that paper, two additional ensemble members
position of Pinatubo’s aerosolé&ihmann et al.2003. Im- with volcanoes were set up and integrated for this study,
mediately following the month of the eruption, the aerosolsbranched from points set ten years apart. Another ensem-
build up linearly in the lower stratosphere (150 to 50 hPa)ble of three branched simulations was computed here, but
for four months before reaching the estimated peak loadwith volcanoes disabled for the entire period of integration
of sulfate aerosol. In the forcing dataset, volcanic aerosolgcontrol simulations).
are removed at the poles during winter, and the e-folding
time for their decay in the tropics is 12 month&nfmann 2.2 Volcanic eruptions
et al, 2003. The enhanced loading of stratospheric volcanic
aerosols tends to increase the diffuse radiation fraction unA selection of eruptions (see Table 1) was made based on
til the aerosols are removedmmann et al.(2003 sug- Robock and Maq1992), and adjusted to facilitate compar-
gest that their parameterization for the post-eruption atmo-ison to other papers by choosing only the most commonly
spheric aerosol loading successfully reproduces the timingnalyzed eruptionslpnes and CqxX001 Robock and Liy
and hemispheric evolution of aerosol spread except for thed994 Shindell et al. 2004 Oman et al. 2005 Stenchikov
eruptions of Agung in 1963 and EI Chigh in 1982. Follow- et al, 2006 Schneider et al2009. Robock and Ma@1992
ing the Agung eruption, the model used Aynmann et al.  chose eruptions (TablB occurring between 1870-2000 that
(2003 overestimated the amount of aerosol transported tcsatisfied the criteria of VEI (volcanic explosivity index)5
the Northern Hemisphere, whereas following the eruption ofor DVI (dust veil index)> 250. These criteria were chosen
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Table 1.Years of selected volcanic eruptions modified flBobock ~ control runs was compared to the set of anomaly time series
and Mao(1992. DVI denotes “Dust Veil Index”, and VEI denotes  for each individual eruption, averaged over the three pairs

“Volcanic Explosivity Index”. (volcano—control) of ensemble members. Comparing the set
of anomaly time series to the mean for each individual erup-
Eruption tion facilitates the study of the range of responses to volca-
\olcano Year Lat. DVl VEI noes at different latitudes and with different explosive indices
Krakatatf 1883 6S 1000 6 (Tablel).
Tarawera 1886 38S 800 5 In addition, a second anomaly was computed without mak-
Bandai 1888 38N 500 4 ing reference to the control simulations (“no-control” case)
Santa Mari& 1902 15S 600 6 by analyzing deviations from the average seasonal cycle im-
Ksudach 1907 52N 500 5 mediately preceding each eruption. For each month in the
Katmai 1912 58N 500 6 years following the eruption, an anomaly is computed based
Quizapu 1932 36S 70 o on the two years prior to the eruption, computing the devi-
igiyr/]r;*lanny 12%26 S;JNS 8380 i ation from the average seasonal cycle. The results are not
Fuego 1974 19N 250 4 sensitive to changing the time period of the averaging before-
E| Chichbn* 1982 1PN 800 5 hand (not shO\_/vn here). T(_) compute the ‘n(_)-c_ontrol’ anomaly
Mt. Pinatubo* 1991 15N 1000 6 for atmospheric C@following Pinatubo, a similar procedure

was used, but the data was detrended before computing the
* Denotes eruption was used for the analyses presented here, except HH R
where ofherwise ndicated. seasonal cycle to fauhtgte comparisons between the data.be-
fore and after the eruption; in order to detrend the data, a lin-
ear regression was performed on a 20-yr period centered at
to maximize the potentia| climate impacts of each erup_the eruption and subtracted from the simulation time series.

tion; large VEIs correspond to eruptions emitting a large vol- ,
ume of tephra in a tall eruption cloud, and large DVIs are 2-3-2 Pinatubo
associated with a large release of dust and aerosols that in’h-

act the Earth’s radiative balance during the years immedi- ones et al(200 performed an ensemble of 9 runs with
P . ) 'g the years the HadCM3 over the time period 1990 to 1996 to inves-
ately following an eruption. The combination of high VEI

L ; tigate the effect of the Pinat ruption on th nami
and DVI help to maximize a volcano’s impact on Earth’s en- gate the efect of the atubo eruption on the dynamics

ergy balance, yielding a more visible signal in the climate of the climate and biogeochemistry. They compared surface

record (via short-term surface cooling). The analyses re_temperature observations to model-computed temperatures,
A 9). y Preand analyzed the components of the model contributing to
sented in this study were performed with the subset of thes

eruptions indicated in Tablg. Because the eruptions com- The terrestrial biosphere’s uptake of g0ver the duration

: : . . of the model runs. Similar analyses were performed here to
piled by Ropock and MacQ1993 contal_n a m|xture_ of h'gh' . compare the CCSM3's performance to the HadCM3 by an-
and low-latitude eruptions and eruptions occurring in vari-

. alxzing the ensemble of 3 paired runs over equivalent time
ous seasons, the response to eruptions tends to be averaggeriools and computing both the “volcano—control” and “no-

out when all the eruptions are included in the analysis Per . ontrol” anomalies as previously described
formed here. The subset of five eruptions — Krakatau, Santa P y '

Maria, Agung, El Chicbn, and Pinatubo — was chosen by 5 33  Global analyses
taking the largest tropical eruptions which yielded the most

significant physical climate response. To analyze spatial patterns in the response to volcanic erup-
tions, seasonally-averaged anomalies were computed using
2.3 Model and data analysis each of the methods described in the previous section at each
] ) latitude—longitude grid point by taking the average anomaly
2.3.1 Time series for each individual eruption and averaging them all over the

. . . , i . subset of five eruptions. For the “volcano—control” anoma-
Trends in the climate record |mmed|.ately foIIow!ng volcanic lies, statistical significance was computed by performing a
eruptions were computed by analyzing time series of anomagy qent'y-test to test whether the mean difference between
lies between paired ensemble members — one which includeg},q et of volcano data and control data at a given grid point
volcanogs and a matched control. Four-year t|mg series Wergyer the time period being averaged was different at a signif-
composited starting at the month of each eruption for each.,nce level of 90 %. For the “no-control” anomalies, a one-
model run in the two ensembles; the time series were Sepsample Studentistest was used to test whether the mean of
arated into a group with eruptions and a control without. y,o anomalies was significantly different from 0 at a signifi-

For each month, the mean and standard deviation for th@ance level of 90 %. Only statistically significant anomalies
difference between the eruption and control samples was, plotted in the figures detailing these analyses.
computed. This mean anomaly between volcanic runs and
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Fig. 1. Globally averaged yearly anomalies for surface tempera—,:ig' 1. Continued.

ture (a), COy (b), surface flux of carbon to ocedn) and land(d)

from a coupled carbon—climate model, the CCSM3. The model in-

cluded prescribed volcanic aerosol and prognostic sulfate and car- < obsenvations ‘no-control"ensermblemean  —— ‘olcano- control‘ensemble mean
bonaceous aerosol with corresponding emissions and anthropogenic ~— ——eQ2enserblemen - — noconirl sendarddevation 777 voicino-contrf Sandars devton
forcings. Shaded area indicates one standard deviation (computeg :
from ensembles of paired runs) above and below anomaly, and
dashed vertical red lines indicate years with eruptions from Table 1,%
with the 5-eruption subset denoted by triangle glyphs. Significantg
drops in surface temperature and flux of carbon to the land and§
ocean occur after multiple eruptions (negative flux indicates a flux g b
from the land/ocean to the atmosphere), while there is not as coher@ -
ent of a signal in the atmospheric @@cord. The CQin the runs
plotted here is fully prognostic.

3 Results

CO2 (ppm)

3.1 Physical climate response to volcanic forcing

The CCSM3's dynamical response to volcanic forcing has % ooy poos v 055 -
previously been investigated at higher spatial resolution, but

uncoupled to the carbon cycl&¢hneider et 812009, and ~ F19- 2. Globally averaged surface temperatuf@) and CQ
there is a great deal of analysis available on the larger erup(-b) anomalies following the eruption of Mt. Pinatubo in 1991 (de-
tions of the past century for other modeBh{ndell et al noted with a vertical, dashed red line). HadCM3 data (red curve) is

. from Jones and Cof2001). Observational data (blue curve with “x”
2004 Robock and Map1995 Stenchikov et a.2008. In markers) for temperature is frodones and Kellyf1996; the CO

the global average, we expect to see cooling after major erupspservations are the anomalies in atmospherig @Mauna Loa
tions due to the negative radiative forcing of the aerosol par-attributed to volcanic forcing, as estimatediznes and Cog001).
ticles emitted by the volcano and subsequently dispersedalso plotted are anomalies computed using the CCSM3 model with
Here, global surface temperatures drop between 0.4 and 0.&th the “volcano—control” and “no-control” methods.
degrees C for a short period of time following some eruptions
(Fig. 1a); these largest modeled responses occur after three
of the four largest eruptions studied here — Krakatau (1883)similar to observationsshindell et al. 2004 when using the
Santa Maria (1902), and Pinatubo (1991). All of these erup-‘volcano—control” method to compute the anomalies. How-
tions had VElIs of 6, and occurred in the tropics. ever, the “no-control” anomalies fail to capture the spatial
In response to the Pinatubo eruption in particular, thepatterns in the response seen in observations — weak cooling
model here produces transient surface cooling of aboutcross much of the globe, with strong cooling in the high lat-
0.5°C in the global average, similar to observations (Ba), itudes over North America and warming in the high latitudes
regardless of the method chosen to compute the anomaliesver Europe and AsiaShindell et al. 2004). Factors such
The average cold season (October—March) surface temperas the state of ENSO could be a source of variability con-
ture response to all 12 eruptions in TaliléFig. 3a) is also tributing to differences between the modeled and observed
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Fig. 3. Modeled surface temperature anomalies during theFig. 4. Modeled precipitation anomalies during the period Oc-
first Northern Hemisphere cold season following each eruptiontober 1991-September 1992. Both anomalies using the volcano—
(October-March), averaged for all twelve eruptions in TdbBoth control methoda) and the no-control methogh) are plotted here

anomalies using the volcano—control metiagiand the no-control  where significant at the 90% level. Warmer colors indicate dry
method(b) are plotted here where significant at the 90 % level. anomalies.

response here; the model here does not simulate ENSO wefkesponse for the “no-control” anomalies as compared to
(Collins et al, 20068, and the phase of ENSO in the fully the “volcano—control” ones. Furthermore, the regionally-
coupled simulations here differs with observations. averaged responses in precipitation to Pinatubo tend to be
The modeled response in precipitation to the Pinatubdarger in magnitude than the globally-averaged response, be-
eruption (Fig.4) also bears similarities to the observed re- cause weak responses outside of these regions tend to dimin-
sponse Trenberth and Dai2007). In particular, the model ish the magnitude of the globally-averaged response. These
dries in much of the tropics over land. However, the mOde|regi0na| differences, though, might also be influenced by
does not respond as strongly in either wetting or drying asthe phase of ENSO and other variability between ensemble
compared to observationgrenberth and Dai2007). The  members, and the responses might not be robust due to the
precipitation response over the oceans was not analyzed bymall number of ensemble members used to compute them.
Trenberth and Da2007), but they are shown here to high-
light differences between the two anomaly methods used ir8.2 Biogeochemical responses to the Pinatubo eruption
this study. The “no-control” anomaly method (Fib) pro-
duces a weaker response over land as opposed to over tfige response in surface mean atmospheri¢ C@hcentra-
ocean, and tends to shift the strong drying responses oveions (Fig.1b) following the eruptions is not as coherent as
South America and sub-Saharan Africa seen in the “volcano-the response in surface temperature, but the three large erup-
control” anomalies (Figdb) towards the oceans bordering tions with the greatest surface temperature anomalies are fol-
these regions to the West. lowed by decreases in atmospheric £Sarmiento(1993
Averages over the regions of strong surface temperanoted that the growth rate of atmospheric Qfecreased for
ture and precipitation responses (F&y.emphasize the dif- a short period following Pinatubo — a feature reproduced here
ferences between the “volcano—control” and “no-control” in these model runs. Interestingly, in periods without vol-
anomalies. The surface temperature responsef&jgliffers  canoes (around 1920 and 1940, for example), the @O
primarily in Europe and the high latitudes, where the particu-the volcano runs exhibits a statistically significant positive
lar spatial pattern juxtaposition of strong cooling and stronganomaly of about 1 ppm above the control runs. This sug-
warming changes depending on the anomaly method usedjests that the carbon dioxide reduction is temporary and in
The large differences in the precipitation response (5. some way is compensated for during volcanically quiet peri-
manifest as greater uncertainty in the regionally-averageads. Statistically significant responses in both land and ocean

Earth Syst. Dynam., 3, 121436, 2012 www.earth-syst-dynam.net/3/121/2012/



D. Rothenberg et al.: Volcano impacts on climate and biogeochemistry 127

Surface Temperature anomalies Surface CO2 flux anomalies (gC/m2/day) - 12/1990-12/1996
T T 90°N volcano - control anomalies

Bl volcano - control
Il no-control
Jones and Cox (2001),

4N

R ]
T

x 0.0
—0.2F
—0.4F
—0.6 |
—0.8

45°S

glolbal amazon eurbpe
90°S T T T
Precipitation anomalies 180° 90°W 0° 90°E 180°
Bllvolcano - control T T 90°N no-control anomalies
0.10 |{ IMno-control 2
Jones and Cox (2001) = 15
0.05 F 45°N — A
& .05
2 0w 02
E o 0
—0.05 |- -02
-.05
—0.10 |- 4505 - -
15
glolbal amazon urops o <& | -2
90°S T T T
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15°N; Europe: 13W-35E, 50° N-70° N) surface temperature g g syrface flux of C@ anomalies over land, averaged over the
(a) and precipitation(b) responses to the Pinatubo eruption for nering pecember 1990-December 1996. Both anomalies using the

the model here (red and blue) and for the model used by Jones &Jy|cano—control methoh) and the no-control methd() are plot-
al. (2001) (yellow), averaged over December 1990-December 1996 here where significant at the 90% level. Positive here (warm

The mean response averaged over land gridpoints in these regior&)lors) denotes uptake of carbon by the land.
over the months following the eruption is indicated by the colored

bars, and the standard deviation of the spatially-averaged responses
is given by the corresponding error bars.
prominent in the Amazon, where the model usedlbyes
and Cox (2001 produces large increases in precipitation

fluxes of CQ are seen for many, but not all, volcanic erup- while our model sees a large decrease (Blg. Observa-
tions (Fig.1c—d) — most noticeably for the larger eruptions of tions suggest precipitation decreased in this region follow-
Krakatau, Santa Maria, and El Chimf, but not for Pinatubo. ing Pinatubo Trenberth and Dai2007), indicating that the

While the physical response to volcanoes in the modelmodel simulations presented here have a more accurate pre-
is similar to observations — especially for temperature — itcipitation response thaiones and Cog001).
is slightly weaker in precipitation (Sect. 3.1). There was The model used byones and Cox2001) also responds
not a significant response in atmospheric d®the model  differently in terms of the surface flux of GQo the atmo-
(Fig. 2b). This could be due to the weak precipitation re- sphere; their model increases land uptake o @@r much
sponse, or due to the low climate feedback of carbon inof the tropics in Africa and South America in response to
this model Thornton et al. 2009, and an insensitivity of  the eruption of Pinatubo. The model here has a less coher-
the modeled carbon cycle to changes in the physical climatent response (Figs), with a great deal of spatial variabil-
over short periods of time. This potentially represents a seity. The largest response in both models occurs in the trop-
rious error in the model. Similar models with a relatively ics with only a small signal in the mid and high latitudes
small carbon feedback have shown a larger atmospheric COof either hemisphereJénes and Cgx2001). This analysis
response, even where the precipitation response was weakas repeated for shorter 1-yr and 2-yr time periods follow-
(Frolicher et al, 2011). ing the Pinatubo eruption, and while these shorter time peri-

Jones and Co¥2001) used the Pinatubo eruption to ana- ods had more significant and larger anomalies (greater than
lyze the sensitivity of the carbon cycle in a coupled carbon—+0.02 gC nT2 day 1), the spatial variability did not change.
climate model, the HadCM3. Their model (Fig.blue bars)  The “no-control” anomalies (Fighb) tend to produce weaker
behaves differently in its climate, carbon cycle, and aerosoluptake of CQ throughout a larger part of the globe.
response than the model used in this stuBlyafnton et al. These changes in uptake of atmospheric @@tivate an
2009 Mahowald et al.2011). While both models produce analysis of the modeled carbon cycle and oceanic/terrestrial
strong surface cooling in response to Pinatubo, the modebiosphere. In the global average, there was a net global
here responds more strongly with respect to reduced prereduction in gross and net primary production and het-
cipitation across much of the globe. This difference is mosterotrophic respiration in the model following Pinatubo, but
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Fig. 7. Zonal mean anomalies in factors contributing the uptake o @@m the atmosphere, computed by using the volcano anomaly
method for Pinatubo (red) and the mean of several eruptions (black), averaged over the two years following the eruption(s). The shaded ares
represents one standard deviation above and below the means.

no significant response in net ecosystem production. Thesame phase of El Rb in each ensemble member. A detailed
response in the low latitudes — particularly in the Amazonanalysis of the mechanisms for the response of land carbon
— (Fig. 7) dominates the global response. In contrast, theto aerosols, and specifically volcanic aerosols, is important
Jones and Cox2001) simulations show significant terres- for understanding the carbon cycle and aerosol interactions,
trial uptake of CQ associated with increased net primary but this topic is beyond the scope of this study. However, it
production and net ecosystem productivity, especially in theis interesting that the dominant responselimes and Cox
Amazon. In the global average, though, a decrease in hetf200J) is in the Amazon, where the precipitation response is
erotrophic respiration in their model contributes significantly opposite that of the observations: this raises the possibility
to increases net ecosystem productivity. that their model results obtain the right result, but potentially
The decreases in the modeled gross primary productiorior the wrong reasons.
are associated with anomalous decreases in both surface tem-Unfortunately, there are limited observations available to
perature and precipitation, and potentially increases in dif-compare these modeled responses agdanate et al(1995
fuse radiation (Fig5b) in both the global average and in documented local and significant uptake of carbon in the
the Amazon, although this response to changing diffuse raAmazon rainforest between 1992 and 1993, which is seen
diation is opposite what should be expectétigrnton and  in the modeled regional Amazon mean but not at a signifi-
Zimmermann2007). Decreases in precipitation and surface cant level, and in some limited regions of the Amazon where
temperature appear in the the observational record followinghere is a modeled uptake of carbon. These responses in the
Pinatubo Hansen et al.1996 Trenberth and Da2007). A Amazon again tend to dominate the zonal response in the low
different response occurs in the model useddayes and Cox latitudes, with contributions from Oceania and sub-Saharan
(2002D); their model produces realistic surface cooling, but Africa (Fig. 7). In addition to the zonal response, net primary
no significant response in precipitation. In particular, in the production decreased in sub-Saharan Africa in the model fol-
Amazon their model’s response to Pinatubo features possibljowing Pinatubo by—0.1+0.07 GtCyr! when integrated
enhanced precipitatiordgnes and CgxX2001), which is not  solely over that region. By contrast, the signal over all the
consistent with the datd fenberth and Dak007). However, land in the tropics (3ON-3C° S) was slightly stronger and
Pintatubo coincided with an El Ko event which would have opposite in sign, @6+ 0.1 GtCyr L. Tree ring records in-
reduced precipitation over the Amazon; taking this into ac-dicate a decline in growth in Northern Hemisphere forests
count, it is difficult to attribute our model's response directly following Pinatubo Krakauer and Randersp2003 and in
to the Pinatubo eruption, since we can not force the exactemperate North America, while in the model simulations of
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Fig. 8. Globally averaged(a—b) and integrated(c—g) monthly

anomalies for the indicated variables, computed using both the
“volpano—control“ and “no-cont.rol" methods, averaged and pom- 3.3 Average responses to volcanic eruptions
posited for the 5 denoted eruptions in Table 1. Mean anomalies for
each method are depicted with black gn_d green lines, respectively3’.3_1 Globally averaged response
and the corresponding standard deviation is shown as a shaded
area (“volcano—control”) and dotted lines (*no-control"). X-axis is ' gimjlar to the modeled response to Pinatubo, in the average
months after eruption (dashed red line). Positive surface flux |nd|-Of the subset of 5 eruptions from Tahle surface temper-
cates uptake by land/ocean. . . .

atures and precipitation decrease following volcanic events
(Fig. 8a—b). The same response is seen in the average of all
the eruptions in Table 1, but it is smaller in magnitude and
more variable between eruptions. This is partly because the
selection of events spans eruptions which happened at differ-
ent latitudes and different times in the year.

Although there is a slight decrease in the flux of carbon
into the land, there is not a statistically significant change in
the modeled terrestrial or oceanic uptake of carbon following
these eruptions (Figc and d). However, the terrestrial bio-
sphere does respond in some ways. Gross primary produc-
tion decreased after the eruptions, particularly in the anoma-
lies computed using the “no-control” method (F&g). This
did not translate to significant signals in net primary produc-
tion (Fig. 8f), although heterotrophic respiration decreased

@ ' | | | (Fig. 8g). A small increase in net ecosystem productivity
b ° g = “ “ (Fig. 8h) was seen in response to the eruptions, as was a

small, but not statistically significant, increase in the flux of

carbon to the atmosphere due to fires (1Bij.

These averaged responses are somewhat damped com-
North America there are some regions with an increase irpared to some of the individual eruptions’ responses (not
uptake as well as some with a decrease. The growth rate ¢gfhown). This is partly due to the eruptions occurring at dif-
atmospheric C@slowed after the Pinatubo eruption, which ferent times of the year; cooling or precipitation in differ-
is consistent with a net uptake of GOy the land and oceans €nt parts of the growing season impact vegetation differently
in the years after the eruptio84rmiento et a]2010, as seen  (Fig. 8c—h). Overall, a composite of the model's response to
in these simulations, although the signal was not statisticallyvolcanoes suggests that gross primary production is reduced
significant (Fig.2b). In the model runs here, the terrestrial as is plant respiration, which leaves net primary production
biosphere does not become a source of carbon to the atmélightly reduced but not statistically significant. Because of
sphere following Pinatubo, but we generally see an insignifi-the reduction in heterotrophic respiration, net ecosystem pro-
cant decrease in the land’s uptake of carbon after the eruptiofluctivity is actually enhanced slightly, although much of the
— aresult consistent with albeit smaller than previous studiedime this increase is not statistically significant. Note that
(Jones and Cqx001; Frolicher et al, 2011). most of these signals can be seen in both the “volcano—
control” as well as the “no-control” anomalies.

Sfc Flux Carbon Anomaly (GIC/yr)

GPP anomaly (GIC/yr)

NPP anomaly (GtC/yr)

Fig. 8. Continued.
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Fig. 9. Gridded average anomalies for the indicated modeled variables, averaged over the subset of 5 eruptions in Table 1 for the two-year
period following each eruption. Only anomalies at the 90 % significance level are shown here. All the anomalies in the left-column are
computed with respect to the control run; all the anomalies in the right-column use the “no-control” method. The variable plotted in each
row is on the far left — gross primary producti¢ea-b), net primary productioifc—d), heterotrophic respiratiofe—f), moisture stresgg—h),

net ecosystem productiviy—j), and surface flux of carbafk—I). Positive flux in(k—I) indicates uptake of carbon by land.

3.3.2 Regional responses However, a reduction in heterotrophic respiration (HR)
(Fig. 9e—f) is also seen in the modeled response to the erup-
Since the responses seen in Fgended to be transient and tions; heterotrophic respiration measures the rate at which
last no more than two years, gridded average anomalies wergarbon is released to the atmosphere by the decomposition
computed for the first two-year period following each erup- of organic matter in the soil, so a reduction in this compo-
tion and averaged over the subset of 5 eruptions in Table hent would reduce the amount of carbon being released to
(Fig. 9). the atmosphere. Ultimately, the net ecosystem productivity
The global signal in the carbon cycle’s response to vol-(NEP) throughout much of the world increases in response
canic eruptions is dominated by responses in the tropicsto the eruptions (NEP = NRFHR) (Fig. 9i—j), albeit weakly
Gross primary production is significantly reduced in the trop- gutside of isolated regions in the Amazon and sub-Saharan
ics regardless of the anomaly method chosen (8&b).  Africa. Thus, in the modeled response to the eruptions, the
Since gross primary production is a measure of photosyntheterrestrial ecosystem becomes a net sink of atmospheric CO
sis at the ecosystem level, total growth and autotrophic respiwhich leads to a weak but significant uptake of carbon diox-
ration in tropical ecosystems in the model is reduced follow-jde by the terrestrial biosphere from the atmosphere gkig.
ing volcanic eruptions. Generally, the modeled net primary[). NPP went down, but HR went down more, leaving more
production is also decreased in these regions @igd), but  carbon on land.
not as much as gross primary production. The rate at which There are not large discrepancies between the anomalies
plants return carbon during metabolism to the atmosphergomputed with the “volcano—control” method versus those
as CQ, autotrophic respiration (AR), is equal to gross pri- computed with the “no-control” method in these results. In
mary production (GPP) minus net primary production (NPP) general, the “no-control” method yields more grid boxes with
(AR =GPPR-NPP). Since the modeled reductions in net pri- statistically significant anomalies, which tend to show up in
mary production are less than those in gross primary producthe globally-averaged results as an increase in the variance

tion, this implies from the modeled response to the eruptionsround the ensemble mean modeled response for a given
that there is a net increase in the amount of carbon returnegariable.

to the atmosphere via plant metabolism.
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Fig. 9. Continued.

To illustrate how the modeled response varies with lati-associated with a decrease in iron limitation due to an in-
tude, zonal means were computed over the two-year periodrease in dust deposition (Figj0g—h). In the region where
following the eruption for several factors contributing to the production increased, a decrease in outgassing of &€b
uptake of CQ (Fig. 7). The response is strongest in the occurred (FiglOk-I). In the North Atlantic, there is also an
tropics and low latitudes, dominated by signal in the Ama- increase associated with a shift in nitrogen fixation. A time
zon, oceanic continent, and sub-Saharan Africa, with signif-series analysis of the difference in productivity in the vol-
icant decreases in gross primary, heterotrophic respirationgano and control runs suggest that averaged over regions,
and net primary production. The response for Pinatubo alon&olcanoes are not significant drivers of changes in produc-
is stronger than the multi-eruption mean (subset in Taple tivity (Fig. 11); the response to different volcanoes can be an
In the zonal average, there is no longer a significant responsiacrease or a decrease in productivity. A similar result is seen
in net ecosystem productivity, although spatial heterogenein the response of denitrification and nitrogen fixation of the
ity in the response to the eruptions could be masking som@cean model to volcanoes (not shown). Overall, the oceanic

signal here. biogeochemistry response to the eruptions is weaker than that
on the land, although we ignore in these simulations the po-
3.4 Ocean responses tentially important impact of direct deposition of nutrients in

ash and lava into the ocean from the volcanoes.
The ocean biogeochemical response to volcanoes could be For many of the most important signals, there is good
due to changes in temperature, winds, mixed layer depthagreement between the “volcano—control” and “no-volcano”
cloudiness and subsurface nutrient supply (E@), and here anomalies. In the future, a more detailed study focused on
we neglect atmospheric deposition of nutrients. For nitro-the ocean — including the effects of volcanic inputs on bio-
gen fixation, the Pacific tends to be iron limited, while the geochemical species — will be completed.
Atlantic tends to be phosphorous limited; thus, changes in
nitrogen fixation, denitrification and net primary productiv-
ity (NPP) can have multiple factors (FigOb—c). Off the 4 Summary and discussion
west coast of North America, both net primary production
(Fig. 10a—b) and nitrogen fixation (Fig.0c—d) show a shift, An ensemble of model runs using the coupled climate—
with increases in both off the coast and decreases surrounagzarbon NCAR Community Climate System Model Version
ing, although the nitrogen fixation pattern is slightly offset 3 were integrated over the time period 1870—-2000 to investi-
from the NPP change. The increase in nitrogen fixation isgate the response to volcanic eruptions. This study compares
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the CCSM3 response to volcanoes in the coupled carbon cytemperature and carbon dioxide response, as well as the
cle framework to observations following Pinatubo, as well asregional scale response in temperature and carbon dioxide
extends previous studieddnes and Cqgx2001) by looking fluxes, are seen in the “no control” cases, even in the case
at more eruptions. shown here with a very weak response to the carbon cycle.
In addition, we examine the ability to detect volcanic sig- The model reproduces the expected reduction in globally
nals in cases without a control simulation. In the real world, averaged temperatures and globally averaged precipitation in
there is no control case. Control cases represent expensivastatistically significant manner for a short duration follow-
computation runs; thus, deducing what part of the full re-ing the eruptions$hindell et al. 2004 Trenberth and Dai
sponse to volcanoes is possible to estimate from one sim2007). These dynamical responses are consistent with previ-
ulation provides insight into model evaluation using volca- ous studies using this modé&dchneider et 312009.
noes. The analysis here suggests that the globally averaged
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The model here produces surface cooling in response tin response to volcanoes or long-term climate change. More
the Pinatubo eruption similar in magnitude to the observeddata and approaches are needed in order to constrain the
response. It also produces a statistically significant decreaseolcanic response; for example, the use of carbon isotopes
in precipitation across the globe following the eruption as in (Welp et al, 2011 to better estimate biosphere—atmosphere
the observational record, although precipitations responsesxchanges.
are weaker than deduced from observatioheiberth and In the composite of the set of eruptions analyzed in this
Dai, 2007). study, a similar story emerges to that seen when just analyz-

The physical climate response affects the response in thing Pinatubo. Again, in the global average, there is a signifi-
terrestrial biosphere. The growth rate of atmospheri; CO cant reduction in both respiration and gross primary produc-
slowed after the Pinatubo eruption, which is consistent withtion in the mean response to volcanic eruptions, as well as a
a net uptake of C®by the land and oceans in the years after small but non-significant increase in net ecosystem produc-
the eruption $armient91993. These responses are broadly tivity, indicating a small uptake of carbon by the terrestrial
consistent with the model result. The carbon response in thidiosphere from the atmosphere after the eruptions. This re-
model is weaker than seen in the observations or other modedponse is most prominent when averaged over the first two
simulations (e.gJones et al.200)). In another model, the years following the eruptions, and is consistent throughout
HadCM3, there is a stronger net terrestrial uptake of carborihe tropics. This average response is also consistent with the
following the Pinatubo eruption, primarily associated with modeled response to Pinatubo but slightly larger when aver-
increases in gross primary production and net ecosystem praged over many eruptions. The carbon response of the ocean
ductivity especially in the Amazordénes et a|2001). How- is smaller than that of the land in these simulations, similar to
ever, the HadCM3 model simulates an increase in precipitaprevious studiesJones and Cqgx001; Brovkin et al, 2010);
tion, while observations and the model presented here showowever, these studies ignore the potentially important ef-
a decrease in precipitation in the Amazon, calling into ques-fects of the addition of biogeochemically relevant species in
tion the robustness of their result, although removing the efthe volcanic ash (e.gWatson 1997 in terms of the nutrients
fects of El Nio is difficult and may be the cause of the they add to the ocean. This will be the focus of future work.
differences. The model here responds differently, with sig-
nificant decreases in gross primary production and respira-
tion, resulting in a weak response in net ecosystem producAcknowledgementsThis work was done under the auspices of
tivity. Furthermore, the model used Bgnes et a200]) has  NASA NNGO6G127G and NSF grants (1049033, 1021614).
strong coherence in its response, especially in South Americ&.C.D. acknowledges support from NASA NNX07AL80G. Com-
and sub-Saharan Africa. The model here has far more spatid@uter time was obtained from the National Center for Atmospheric
variability in its response than thiones and Co2001) or Research, a National Science Foundation facility.

Brovkin et al.(2010 studies in those same regions — partic-
ularly in South America.

It is not clear exactly why or where the model presented
here is getting the Cg&response wrong. There are not a large
number of observations against which to compare the modReferences
eled volcanic response in the carbon cycle, but the model _
responds by weakly increasing the uptake of .CEom Adams, J. B.,_Maqn, M. E., and Ammann_, C. M_.: Proxy evidence
the atmosphere, particularly in South AmeriGrace et al. 1‘207r4ar;7E8I lelo-llke response to volcanic forcing, Nature, 426,

2o . —2780d0i:10.1038/nature02102003.
(1995 docqmented local, significant uptake of carbon mtheAmmanm C. M., Meehl, G. A, Washington, W. M., and Zen-
Amazon rainforest between 1992 and 1993, wHitakauer der, C. S.: A monthly and latitudinally varying volcanic forc-
and Randersof(2003 noted that tree ring records indicate  ing dataset in simulations of 20th century climate, Geophys. Res.
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model. However, the modeled weak response to a climate doi:10.1126/science.290.5495.132R00. .
perturbation is consistent with the low climate impact on the Brovkin. V., Lorenz, S. J., Jungclaus, J., Raddatz, T., Timm-
carbon cycle seen previouslyHornton et al. 2009, and reck, C., Reick, C.' H., Segschneider, J., and Six, K.: Sensr[_lv-
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