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Abstract

The aim of this study is the detection ofclimate signals following violent volcanic eruptions in relation

to those forced by El Nifio during winter in higher latitudes of the northern hemisphere.

The estimation ofpotential volcanic climate impact and the El Nir'io statistics show that the observed

efi’ects in high latitudes cannot be clearly assigned to either volcanic or El Nino forcing because of the fre-

quent coincidence of volcanic forcing with El Nino events. In addition, the area covered by observational
data is only small. This implies a great uncertainty for the signal selection based only on historical obser-
vations. In order to get additional evidence, a set of four different perpetual January GCM experiments

was performed (control, volcano case, El Nifio case and combined volcano/El Nino case), and studied
with advanced statistical methods. The applied statistical methods are a combination of the local t-test
statistics and signal detection methods based on Empirical Orthogonal Functions (EOFs).

The amplitudes of the EOFfiltered signal for the difi'erent forcings are discussed for the temperature
field at the surface, at the 850 hPa and at the 50 hPa level heights, for the zonal wind in the 200 hPa and

in the 50 hPa level and for the geopotential height of the 500 hPa level. The signal—to-noise ratio analysis
shows that the global El Nina signal can be selected more clearly in the troposphere than in the strata-
sphere because of the signal-to-noise ratio of the El Nifio signal is about 20 % stronger in the troposphere

than it is in the stratosphere. In contrast, the signal-to-noise ratio of the global volcano signal is strongest
in the stratospheric temperature field. For El Nina and volcano forcing statistically significant tropo-
spheric signals occur in different geographical regions. The amplitude of the perturbation for the volcano
case is larger in the Atlantic region than anywhere else. The main efi‘ect ofEl Nifio forcing is found in the
whole tropical region and in mid-latitudes of the North Pacific.

The observed effect of local cooling due to the volcanic reduction of shortwave radiation over large
land areas (like Asia) in subtropical regions, the observed advective warming over Eurasia and the advec-
tive cooling over Greenland is well simulated in the model. The radiative cooling near the surface is
important for the volcano signal in the subtropics, but it is only weak in high latitudes during winter.

The local anomalies in the El Nifio forcing region in the tropics, and the warming over North America
in middle and high latitudes are simulated as observed. The combination of high stratospheric aerosol

loading and El Nifio leads to a climate perturbation stronger than for forcing with El Nifio or strato-
spheric aerosol alone. Over Europe, generally the volcanic signal dominates, and in the Pacific region the
El Nifio forcing determines the observed and the simulated anomalies in winter
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Volcanos and El Nino - Signal Separation in Winter
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1. Introduction

Much of the global climate variability is normally attributed to variations of the El Nifio/

Southern Oscillation (e.g. PHILANDER, 1990). Facing the violent volcanic eruption of Mount

Pinatubo in June 1991, and searching for the climate signal of the increased greenhouse

effect, the climate impact of volcanic aerosols becomes more and more interesting. As during

the past one hundred years potential volcanic and E1 Nifio effects often coincided (GRAF,

1986), it is necessary to separate the various effects of volcanoes and El Nifio on climate varia—

bility. In order to distinguish the anomaly patterns resulting from such known forcings from

the climate background noise, these signals have to be determined from long-term observa—

tions or from controlled model experiments.

The atmospheric response to volcanic forcing is part of the natural variability of the cli-

mate system as is El Nifio. The climate signals of these events must be known so as to be able

to determine the effects of anthropogenic climate changes, e.g. of those that are due to the

increase of 002 emissions. In the present paper, an outline shall be given of the wintertime cli-

mate volcanic effects in high latitudes of the northern hemisphere in relation to El Nifio

response. Since the observational basis is only small for such rare events as violent volcanic

eruptions, we use a combination of observational and model studies to extract the climate

effects of both factors from the climate background variability.

The globally averaged response of the atmosphere to volcanic activity is cooling near the

surface. A detailed analysis by MASS and PORTMAN (1989), based on nine different volcanic

episodes, shows different effects on the seasonal global average temperature. The surface air

temperature anomalies in their study in most cases are negative after violent eruptions. How—

ever, temperature trends after the major eruptions of St. Maria/Mt. Peleé/Soufrieré (1902),

Agung (1963) and El Chichén (1982) show warming over the northern hemisphere in some

seasons following the eruption. This warming is especially strong during the northern hemi—

spheric winter immediately after the eruption. According to MASS and PORTMAN (1989), the

yearly mean temperature signal in some post-eruption years shows a negative sign only for

very strong eruptions, with maximum amplitude when a regressive correction is applied for

E1 Nifio effects on the temperature records. BRADLEY (1988) found the main mean northern

hemisphere response (cooling effects) after explosive volcanic eruptions during summer and

spring, but he did not detect any measurable effect during Winter.

Concerning wintertime surface air temperature effects, GROISMAN (1992) as well as

ROBOCK and MAO (1992) described stable anomaly patterns over Eurasia and North Amer-

ica after volcanic eruptions. ROBOCK and MAO (1992) suggested a mechanism according to
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which heating of the aerosol-containing stratosphere in lower latitudes results in enhanced

westerlies near the polar circle. GROISMAN (1992) explained the increased westerlies with

intense tropospheric cooling in high latitudes. A new explanation of the middle and high

northern hemisphere winter temperature anomaly pattern is given by GRAF et al. (1993a).

The basic mechanism underlying the response of tropospheric circulation to tropical volcanic

forcing is suggested to be a strengthened stratospheric polar winter vortex resulting from

enhanced meridionally differential stratospheric heating by the aerosol-containing layers. The

change of the tropospheric planetary wave structure is due to the trapping of planetary wave

energy in the troposphere as a result of the strengthened polar night jet. Since changes in the

strength of the stratospheric polar winter vortex may occur without volcanic forcing, volcanic

aerosol may also just stimulate a natural mode of the stratospheric winter circulation. During

winter, in middle and higher latitudes the dynamic response is dominant, thus compensating

for the shortwave cooling effect.

The climate response to El Nifio in tropical and subtropical regions and its connection with

the Indian Monsoon circulation have been described in the literature quite often (e.g. BJERK-

NES, 1966; HOREL and WALLACE, 1981; BARNETT et al., 1991). The Pacific North America

(PNA) Pattern (see HOREL and WALLACE, 1981; von STORCH and KRUSE, 1985; HENSE,

1986) is known as a feature accompanying El Nifio events in high latitudes. Such teleconnec-

tion patterns in high latitudes, however, cannot be explained with the same plausibility as

those in the Tropics. The atmospheric response to El Nifio-forcing in higher latitudes of the

northern hemisphere, especially in the Atlantic and European regions, cannot clearly be

assigned to the tropical sea surface temperature anomalies (SSTA). The impact of SSTA on the

extratropical forecast still tends to be very small (PALMER, 1988; SHUKLA and FENNESSY,

1988).

The changed meridional energy transport during E1 Nifio episodes without doubt affects

the planetary wave regime also in high latitudes (FRAEDRICH et al., 1992). But, the influ-

ence on northern hemispheric wave trains is statistically significant only during winter.

FRAEDRICH et al. (1992) examined the tropospheric circulation structure of the northern

hemisphere during warm and cold extremes of East Pacific equatorial SST anomalies. They

investigated a “bimodal distribution” of zonal and meridional circulation types following the

classification of circulation types after DZERDZEEVSKII (1962). During warm events the

zonal circulation enhanced in high latitudes north of 30°N, and in cold event winters the

number of days with zonal circulation types decreased drastically. In the E1 Nifio case in high

northern latitudes the persistency of meridional circulation types is shorter than during cold
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events. The persistency of zonal circulation is independent of the SST anomaly.

The strong Aleutian Low during El Nifio certainly plays an important role in the change of

the tropospheric circulation pattern, but the strengthened Aleutian Low also may weaken the

stratospheric polar vortex (LABITZKE and van LOON, 1989). This is import-ant for climate

anomalies in the eastern hemisphere following E1 Nifio (PERLWITZ and GRAF, 1993). The

volcanic aerosol effects might be able to modulate this El Nifio response. Therefore, the

strength of the stratospheric vortex can be influenced by both forcings, and an impact on the

tropospheric planetary wave patterns is possible (SCHMITZ and GRIEGER, 1980; GRAF et

al., 1993a) Via mean flow wave interaction.

It is to be discussed, however, which part of this behaviour is due to the frequently coincid-

ing volcanic and El Nifio effects. In the next section, we shall discuss the hypothetical schema

of the probable atmospheric response to the volcanic aerosol perturbation after Violent vol-

canic eruptions, and the atmospheric forcing during El Nifio episodes including the strato-

sphere-troposphere interaction. The design of the global circulation model (GCM) experiments

and the optimal signal detection methods for analysis of the experiment data are the subject of

section 3. The estimated volcanic perturbation potential in combination with the occurrence of

El Nifio for the past more than one hundred years is described in section 4. We provide a com-

posite of winters with volcanic, E1 Nifio and both factors in relation to unperturbed winters

based on the near surface temperature anomalies since 1854. The results of the experiments

and the comparison of these signal patterns with observations will be described in sections 5

and 6. A summary of the results is given in section 7.

2. The hypothetical response ofvolcanic and El Nifio forcing
during northern winter

The forcing mechanisms of E1 Nifio are different from those of volcanoes. While the forcing

during El Nifio is a well described positive sea surface temperature (SST) anomaly in the east-

ern and central tropical Pacific, providing a source of atmospheric moisture and latent heat in

the tropics over a well defined area, volcanic forcing is a combination of short- and longwave

radiation effects due to the scattering of shortwave and the absorption of longwave radiation

at the spatially inhomogeneous distributed volcanic aerosol in the stratosphere. This leads to

response patterns varying by regions and seasons.

The warm SST anomalies in the eastern equatorial Pacific that are associated with

El Nifio are strongly related to the negative phase of the Southern Oscillation (BJERKNES,
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1966). At intervals of three to five years, these events occur with a lifetime of more than one

year. El Nifio’s atmospheric effects are not only observed on the regional- and global- scale cli-

mate, but they also strongly influence the economies of several countries in the Pacific and the

Indian Ocean regions (PHHANDER, 1990). During El Nifio, the tropical ocean-atmosphere

system is characterized by weak easterlies in the equatorial East Pacific which in part sup-

press the upwelling of cold and nutrientrich water in the eastern Pacific. The Walker Circula-

tion cell shifts zonally, obtaining an ascending branch over the central Pacific region. Here the

latent heat release increases. The meridional poleward energy transport of heat and momen-

tum also increases.

Via an intensified Hadley circulation, the eddy activities in moderate and higher latitudes

are modulated and the wintertime polar circulation in the lower stratosphere is influenced. A

warm and weak polar vortex was often observed during El Nifio events, but not after strong

volcanic events (see van LOON and LABITZKE, 1987; LABITZKE and van LOON, 1989).

Even in the case of an EI Nifio, the stratospheric polar vortex of the northern hemisphere was

strong after the most Violent volcanic eruptions (e.g. El Chichon, 1982; Pinatubo, 1991).

As previously suggested (e.g. GRAF et al.‚ 1993a), both external forcings - volcanic aerosols

and El Nifio - do not only directly modulate the tropospheric circulation, but they influence the

stratospheric circulation, too. After violent volcanic eruptions periods of high aerosol concen-

trations one observed in the tropical lower stratosphere, and the strength of the polar vortex

increases due to the enforced meridional temperature gradient.

The explosiveness of the eruption and chemical properties of volcanic ejections have a

great influence on the strength of climate perturbation. One parameter commonly used to

measure the strength of eruptions is the Volcanic Explosivity Index (VEI) after NEWHALL

and SELF (1982). Other complex parameters to describe volcanic activity are the Dust Veil

Index (DVI) (LAMB, 1977) or the Acidity Index (AI) (HAMMER, 1977). A survey of the differ-

ent indices, their benefits and shortcomings is given by ROBOCK (1991). N0 one of these indi-

ces is optimal. They all have specific deficiencies, especially they do not give an objective

measure of the 802 content of the ejecta, the most important parameter for potential climate

effectiveness of an eruption, and the sulfat aerosol concentration as a function of height and

latitude.

However, not only the eruption height is of importance, but also the total mass of aerosol-

building gases passing the tropopause and reaching the lower stratosphere. The long-term

mean global input of volcano-borne sulfur into the atmosphere is estimated to be about 8 % of
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the total anthropogenic and natural sulfur input (90 Mt S, SPIRO et al., 1992). This value dif-

fers widely from year to year, and, in the mean, only about 30 % of the global volcanic sulfur

input is produced by eruptions (BERRESHEIM and JAESCHKE, 1983). Thus, the atmos-

pheric sulfur from volcanic sources is mainly fed into the troposphere where it has residence

times of only one or two weeks.

The longtime mean of the amount of sulfur reaching the stratosphere and contributing to

the background stratospheric sulfate aerosol layer is much smaller than the tropospheric

emissions. However it can be quite large in single years. For example Mount Pinatubo ejected

in June 1991 about 20 Mt of 802 into the stratosphere (BLUTH et al., 1992; RUSSELL et al.,

1993). The stratospheric aerosol has residence times of a few years with an e-folding time of

the optical thickness of about one year. Stratospheric aerosol, therefore, may induce climate

variations during the following seasons in time scales of between one season and some years.

RAMPINO and SELF (1982) suggested that during 1883-1893 and 1902-1906 the strat-

ospheric optical thickness to a large extent was controlled by sulfur-rich explosive volcanic

eruptions.

Several weeks after a violent eruption, additional sulfate aerosol is built in the lower strat-

osphere due to gas-phase reactions and gas-to-particle conversion from sulfur particles and

H20 (TURCO et al.‚ 1983; PINTO et al., 1989). The optical thickness increases rapidly during

the first months (REITER and JÄGER, 1986; HOFMANN, 1991). The enhanced stratospheric

aerosol reduces solar radiation by scattering and absorption. WENDLER (1984) measured an

energy deficit of shortwave radiation near ground of 10 W/m2 in Fairbanks (64°N, 147°W) dur—

ing the first Winter after the El Chichon (April 1982) eruption. The reduction of shortwave

solar radiation depends on sun elevation. It is smaller in the tropics than in high latitudes

because the sun beams have to pass on increased optical mass at lower sun elevations.

The stratospheric circulation has a strong annual cycle. Stratospheric meridional tracer

transport between the tropics and the extratropics mainly takes place during the rearrange-

ment of the seasonal circulation types. The optical thickness (see Fig. 1) were calculated from

different sources (Mauna Loa [Hawaii] 19.5°N, 130.4°W; Hampton [Virginia] 37.1°N, 76.3°W;

Geesthacht [Germany] 53.5°N, 10.5°E; Obninsk [CIS] 55.0°N, 38.0°E). The data, taken from

the Bulletin of the Global Volcanological Network, were normalized to a wavelength of

532 nm. The relation between particle scattering and Rayleight scattering is proportional to

1.3. It is equals one at a wavelength of 308 nm for small particles with radii S 1 um. Following

the Mie theory for such small particles, a linear relationship can be assumend between optical

thickness and wavelength. During the months immediately after the eruption in June 1991
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the aerosol remained in the tropics (see Mauna Loa, dotted curve in Fig. 1). The optical thick-

ness of the Pinatubo aerosol after June 1991 (Fig. 1) illustrates that the aerosol enters higher

latitudes mainly during autumn.

An additional effect is important in the aerosol-containing region. These small particles

absorb longwave terrestrial radiation and, thus, the lower stratosphere is heated with the

largest effects in the tropics. So, GOBBI et al. (1992) measured a heating rate of 2.5 K/month

in middle latitudes and in 20.25 km altitude during autumn 1991 after the Pinatubo erup-

tion. LABITZKE and NAUJOKAT (1983) observed anomalies of 4-5 Kelvin in 30 hPa and

50 hPa from July to November 1982 after the El Chichon eruption in the tropics. Similar val-

ues were reached after the Pinatubo eruption (GRAF et al., 1993b).

Thus, volcanic aerosol reduces the shortwave energy input near the earth surface, and it

changes the meridional temperature gradient in the stratosphere. The El Nifio effect, how-

ever, consists mainly of an additional latent heat source in the tropical troposphere. The

enhanced stratospheric meridional temperature gradient may lead to a strengthening of the

polar night vortex. Linear theory of atmospheric mean flow/wave interaction suggests that a

strong polar vortex reflects the vertically propagating energy of tropospheric planetary waves

back to the troposphere and, thus, alters the standing wave pattern in the troposphere (MAT-

S UNO, 1970; GELLER and ALPERT, 1980). The standing wave pattern associated with the

strong stratospheric polar vortex produces westward wind anomalies over the North Atlantic

(GRAF et al., 1993a).

Thus, the winter anomalies in higher latitudes do not only depend on the direct tropo-

spheric effect of reduced solar radiation or of tropical latent heat excess. They depend also,

and possibly in the same magnitude, on the changes of the stratospheric circulation. Because

of the indirect dynamic forcing due to the stratospheric circulation this signal is strongest in

the upper troposphere and smaller in the lower troposphere.

3. Fourperpetual January experiments

3.1. The model calculations

In the present study we used the T21 version of the ECHAM2 GCM with the physical

parameterization scheme described by ROECKNER et al. (1989), CUBASCH (1991) and in

DKRZ—Report 6 (1992). The uppermost of the 19 levels is at 10 hPa, and the triangular trunca-

tion by a wavelength of 21 provides a horizontal resolution of about 5.6 degrees. The time step

is 40 minutes. The internal radiation scheme of the ECHAM2 climate model, which uses a cli—
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matologically prescribed aerosol distribution, has been extended by using the “anomaly forc-

ing” technique where an additional sophisticated radiation model SCHULT (1991) calculated

the aerosol effects explicitly (GRAF et al., 1993b). The radiation transport equation is solved

with the S-Eddington approximation (BAKAN, 1982). The aerosol parameters were adapted

from observations after the El Chichon (1982) and Pinatubo (1991) eruptions. The model is

calculated in parallel with the original ECHAM2 radiation code, once with and once without

the prescribed aerosol and with the atmospheric conditions from the climate model. The flux

differences of the two 5-Edding‘ton computations are then added to the results of the original

code. After six months of computation we obtained stable mean monthly anomalies of the radi-

ative fluxes and heating rates. The effect of aerosol longwave radiation on the surface radia-

tion balance is more than one order of magnitude less than the total effect and has been

neglected in the volcano forcing computations.

The computed heating rates in the lower stratosphere, and the shortwave radiation effect

near ground for January conditions of the first winter after a violent tropical eruption were

then used to force the climate model for all volcanic forcing experiments.

All integrations were performed in the perpetual January mode with daily cycle. The

atmospheric conditions of the Nth January 30 were used to initialize the (N+1)st January.

With this scheme, the GCM was integrated over 60 Januaries for each of the four experiments

(CTRL, VOLC, EN, VOEN). The reference experiment (CTRL) is running with climatologically

prescribed sea surface temperature and without additional aerosol forcing.

The second experiment is the volcano case, VOLC (see GRAF et al., 1993b). The boundary

conditions are the same as in the control. External heating rate anomalies (see Fig. 2, upper

panel) were added in the stratosphere, i.e. to the upper six model levels. These heating rates

were derived from the anomaly forcing experiment with the additional aerosol radiation trans-

port model and for an El Chichon/Pinatubo type aerosol for January 1983 and 1992, respec-

tively. The shortwave radiation reduction effect was simulated with the reduction of the solar

radiation at the top of the model atmosphere according to the above calculations. This volcanic

forcing combines the surface cooling effect and the heating in the aerosol layer region.

Our aerosol heating rates are in good agreement with the estimations of KINNE et al.

(1992) for a Pinatubo aerosol. The modelled radiation effects of a similar aerosol, as computed

with a radiative-convective model by LACIS et al. (1992) for the El Chichon aerosol for global

mean conditions, give a net radiation flux reduction at the tropopause of 3.3 W/m2 one month

after the eruption and of 2.5 W/m2 after 6 months. The equilibrium temperature in the strato-
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sphere increases by about 3 K in the case with an additional aerosol layer in the altitude of 15-

20 km. Our shortwave radiation effect is in the order of 5 to 12 W/m2 (see Fig. 2 bottom).

The third experiment (EN) is for the El Nifio case. The atmospheric model conditions are

the same as for the CTRL experiment, but the surface conditions have been changed. The sea

surface temperature anomalies in the area between 25°N and 2508, as observed in January

1983, were added to the mean sea surface temperature (Fig. 2, middle panel).

In the fourth experiment (VOEN), the El Nifio experiment boundary conditions were com-

bined with the heating rates and the shortwave radiation reduction corresponding to the vol-

cano experiment.

The average surface solar net fluxes for all experiments (Fig. 2, lower panel) illustrate the

dominance of the radiation forcing in higher latitudes in the volcanically perturbed experi-

ments (especially in the summer hemisphere), and of the cloud effects in the tropics in the

El Nifio experiments.

To check for the reliability of perpetual January simulations, we compared the mean

model climate as computed in the perpetual January mode with that of the mean January of

the 20-year transient (i.e. full annual cycle) control run of ECHAM2. The basic features of the

model climate of both Januaries are similar in midtropospheric circulation and in surface air

temperature. Of course, there are some differences, but in most cases they are in the range of

model variability. In particular, there were no trends detected, though it seems that the per-

petual January runs slightly favour the strong polar vortex mode. But, since our studies are

based on anomalies, any systematic errors are expected to be filtered out.

3.2. Signal selection technique
We applied a variety of statistical methods to extract the model’s response to the experi-

mental forcing (signal) from the model climate (noise). Fig. 3 schematically shows the different

parts of this analysis. At first we used the local t-test to analyze the differences between the

three forcing experiments (Volcano, El Nifio, and both) and the control run. This technique is

described in Appendix 2.

The temporal dimension for the experiments and for the reference run is 58. In the case of

perpetual January experiments we found stationarity for all forcings. A certain trend in the

experiment data exists only in the first few months. These months had been truncated before

the analysis was started. We only investigated monthly means.

The effective number of degrees of freedom was calculated from the autocorrelation func-
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tion, using the Bartels’ number B (see in TAUBENHEIM, 1974) which varied between

1 and 2 months over most of the grid points for all meteorological parameters in our experi-

ments. Only in regions south of 80°S this number is larger than two. As a conservative esti—

mate for the local t-test we used a B = 2, to estimate ne’c /B (equals 29) as the effective number

of degrees of freedom for all grid points.

The statistical significance of the t-test value depends on the numbers of independent

ensembles. With increased number of realizations, the local t—test statistics gives statistical

significance without a physical background. With the recurrence test (von STORCH and ZWI-

ERS, 1989), the difference between the distributions of the control and the experiment param-

eters is analyzed, and only physically meaningful differences between the control and the

experiment state reach the significance level. In all our experiments, areas showing anomalies

significant by the local t—test with a confidence level of 99% are consistent with areas having a

84% recurrent signal. The difference between the experiment mean and the model climate is

larger than two standard deviations in this case (von STORCH and ZWIERS, 1989).

Both methods, local t—test and recurrence analysis, do not give any signal in regions with

large natural variability. The average signal is overlaid by the internally produced climate

noise. Our external forcing may enhance only few dimensions in the multidimensional phas-

espace of the climate system. These few dimensions can be determined with signal detection

methods based on Empirical Orthogonal Function (EOF) analysis in the climate system (see

e.g. HASSELMANN, 1992; SANTER et al.‚ 1993). We use this technique to filter the volcano

and the E1 Nifio signals from noise in our experiments.

We estimated the signal-to-noise ratio for six different meteorological parameters. We

want to concentrate our analysis on the zonal wind in the 50hPa and the 200hPa levels, the

geopotential height of the 500hPa level, the temperature in the 50hPa and the 850hPa levels,

and on the surface air temperature. All used fields are area weighted anomaly data relative to

the mean of the control run.

In our case, the spatial dimension is 2048, and we have 57 basis vectors in each EOF set.

The covariance matrices used for computing the EOFs are rank—deficient (see PREISENDOR—

FER, 1988), so that the number of EOFs with non zero eigenvalues is actually 57. The estima-

tion of the EOFs is limited by the ratio of the number of temporal to the number of spatial

dimensions.

We applied a Monte Carlo (MC) estimation of the objective information potential (see

Appendix II). The number of basis vectors derived from the MC estimation is smaller than the
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number of EOFs describing 95% of total variance, a level used e.g. by SANTER et al. (1993).

Avoiding non resolvable information, we only give the results according to the MC estimation

of meaningful EOFs as a measure of the signal-to-noise ratio.

The variations of the Principle Component time series (PC) with time are secondary

because we are interested in the mean signal amplitude. Thus, we compared the time average

of each experiment PCe;EOFe with the corresponding PCC’.E0Fe of the control case and with the

signals based on an ensemble of mixed data sets following the procedure described in

Appendix II, part 3. The reference EOFs in this analysis are the experiment data EOFs. In

first order, we calculate the t-test statistics (e.g. DAVIS, 1973) and we select only basis vectors

with a statistical significance of more than 99%. Because the Student’s t-test of the average

PC amplitudes is not powerful enough in this case, we calculate an additional Monte Carlo

statistics (see Appendix 2).

4. Relations between volcanic activity and El Nifio based on
observations

In this section, we want to quantify the influence of volcanic activity on climate in relation

to El Nifio activity on the basis of observations. The main problem to solve is that there are not

enough data available. Not all important features of volcanic activities are measured over a

time range long enough to apply statistical techniques. Information on eruption height (VEI),

total aerosol loading (DVI), geographical position and season of the eruption were therefore

used to generate a table of volcanic events of high climate perturbation potential (see Appen-

dix 1). The term “potential” is introduced here because only in few cases we have information

on the sulfur content. Only a high perturbation potential plus a high sulfur content make the

climate impact of an eruption possible. Different sources were utilized to classify the eruptions

(SIMKIN et al., 1981 update 1991; BERRESHEIM and JAESCHKE, 1983; ASATUROV et al.,

1986; ROBOCK, 1991).

All known volcanic eruptions which occurred during the past centuries have been listed

and classified for their VEI by NEWHALL and SELF (1982). The VEI is important in so far as

it includes an estimated height of the eruption column. Eruptions exceeding VEI = 3 most

probably have reached the stratosphere. Our volcano table, in accordance with the study of

ROBOCK and MAO (1992), contains volcanic eruptions with a VEI = 4 or more and/or a DVI

greater than or equal to 200. A climate signal of volcanic aerosol is only detectable in the

months or seasons following these eruptions. During these periods a high volcanic perturba-

tion potential exists. A comparison of the volcanoes listed in Appendix 1 with 802 TOMS esti-
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mates since 1979 (see KRUEGER in AGU, 1992) shows that only about half of the eruptions

classified as potentially climate-influencing had ejected 802 amounts of more than one Mega—

ton. Thus, the number of climatically effective eruptions used here is overestimated, giving

rise to an underestimation of the observed volcanic climate signal.

The volcanic effects on climate are expected to be sensitive to the season of the eruption

and to the latitude of the volcano. Therefore, the combination between the location and the

eruption date was also considered in the classification scheme (Fig. 4). The volcanic events

were subdivided into those at locations in latitudes poleward of 40°N or S and those between

40°N and 40°S.

During the first winter following a low latitude eruption, according to observations after

the El Chichön and Pinatubo eruptions (compare with Fig. 1) the volcanic perturbation poten-

tial is maximal in the tropics. The distribution of the volcanic aerosol after higher latitude

eruptions is not as clear. Two rearrangements of the stratospheric circulation were considered

to be necessary to move a substantial part of the injected aerosols to the tropical stratosphere.

We suggest that not until the second winter following an eruption polward of 40° the volcanic

perturbation potential reaches it’s maximum in the tropics. The climatic effect of high-latitude

eruptions is expected to be much smaller than that following low-latitude eruptions since,

after such a long time, the maximum aerosol loading in the stratosphere has already passed.

The description of El Nifio activity is much simpler in relation to the quantification of the

volcanic influence. A good parameter to describe this phenomenon is the Southern Oscillation

Index (BJERKNES, 1966), or the sea surface temperature (SST) anomalies in the tropical

East Pacific (WRIGHT et al.‚ 1989). In our study we compared the El Nifio events based on the

SST index with El Nifio listed by other authors (NAMIAS, 1976; QUINN et al.‚ 1978). The

winters since 1850 that had been influenced by a warm event are 1850/51, 1852/53, 1854/55,

1855/56, 1857/58, 1862/63, 1866/67, 1868/69, 1871/72, 1873/74, 1875/76, 1876/77, 1877/78,

1880/81, 1884/85, 1885/86, 1887/88, 1888/89, 1895/96, 1896/97, 1899/1900, 1900/01, 1902/03,

1904/05, 1905/06, 1911/12, 1913/14, 1914/15, 1918/19, 1923/24, 1925/26, 1930/31, 1939/40,

1940/41, 1941/42, 1944/45, 1951/52, 1953/54, 1957/58, 1958/59, 1963/64, 1965/66, 1968/69,

1969/70, 1972/73, 1976/77, 1977/78, 1982/83, 1986/87, 1987/88 and 1991/92.

Both data sets, the volcanic potential impact estimation and the El Nifio statistics, were

used to separate winters into four different classes: one with high volcanic perturbation poten-

tial, one with warm SST anomaly, one with both factors, and one without volcanic or El Nino

forcing. Following this classification, from 1850 to 1990 there were twenty-five winters with
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El Nifio forcing, 26 winters with high stratospheric aerosol loading potential, and 25 winters

with a combination of El Nifio and volcanic forcing. Sixty-four winters without El Nifio or vol-

canic perturbation were classified from 1850 to 1990.

The relation between these classes as a function of time in twenty—year periods is shown in

Fig. 5. The fraction of volcano-perturbed winters, volcano- and El Nine-perturbed winters and

single El Nifio-forced winters is about 20 % each of all the 140 analyzed winters. The part

without any forcing is 45 % of all winters, not only for the whole period but also for nearly all

twenty-year subperiods, except for a small disturbance before 1890. The distribution of vol-

cano—perturbed periods and El Nifio-perturbed periods suggests that the volcanic (El Nifio)

response in 50 % of the observed cases available is disturbed by El Nifio (volcano) effects. On

the other hand, the atmospheric response of 50 % of the strongest eruptions (indicated by

stars in Fig. 5) is perturbed by the atmospheric response of E1 Nifio.

This illustrates the statistical problem encountered when attempting to separate the sig-

nal of El Nifio from the volcanic effects, if only observations are used. The observed effects in

high latitudes cannot clearly be assigned to volcanic or E1 Nifio forcing because the sample

with high potentially volcanic aerosol loading without El Nifio is only about 20 % and, on the

other hand, the sample with El Nifio forcing without high stratospheric aerosol loading poten-

tial is also only about 20 %.

Despite the difficulties described above, the volcano/E1 Nifio classification was used as the

basis for a superposed epoch analysis of the global data set of surface air temperature (JONES

et al., 1986, update 1992). The horizontal resolution of this data record is

5° latitude times 5° longitude. At many grid points, data exist only for the last few years. This

can provoke a failing of the results (e.g. in case of any trends in the time series). Fig. 6 shows

the differences between each perturbed class and the unperturbed winters. The shaded areas

are regions with significant anomalies exceeding the 99 % confidence level using the local t-

test. In the El Nifio perturbed winters (single and in combination with volcanic forcing), the

SST anomaly dominates the response in the tropics, and over North America the positive sig—

nal increases in strength in the case without volcanic forcing. A volcano signal is detectable

only in a small area of Asia, where significant positive surface air temperature anomalies are

found. An independent analysis (ROBOCK and MAO, 1992) of the same data set only for the

12 strongest eruptions and with regressive elimination of the E1 Nifio effect shows the same

anomaly patterns as in our winters classified as volcanically disturbed, especially concerning

the warming over Eurasia and North America and the cooling in the Greenland region.
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The observed anomalies in high latitudes can be explained by the linear mean flow/wave

interaction theory (GRAF et al., 1993a): Differential heating of the stratosphere between low

and high latitudes leads to a stronger polar stratospheric vortex which, by trapping vertically

propagating planetary wave energy in the troposphere, affects the tropospheric planetary

wave pattern.

A composite of months with strong and weak stratospheric vortexes was performed for the

period from 1957 to 1992 (GRAF et al., 1993a). Fig. 7 shows the difference between the surface

air temperature anomaly patterns of months with strong (upper panel) and weak vortexes

(lower panel), respectively, in relation to all unperturbed months. Classifications as strong and

weak vortex months is based on radiosonde observations of geopotential height of the 50 hPa

level by LABITZKE (1992) since 1957, as analyzed in the EOF (Empirical Orthogonal Func-

tion) space by PERLWITZ (1992). The stratospheric data are monthly means in a

10° times 10° resolution, with the annual cycle being removed.

The comparison of the pattern forced by the strengthened stratospheric vortex with obser-

vations during high aerosol loading potential periods clearly indicates the association between

the strength of the polar vortex and the volcanic climate response. Positive wintertime tem-

perature anomalies over northern Eurasia are a feature of months with strong stratospheric

vortex (Fig. 7) and also of winters with high stratospheric aerosol perturbation potential

(upper panel in Fig. 6). After the volcanic eruptions without coincidence of El Nifio (Fig. 5), the

anomalies over Eurasia have amplitudes smaller than those associated with a strong vortex,

because the very strong eruptions took place in conjunction with E1 Nifio’s and were, there-

fore, not included in the “volcano” but in the “volcano + El Nifio” category.

This simple analysis of observational data reveals two important facts:

(1) The most violent eruptions occurred together with El Nifio events (see Fig. 5), and a rela-

tively small aerosol perturbation potential occurs in periods following volcanic eruptions not

accompanied by El Nifios. Therefore, the analyzed volcanic efi‘ect (Fig. 6, upper panel) is only

small.

(2) The area covered by sufficient data is restricted to the continents. This implies great

insecurity when studying the global mean volcanic efiect. Large regions with a significant sig-

nal are found only for the El Nifio cases (see Fig. 6).

Because of the limited data available of only volcanically perturbed winters, the results

are statistically not very striking (see the shaded areas in Fig. 6). Any more sophisticated sig-

nal detection strategy, e.g. in the EOF domain, is also not practicable because of the weak
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observational data basis. Extraction of the El Nine-dependent part of the climate signal by

just applying a linear regressive filter seems not to be a prior justified, since it is not sure that

the combined forcing of volcanic aerosol plus the El Nifio type SST anomaly would lead to a

linear combination of the single responses. Therefore, we performed a set of four different

series of perpetual January GCM experiments to study the influence of volcanic aerosol on cli—

mate separated from the El Nifio effects. The results of these experiments will be discussed in

the next section.

5. Results ofperpetual January experiments

5.1. Local anomalies

In the El Nifio and in the volcano experiments, the strongest anomalies from the undis-

turbed model climate were found in the geopotential and wind field of the upper troposphere.

Fig. 8 shows the local t—test results (shaded areas indicate statistical significance of 99 %) of

the zonal wind anomalies from the control experiment in the 200hPa layer for experiments

VOLC, VOEN and EN. The experiments result in statistically significant anomalies at differ-

ent areas for different forcings.

In the volcano case (top panel), a characteristic pattern occurs over the Atlantic region:

The westerlies near the tropopause increase in high latitudes, while an easterly wind anomaly

occurs in middle latitudes. A similar pattern, but with smaller amplitude, exists over the

northeastern Pacific.

The El Nifio response (bottom panel) in 200 hPa is characterized by an easterly wind

anomaly over the whole tropical Pacific region and by westerly anomalies over the tropical

Atlantic, extending across Africa to the Indian Ocean and Indonesia. Westerly anomalies in

the subtropics and weak easterly anomalies in high latitudes are prominent over the North

Pacific region. This, in the Pacific region, is just the inverse pattern of the one of the volcano

experiment (Fig. 8, top panel). No E1 Nifio signal is detectable over the North Atlantic.

The experiment with both forcings (Fig. 8, middle panel) reproduces the tropical Pacific

anomalies like in the El Nifio experiment. The anomalies in higher latitudes, especially over

the Atlantic, are much smaller than in the volcanic case, and the local t-test indicates no sig-

nificant amplitudes.

The significant temperature anomalies in the lower troposphere are concentrated on the

tropics in the El Nifio experiment (Fig. 9, bottom panel). The area of positive sea surface tem-
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perature anomalies over the eastern tropical Pacific is clearly indicated, and this applies also

to the warm anomaly over Australia. The only large-scale extratropical temperature anomaly

occurs over the northwestern part of North America. This is in agreement with annual cycle

model experiments of other authors (e.g. CUBASCH, 1985).

In contrast to the El Nifio experiment, in the volcano case the strongest anomalies appear

in high latitudes, mainly over the North Atlantic and Eurasian areas. These anomalies are

due to changes in the planetary wave patterns (see GRAF et al., 1993a). The negative temper-

ature anomalies over northeastern North America, the Davis Strait and Greenland are due to

cold air advection in connection with the trough developing in that area. The warm anomalies

over the northern part of Eurasia result from warm and moist air being advected by the

enhanced Atlantic westerlies. As a result of the reduction of short wave radiation in northern

hemisphere subtropics, weak, but locally significant negative temperature anomalies are seen

in the Mediterranean, the Middle and the Far East. In the eastern Mediterranean this cooling

is also due to cold air advection at the eastern flank of the positive pressure anomaly develop-

ing over Europe.

For combined volcano and E1 Nifio forcing, the El Nifio part of the signal remained stable,

while the volcanic signal over northeastern North America is weaker, as is the Mediterranean

cold anomaly. The area of the warming in very high latitudes of Eurasia is extended in the

case of combined forcing.

According to the local t-test, there exist locally significant anomalies for all experiments.

The question is whether these anomalies are physically meaningful or whether they are sig—

nificant simply due to the large number of realizations. Therefore, we also applied a recur-

rence analysis (von STORCH and ZWIERS, 1989). This test confirmed our t-test results,

suggesting that the local anomalies discussed above (Figs 8 and 9) are real ones, i.e. the distri—

bution functions differ significantly between the experiments and the control run.

5.2. The signal-to-noise ratio

Now we shall investigate the patterns underlying these signals, and the signal-to-noise

ratio for different parameters in order to find an optimized signal. This analysis was per-

formed following suggestions of HASSELMANN (1992) and SANTER et al. (1993) to filter

experimental and model climate data using EOFs as described in Appendix 2.The results of

this analysis are given in Table 2 of Appendix 3.

The first column of Table 2 determines the parameters nMC (number of meaningful EOFs),

VnMcref (explained variance for projection of control [experiment] run data onto meaningful
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control [experiment] EOFs), V”MC (explained variance for projection of experiment [control]

run data onto meaningful control [experiment] EOFs), and the ratio between VnMC/VnMCref,

an estimate of the signal-to-noise ratio.

The differences öVnMCref and öVnMC between the control data and the experiment data

analysis are an indication of the error of estimation. The difference between the projection of

the experiment data and the control data onto one and the same set of EOFs (VnMcref and

V”MC of the control [experiment] data) is a measure of the orthogonality between signal and

noise (climate). This difference should be larger than the error of estimation in order to be able

to detect any signal. As becomes clear from the figures in Table 2 for the projections of the

experimental and control data onto the respective EOF sets, the error of estimation of

explained variance for SV’LMC is in the order of 10%, and about 2 % for 8VnMcref.

From the analysis based on Monte—Carlo simulations follows that, in the mean, 84-88 % of

the total variance of the studied data sets can be explained by meaningful EOFS. The remain-

der is white noise and nonresolvable information. This means that using the common 95%-

rule (e.g. SANTER et al., 1993) the amount of resolvable information is overestimated.

As a rule, the data are very noisy (i.e. the spatial correlation is small), if the number "MC

of meaningful EOFs determined from the projection of a data set onto one EOF set is large. In

this case, the ratio of VnMC to VnMCref does not contain useful information about the signal-t0—

noise ratio. On the other hand, the potential to detect a signal is high in the case of few

degrees of freedom (small number of nMC) and orthogonality between signal and noise (VnMC/

VnMCref << 1). An intercomparison of the estimated orthogonality of signal and climatic noise

between the different experiments shows that this parameter improves in the troposphere for

the experiments with El Nifio forcing.

The estimated orthogonality between signal and climatic noise is small for all parameters

under investigation. The highest estimate of orthogonality between signal and noise is found

for the parameter of zonal wind in the 200 hPa level. Here the ratio of V’LMC divided by

VnMcref is about 0.5. On the other hand, the number of estimated meaningful EOFs (nMC) is

largest for this parameter, indicating strong noise.

Our model data are characterized by very close space-time correlation in the stratosphere,

as can be seen in Table 2 for temperature and zonal wind in the 50 hPa level. The weakest

space-time correlation occurs in the zonal wind field of the 200 hPa level. There are no obvious

differences in the space-time correlations between the experiments, except for the strat-

ospheric temperature in all experiments forced by volcanic aerosol. Here nMC is 4. The param-
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eter nMC has small values for the volcanically forced experiments only for the temperature in

the 50 hPa level. This is the direct result of external forcing.

Generally, the chances for signal detection on the basis of variability are expected to be

only small for this type of forcing, because the pattern of the possible signal corresponds with

one or more patterns of inherent variability. In the next section, we therefore investigate the

differences between the experiments on the basis of the amplitudes of these patterns.

5.3. The global signal amplitudes

In this section, the amplitudes of the meaningful EOFs of the experiments are compared

with those of the control run, using the projections of the control and experimental anomalies

onto the experimental EOFs as described in Appendix 2, part 3. All analyses are based on glo-

bal arrays. The restriction of analysis to the northern hemispheric data does not produce nota-

ble differences in the patterns.

An overview of the results is given in Table 3 for the volcano experiment, in Table 4 for the

combined experiment, and in Table 5 for the El Nifio experiment. These tables include all

EOFs that are different with a significance level of 99 % following Student’s t-test. The rank of

the EOFS is given in the first column and the explained variance of these EOFs is shown in the

second one. The third column is the time average of the PC. Columns four, five and six give the

results of the MC amplitude test, using different significance levels. The number of random

subsets, unlike the justified significant level in relation to the experiment PC (see

Appendix 2), is given relative to all random subsets as a measure of the strength of the exper-

iment signal. In Table 6, the global analysis is compared with the northern hemispheric anal-

ysis (30°N - 80°N).

It becomes obvious from Tables 3 to 5 that the global volcanic signal, though statistically

significant, is weaker than the El Nifio signal in the troposphere (especially in the lower trop-

osphere). The opposite holds for the stratospheric response of temperature and zonal wind in

the 50hPa level for the global analysis.

In the stratosphere, the EOF filtered signal is determined by volcanic forcing. In the vol—

cano experiments, the first EOF of the temperature field in the 50 hPa level explains more

than 80 % of the total variance. In the El Nifio experiment, the stratospheric signal is distrib-

uted over two EOFs, explaining only about 40 % of the total variance (Fig. 10, bottom). The

northern hemisphere analysis shows no signal for the El Nifio case in the stratospheric tem-

perature. From Fig. 10 it becomes evident that volcanic forcing leads to the expected warming

of the tropical stratosphere, while it cools the stratosphere over very high northern latitudes.
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In contrast to the volcanic forcing, the warm SSTs of the El Nifio case lead to a zonally sym—

metric cooling of the tropical stratosphere and to the formation of a wave number one pattern

in higher latitudes with a warming over the northern Pacific and cooling over the North Atlan-

tic. This pattern corresponds with the observations of LABITZKE and van LOON (1989) in

El Nifio winters. The stratospheric effects due to the El Nifio forcing of the model are about

ten times smaller than those resulting from volcanic forcing (see column 3 in Tables 3 and 5).

Thus, in the case of combined forcing the volcanic effect dominates in the stratosphere.

The differences in explained variance between the experiments are smaller than those for

the temperature field in case of the zonal wind field of the 50 hPa layer (Fig. 11). After a vio-

lent volcanic eruption, the northern hemispheric polar winter vortex is strenghtened. A strong

maximum is observed over the North Atlantic, and a secondary maximum is over the Bering

Strait. In the El Nifio case, the strongest signal in the zonal wind field of the 50 hPa layer

occurs over the Pacific. It consists of negative anomalies in the tropics, positive ones in the

subtropics, and a weak polar vortex in high northern latitudes. In the combined experiment

(VOEN), the positive anomalies are shifted somewhat towards the south as compared to the

volcano experiment (VOLC).

The volcanic signal, which is strong in the stratosphere, becomes weaker in the tropo-

sphere, as compared with the El Nifio signal in the zonal wind field. In the 200hPa level, the

volcano signal in the zonal wind field, which is clearly restricted to the North Atlantic,

explains only half as much of the total variance as does the El Nifio signal (Fig. 12). In the

El Nifio case, in the tropical upper troposphere easterly anomalies dominate over the Pacific

and westerlies are found from the Atlantic crossing Africa to the Indian Ocean. Westerly

anomalies occur in the Pacific subtropics. In the combined experiment, the El Nifio signal

dominates the zonal wind field. It explains more variance than in the other experiments.

The volcano signal of the geopotential field of the middle troposphere (Fig. 13) behaves

similar to the zonal wind field in the 200 hPa level. It is strongest over the North Atlantic,

with a trough developing over Greenland and a positive geopotential anomaly between 40°N

and 60°N in mid latitudes. Weaker positive anomalies are found over Alaska and North Sibe-

ria, where the amplitude is even smaller but the area is larger. Zonally symmetric positive val—

ues in the tropics are characteristic of the signal in the geopotential field of the 500 hPa layer

for the El Nifio case, as are a strong negative anomaly over the North Pacific and positive val-

ues over North America. For combined forcing, the El Nifio signal remains dominant in the

tropics and in middle and high latitudes. But, a modified volcano signal is clearly formed from

the Atlantic to northern Eurasia. The trough over Greenland is weaker in VOEN than in
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VOLC, and the positive anomaly visible in the volcano experiment over the North Atlantic

(Fig. 13, top) is also smaller. The Greenland trough is embedded into a large-scale band of pos-

itive geopotential anomalies reaching from the West Coast of North America to central Siberia

in mid and high latitudes.

In the lower troposphere, the dynamically enforced part of the volcano signal is still

weaker and the effect of the reduction of shortwave solar radiation becomes increasingly visi-

ble over the continental subtropics (Fig. 14). The cooling effect over Greenland and the strong

warming over northern Eurasia are the result of advection of cold and warm air masses,

respectively. In contrast to this pattern, in the E1 Nifio case strong temperature anomalies are

formed in high latitudes only over the northwestern part of North America.

The EOF filtered volcano signal (sum of the three significant patterns, see Table 3) of the

surface air temperature (Fig. 15) explains more variance than the El Nifio signal does. How-

ever, the difference between the amplitude of the volcano signal and the climatic noise is much

less than for the E1 Nifio signals (VOEN, EN). Analysis of only the northern hemisphere gives

a stronger signal for the lower tropospheric temperature for the volcanic case than for the

El Nifio experiment.

6. Comparison of the experiments with observations

In this section, we are going to compare our modelled results with observations. Because of

the limited availability of homogeneous global or hemispheric data sets, we selected three

cases which are comparable with our experiment settings. The case study winters have been

chosen as follows:

(a) Matching our EN experiment settings, in the winter of 1986/87 a strong El Nino

occurred without global stratospheric aerosol disturbances. Although in the spring of 1986 the

volcanoes Augustine and Pavloff erupted on the Aleutian Islands, they did not produce wide-

spread stratospheric aerosol perturbations.

(b) The volcano experiment VOLC was compared with the winters of 1974/75 (the winter

with a strong polar vortex and the minor volcanic eruption of Fuego in Guatemala) and 1991/

92, the winter after the very strong Mount Pinatubo eruption (20 Mt of SO2, BL UTH et at,

1992). A moderate El Nifio occurred also during 1991/92, but its influence is expected to be

only minor in comparison with the strong volcanic disturbance.

(c) Finally, matching our VOEN experiment settings, the Winter of 1982/83 was influenced
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by the very strong El Nifio 1982/83, and the stratospheric aerosol layer was perturbed by the

aerosol produced from the ca. 7 Mt of 802 ejected into the stratosphere by the El Chichon

eruption of April 1982 (KR UEGER, 1983).

For the free atmosphere we used observations of the monthly means of the geopotential

heights of the 500hPa level north of 20"N. These data are based on the analysis of the

National Meteorological Centre (NMC) of the US Weather Service and were transformed to a

5° times 5° grid at Max-Planck—Institut für Meteorologie.

Further, we investigate the temperature anomaly patterns at the lower troposphere and

the surface air temperature data of JONES et al. (1986), extended up to 1992. Long-term glo-

bal data sets are available only for surface air temperature. For the temperature field in the

lower troposphere we use the NMC temperature data of the 850 hPa layer (available from

October 1962 to June 1989) and the Microwave Sounding Unit (MSU) data set (SPENCER

and CHRISTY, 1991) (this globally homogeneous temperature data set is available as from

1979) to compare the simulated temperature anomalies with observed anomalies in the lower

troposphere. We suggest that the free troposphere data are more comparable with the experi-

ment temperature signal in 850 hPa than are the near surface temperature anomaly data

(JONES et al., 1986), due to (1) mainly large-scale dynamic processes being responsible for the

anomaly patterns in the lower troposphere, and (2) the strong local influences of the climatol-

ogy prescribed sea surface temperature and ice mask in higher regions overlaying the pat-

terns.

At first, the observed and the EOF filtered modelled 500hPa layer geopotential height

anomalies are discussed for the El Nifio case (Fig. 16). A negative anomaly in the Aleutian

region occurs in all El Nifio cases, and features of the PNA pattern are visible. Large differ-

ences between observations and model are visible over the Atlantic and Eurasian regions.

The lower troposphere temperature pattern of the El Nifio case (Fig. 17) is dominated by a

strong positive anomaly over North America in observations as well as in the model simula-

tion. The observed pattern over Eurasia does not match the model result. The observations

show strong negative anomalies, while positive anomalies were calculated over the Eurasian

continent. We suggest that this is due to the model’s lacking ability to essentially disturb the

stratospheric vortex. Therefore, the planetary wave patterns over the Atlantic and Europe are

not influenced.

A strong positive geopotential height anomaly over the East Atlantic and West Europe,

and a strong negative anomaly over Greenland occur in case of a volcanic aerosol perturbation
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(Fig. 18). In the El Nifio case (Fig. 16), the signs were reversed: the positive anomaly was seen

over Greenland (only in the model) and a negative one over Europe.

The comparison of the 850hPa level temperature experiment signals with the observa—

tions shows reasonable similarity in the volcano case and in the mixed case. In the volcano

case during winter, the temperature (Fig. 19) over the North Atlantic and northern Eurasia is

warmer than normal and cold air is advected from the polar regions towards Greenland. The

shortwave radiation effect in the volcano case is detectable only in lower latitudes, as over

Southern Asia and North Africa.

In the literature, studies concerning volcanic impact on climate normally use only the near

surface air temperature. As suggested above, this may not be the optimum parameter for the

comparison with model results. The model signal-to-noise ratio is stronger for the temperature

in 850 hPa (see Appendix 3, Table 2) than for the surface temperature. The EOF filtered signal

(see Fig. 15) of the surface air temperature anomaly generally shows the same features as in

the 850 hPa level, except in very high latitudes where the model’s prescribed ice mask pre-

vents the occurrence of anomalies. In subtropical regions, the effect of reduced shortwave radi-

ation is much stronger in the surface air temperature than in the free troposphere, but in

middle and higher latitudes circulation controls the temperature structure. North Asia and

the West Coast of North America are warmer, and the East Coast of North America is colder

than normal. This feature was also observed by SPIRINA (1973), GRAF (1986), LOUGH and

FRITTS (1987), SEAR et al. (1987) and GROISMAN (1992) after strong volcanic eruptions,

and this is just the temperature pattern which was observed during the winters of 1991/92

and 1992/93 after the Pinatubo eruption.

The comparison of the modelled (Fig. 15) and observed (Fig. 6) surface air temperatures

does not show as much similarity as for the free troposphere. Beside the above suggestions, an

additional reason may be the small data density over large areas of both hemispheres. If only

the areas with very strong amplitudes are considered, the basic similarity between simula-

tions and observations, nevertheless, becomes more evident.

The combined El Nifio/volcano (Fig. 20) forcing produces, in the model, a band with posi-

tive anomalies of the 500 hPa height from North America across the central Atlantic to north-

ern Eurasia. The observations show positive anomalies in the geopotential height of the

500hPa layer over the Atlantic region. These anomalies are well simulated for the Atlantic

region. The negative anomaly over Greenland was found in all experiments, and also in all

observations, with volcanic forcing (isolated and combined with El Nifio). Both, in the mod-
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elled data and in the observations, a PNA—like pattern is more obvious for mixed forcing then

for El Nifio forcing alone.

For VOEN, the lower tropospheric temperature (Fig. 21) shows features of the volcanic

response in the Eurasian region and features of the El Nifio response over North America. The

warming in the lower troposphere is strong and shifted somewhat towards the north both in

the experiment and in the observations.

The volcano signal can be traced with warming over Scandinavia and in the central part of

North America. A large area of negative temperature anomalies in Central Asia is prominent

in the mixed case (VOEN) for both, observations and simulations. The positive temperature

anomalies over Southeast Asia as well as the warming over the American West Coast are

found in the model and in the observations for El Nifio winters. The same holds for the cooling

over the southeastern USA, while a clear difference between observations and experiments is

found over Europe. The observed negative temperature anomalies are not simulated by the

model.

7. Summary

We performed an analysis of simulated and observed climate anomalies for El Nifio, vol-

canic, and combined forcing. The results of the simulations and case studies were surveyed in

Tab. 7 (Appendix 3). In middle and high latitudes, the atmospheric response to violent vol—

canic eruptions is modified by a contemporary occurrence of El Nifio events. The observed sig-

nals of both climate forcing factors are mixed up in middle and high latitudes, because 50 % of

the strongest eruptions in the past century are observed together with El Nifio periods.

The combination of stratospheric data and near surface temperature records indicates a

close correlation between the tropospheric anomalies in the volcanically perturbed winters

and in winters with a strong stratospheric polar vortex. Following GRAF et al. (1993a), tropi-

cal volcanic stratospheric aerosol forces a natural mode of the stratospheric polar vortex dur—

ing the northern winter. In periods with high tropical stratospheric aerosol loading, the polar

vortex was stronger than otherwise.

Applying a signal detection procedure in the EOF domain, typical signals could be ana-

lyzed. In general, El Nifio and strong tropical volcanic eruptions lead to regionally different

anomalies during winter. With the exception of the observed cold El Nifio winters over Europe,

the main observed features are also found in the simulations. The commonly local t—test anal—

ysis shows different signals for each of the forcing factors. The global significance of the
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response is highest for the El Nifio signal. The volcanic signal is much weaker. The volcanic

signal in the troposphere is embedded in the climate noise. With a multivariate analysis, the

signals can be separated much better from climate noise.

The modulation of the planetary wave pattern forces near surface anomalies after violent

volcanic eruptions. The effect of local cooling due to the reduction of shortwave radiation over

large land areas (like Asia) in subtropical regions, and also the advective warming over Eura-

sia and the advective cooling over Greenland was simulated in accordance with observations.

The amplitude of the volcanic perturbation of the tropospheric geopotential field is larger in

the Atlantic region than elsewhere. The radiative cooling near the surface is important in the

subtropics, and it is only weak in higher latitudes during winter. In these regions the dynamic

response dominates.

The main effect of El Nifio forcing occurs in the Pacific region. It is not restricted to the

tropics. The well known anomalies in the tropics, the warming over North America in middle

and high latitudes are simulated in the same mode as observed. The observed cooling during

El Nifio over Europe does not occur in the simulations. This difference may be explained with

model deficiencies. The stratospheric zonal flow is too strong in the model climate, the varia-

bility of the polar vortex is missing, and the perturbation caused by the enhanced Aleutian

Low is too small to efficiently disturb the model’s polar night jet. The perturbation of the polar

vortex by an El Nifio (as described in LABITZKE and van LOON, 1989) cannot be reproduced

without a better representation of the stratosphere in the GCM and higher resolution.

The combination of high stratospheric aerosol loading and El Nifio leads to a climate per-

turbation stronger than for isolated forcings. Over Europe the volcanic signal dominates, and

in the Pacific region the El Nifio forcing determines the observed and the simulated anomalies

in winter. The northern hemisphere analysis separates the volcanic signal better than in the

global domain, especially in the lower troposphere, since for the El Nifio case the signal is

weaker in middle and higher latitudes.
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Appendix 1 Strong volcano events since I 850

A 1. Strong volcano events since 1850
Table I. Volcano eruptions (VEI 24 and/0r DVI 2 200):

Location
Eruption

date Volcano VEI
(DVI) Location

Eruption
date Volcano VEI

(DVI)

43"N‚ 141"E
50°N, 155"E
57°N, 162°E
1°S, 78°W
42°N, 141"E
1"N, 127°E
2°N, 76”W

Apr/1853
Dec/1853

Feb/1854
Nov/1855
Sep/ 1856

Dec/1861
Oct/1869

Usudake (Japan)

Chikurachki(Kuriles Island)

Sheveluch (Kamchatka)

Cotopaxi(Ecuador)

Komatagake (Hokkaido)

Makian (Spice Islands)

Purace (Colombia)

4
4

5
2000)
4

4(800)
4

36°S, 71°W
4°S, 152°E
56°N, 16I“E
48°N, 153°E
64°N, 20°W
16°S. 168°E

Mar/1932
May/1937
Jan/1945
Nov/ 1 946

Mar/1 947
Dec/1950

Quizapu/Cerro Azul (Chile)

Rabaul (New Britain)

Kliushevskoi (Kamchatka)

SaryChev Peak (Kuriles)

Hekla (Iceland)

Amb1ym (New Hebrides)

49°N, 154°E
64°N, 17°W
65°N, 17°W
30°N, 130°E
l°S, 78°W
6°S, 105"E
59"N‚ 153"W
1"S‚ 78"W
38°S, 177°E
38°N, 140°E
30"N, 130"E

Apr/1872

Jan/1873
Mar/1875
Apr/1877

Jun/1877
Aug/1883

Oct/1883
Jan/1886
Jun/1886
Jul/I888
Oct/1889

Sinarka (Kuriles)

Grimsvotn (Iceland)

Askja (Iceland)

Suwanose—Jima (Oshima)

Cotopaxi (Ecuador)

Krakatoa (Sumatra)

Augustine (Aleutians)

Tungurahua (Ecuador)

Tarawera (New Zealand)

Bandai (Hondo)

Suwanose-Jima (Oshima)

4
4

5( 1000)
4
4

SO 000)
4
4

5(800)

4(500)
4

9°s, 148°E
6°s, 155°E
61°N, 152°w
40°s, 72°w
56°N, 161 “E
8"S, 116"E
57°N, 162°E
14°N, 121°E
8‘s, 122°E
4°N, 126°E
3°s, 36°W
EQ, 92°w

Jan/1951
Feb/1952
Jul/1953
Jul/1955
Mar/1956
Mar/1963
Nov/1964
Sep/1965
Apr/ I966

Aug/ 1966
Aug/1966
Jun/l 968

Lamington (Papua)

Bagana (Salomon Islands)

MLSpun' (Aleutians)

Nilahue (Chile)

Bezymianny (Kamchatka)

Agung (Java)

Sheveluch (Kamchatka)

Taal (Philippine Islands)

Kelut (Java)

Awu (Sangihe Island)

Olynoyo Lengai (Kenia)

Fernandia (Galapagos Islands)

’J
IJ

Ä
-
b

-
lä

ä
-
b

-
b

-
J
Ä

J
Ä

-
ß

k
h

4(800)
4

4

4

4(200)
4

4

2“N, 80°W
15"N‚ 61°W
13°N, 61°W
15°N, 92°W
52°N, 158°E
43°N, 141°E

Nov/1899

May/I902

May/1902
Oct/1902
Mar/1907
Marl1909

Donna Juana (Columbia)

Mt.Pelee (Antilles)

Soufriere (Antilles)

St.Maria (Guatemala)

Ks ud ach (Kamchatka)

Tammai (Hokkaido)

4
4

4(300)
6(600)
5(500)
4

14°N, 12l°E
58"N, 155°W
32°N, I3I°E
19°N, 146"E
1°S, 78°W
64°N, 19"W
4°S, 145"E
41"S, 72°W
48°N, 153°E
42°N, I4I°E

Jan/I911

Jun/1912

Jan/1914
Apr/1917
Apr/I918

Oct/1918
Aug/1919
Dec/1921

Feb/1924
Jun/1929

Taal (Philippine Islands)

Katmai (Alaska)

Sakura-Jima (Oshima)

Agiigan (Marian Islands)

Tungurahua (Ecuador)

Katla (Iceland)

Manam (New Guinea)

Puyehue (Chile)

Raikoke (Kuriles)

Komaga-Take (Hokkaido)

4

6(500)

J
Ä

J
Ä

-I
Ä

J
Ä

-b
-

4(200)

44°N, 146°E
14°N, 91°w
56°N, 160°E
59°N, 153°w
56°N, 161 °E
46°N, 122°w
51°N, 155°E
18°N, 146°E
1°s, 29°E
4°N, 93°w
7°s, 108°E
EQ, 122°E
5°N, 75°w
59"N, 153°w
55°N, 162°W
8"S, 112"E

Jul/1973
Oct/ 1974
Jul/I975
Jan/I 976
Feb/1979
May/l 980
Apr/ 1981
May/I981

Dec/ 198l

Apr/1982
May/1982
Jul/ l 983
Nov/1985

Apr/1986

Apr/1986
Feb/1990

Tiatia (Hokkaido)

Fuego (Guatamala)

Plosky Tolbachik (Kamchatka)

Augustine (Aleutians)

Bezymianny (Kamchatka)

St.Helens (USA)

Alaid (Kuriles)

Pagan (Mariana Island)

Nyamuragira (Zaire)

El Chichon (Mexico)

Galunggung (Java)

Una Una (Celebes)

Nevado del Ruiz (Columbia)

Augustine (Aleutians)

Pavloff (Aleutians)

Kelut (Java)

4

4(250)
4
4
4

5(500)
4
4
4

5(800)

56°N, 161°E
14°N, 91°W

Mar/I931
Jan/I932

KIiushevskoi (Kamchatka)

Fuego (Guatemala) A
A

A

14"N, 73°W
46°S, 73"W

Jun/1991

Aug/1991

Pinatubo (Philippine Islands)
Cen'o Hudson (Chile) U

iU
ib

-
b

-
b

-
J
k
-
b

-
b

-29-



Appendix 2 Signal selection methods

A 2. Signal selection methods
A 2.1. Local t-test

We defined the average anomaly according to (1), with X being any meteorological parame-

ter (temperature, zonal wind, etc.) and X beeing its average over time. Subscript e indicates

the experiment and c indicates the control run.

(1) X’e (x, y) = Xe (x, y) —XC (x, y)

The amplitude of the anomaly of any meteorological parameter X’ was tested with the local

t—test (equations 2 and 3). The value ne ‚C is the number of months used, and Se /c is the disper-

sion of the control and experiment data, respectively Se, C indicates the weighted dispersion.

X’e (x, y)
S6.0

(2) re (x‚y) =

2 2
(3) S2 : {(ne_1)Se+(nc_1)SC}

e. c ne + no — 2

The value of te describes the statistical significance of any parameter X on the spatial

point (x,y). The number of degrees of freedom depends on the number of independent months.

We estimated this number from the autocorrelation function ax(x,y;t). The expression in

brackets of (4) is the so-called “Bartels’sche Erhaltenszahl” (Bartels [1936], see in TAUBEN—

HEIM, 1974).

n —1
e,c (J! -

t'l' T)

(4) Neff;Xe‘c(x’y) = ne,c|:1+ 2 ll, (XX(x,y;T):|
T—l "‘

A 2.2. Signal-to-noise analysis

Anomalies were computed for the experiment data according to (5), and for the reference

data according to (6).

(5) x'e(x‚y;t) = xe(x‚y;t) —Xc(x‚y>

(6) x'c(x,y;t) =Xc(x,y;t)—Xc(x,y)
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Both anomaly data sets x’e and x’C were represented by two orthonormal bases, EOFe and

EOFC, with the spatial dimension of x multiplied with y. The number of basis vectors is neof

(see equation [7] ).

(7) neof=min[(x.y)‚t—1]

The first set of basis vectors EOFe was estimated from the experiment anomaly data set

x’e, and the second set EOFC is based on the reference anomaly data x’c. For each set we com-

puted an ensemble of Principal Component (PC) time series (equation [8]). n indicates the

position of the PC time series in the set. It varies for each set between 1 and neof.

(8) PCV x y ' 0FV”5017mm = 2 2xe‚c(ä‚n;t)'E „(am
£=1n=1

With these PCs we can compute the ratios of the variance (equation [9]) of each subset of

EOFs in the experiment and control data sets. The value nn indicates different subsets of the

basic EOF set. The number ofEOFs explaining 95% of total variance in the reference data set

is one possible number for nn.

n
V z V 2

n [2 2 (PCe,c-.EOF (7)) J
(9) Vv = Vlzl 6-6

6,6;EOFelc [ x y t J

2 Z 2 (x‘acdänrcnz
g=1n=1m=1

Another rule for nn is based on Monte Carlo simulations (PREISENDORFER, 1988).

Ensembles of random data sets (m = number of different random data sets) with the same

temporal and spatial dimensions as those at which the experiment and reference data were

analyzed. In a diagram of explained variance over EOF number, for each EOF a distribution of

the explained variance can be drawn. On the upper side of this distribution we can cut for each

EOF number the mb (mb = m*b/100 %) elements with the largest explained variance. Then

the line connecting those points is the threshold for a meaningful EOF with the estimation

error of b (in our case b = 5 %) comparable with a white noise process. Only EOFs with vari-

ance higher than this range give more information than white noise. This number of EOFs

with information is smaller than the number of EOFs describing 95 % of total variance. The

cumulative variance explained by this “informative” EOFs defines the objective information
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potential. This information potential is limited by the spatial and temporal dimensions. The

estimation of the EOFs is accurate only for neoffollowing equation (7).

The absolute values of nn are measures of the spatial-temporal coherence and amplitude of

signal and climate noise. A small number of nn for experiment data, and a high number of nn

for control data are associated with low-dimensional response signals embedded in a much

higher-dimensional climate space. On the other hand, the ratios of variance following (9) are

measures for the signal-to-noise ratio (SANTER et al., 1993). The ratio is near 1 for lacking

orthogonality between experiment signal and climate noise, and it is near zero for orthogonal

patterns.

A 2.3. Signal amplitude analysis
Because of equation (6), the time average for PCc;EOFe is zero for all numbers of EOFs. The

time average of experiment PCe,EOFe also measures the average signal amplitude of the corre-

sponding spatial pattern. In first order we performed the t—test to analyze the statistical sig—

nificance of the difference between the experiment run PC time average and the control run

PC time average (in our case zero) for each EOF. In our computation this PC: is statistically

significant with a probability of more than 99 % for a t-test value greater than 2.75. This esti-

mation yet is not sufficient for the average amplitude.

A second test of the difference between the experiment signal and the climate noise based

on a Monte Carlo statistics was performed. For this test, the anomaly data of the experiment

and of the control run were mixed. A mixed data set was performed from 50 % of experiment

data and 50 % of control data. This random subset was then projected onto the experiment

EOF vectors. The original experiment data projections are compared with the random subset

average amplitude using Student’s t-test. This procedure was performed for fifty different

random subsets. The relative number of differences between random average and experiment

average, exceeding the sigificance level, is a measure of the strength of the signal.

The average signal Pe can be calculated as an overlay of patterns weighted with the mean

amplitude of the corresponding principal component for any significant PC following

equation (10).

— ——t —t(10) P6 (x, y) = [PCe EOFe (x, ”L1 + [PCe EOFe(x,y):l +...
”2

The value Pe(x,y) represents the average response of the model to the prescribed forcing

and ni corresponds to the EOF-position in the EOFe set for significant amplitudes.
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A 3. Signal selection results of the perpetual January experi-
ments

Table 2. Estimation of the signal-to-noise ratio for volcano, volcano/El Nifio and El Nifio experiments

Volcano (VOLC) Volcano/El Nifio (VOEN) El Nifio (EN)

Reference EOF 1301:c EOFc EOFc 1301:c 1301=c EOFC
Near surface air temperature

nMC 1) 16 16 14 16 15 16
VnMCref 2) 84% 84% 83% 84% 84% 84%
v"MC 3) 64% 59% 61% 54% 63% 50%
vnMC / v"MCref 4) 0.76 0.70 0.73 0.64 0.75 0.60
Temperature 850hPa

nMC 20 18 18 18 16 18
VnMCref 83% 81% 82% 81% 80% 81%
v“MC 55% 53% 54% 46% 52% 43%
v“MC IVnMcref 0.66 0.65 0.66 0.57 0.65 0.53
Geopotential height 500hPa

nMC 17 18 15 18 16 18
VnMCref 87% 88% 86% 88% 87% 88%
v"MC 67% 70% 65% 63% 66% 61%
V"MC /V“MCref 0.77 0.80 0.76 0.72 0 76 0.69
Zonal wind 200hPa
nMC 22 24 13 24 14 24
v"MCref 85% 85% 83% 85% 82% 85%
v"MC 53% 56% 40% 52% 43% 49%
v“MC / VnMCref 0.62 0.66 0.48 0.61 0.52 0.58
Temperature SOhPa

nMC 4 10 4 10 10 10
VnMCref 96% 87% 94% 87% 87% 87%
vnMC 62% 60% 62% 55% 77% 75%
vnMC / VnMCref 0.65 0.69 0.66 0.63 0.89 0.86
Zonal wind SOhPa

nMC 12 13 11 13 12 13
VnMCref 89% 88% 87% 88% 88% 88%
vnMC 74% 76% 72% 76% 73% 74%
v"MC / VnMcref 0.83 0.86 0.83 0.86 0.83 0.84

l) the number of EOFs explained more of the total spatial-temporal variance as white noise in the reference data set
2) the explained total spatial-temporal variance of reference EOFs (information potential) in the reference data set
3) the explained total spatial-temporal variance of reference EOFs (information potential) in the corresponding data set
4) the ratio of signal-to-noise
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Table 3. EOF results ofglobal signal selection for the volcano experiment (thefirst column contains the rank
of the selected EOE the second column contains the explained variance of the EOF, the third
column contains the time-averaged principal component, the last tree columns contain the
Monte Carlo amplitude testfor tree difi‘erent significance levels)

Volcano (VOLC)

Relative number of mixed sets exceeding the signifieune level
Parameter (s L) or the amplitude lest

n — 1n V e;EOFe Pce

SL=99% SL=95% SL=90%

T 2m (Celsius) 1 19% 16.2 18% 62% 70%
3 9% 7.86 0% 20% 30%
4 8% 8.64 0% 20% 42%

T 850 hPa (Celsius) 1 17% 17.4 92% 100% 100%

Z 500 hPa (gpm) 1 19% 457 68% 100% 100%

U 200 hPa (m/s) 1 20% 68.4 100% 100% 100%

T 50 hPa (Celsius) l 88% 181 100% 100% 100%

U 50 hPa (In/s) 1 29% 75.5 100% 100% 100%

Table 4. EOF results ofglobal signal selectionfor the combined experiment (columns see Table 3)

Volcano/El Nifio (VOEN)

Relative number of mixed sets exceeding the significanc level
Parameter (SL) of the amplitude test

11 tn V e;E()Fe P—Ce
SL = 99% SL = 95% SL = 90%

T 2m (Celsius) 1 28% 29.1 100% 100% 100%

T 850 hPa (Celsius) 1 29% 28.9 100% 100% 100%

Z 500 hPa (gpm) 1 31% 757 100% 100% 100%

U 200 hPa (m/s) 1 53% 163 100% 100% 100%

T 50 hPa (Celsius) 1 83% 168 100% 100% 100%

U 50 hPa (m/s) 1 38% 38% 67% 98% 100%
2 17% 17% 0% 4% 33%
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Table 5. EOF results ofglobal signal selectionfor the El Nina experiment (columns see Table 3)

El Nifio (EN)

Rrelulive number 01' mixed sets exceeding the signilicunc level
Parameter (SL) of the amplitude lcsl

n — ll' V c;EOFc PCc
SL=99% SL=95% SL=90%

T 2m (Celsius) 1 26% 30.1 100% 100% 100%

T 850 hPa (Celsius) 1 28% 29.0 100% 100% 100%

Z 500 hPa (gpm) 1 26% 648 100% 100% [00%

U 200 hPa (m/s) 1 47% 139 100% 100% l00%

T 50 hPa (Celsius) 1 30% 18.8 0% 2% 10%
4 6% 13.6 22% 76% 88%

U 50 hPa (m/s) 1 31% 56.8 26% 68% 88%
3 10% 30.0 6% 70% 88%

Table 6. The explained variance of the signal following the global and the northern hemispheric (30°N -
80°N) analysis, the values in brackets are the numbers ofsignificant EOFs

Global analysis Analysis for 30°N - 80°N

Parameter V [E N" V l IE] N”

Volcano (VOLC) 01mm I mo El Nifio (EN) Volcano (VOLC) o cano mo(VOEN) (VOEN) El Nifio (EN)

T 2m 37%(3) 28%(1) 26%(1) 51 %(4) 26%(2) 21%(5)

T 850 hPa 30%(3) 29%(1) 28%(1) 47%(4) 33%(2) 39%(2)

Z 500 hPa 36%(2) 31%(1) 26%(1) 22%(1) 24%( 1) 46%(2)

U 200 hPa 20%(1) 53%(1) 47% (1) 33% (1) 44%(3) 27%(1)

T 50 hPa 88%(1) 83%(1) 56%(3) 62%(2) 65%(2) 3%(2)

U 50 hPa 29%(1) 55%(2) 41 %(2) 38%(1) 72%(3) 40%(2)
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Table 7. The atmospheric response to volcanic aerosols and El Nifio type sea surface temperature anomalies
during winter

Volcano Volcano/El Nifio El Nifio

Mid- and higher latitudes

Stratosphere stronger cyclonic polar vortex than normal weak polar vortex

cooling weaker cooling than in the
volcano case centered over
Spitsbergen

warming in the North Paci-
fic region, cooling in Scan-
dinavia

Troposphere strengthened polar night jet
stream in the North Atlantic
region

weak west wind anomalies
over North America and the
northern Atlantic

strengthened subtropical jet
stream in the North Pacific
region

Greenland strong cooling,
Eurasia strong warming

Greenland cooling, Eurasia
and northwestern America
warming, cooling in the
central part of Asia

westcoast of North America
warm

Tropics and subtropics

Stratosphere no significant signal in the
wind field

northward of the equator negative anomalies of the zonal
wind field, southward of the equator positive anomalies

warming cooling

Troposphere no significant signal westerly wind anomalies in the Pacific region, easterly ano-
malies over the Atlantic, Africa and the Indian ocean

northern Africa and India
moderate cooling

positive anomalies of the temperature centred over the
East Pacific
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Figure 1. The optical thickness (normalized to a wavelength at 532 nm) after the Mount Pinatubo eruption in
June 1991 based on Lidar observations for stations on difi‘erent latitudes bands (dark lines are
smoothed curves for the stations Mauna Loa and Hampton)
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Figure 2. The volcano experiment heating rates in the stratosphere (upper panel), the El Niflo case SST
anomaly forcing (middle panel) and the surface solar net fluxes for three forcing experiments (lower
panel; in the volcano experiments the external solar flux reduction is one part of these anomalies)
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Figure 3. Schema of the signal selection method
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Figure 4. The definition of volcano-influenced winters as a function of the latitude of the volcano and the
eruption date
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El Nifio events and winters with high volcanic perturbation potential for the
period 1850/51-1989/90

(* indicate strong events following ROBOCK and MAO, 1992)

Volcano El Nifio No forcing Period

1850/51-69/70

** >x< 1870/71-89/90

53¢ * 1890/91-09/10

* 1910/11-29/30

91¢ 1930/31-49/50

* :1: 1950/51-69/70

ä: >X< 1970/71-89/90

26/19% 25/18% 25/18% 64/45% 140 winterS

Figure 5. The number of winters with high volcanic perturbation potential, with volcanic and El Nifio forcing,
with El Nifio, and the residual part ofeach twenty-year period between 1850 and 1990 (dark grey
shaded columns indicate the part with single forcing winters, the light grey shaded column
indicates the part with both forcing factors, stars indicate eruptions with VEI >4, the last row
contains the absolute number of winters in each class and the part relative to all winters)
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Volcano temperature sfc [Kelvin]

Figure 6. Surface air temperature anomalies for volcano, El Nina and volcano/El Nifio influenced winters in
relation to unperturbed winters following observations for the period 1854 to 1992 (JONES et al.,
1986, update 1992), shaded areas indicate regions with significance level higher than 99%
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Tsfc 57/7—92/6 (strong — weak vortex)

90N
80N~ -
7ON -
60N -
50N - -
4ON -
SON -
20N —
10N 1

E I I I I I
Q180 120W 60W 0 60E 120E 180

Figure 7. Surface air temperature anomalies for winter months with strong and weak polar vortexes in relation
to unperturbed months for the period 1957 to 1992 (temperature data based on JONES et al., 1986,
update 1992; stratospheric vortex observations based on geopotential heights of the 50 hPa level
after LABITZKE, 19.92), shaded areas indicate regions ofanomalies with significance level higher
than99%fl
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Volcano Exp zonal wind 200 hPa [m/s]
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Figure 8. The zonal wind anomalies in the 200 hPa level for the volcano experiment (upper panel), the
combined experiment (middle panel) and the El Nino experiment (areas with significance level
higher than 99% are shaded)
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Figure 9. The temperature anomalies in the 850 hPa level (panels see Fig. 8)
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Figure 10. The EOF filtered signal of the temperature in the 50 hPa level (panels see Fig. 8)
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Volcano signal zonal wind 50 hPa [m/s] 28.8 %
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Figure 11. The EOF filtered signal of the zonal wind in the 50 hPa level (panels see Fig. 8)
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Figure 12. The EOF filtered signal of the zonal wind in the 200 hPa level (panels see Fig. 8)
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Volcano signal geopotential height 500 hPa [gpm] 19.3 %
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Figure 13. The EOFfiltered signal of the geopotential height of the 500 hPa level (panels see Fig. 8)
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Volcano signal temperature 850 hPa [Kelvin] 16.5 %
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Figure 14. The EOFfiltered signal of the temperature in the 850 hPa level (panels see Fig. 8).
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Volcano signal temperature 2m [Kelvin] 36.5 %
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Figure 15. The EOFfiltered signal of the surface air temperature (panels see Fig. 8)
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EI Nino signal geopotential height 500 hPo [gpm] 26.0 %
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Figure 16. The signal of the geopotential height of the 500 hPa level for the El Nifto experiment (upper panel)
and for observations based on NMC data for the El Nino perturbed winter 1986/ 87 (lower panel)
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EI Nino signal temperature 850 hPo [Kelvin] 28.1 %

Figure 17. The signal of the temperature in the 850 hPa level for the El Nifio experiment (upper panel) and the
El Niflo perturbed winter of1986 / 87 for two different data sets, based on NMC data (middle panel)
and on MSU observations (mean 1982-1990; lower panel)
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Volcano signal geopotentiol height 500 hPa [gpm] 19.3 %
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Figure 18. The signal of the geopotential height of the 500 hPa level for the volcano experiment (upper panel)
and for observations based on NMC data for the volcano perturbed winter of 1974/ 75 (lower panel)
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Volcano signal temperature 850 hPa [Kelvin] 16.5 %
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Figure 19. The signal of the temperature in the 850hPa level for the volcano experiment {upper panel) and two
different volcano perturbed winters, of 1974/ 75 based on NMC data (middle panel) and 1991 / 92
based on MSU observations (mean 1982-1990; lower panel)
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Volc + EI Nino signal geopotential height 500 hPa [gpm] 31.2 %
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Figure 20. The signal of the geopotential height of the 500 hPa level for the volcano/El Nifio experiment (upper
panel) and for observations based on NMC data for the volcano/El Nino perturbed winter of 1982/
83 (lower panel)
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Vole + El Nino signal temperature 850 hPo [Kelvin] 29.1 %
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Figure 21. The signal of the temperature in the 850hPa level for the volcano/El Nino experiment (upper panel)
and the volcano/El Nifio perturbed winter of 1982/83 for two different data sets, based on NMC
data (middle panel) and on MSU observations (mean 1982-1990; lower panel)
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