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Accounting for the effects of volcanoes and ENSO

in comparisons of modeled and observed

temperature trends
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Abstract. Several previous studies have attempted to remove the effects of explosive
volcanic eruptions and El Nifio-Southern Oscillation (ENSO) variability from time series
of globally averaged surface and tropospheric temperatures. Such work has largely ignored
the nonzero correlation between volcanic signals and ENSO. Here we account for this
collinearity using an iterative procedure. We remove estimated volcano and ENSO signals
from the observed global mean temperature data, and then calculate trends over 1979-
1999 in the residuals. Residual trends are sensitive to the choice of index used for
removing ENSO effects and to uncertainties in key volcanic parameters. Despite these
sensitivities, residual surface and lower tropospheric (2LT) trends are almost always larger
than trends in the raw observational data. After removal of volcano and ENSO effects, the
differential warming between the surface and lower troposphere is generally reduced.
These results suggest that the net effect of volcanoes and ENSO over 1979-1999 was to
reduce globally averaged surface and tropospheric temperatures and cool the troposphere
by more than the surface. ENSO and incomplete volcanic forcing effects can hamper
reliable assessment of the true correspondence between modeled and observed trends. In
the second part of our study, we remove these effects from model data and compare
simulated and observed residual trends. Residual temperature trends are not significantly
different at the surface. In the lower troposphere the statistical significance of trend
differences depends on the experiment considered, the choice of ENSO index, and the
volcanic signal decay time. The simulated difference between surface and tropospheric
warming rates is significantly smaller than observed in 51 out of 54 cases considered. We
also examine multiple realizations of model experiments with relatively complete estimates
of natural and anthropogenic forcing. ENSO and volcanic effects are not removed from
these integrations. As in the case of residual trends, model and observed raw trends are in
good agreement at the surface but differ significantly in terms of the trend differential
between the surface and lower troposphere. Observed and simulated lower tropospheric
trends are not significantly different in 17 out of 24 cases. Our study highlights the large
uncertainties inherent in removing volcano and ENSO effects from atmospheric
temperature data. It shows that statistical removal of these effects improves the
correspondence between modeled and observed temperature trends over the satellite era.
Accounting for volcanoes and ENSO cannot fully explain the observed warming of the
surface relative to the lower troposphere, or why this differential warming is not

reproduced in the model simulations considered here.

1. Introduction

Recently, several groups have attempted to perform climate
model experiments that incorporate a combination of natural
and anthropogenic forcings [Hansen et al., 1997a, 1997b;
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Bengtsson et al., 1999; Tett et al., 1999; Stott et al., 2000]. Over
the period relevant for comparison with observations, such
experiments yield profiles of vertical temperature change that
are markedly different from those simulated in experiments
with changes in greenhouse gases only [Santer et al., 1996; Tezt
et al., 1996; Hansen et al., 1998].

A number of recent studies suggest that improved realism in
the mix of applied forcings and in the models themselves
[Gates et al., 1999] translates to better statistical agreement
between simulated and observed temperature behavior [Santer
et al., 1996, 2000a; Tett et al., 1996, 1999; Hegerl et al., 1997,
Wigley et al., 1998; Knutson et al., 1999; R. L. Smith et al., A
bivariate time series approach to anthropogenic trend detec-
tion in hemispheric mean temperatures, submitted to Journal
of Climate, 2001, hereinafter referred to as Smith et al., sub-
mitted manuscript, 2001]. There are, however, problems that
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complicate comparisons of modeled and observed temperature
trends, even in recent coupled model experiments with more
realistic forcing estimates.

The first problem relates to different realizations of natural
internal variability. Even if a given model realistically captured
the observed statistical characteristics and structure of the El
Nifio-Southern Oscillation (ENSO), the precise timing of
ENSO events (and hence of ENSO-induced temperature vari-
ability) would differ from that in the real world. A key question
is whether the comparison of underlying externally forced sig-
nals can be facilitated by identifying and removing ENSO ef-
fects from observations and model results.

A second, related problem is the influence of volcanically
induced cooling on estimates of ENSO signals. Over the period
of the satellite temperature record, two major volcanic erup-
tions (El Chiché6n in April 1982 and Pinatubo in June 1991)
occurred at the same time as El Nifio events (T. M. L. Wigley
and B. D. Santer, Differential ENSO and volcanic effects on
surface and tropospheric temperatures, submitted to Journal of
Climate, 2001, hereinafter referred to as Wigley and Santer,
submitted manuscript, 2001 (WS)). These eruptions had a
marked impact on atmospheric temperature [Hansen et al.,
1992, 1993; Graf et al., 1993; Robock and Mao, 1995; Robock,
2000; WS]. This means that volcano and ENSO temperature
signals are not statistically independent over the period of the
satellite record. For example, correlations over 1979-1999 be-
tween various ENSO indices and the Sato et al. [1993] monthly
mean estimates of global average stratospheric aerosol optical
depth range from 0.384 (SATO versus Nifio 3 sea surface
temperatures) to 0.464 (SATO versus the Southern Oscillation
Index).

The problem of correlation between two or more predictor
variables is referred to as collinearity in regression problems
[Mosteller and Tukey, 1977]. Here it complicates the separation
of volcano and ENSO signals. Previous work in this area has
either neglected collinearity [4ngell, 1988; Jones, 1994a;
Michaels and Knappenberger, 2000], or recognized the possibil-
ity of collinearity effects, but concluded that they were unim-
portant [Christy and McNider, 1994; Robock and Mao, 1995;
Angell, 2000]. A useful summary of such work is given by WS,
who show that collinearity affects estimates of the regression
coefficient between various ENSO indices and atmospheric
temperature. Thus the first problem alluded to above, the
identification and removal of ENSO effects from atmospheric
temperature data, is linked to the second problem of removing
volcanic effects.

The estimation of volcanic signals is also important in mak-
ing comparisons between observed temperature changes and
model results derived from experiments with incomplete vol-
canic forcing. A case in point is the GSOP experiment [Bengts-
son et al., 1999; Roeckner et al., 1999] performed with the
ECHAM4/OPYC model of the Max-Planck Institute for Me-
teorology. GSOP included stratospheric aerosols produced by
the Pinatubo eruption, but neglected the volcanic forcing from
El Chichén. The comparison of model-observed trend differ-
ences would be facilitated by removal of the Pinatubo signal
from GSOP and of El Chichén and Pinatubo effects from the
observations.

Our aim here is to apply to observations and relevant model
perturbation experiments an automated version of the iterative
procedure developed by WS for removing volcano and ENSO
effects. We focus on estimating the uncertainties inherent in
quantifying these effects, and show that these are much larger

than has been assumed in previous work [e.g., Christy and
MecNider, 1994; Michaels and Knappenberger, 2000].

The structure of the paper is as follows. In section 2 we
introduce the observed and simulated surface and 2LT data
used in our study. Section 3 describes a modified version of the
iterative volcano/ENSO estimation procedure employed by
WS. Results from the application of this procedure to the
observations and to data from the ECHAM4/OPYC model are
presented in sections 4 and 5, respectively. Section 6 analyzes
“raw” atmospheric temperature trends in model experiments
with relatively complete estimates of natural and anthropo-
genic forcing. A summary and conclusions are given in section
7.

2. Data
2.1. Observational Data

The lower tropospheric temperature data used here are
from the satellite-based Microwave Sounding Unit (MSU),
which uses the upwelling microwave radiation from oxygen
molecules to monitor the vertically weighted temperature of
deep atmospheric layers [Spencer and Christy, 1992]. We rely
on a recent version (May 3, 2000) of the MSU lower tropo-
spheric temperature retrieval (2LT) [Christy et al., 1998, 2000].
This differs slightly from MSU data (version d03) we have
employed in previous work [Santer et al., 2000a; WS], primarily
through inclusion of data from the NOAA 15 Advanced Mi-
crowave Sounding Unit (AMSU) after September 1998.

The MSU data were available as monthly means for 2.5° X
2.5° latitude/longitude grid boxes. The data have full global
coverage and span the 252-month period January 1979 through
December 1999. The peak of the 2LT weighting function is at
roughly 740 hPa.

We use near-surface temperature data that are a combina-
tion of marine sea surface temperatures (SSTs) and land sur-
face air temperatures (SATs). For full details of the data set,
refer to Jones [1994b], Parker et al. [1994], and Jones et al.
[1999]. Data were available in the form of monthly mean
anomalies (relative to climatological monthly means over
1961-1990) for 5° X 5° latitude/longitude grid boxes, and span
the period January 1856 through December 1999.

Our iterative procedure for separation of ENSO and volca-
nic signals relies on global mean data. We therefore computed
area-weighted global mean, monthly mean temperatures from
the gridded MSU 2LT and near-surface data. Temperatures
were expressed as anomalies relative to climatological monthly
means calculated over a common reference period, generally
January 1979 through either December 1997 or December
1999.

We use three different indices for removing ENSO effects
from global mean 2LT and near-surface temperature data: the
Southern Oscillation Index (SOI) and SSTs in the Nifio 3 and
3.4 regions (5°S-5°N, 150°W-90°W and 5°S-5°N, 120°W-
170°W, respectively). The version of the SOI used here
[Ropelewski and Jones, 1987; Konnen et al., 1998] was in the
form of monthly means from January 1866 through December
1999. Area-averaged SSTs for the Nifio 3 and 3.4 regions were
computed from the gridded Jones et al. [1999] near-surface
temperature data.

2.2. Model Data

We used model data from three sources: the Max-Planck
Institute for Meteorology in Hamburg (MPI), the Goddard
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Plate 1. Estimated ENSO and volcanic signals (in °C) in observed (MSUd 2LT) monthly mean lower
tropospheric temperatures. (a) Raw MSUd 2LT temperatures [Christy et al., 1998] and (b) Nifio 3.4 time series
[Jones et al., 1999]. (c) Regression-based estimate of the ENSO effect on 2LT. Subtraction of the ENSO signal
from the raw 2LT data yields the residuals in Plate 1d. These were used to estimate the volcanic signal (Plate
1e). The residuals after subtraction of ENSO and volcanic signals from the raw 2LT data are plotted in Plate
1f. All panels except Plate le show both unfiltered results (black lines) and data smoothed with a five-term
binomial filter (color fill). The signals (Plates 1c and 1le) and residuals (Plates 1d and 1f) were obtained with
an iterative procedure (section 3.2). Results are for the 252-month period January 1979 through December
1999, 7 = 30 months, and ¢, = 6 months. Green vertical lines mark the times of the El Chich6n and
Pinatubo eruptions.
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Institute for Space Studies in New York (GISS), and the Na-
tional Center for Atmospheric Research in Boulder (NCAR).
The MPI data were from perturbation experiments performed
with the atmospheric General Circulation Model (AGCM)
ECHAMA4 (jointly developed by the European Centre for Me-
dium-Range Weather Forecasts and the MPI in Hamburg)
coupled to OPYC (an ocean isopycncal model [Oberhuber,
1993]). The coupled model and the climate change experi-
ments performed with it have been described in detail by
Bengtsson et al. [1999] and Roeckner et al. [1999]. The
ECHAM4 model has 19 atmospheric levels and was run at T42
spectral truncation, equivalent to a horizontal resolution of
250-300 km in the tropics. The OPYC ocean component has
comparable horizontal resolution to the atmosphere poleward
of 36°, with gradually decreasing meridional grid spacing equa-
torward of 36°, down to 0.5° at the equator. OPYC has 11
vertical layers. The magnitude of ENSO variability in this
model is comparable to observations [Roeckner et al., 1996].

In the present study, we analyze the GSOP, GSO1, and
GSO2 integrations. All three span the 228-month period from
January 1979 through December 1997, and include estimates
of historical forcing by well-mixed greenhouse gases, direct and
indirect sulfate aerosol effects, and tropospheric and strato-
spheric ozone. Additionally, GSOP incorporates stratospheric
aerosols from the eruption of Pinatubo in June 1991.

The GSO1 and GSO2 experiments use January 1979 oceanic
initial conditions from a climate change experiment which
commenced in 1860. GSO1 and GSO2 have the same forcing,
but start from slightly different atmospheric initial conditions
in January 1979. GSOP’s initial conditions were taken from
June 1991 in GSO1. We also analyzed ECHAM4/OPYC data
from a 300-year control integration with no changes in natural
or anthropogenic forcings.

The GISS perturbation experiments analyzed here involve
combined forcing (from 1979 onward) by well-mixed green-
house gases, stratospheric aerosols from volcanic eruptions,
solar irradiance, and tropospheric and stratospheric ozone
[Hansen et al., 1997a). They differ from the ECHAM4/OPYC
simulations in their inclusion of solar variability and the effects
of El Chichén, and in their exclusion of tropospheric aerosols.
Additionally, the GISS experiments incorporate an estimated
“initial disequilibrium forcing” of 0.65 W m™2 in order to
account for the neglect of “unrealized” radiative forcing prior
to 1979.

Four different experimental configurations were used. All
involve the so-called GISS SI95 AGCM, which has a 4° X 5°
latitude/longitude grid and nine vertical levels. In the first
configuration the GISS AGCM used prescribed, time-varying
SSTs over 1979-1996 and the climatological mean seasonal
cycle of sea ice over the decade 1979-1988 [Hansen et al.,
1997a]. In the second configuration the GISS AGCM was
coupled to a mixed-layer ocean with fixed horizontal transport
of oceanic heat. Heat anomalies from the mixed layer were
diffused into the deeper ocean with a geographically varying
diffusion coefficient. The third and fourth configurations were
fully coupled A/OGCMs, involving the so-called GISS ocean
model [Russell et al., 1995], and the GFDL Bryan and Cox
[1972] ocean model (as implemented by Miller and Jiang
[1996]).

Ocean components for the third and fourth model configu-
rations both have the same horizontal resolution (4° X 5°) as
the GISS SI95 atmospheric GCM. The vertical resolution is 13
and 16 levels in the GISS and GFDL ocean models (respec-

tively). Miller and Jiang [1996] have documented that the mag-
nitude of ENSO SST variability in the SI95 AGCM/GFDL
OGCM is smaller than observed by a factor of roughly 3.

The original Hansen et al. [1997a] experiments covered the
17-year period 1979-1996. Experiments performed with the
three coupled configurations were extended through to De-
cember 1999. For each configuration there are five indepen-
dent realizations of the perturbation experiment.

We also analyzed data from a 300-year control integration
performed with the Parallel Climate Model (PCM) jointly de-
veloped by NCAR and the Los Alamos National Laboratory
[Washington et al., 2000], and employing version 3 of NCAR’s
Community Climate Model, CCM3 [Boville and Hurrell, 1998].
The atmospheric component of PCM has a T42 spectral trun-
cation (roughly 2.8° X 2.8° horizontal resolution) and 18 ver-
tical levels. The PCM ocean component has 32 vertical levels
and 2/3° X 2/3° horizontal resolution, decreasing to 0.5° at the
equator. The amplitude of the El Nifio/La Nifia SST cycle in
this model is comparable to observations [Meeh! et al., 2000].

The comparison of modeled and observed atmospheric tem-
peratures was facilitated in a number of ways. First, we used a
static global mean weighting function to compute “equivalent”
MSU 2LT temperatures from the ECHAM4/OPYC and PCM
data. The GISS equivalent 2LT data were calculated with a
radiative transfer code. The two methods give very similar
results for large-scale spatial averages, such as global and
hemispheric means [Santer et al., 1999]. Second, we merged
simulated SSTs over ocean and SATSs over land to form model
near-surface temperature data sets that are more directly com-
parable with observations. Third, model SSTs were averaged
over the same areas as the observations (section 2.1) to form
Nifio 3 and 3.4 time series. Simulated SOI time series were
computed with sea level pressure data from the model grid
points closest to Tahiti and Darwin, and were normalized as in
the observations. Fourth, temperature and ENSO index time
series in models and data were always expressed as anomalies
relative to a common reference period (generally either 1979-
1997 or 1979-1999).

We do not subsample globally complete model surface data
with incomplete observational coverage. Nor do we subsample
globally complete modeled and observed 2LT data with obser-
vational surface coverage. Accounting for such effects can ex-
plain roughly one third of the observed difference between
warming rates at the surface and in the lower troposphere
[Santer et al., 2000a). Our primary aim here is to quantify
uncertainties in estimates of ENSO and volcanic effects on
atmospheric temperature. We want to separate this from the
issue of coverage differences. Joint consideration of the effects
of coverage differences, ENSO, and volcanoes will be ad-
dressed in a subsequent paper.

3. Method

3.1. Description of WS Procedure

The WS approach involves successive estimation and re-
moval of volcano and ENSO signals from atmospheric tem-
perature data. In the work of WS the functional form of the
global mean temperature response to volcanic forcing is char-
acterized by three parameters: AT,,,,, the maximum global
mean volcanically induced cooling; ¢, the time (in months)
between the start of the eruption and AT ,.; and 7, the expo-
nential decay time (in months) of the volcanic signal. The first
two parameters are estimated directly from the data and are

85U80|7 SUOWWOD 3Ae8ID 3|qeol(dde au Aq pausenob ae sajone VO ‘@S JOS3|nJ 104 A%eiq)8ulUO 431 UO (SUORIPUCO-pUB-SWLRILICO A8 1M A1 1 eUl|UO//:SANY) SUORIPUOD pue swi | 8y} 88s *[£202/T0/2T] uo Areiqiiauuo Aeim ‘ABojoosIN 87€ IdIN AQ 68T000Ar000Z/620T OT/I0pwod A8 | 1M Ae.q 1 puljuo'sandnBe;/sdny wouy pepeojumoqd ‘zza ‘T00Z ‘PZ02z9STe



SANTER ET AL.: ACCOUNTING FOR VOLCANO AND ENSO EFFECTS 28,037

determined separately for each eruption considered. The third
parameter, T, is model-derived and is identical for each erup-
tion.

There are several reasons why it is difficult to estimate 7
from observations. First, the volcano signal is obscured by
natural internal variability and by the signals associated with
other slowly varying external forcings, such as changes in
greenhouse gas concentrations and in solar variability. Second,
there is some subjectivity involved in determining the fre-
quency characteristics that should be emphasized if 7 is esti-
mated by RMS fitting.

WS obtained estimates of 7 in the following way. They used
a slightly idealized form of the Saro et al. [1993] volcanic forc-
ing data (henceforth SATO) to drive an energy-balance cli-
mate model [Wigley and Raper, 1992]. As WS point out, the
SATO forcing has an e-folding time of roughly 12 months,
while the e-folding time of the temperature response is sub-
stantially longer due to the thermal inertia of the ocean [Wigley
and Schiesinger, 1985]. Since the latter depends on climate
sensitivity, 7 is also a function of uncertainties in estimates of
climate sensitivity. WS obtained 7 values of 32-39 months for
a canonical climate sensitivity range of 1.5°-4.5°C [Kattenberg
et al., 1996]. This range encompasses estimates of 7 obtained
from GCMs [Hansen et al., 1993] and from observations [Han-
sen et al., 1997b].

Having first obtained a plausible range of estimates for T,
WS then systematically explored the effect of uncertainties in
7 on estimates of volcano and ENSO signals. For each of a
range of 7 values, (20, 30, and 40 months), WS estimated and
subtracted a volcano signal from the raw temperature data.
Using these residuals, a regression-based approach was used to
determine the ENSO effect on temperature. The ENSO signal
was then removed from the original temperature data, and the
volcano signal was reestimated from the new residuals. This
procedure was repeated until convergence. Values of AT,
and ¢,,,,, were determined subjectively.

Here, because we have more time series to examine, we
decided to automate the determination of AT,,,, and ¢,,,,,
(section 3.2). One advantage of the automated procedure is
that it is reproducible and common to all data series examined.
Implementing an automated approach, however, requires a
number of subjective decisions. For example, in order to com-
pute AT, ., we need to determine T ., the preeruption refer-
ence level temperature. We estimate T, by averaging over
different time periods of the preeruption temperature data.
There is no single “best guess” value for the length of averag-
ing period.

Determination of the maximum cooling after each eruption
is also sensitive to the filter choices made. One might decide
that AT, was simply T, _; minus the temperature in the cold-
est month after the eruption (with some realistic cutoff, e.g., 24
months). The problem here is that there is considerable
month-to-month variability in the unfiltered temperature data,
and the coldest monthly temperature may simply reflect an
unusual monthly timescale fluctuation. An alternative would
be to estimate the posteruption maximum cooling from low-
pass filtered data. This, however, could distort the phase of the
peak cooling and markedly reduce the estimated maximum
cooling. The difficulty is to find some reasonable compromise
in the choice of filter.

We stress, therefore, that the automated approach used here
for separation of ENSO and volcano signals, while nominally
“objective,” in fact relies on a number of subjective decisions,

which can markedly influence results. Our procedure comple-
ments but is not superior to the “expert judgement” approach
of WS.

3.2. Modification of WS Procedure

Let T, represent either the monthly mean surface or lower
tropospheric temperature, and X, denote some specified index
of ENSO variability, such as the SOL. The nominal time index
ist =1,..., n, with n, = 252 in most of our applications
(January 1979 through December 1999). Both 7, and X, are in
the form of anomalies with respect to their climatological
monthly means over the full 252-month period.

Step 1 is to select X,, T,, and a value of the response time
7. We consider 7 = 30 or 40 months, which spans the 7 values
that WS estimated for a climate sensitivity range of 1.5°-4.5°C.

Step 2 is to estimate T ., the preeruption “reference level”
temperature. This is done for each of the two volcanic erup-
tions considered (Pinatubo and El Chichén). T, is the aver-
age of the unfiltered T, values, computed over f,,,. months
prior to the eruption. We considered 7, values of 4, 6, and 12
months.

Step 3 is to estimate the volcano parameters AT, and
tramp from the filtered T, data (see below). The maximum
cooling AT, is

ATmax = Tref - Tlramp’ (1)

where ¢, is the time (in months since the eruption month)
at which AT,,,, occurs, with ¢, = 24. This restricts the
search for AT,,,, and {,,,,, to the 24 months following each
volcanic eruption. Larger values of ¢ are physically unre-
alistic.

In the presence of substantial high-frequency noise, it is
suboptimal to estimate AT and ¢, directly from the raw,
unfiltered temperature data. We experimented with a variety
of filters and cutoffs, but report only on the results obtained
with a five-term binomial filter. Filters with much longer cut-
offs can yield excessive smoothing (and hence underestimation
of AT ,...)-

Step 4 is to compute the volcano signal V,, assuming linear
cooling from the eruption month to ¢ and exponential
recovery thereafter

ramp

ramp

—AT .t
Vlzti t:tla""trdmp
ramp (2)

{—tramp

= —ATmaxe T t>t

ramp+

Step 5 is to remove the volcano signal from the raw temper-
ature data

Z,=T,—-V, t=ty,...,nN, 3)

Step 6 is to compute (as a function of the lag k between X,
and Z,) the least squares linear regression coefficient b, be-
tween the selected Nifio index X, and the temperature resid-
uals Z,

n—k
by = 2K 02— 2] 0,....24, (4
2t (X - X)?
where X and Z are the time means of X, and Z,, respectively.
Then determine the lag j that maximizes |b,|, with 0 = j <
24. (Note that r;, the correlation between X, and Z,, is gen-
erally maximized at the same lag as the regression coefficient.)

85U80|7 sUoWWoD aA R8I0 3(qedl(dde au Aq pausenob ae e VO ‘@S JOSa|NnJ 104 A%eiq18ulUO A3[IA\ UO (SUORIPUOO-pUB-SWRI/LIcO" A8 1M AReIq Ul |UO//:SANY) SUORIPUCD pue swid L 8y} 88s *[£202/T0/2T] uo Areiqiiauiuo fe|im ‘ABojooeIN 8€ IdIN AQ 68T000Ar0002/620T OT/I0pAW0d A8 | 1M Aeiq 1 puluo sandnBe;/sdny wouy pepeojumoq ‘zza ‘T00Z ‘PZ0zz9STe



.0-3 1 I 1 I I I 1 I | l T
L A SOLt_ =4months A A
g I 4 SO\t =6 months A ]
I'<- v SOt =12 months
S 04 A NINO 3,1, =4 months A N
é { NINOS3,t,, =6months -
g i v NINO3,t,, =12months A
a 05 A NINO 34,1, =4 months
[ LN CY ) _ —
S 4 NINO 34,1, =6months
o v NINO34,t ., =12months
§ OPEN SYMBOLS = SURFACE
-0.6— —
E SOLID SYMBOLS = LOWER TROPOSPHERE
E | ]
g
g 07 v —
©
& s
_0.8 ] I ) l i l 1 I H l ]
-0.5 -0.4 -0.3 -0.2 -0.1 0

Estimated Maximum Cooling for El Chichon (ATm, °C)

Plate 2. Estimated maximum volcanic cooling signals (AT,.,,,, °C) in observed lower tropospheric (solid symbols)
and surface temperature data (open symbols). An iterative regression-based approach (section 3.2) relying on SOI,
Nifio 3.4, and Nifio 3 time series was employed to remove the effects of ENSO from the monthly mean surface and
2LT data. These residuals were then used to estimate AT, for the El Chichén and Pinatubo eruptions. Values
of AT, are sensitive 1o #,,,. but relatively insensitive to 7. Results given here are for ¢, choices of 4, 6, and 12
months, and for 7 = 30 months. The analysis period is January 1979 through December 1999.
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Plate 3. Uncertainties in observed residual temperature trends. Observed surface and lower tropospheric
temperature data span the period January 1979 to December 1999. The large range of residual trends arises
from uncertainties in the volcano parameters = and #,,,. and from the choice of index used for removal of
ENSO effects. Results for 7 values of 30 and 40 months are denoted by solid and open symbols (respectively).
Trends in the raw surface and 2LT data (“RAW OBS”) are also shown.
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Plate 4. Effect of uncertainties in v on observed (MSU version d) residual lower tropospheric temperature
trends. The top panel shows the estimated volcano signals for three different values of the signal decay time
7(20, 30, and 40 months). Removing these signals and ENSO effects yields the residuals €, in the bottom panel
(section 3.2). The larger the value of 7, the larger the residual trend. All results are for ¢, = 6 months and
Nifio 3.4-based removal of ENSO effects. The analysis period is January 1979 through December 1999. Data
in the bottom panel were smoothed with a five-term binomial filter.
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Plate 5. Sensitivity of estimated volcano signal to choice of index for removal of ENSO effects. The top
panel shows the three observed ENSO indices used in the iterative method for separating volcano and ENSO
signals. Removal of the estimated ENSO signals yields the residual lower tropospheric temperatures 75
(bottom panel). All results are for = 30 months and ¢,,.. = 6 months. Data in both panels were smoothed
with a five-term binomial filter.
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Table 1. Estimated Volcanic Cooling Signals in Observed Lower Tropospheric (2LT) and Surface Temperature Data?

SOl Nifio 3.4 Nifio 3

El Chichén Pinatubo El Chichén Pinatubo El Chichén Pinatubo

2LT 4 0402 20 -0770 14 052 -0299 20 -0770 14 039 —0398 20 —0.69 14 057
6 —0.335 19 -0771 14 044 -0327 20 -0760 14 043 -0463 21 -0.689 14 067
12 -0343 19 0691 14 050 -0345 20 —0.720 14 048 —0502 21 —-0.666 14 0.75
Surface 4 —0039 14 -0347 14 011 -0107 14 -0424 14 025 -0095 12 —0381 14 0.25
6 -0070 14 -0348 14 020 -0122 14 0415 14 029 —0117 12 —0373 14 031
12 -0.07 4 —0370 14 019 -0144 14 0445 14 032 -0160 12 —0393 14 041

“An iterative regression-based approach (section 3.2) relying on SOI, Nifio 3.4, and Nifio 3 time series was employed to remove the effects of
ENSO from the monthly mean surface and 2LT data. These “ENSO-removed” residuals were then used to estimate AT, .. the maximum
volcano-induced cooling (°C), and ,,,,., the lag in months between the start of the eruption and AT,,,. AT, and t,,., were determined
separately for El Chichén and Pinatubo. Values of AT, are sensitive to fyase> the length of averaging period used for estimating the mean
preeruption temperature, but are relatively insensitive to 7, the assumed signal decay time. Results given here are for ¢, choices of 4, 6, and
12 months and for 7 = 30 months. The ratio of the AT, values for the El Chich6n and Pinatubo eruptions is also given (C/P). The analysis
period is January 1979 through December 1999 (252 months), and sources of observed data are described in section 2.1.

Step 7 is to compute the linear influence of X, on Z, 4. Results From Analyses of Observed Data

E. =a+bX, t=1,...,n,-7j, ) Plate 1 provides some insights into the operation of the
iterative scheme, in this case with Nifio 3.4 data as the ENSO

Where a; is the regression estimate of the y axis intercept at lag index. The previously noted masking of El Chichén’s cooling

j- . 5 o . ;
Step 8 is to subtract the ENSO effect from the raw temper- s;gnalt urﬁ by th;]198 /11983;511]:1 1rF1[fLever‘1t [?NS,An‘lgell,bZOOO] s
ature data clearly shown (Plates 1a and 1b). There is also overlap between
a smaller El Nifio event and the 1991 Pinatubo eruption. The

Ti=T,-E, t=j+1,...,n, (6) estimated ENSO effect on lower tropospheric temperature,

E,, is simply a lagged and scaled version of the Nifio 3.4 time
parameters T, AT and ¢ from T* rather than from series (Plate 1c). After removal of E, from the raw 2LT data,
refs max’ ramp t - : s 1z .

T,. Continue iterating until there is convergence of the esti- the cooh‘ng mgnatures of El Chichén and P inatubo are more
mated volcano parameters and b . clearly discernible (Plate 1d). The volcano signal V, (Plate 1¢)

Convergence generally occurs within 4-5 iterations. All re- is estimated from these residuals. The final residuals after
sults shown in sections 4 and 5 are for 10 iterations. The order Subtraction of ENSO and volcano signals (Plate 1f) display a
in which ENSO and volcano effects are removed from T, is trend of ~0.11°C/decade, twice the size of the trend in the raw

t
generally irrelevant as long as sufficient iterations are per- 2LT data.

Step 9 is to return to step 2, but now computing volcano

formed. . . . .
4.1. Est d Vol | d T
Step 10 is at the end of the iterative procedure. Final esti- stimated Yo calflc Coo m'gs an .Ram? imes
mates of the ENSO and volcano signals are subtracted from Values of ATy estimated with the iterative approach are
the original temperature data, yielding residuals &, summarized in Plate 2 and Table 1. Results are given as a

function of the selected ENSO index and ty,.. AT,,,,, is rela-
tively insensitive to uncertainties in .

In the observations the linear trend in &, may have contribu- Three conclusions can be drawn from Plate 2. First, irre-
tions from anthropogenic sources (changes in well-mixed Spective of the choice of ENSO index and uncertainties in the
greenhouse gases, stratospheric and tropospheric ozone, soot, preeruption reference temperature, the estimated maximum
sulfate aerosols, etc.), from changes in solar forcing, from coolings for both El Chich6n and Pinatubo are always larger in
modes of natural variability other than ENSO [Thompson and  the lower troposphere than at the surface. Second, AT,
Wallace, 1998], and from any residual ENSO and volcanic values are sensitive to tpase and the choice of ENSO index. The
effects that are not removed by our approach. effect of varying ¢,,,.. from 4 to 12 months is not consistent for

e&=T,—-V,.—E, t=j+1,...,n, (7

Table 2. The 2LT/Surface Ratio of Maximum Coolings for Observed Volcanic Signals®

SOl Nifio 3.4 Nifio 3
hase El Chichén Pinatubo El Chichén Pinatubo El Chichén Pinatubo
4 1031 222 2.79 1.82 4.19 1.83
6 4.79 222 2.68 1.83 3.96 1.85
12 4.83 1.87 2.40 1.62 3.14 1.69

“Estimated AT, values for El Chich6n and Pinatubo are taken from Table 1.

85UB01 7 SUOWILLIOD BAIERID 3 |ded ! [dde 8up Aq peusenoh 8. sajole WO ‘88N JO S3|NJ 10y AReiq1 7 8UIIUO 8|1 UO (SUORIPUOD-PU-SWR}W0 A8 |IMAReIq 1 BU1IUO//SARY) SUORIPUOD pUe SW L 8U3 89S *[€202/T0/2T] uo Ariqiauliuo A8)im ‘ABojoIosie N 8YE IdIN A9 68T000Ar000Z/620T OT/10p/wiodAa| 1w Azeiqputjuo sqndnBe//sdny woly papeojumoq ‘zzd ‘T00Z ‘PZ02e9STe



SANTER ET AL.: ACCOUNTING FOR VOLCANO AND ENSO EFFECTS 28,041

El Chichén and Pinatubo, reflecting differences in noise be-
havior prior to the eruptions (see Plate 1d).

Third, AT, is slightly more uncertain for El Chichén than
for Pinatubo. This is due to the greater ENSO-induced mask-
ing of the El Chichén signal. In the lower troposphere, AT,
ranges from —0.66° to —0.77°C for Pinatubo and from —0.30°
to —0.50°C for El Chichén. At the surface, AT,,,,, varies from
—0.35° to —0.45°C for Pinatubo and from —0.04° to —0.16°C
for El Chichén.

The sensitivity of AT,,,, and ¢,,,., to the choice of ENSO
index has several possible explanations. Different aspects of
ENSO’s complex space-time variability are captured by indices
sampling different geographical areas (such as Nifio 3 and 3.4)
or different physical quantities (such as SST and sea level
pressure). Each index will therefore have a different statistical
relationship with global-scale atmospheric temperature. The
indices may themselves show different levels of sensitivity to
the cooling induced by volcanic eruptions.

The latter issue requires brief elaboration. Both Pinatubo
and El Chichén probably cooled SSTs in the regions used to
compute the Nifio 3 and 3.4 SST indices, thereby modifying
pressure gradients, circulation patterns, and hence the SOL
Model experiments with and without volcanic effects suggest
that “contamination” of both SST- and pressure-based ENSO
indices is possible (section 5.1). The accuracy of our results
therefore depends on how well the input ENSO indices cap-
ture the “true” ENSO behavior that would have occurred in
the absence of the Pinatubo and El Chichén eruptions. This
contamination effect is difficult to elucidate in the observa-
tions. (Other statistical schemes, incorporating nonlinear in-
teraction terms between volcano and ENSO signals, may be
more successful in handling direct volcanic impacts on ENSO
indices. Such schemes, however, introduce further unknown
parameters, such as the coefficient specifying the strength of
the interaction term.)

For El Chichdn, estimates of the time between the start of
the eruption and the maximum cooling are sensitive to the
choice of ENSO index: t,,,, varies from 19 months (X, =
SOI) to 21 months (X, = Niflo 3) in the lower troposphere and
from 12 to 14 months at the surface (X, = Nifo 3 and SOI,
respectively; see Table 1). In contrast, Pinatubo ¢,,,, values
are always 14 months, both at the surface and in the 2LT data.
The generally longer 2LT ¢,,,,, values found here for El Chi-
chén are consistent with the observation that the ramp time for
the stratospheric aerosol forcing was slightly longer for El
Chichén than for Pinatubo [see Sato et al., 1993; WS].

4.2, Estimated El Chichén/Pinatubo Response Ratios

Christy and McNider [1994] assumed that the tropospheric
AT, . values for El Chichén and Pinatubo were nonlinearly
related to their respective temperature signals in the lower
stratosphere. This analysis yielded a ratio between the AT ..
values for El Chichén and Pinatubo (C/P ratio) of roughly 0.65.
A similar ratio was assumed by Michaels and Knappenberger
[2000]. It is instructive, therefore, to examine the estimated
C/P ratios obtained here.

For the parameter space that we consider (18 combinations:
3 ENSO indices X 2 7 values X 3 ¢, values), the C/P ratio
varies by a factor of 2 in the lower troposphere (from 0.39 to
0.75; see Table 1) and by a factor of 3.7 at the surface (from
0.11 to 0.41). Both ranges include the WS “best guess” C/P
ratios (0.43 for 2LT and 0.40 for the surface). The C/P ratio

estimated by Christy and McNider [1994] is obtained only when
Nifio 3 SSTs are used for ENSO removal.

Note that there are large differences in observationally
based estimates of the relative strengths of the El Chichén and
Pinatubo eruptions. Sato et al. [1993] obtain a ratio of roughly
0.67 for the optical depths of El Chichén and Pinatubo, while
Andronova et al. [1999, Figure 16a] find a ratio of adjusted net
radiative forcing of ~0.44. The C/P forcing ratio used by Han-
sen et al. [1997a] is based on a modified version of the Sato et
al. optical depths, with 10% higher optical depths in the 4 years
after the El Chichén eruption.

Uncertainties in the C/P forcing ratios arise for several rea-
sons. First, the optical properties of the stratospheric aerosol
from the El Chichdn eruption are not known as well as those
from Pinatubo. While reliable solar occultation measurements
for the Pinatubo aerosol are available from the Stratospheric
Aerosol and Gas Experiment (SAGE II), comparable mea-
surements do not exist for El Chichén. Second, different
groups use procedures of varying sophistication for estimating
optical depths from the SAGE data, and for translating these
optical depths into estimates of the radiative forcing [cf. Han-
sen et al., 1997a; Andronova et al., 1999].

Given these forcing uncertainties, it is difficult to argue that
we know a priori what the surface or tropospheric C/P tem-
perature response ratio should be. As pointed out by Hansen et
al. [1997a], the direct radiative effect of the stratospheric aero-
sol and of the aerosol-induced reduction in stratospheric ozone
[Portman et al., 1996; Solomon, 1999] is only one component of
the volcanic forcing (albeit probably the dominant one). A
second component includes the potential dynamic effects re-
sulting from aerosol-induced warming of the lower strato-
sphere, which could propagate down to the troposphere and
surface [Robock and Mao, 1995; Kirchner et al., 1999; Robock,
2000]. This second component introduces further uncertainties
in estimating C/P temperature response ratios.

4.3. Surface/2LT Amplification Factors

We next examine (for each volcano) the ratio between the
maximum coolings in the lower troposphere and at the surface.
The range of amplification factors is larger for El Chich6n
(from 2.40 to 10.31) than for Pinatubo (from 1.62 to 2.22; see
Table 2). This is due to larger uncertainties in estimates of the
El Chichoén surface and 2LT signals (see section 4.1).

The WS “best guess” estimates of the 2LT/surface amplifi-
cation factors (1.40 for El Chichén and 1.50 for Pinatubo) are
smaller than those obtained here, particularly for El Chichén.
The reason for this is that for both volcanic eruptions, WS
obtain larger maximum surface coolings than those found here.

The fact that the volcanic signal amplification factor appears
to be larger than the amplification of roughly 1.4 for high-
frequency variability estimated by Hurrell and Trenberth [1998]
and WS has several interpretations. The Hurrell and Tren-
berth variability ratio was computed for tropical oceans be-
tween 20°N-20°S, and is almost certainly controlled by ther-
modynamic processes, primarily the moist adiabatic lapse rate.
It is therefore most appropriate over tropical ocean areas. The
volcanic signals, however, are not confined to tropical oceans.
Dynamical mechanisms can lead to warming of mid and high-
latitude land areas in the winter following a volcanic eruption,
particularly over Eurasia and Canada [Robock and Mao, 1995;
Kirchner et al., 1999; Robock, 2000]. Thus amplification effects
in extratropical and/or land areas are controlled by surface and
tropospheric processes that may differ from those operating in
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Plate 6. As for Plate 1, but for simulated lower tropospheric temperatures and Nifio 3.4 time series from the
GSOP experiment performed by Bengtsson et al. [1999]. The time period is January 1979 through December

1997 (228 months). Results are for 7 = 30 months and ¢,,.. = 4 months.
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Plate 7. Observed and simulated (GSOP) values of the maximum volcano-induced surface and lower
tropospheric cooling (AT ,,, °C) for the Pinatubo eruption. AT,,,, values are sensitive to uncertainties in ¢,
and the choice of index for removal of ENSO effects, but are relatively insensitive to 7. All results shown here
are for 7 = 30 months and for the analysis period January 1979 through December 1997. Observations are
denoted by solid symbols; GSOP results are indicated by open symbols.
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Plate 8. Influence of the Pinatubo volcanic signal on simulated Nifio 3.4 SSTs in the Bengtsson et al. [1999] GSOP
experiment. The raw lower tropospheric temperatures in GSOP and GSO1 (from which GSOP takes its initial
conditions) are in the top panel (thin lines). Data smoothed with a five-term binomial filter are also plotted (thick
lines). Simulated Nifio 3.4 SSTs from both integrations are shown in the bottom panel. Temperatures in the two
experiments are identical before June 1991; the slight offsets prior to this time are due to the fact that the
climatological monthly means used for generating anomalies were computed over the entire 228-month period.
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the tropics. This explains why Wentz and Schabel [2000] found
amplification factors noticeably lower and higher than 1.4 for
the northern and southern extratropics (respectively).

Furthermore, even in the tropics, there may be considerable
temporal variability in the scaling between surface and tropo-
spheric temperature anomalies [Wentz and Schabel, 2000]. A
related issue is that different statistical measures of tempera-
ture amplification with height (ratios of 2LT/surface standard
deviations, linear trends, etc.) do not yield identical scaling
parameters [Wentz and Schabel, 2000]. One cannot therefore
use the tropical 1.4 scaling of the standard deviations of tro-
pospheric and surface temperature anomalies as a strong con-
straint on the possible AT ., values for El Chichén and Pina-
tubo.

44. Residual Temperature Trends

Studies by Christy and McNider [1994] and Michaels and
Knappenberger [2000] assume that ENSO and volcano signals
can be easily identified and removed from observed lower
tropospheric temperature data and that the trend in the resid-
uals is known to within a few hundredths of a degree Celsius
per decade. These investigations did not directly address the
collinearity between ENSO and volcanic effects, nor did they
consider the sensitivity of results to choice of ENSO index,
uncertainties in 7, fy,., €tc. WS provided a more realistic
assessment of the uncertainties in estimates of residual surface
and 2LT trends, and found large trend sensitivities to uncer-
tainties in 7 and to the choice of index used to identify ENSO
effects.

Our residual trend results are generally in good agreement
with the WS ranges (Plate 3). For the surface our results range
from 0.210° to 0.250°C/decade, while WS obtain a range of
0.187° to 0.256°C/decade. The comparable ranges for 2LT re-
sidual trends are 0.056° to 0.158°C/decade (present study) and
0.067° to 0.158°C/decade (WS). Uncertainties in the volcanic
signal decay time are a key contributor to these large ranges.
Larger 7 values lead to a larger volcanically induced cooling
over 1979-1999, and (after this is removed) to a larger positive
trend in the residual temperature data (Plate 4).

The choice of index used to remove ENSO effects also has
a large influence on residual trends (Plate 3). While the three
ENSO indices behave similarly over much of the record, the
signatures of the two largest warm events (in 1982/1983 and
1997/1998) are quite different (Plate 5). During these events
the peak warming in the Nifio 3 region exceeds the warming in
the Nifio 3.4 area. As a result, Nifio 3-based removal of ENSO
effects yields a larger positive value of E, and a larger negative
value of AT, in 1982/1983. Values of AT, for Pinatubo are
less sensitive to the choice of ENSO index since there is less
ENSO-related masking of the Pinatubo cooling signal. The net
effect is that Nifio 3—based ENSO removal leads to larger C/P
ratios, and hence smaller residual temperature trends (Table 1
and Plate 3). In contrast, the SOI has the smallest amplitudes
for the two major warm events (Plate 5) and the smallest
regression coefficients, which results in a smaller estimated
cooling signal for El Chichén and larger residual trends.

In all but one case the residual trends at both the surface and
for 2LT are larger than the trends in the raw data (Plate 3).
This is in accord with the findings of WS. It is likely, therefore,
that volcanic effects reduced trends in both surface and lower
tropospheric temperatures over the 21-year period considered
here.

Our range of residual trends for the surface-minus-2LT

trend difference (not shown) spans 0.082° to 0.151°C/decade
and is somewhat larger than that found by WS (0.092° to
0.127°C/decade). This reflects uncertainties arising from the
precise ENSO/volcano removal procedures employed, partic-
ularly in quantifying the poorly known El Chichén signal. As in
the work of WS, accounting for the combined effects of vol-
canoes and ENSO generally reduces the raw surface-minus-
2LT trend difference of 0.124°C/decade. This suggests that
over 1979-1999 the net effect of these two influences was to
cool the lower troposphere by more than the surface. These
effects alone cannot fully explain why the surface warmed
relative to the lower troposphere over 1979-1999. There is still
a significant difference between observed residual trends at the
Earth’s surface and in the lower troposphere. (This is evident
from the observed results in Plate 10c: after subtraction of
ENSO and volcano effects from surface and 2LT time series,
the trend in the observed surface-minus-2LT difference series
is significantly different from zero in all 18 parameter combi-
nations examined.)

5. Analyses of ECHAM and PCM Model Data

In the following sections, we apply the iterative procedure
described in section 3.2 to remove ENSO and volcano effects
from the Bengtsson et al. [1999] GSOP experiment. We also
remove ENSO effects from the GSO1 and GSO2 experiments.
Since the latter do not incorporate volcanic aerosols, the
ENSO influence on atmospheric temperature can be estimated
directly from the raw surface and 2LT data, and an iterative
approach is not required. We compare simulated and observed
volcano parameters, residual temperature trends, and regres-
sion and correlation coefficients. To facilitate this comparison,
observed results presented in section 4 are recalculated for the
19-year period 1979-1997. Finally, we analyze data from the
ECHAM4/OPYC and PCM control runs in order to investi-
gate the temporal stability of the regression relationship be-
tween ENSO indices and atmospheric temperature in the ab-
sence of external forcing.

5.1. Model Estimates of Volcano Parameters

Plate 6 shows that collinearity between ENSO and volcanic
signals affects the GSOP experiment as well as the observa-
tions. In GSOP the Pinatubo-induced cooling is convolved with
the signal from large El Nifio and La Nifia events. As in the
observations (section 4.1), estimates of the Pinatubo-induced
surface and 2LT maximum coolings are sensitive to ... and
the choice of index for removing ENSO effects (Plate 7), but
are relatively insensitive to uncertainties in 7. The Pinatubo-
induced cooling signal is larger in the lower troposphere than
at the surface. This result holds over the entire range of pa-
rameter space explored here, both in GSOP and the observa-
tions.

Model-based estimates of the lower tropospheric cooling
caused by Pinatubo range from —0.26° to —0.49°C and are
consistently smaller than in the observations (—0.64° to
—0.77°C; Plate 7). Simulated and observed AT,,,, values are
closer at the surface than in the lower troposphere, but model
results (ranging from —0.24° to —0.34°C) are still generally
smaller than observed estimates (—0.30° to —0.38°C).

Estimates of the observed ramp time for the Pinatubo signal
(14 months in the lower troposphere and 13-14 months at the
surface) show little variation over the parameter ranges con-
sidered here. Observed results fall within the ¢,,,, ranges in
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GSOP (12-21 months in the lower troposphere and 11-19
months at the surface). The larger model ranges are due to the
fact that ENSO-induced masking of the Pinatubo signal is a
more serious problem in GSOP than in observations (compare
Plates 6 and 1). Simulated ramp times are therefore more
sensitive to choices made in removing ENSO effects.

The consistently smaller AT, values in GSOP have several
possible explanations. First, Bengtsson et al. [1999] made linear
fits to observed monthly mean latitude-height profiles of
stratospheric ozone loss over November 1978 to April 1993.
The estimated linear trends for each month, latitude band, and
level were then prescribed over 1979 to 1997 in the GSOP
experiment. The short-term (1-2 year) enhancement of polar
and midlatitude ozone loss that occurred after the El Chich6n
and Pinatubo eruptions [see Solomon et al., 1996] is not cap-
tured by such linear fits. This enhanced loss was probably
associated with injection of volcanic aerosols into the strato-
sphere and a consequent increase in the total aerosol surface
area available for heterogenous chemical destruction of ozone
[Portman et al., 1996; Solomon, 1999]. Its effect may have
amplified the tropospheric and surface cooling responses to El
Chichén and Pinatubo.

Neglect of this enhanced ozone loss in GSOP should there-
fore lead to an underestimate of the surface and tropospheric
cooling induced by Pinatubo. It also partly explains why the
Pinatubo-induced warming of the lower stratosphere in GSOP
is roughly twice as large as observed (the overestimated strato-
spheric warming is also related to poor simulation of the equa-
torial cooling caused by an easterly phase of the quasi-biennial
oscillation; see Bengtsson et al. [1999] for further details).

A second possible reason for underestimation of the Pina-
tubo signal in GSOP relates to the previously mentioned “con-
tamination” of ENSO indices by volcanic effects (section 4.1).
In the model world we can estimate the effect of Pinatubo on
ENSO by comparing the behavior of ENSO indices in the
GSOP and GSOI1 experiments with and without Pinatubo
aerosols.

In the ECHAM4/OPYC model the inclusion of the Pinatubo
aerosol cloud may have had both direct and indirect effects on
the model’s ENSO cycle (Plate 8). The direct radiative effect
was to cool SSTs. During the peak cooling of the first La Nifia
event after the eruption (in October/November 1992), GSOP
SSTs in the Nifio 3.4 region are roughly 0.4°C cooler than in
the baseline GSO1 experiment. Because of the radiative cool-
ing effect of Pinatubo on SSTs, we may be overestimating the
true ENSO component in GSOP, thereby subtracting too large
an ENSO signal (at a time close to that of the peak cooling
induced by Pinatubo), and hence underestimating the “true”
simulated response to Pinatubo.

The more subtle indirect volcanic effect may have been to
modulate the dynamical mechanisms involved in ENSO, hence
leading to a post-Pinatubo ENSO trajectory that is very differ-
ent in GSOP and GSO1 (Plate 8). These differences could also
be due to purely stochastic variability. Multiple realizations of
the GSOP integration would be necessary to better understand
possible volcanic effects on ENSO dynamics.

5.2. Regression and Correlation Coefficients

In this section we examine whether the ECHAM4/OPYC
model can reliably portray the observed statistical relationships
between ENSO variability and global mean temperature. Con-
sistency between models and observations would enhance our
confidence in (1) the usefulness of our iterative procedure for

separation of ENSO and volcanic signals; and (2) the ability of
the model to reproduce the observed regression and correla-
tion relationships between ENSO variability and fluctuations
in atmospheric temperature. Conversely, fundamental differ-
ences between observed and model-based regression and cor-
relation coefficients (b; and r,; see section 3.2) could be indic-
ative of some combination of model errors, missing forcing,
errors in the observed data, or deficiencies in our method for
separating ENSO and volcanic effects.

To address this issue, we estimate the sampling distributions
of b, and r, obtained from overlapping 228-month segments of
the ECHAM4/OPYC control run. We consider whether the
observed regression and correlation coefficients are contained
within the model-generated sampling distributions. Model re-
gression and correlation coefficients are estimated directly
from the control run data without an iterative procedure since
the control run does not incorporate volcanic effects.

Observational estimates of b, and r, are obtained as de-
scribed in section 3.2. These are given for two periods (1979-
1997 and 1979-1999) to show the influence of sampling vari-
ability.

If Nifio 3 or Nifio 3.4 SSTs are used for ENSO removal,
observed values of b; and r, are always contained within the
model-generated sampling distributions (see Plate 9 for Nifio
3.4 results). The degree of overlap between modeled and ob-
served regression and correlation coefficients is sensitive to the
exact observational period considered. In both the model and
observational results, Nifio SSTs are more highly correlated
with lower tropospheric than with surface temperatures. Re-
gression coefficients are also higher for the lower troposphere
than for the surface.

Rather different results are obtained if ENSO removal is
based on the simulated SOI. Observed regression and corre-
lation coefficients are virtually always larger than those simu-
lated in the ECHAM4/OPYC control run (not shown). This
may in part be due to the way we have computed the SOI in the
model. We use mean sea level pressure information from the
grid points closest to Tahiti and Darwin, rather than from large
areal averages centered on Tahiti and Darwin. This constitutes
a very stringent test of model performance. We note, however,
that a simulated SOI index based on the difference between
large areal averages also yields a weaker than observed corre-
lation between the SOI and surface temperature in ECHAM4/
OPYC (K. Achuta Rao et al., El Nifio Southern Oscillation in
coupled GCMs, submitted to Climate Dynamics, 2001).

5.3. Residual Trends After ENSO and Volcano Removal

Residual trends for the GSOP, GSO1, and GSO2 integra-
tions are shown in Plates 10—12 (respectively) as a function of
choice of index for removing ENSO effects and uncertainties
in 7 and t,,.. We also provide estimates of the statistical
significance of model-versus-observed trend differences. Sig-
nificance was assessed as in the work of Santer et al. [2000a],
using

d = (b, = b5t + sim] "%, 8

where b, and b,, are the observed and modeled trends with
respective standard errors s,, and s,,,. Standard errors are
adjusted for temporal autocorrelation effects [Santer et al.,
2000b]. We assume that the normalized trend difference d has
a Gaussian distribution and that values of d > 1.96 (2.58)
indicate trend differences significant at the 5% (1%) level. In
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Plate 9. Observed and simulated correlation and regression coefficients (r; and b,) between Nifio 3.4 indices
and atmospheric temperatures. Model sampling distributions were computed from overlapping 228-month
segments of the 300-year ECHAM4/OPYC control run, with overlap by 216 months. Observed r; and b; values
are given for two periods (1979-1997 and 1979-1999) and are averages over the six combinations of rand £,
considered here. (a and c) Correlation coefficients between Nifio 3.4 SSTs and lower tropospheric (surface)
temperatures. (b and d) Corresponding regression coefficient results.

testing the significance of trend differences between GSOP
and observations, we also make the simplifying assumption
that 7 and ¢, values are similar in the model and in the real
world. This means that only trend pairs with equivalent pro-
cessing choices are tested: e.g., if b, is computed with 7 = 30
months, ¢, = 6 months, and SOI-based removal of ENSO
effects, b,, must be based on the same parameter choices.
Since GSO1 and GSO2 do not include volcanic effects, their
residual trends after removal of ENSO effects do not depend
on 7 or #,,... The GSO1 and GSO2 residual trends are therefore
compared with b, results for each of the six possible parameter
combinations considered here (ie., two 7 values X three .
values for any given ENSO index).

5.3.1. Surface trends. There is good quantitative agree-
ment between modeled and observed surface trends in all
three perturbation experiments (Plates 10-12). None of the 54
model-based residual trends is significantly different from ob-
served values (at the 5% level) (54 = three model experi-
ments X two T values X three ¢y, values X three ENSO
indices). The only statistically significant difference is between
the “raw” GSO1 surface trend (0.256°C/decade) and the raw
observed trend (0.154°C/decade; Plate 11).

For the parameter space considered here, observed residual
trends range from 0.202° to 0.236°C/decade. Model ranges are
0.220° to 0.282°C/decade (GSOP), 0.210° to 0.249°C/decade
(GSO01), and 0.178° to 0.182°C/decade (GSO2). The very small
range in GSO2 is due to the fact that, by chance, the ENSO
component of temperature variability is very small in this ex-

periment. This results in a small sensitivity to the choice of
index for removing ENSO effects.

5.3.2. Lower tropospheric trends. In all three experi-
ments, simulated trends in “raw” lower tropospheric temper-
atures are significantly larger than the observed raw trend
(Plates 10-12). Without removal of ENSO and volcano effects,
differences between observed and simulated raw 2LT trends
are 0.161°, 0.280°, and 0.214°C/decade (for GSOP, GSO1, and
GSO02, respectively). With removal of these effects the differ-
ences between observed and simulated residual 2LT trends in
Plates 10-12 range from 0.056° to 0.160°C/decade (GSOP),
0.043° to 0.182°C/decade (GSO1), and 0.044° to 0.127°C/
decade (GSO?2). In all three ECHAM4/OPYC perturbation
experiments, accounting for the effects of volcanoes and
ENSO helps to resolve some of the discrepancy between “raw”
simulated and observed lower tropospheric temperature
trends. This conclusion holds over the full range of parameter
space explored here.

Decisions on the statistical significance of differences in re-
sidual trends are primarily dependent on the experiment con-
sidered, on 7, and on the choice of index used to remove ENSO
effects. In GSOP, simulated and observed residual 2LT trends
are significantly different at the 5% level or better in 16 out of
18 cases. Trend differences between the observations and
GSO1 (GSO2) are significantly different at this level in 15 of
18 (14 of 18) cases.

Agreement between modeled and observed residual 2LT
trends is poorer for shorter volcanic signal decay times and for
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Plate 10. Comparison of modeled (GSOP) and observed temperature trends (in °C/decade) over 1979-1997
in (a) surface and (b) lower tropospheric temperature data, and in (c) the surface-minus-2LT trend difference.
Model results are in red; observations are in blue. The results marked “RAW” include volcano and ENSO
effects. In all other cases these effects have been removed with an iterative method, and comparisons involve
residual trends. Residual trend results are sensitive to processing options: the choice of ENSO index (SOI,
Nifio 3, or Nifio 3.4 SSTs), 7 (30 or 40 months), and 7,,.. (4, 6, or 12 months; TB4, TB6, TB12). Results left
(right) of the green line are for values of 30 (40) months. Error bars indicate the 2o standard errors, adjusted
for temporal autocorrelation effects [Santer et al., 2000b]. Open circles (solid squares) denote model trends
that are significantly different from observations at the 1% (5%) level. Trends not significantly different at the
5% level are marked with solid circles. For further details, see section 5.3.

removal of ENSO effects with the SOI. The latter effect re-
quires brief explanation. If Nifio 3.4 SSTs are used as the basis
for ENSO removal, both GSOP and GSOL1 integrations have
positive ENSO-induced contributions to the overall 2LT trend
(0.023° and 0.056°C/decade, respectively; see Table 3). Trends in
the ENSO component E, are much smaller if the SOI is selected
as the ENSO index (—0.001° and 0.009°C/decade), primarily be-
cause ECHAMA4/OPYC underestimates the observed regression
and correlation coefficients between the SOI and lower tropo-

spheric temperatures (see section 5.2). SOI-based removal of
ENSO effects leads to smaller subtracted ENSO components,
larger residual 2LT trends in GSOP and GSO1, and hence en-
hances the statistical significance of model/observed residual
trend differences. We have greater confidence in significance re-
sults based on use of Nifio 3 and 3.4 SSTs for ENSO removal,
since ECHAMA4/OPYC reproduces observed statistical relation-
ships between Nifio 3/3.4 SSTs and atmospheric temperature with
better fidelity than SOI/temperature relationships.

Table 3. ENSO Component of Overall Trends in Observed and Simulated Atmospheric Temperature Data®

ENSO Index GSOP GSO1 GSO2 OBS
2LT SOI —0.001 0.009 -0.009 0.000
Nifio 3 0.020 0.037 —0.005 —0.012
Nifio 3.4 0.023 0.056 —0.011 0.018
Surface SOI —0.002 0.008 —0.003 0.008
Nifio 3 0.013 0.030 —0.001 0.009
Nifio 3.4 0.017 0.047 —0.005 0.020

“Results are trends (°C/decade) in E,, the ENSO component estimated directly from raw temperature data (GSO1, GSO2), or after iterative
separation of volcano and ENSO effects (GSOP, OBS). The SOI and Nifio 3 and 3.4 SSTs were used to estimate ENSO effects. All calculations
were performed with 228 months of data (January 1979 through December 1997). Processing choices for the iterative method were 7 = 30 months
and fy,,. = 6 months. GSOP and OBS results are relatively insensitive to uncertainties in T and the preeruption reference level temperature.
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The present comparison of 2LT trends is an improvement
on that given by Santer et al. [2000a]. Here trends are com-
pared over a common time period, explicitly accounting for
incomplete volcanic forcing in GSOP and for different realiza-
tions of ENSO in models and data (see Appendix A).

5.3.3. Surface minus 2LT trend difference. The raw ob-
servational temperature data generally show larger warming at
the surface than aloft over the period of the satellite record
[NRC, 2000; Gaffen et al., 2000; WS]. Most model experiments
are unable to reproduce this result. This discrepancy cannot be
fully explained by accounting for coverage differences and/or
“unforced” natural internal variability [Santer et al., 2000a].
Explicitly accounting for the twin effects of ENSO and recent
volcanic eruptions helps to reduce the difference between the
surface and lower tropospheric warming trends in the obser-
vations (WS; section 4.4). It also explains some but not all of
the discrepancy between the behavior of surface and tropo-
spheric warming rates in models and data (see WS).

Our results are generally in accord with the earlier findings
of WS and Santer et al. [2000a)]. Before removal of volcano and
ENSO effects, the trend in the raw surface-minus-2LT differ-
ence series is strongly positive in the observations (+0.150°C/
decade), but close to zero in GSOP (+0.006°C/decade; Plate
10) and negative in GSO1 and GSO2 (—0.027° and —0.040°C/
decade; Plates 11 and 12). Thus the differences between raw
results in observations and simulations are 0.144°, 0.177°, and
0.190°C/decade (for GSOP, GSOL1, and GSO2, respectively).

Accounting for volcano and ENSO effects invariably reduces
these discrepancies. Consider the example of GSOP (Plate 10).
Simulated residual trends in the surface-minus-2LT difference
series range from —0.026° to +0.016°C/decade. Ten of these
results are positive in GSOP, behavior that is qualitatively
similar to observations.

In the observations, trends in the residual surface-minus-
2LT difference series span the range +0.054° to +0.125°C/
decade. Subtracting model results from their observed “coun-
terparts” (with identical 7, ,,,, and ENSO index choices)
yields differences between observed and simulated residual
results that range from 0.043° to 0.132°C/decade. All of these
values are less than the above mentioned raw observed-minus-
GSOP result (0.144°C/decade).

Nevertheless, differences between modeled and observed
residual surface-minus-2LT trends are still significant at the
5% level or better in 51 out of 54 cases (Plates 10-12). We
conclude from this that accounting for model/data differences
in volcanic and ENSO effects helps to explain some but not all
of the discrepancy between modeled and observed surface and
lower tropospheric warming rates over the last few decades.

5.4. ENSO-Related Trends

In the previous section our focus was on residual tempera-
ture trends after removal of ENSO and volcano effects. It is
also of interest to examine the ENSO-induced trend compo-
nents that we have removed, which are simply the trends in E,
(see section 3). These components are sensitive to the choice
of ENSO index (see Table 3). We focus here on discussion of
results obtained with Nifio 3.4 SSTs for reasons discussed in
section 5.2.

For the simulated 2LT data in GSOP the ENSO contribu-
tion to the overall trend is positive (0.023°C/decade) and sim-
ilar to the observed value (0.018°C/decade) over 1979-1997
(Table 3). In GSO1 and GSO2 the ENSO-related trend is
0.056° and —0.011°C/decade, respectively. The latter results

illustrate how a minor difference in the atmospheric initial
conditions (the oceanic initial conditions were identical) can
lead to entirely different evolutions of ENSO variability.

Averaging over many independent realizations of the same
experiment would presumably lead to a net zero influence of
simulated ENSO variability on atmospheric temperature
trends (unless the character of ENSO were changed due to
some imposed external forcing [see, e.g., Knutson et al., 1997,
Timmermann et al., 1999]). In any individual realization, how-
ever, the ENSO contribution could be substantially different
from zero, as it is here for GSOP and GSO1. The assumption
by Michaels and Knappenberger [2000] that the ENSO compo-
nent of temperature trends is negligibly small in any given
model experiment is incorrect.

One way of investigating the variability in ENSO-related
trends is by using overlapping 228-month segments of the 300-
year ECHAM4/OPYC control run. This allowed us to derive
sampling distributions of trends in both the raw lower tropo-
spheric temperatures and in the ENSO components of the 2LT
data (see Plate 13).

The mean of the sampling distribution of the ENSO-induced
trend component is close to the expected value of zero. How-
ever, the ENSO contribution to 2LT trends in individual 228-
month segments of the control can be as large as +0.09°C/
decade. Differences in the “spread” of the two sampling
distributions in Plate 13 indicate that factors other than ENSO
must also make a substantial contribution to the overall dec-
adal timescale variability in 2LT trends. The relative contribu-
tions of ENSO and other sources of natural variability change
markedly over time in the ECHAM control run (Plate 14). For
example, ENSO explains very little of the variability in 2LT
trends with start dates between circa 1980 and 2000, but ex-
plains virtually all of the variability in 2LT trends starting
between circa 2065 and 2080.

Our results illustrate the need for ensemble calculations to
obtain more reliable estimates of the simulated response to
external forcing. If the ECHAM control run results are cred-
ible, statistical removal of ENSO effects facilitates the com-
parison of modeled and observed trends, particularly if only
one or two realizations of a model experiment are available.
Removal of ENSO effects alone, however, fails to account for
differences between modeled and observed noise realizations
that are related to other modes of variability.

5.5. Temporal Stability of Regression
and Correlation Coefficients

Our iterative method for the separation of ENSO and vol-
canic signals assumes that the regression relationship between
a selected ENSO index and atmospheric temperature is linear
and relatively stable on the timescale of the analysis period. In
the observations the regression coefficient between the SOI
and globally averaged near-surface temperature can vary
markedly on decadal and longer timescales, even after esti-
mated volcanic effects have been removed from the tempera-
ture data [Wigley, 2000]. Owing to the above described uncer-
tainties in removing volcanic effects from observational data, it
is useful to examine whether substantial “unforced” temporal
variability of b; and r, also occurs in long model control runs
wiih no volcanic effects.

Plate 15 shows time series of b; and r, computed from
overlapping 228-month segments of the 300-year ECHAM4/
OPYC and PCM control runs. In both integrations, running
regression and correlation coefficients can change by as much
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Plate 13. Sampling distribution of 19-year temperature trends in the 300-year ECHAMA4/OPYC control run.
Distributions are shown for 2LT trends (blue) and for the component of 2LT trends that is linearly related to
simulated fluctuations in Nifio 3.4 temperatures (“ENSO component”; red). All computations involved monthly
mean anomaly data for overlapping 228-month segments of the control run; overlap was by 216 months (see section
5.4). Owing to the large overlap, the number of independent samples is much smaller than the number of actual
samples. The dotted vertical lines are the 2LT trend and the ENSO-induced temperature component in the 19-year
GSOP experiment. GSOP results are for 7 = 30 months, ¢,,.. = 6 months, and Nifio 3.4-based ENSO removal.
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Plate 14. Time evolution of ENSO component of lower tropospheric temperatures in ECHAM4/OPYC
control run. See Plate 13 for data sources. The 228-month segments overlap by 216 months and are plotted
on the start date of the segment. The nominal start date is 1860.
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Plate 15. Regression and correlation coefficients (b, and r;) between simulated Nifio 3.4 SSTs and lower
tropospheric temperatures in the ECHAM4/OPYC and PCM control runs. Values of (a) b; and (b) r; are
computed for successive 228-month segments of the model data, with an overlap of 216 months between
segments. For each segment, j is the lag (in months) that maximizes b; and r;, withj = 24. (c) The 228-month
running standard deviation of simulated Nifio 3.4 SSTs.
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Plate 16. Near-surface temperature changes in the Hansen et al. [1997a] perturbation experiments with
combined natural (solar, volcanic aerosols) and anthropogenic (well-mixed greenhouse gases, stratospheric
and tropospheric ozone) forcings. Experiments were performed with four different experimental configura-
tions: (a) prescribed SST experiments with the GISS AGCM, (b) fully coupled simulations with the GISS
AGCM and a slab ocean, (c) the GISS A/OGCM, and (d) the GISS AGCM coupled to the GFDL OGCM.
Five independent realizations of the “combined forcing” experiment were performed with each of the four
model configurations. Individual realizations (in light blue) are not identified. The dark blue line is the
ensemble mean result.
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Plate 18a. Raw observed (blue) and simulated (red) trends and 2o confidence intervals for surface and lower

tropospheric temperature data (panels a and b), and for the surface-2LT trend difference (panel c). Observed
and simulated trends are computed over the 252-month period January 1979 through December 1999, without
subtraction of ENSO or volcanic signals. For sources of observed data, see section 2.1. Model data are from
the Hansen et al. [1997a] experiments with combined natural and anthropogenic forcing (see Plate 16). These
involve three different experimental configurations: the GISS AGCM coupled to a slab ocean (“QFLX"), the
GISS A/OGCM (“GISS”), and the GISS AGCM coupled to the GFDL OGCM (“GFDL”). The letters F-J
denote individual realizations of the experiment; “MEAN” is the ensemble average. Confidence intervals are
adjusted for temporal autocorrelation effects [Santer et al., 2000b]. The yellow shading marks the observed 2o
confidence intervals. For interpretation of significance testing results (i.e., open or solid symbols, symbol

shape), refer to Plate 10.

as 25 to 30% within the space of several months. For Nifio
3.4/2LT regressions the temporal variability of b; in Plate 15a
is only weakly correlated with running 228-month standard
deviations of Nifio 3.4 SSTs in Plate 15¢ (correlation coeffi-
cients are —0.008 and —0.001 for ECHAM and PCM, respec-
tively; the corresponding results for surface data are —0.156
and 0.220). In contrast, fluctuations in r; are more strongly
correlated with variability in Nifio 3.4 SSTs (0.657 and 0.634
for ECHAM and PCM 2LT data and 0.385 and 0.729 for
near-surface data). On timescales significantly shorter than 228
months (for example, on the 60-month timescale that WS used to
discriminate between different volcanic cooling signals, or the
66-month “volcano-free” period that Christy and McNider [1994]
used to compute the ENSO regression coefficient), the temporal
variations in b; and r; are much larger than in Plate 15.

If the models’ portrayal of the unforced variability in b; is
realistic, the rapid and large fluctuations in b; found here make
the unravelling of ENSO and volcanic signals a difficult task.
Nonlinear techniques may ultimately provide a better means of
separating these signals. Such techniques, however, can intro-
duce further uncertain parameters (see section 4.1) and will

not necessarily reduce overall uncertainties in estimated vol-
cano and ENSO signals.

6. Analyses of GISS Model Data

In sections 4 and 5 we attempted to remove ENSO and
volcanic signals from observations and the ECHAM4/OPYC
atmospheric temperature data. As we have shown above, these
signal estimates are subject to considerable uncertainty. It is
therefore useful to complement the “residual” trend compar-
isons in section 5.3 with comparisons of “raw” modeled and
observed temperature trends. Ideally, comparisons of raw
trends should be based on model experiments with relatively
complete volcanic forcing and with a large enough ensemble to
estimate trend uncertainties arising from natural internal cli-
mate variability.

The recent experiments by Hansen et al. [1997a] fulfill these
requirements. They include the effects of both El Chichén and
Pinatubo, and also incorporate changes in other natural and
anthropogenic forcings (see section 2.2). In the following, we
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Plate 18b. As for Plate 18a, but for model results from the Hansen et al. [1997a] AGCM experiments with
prescribed time-varying SSTs. The analysis period for both model results and observations is January 1979 to

December 1995 (204 months).

compare the raw surface and tropospheric trends from these
experiments with raw observed trends.

We do not examine the simulated climate response in the
lower stratosphere. Hansen et al. [1997a] have noted that all
four GISS model configurations underestimate the observed
lower stratospheric warming that followed the El Chichén and
Pinatubo eruptions. This is likely related to poor representa-
tion of the lower stratosphere, a consequence of the coarse
vertical resolution of the SI95 AGCM.

The behavior of surface and lower tropospheric tempera-
tures in the Hansen et al. [1997a] experiments is shown in
Plates 16 and 17 (respectively). Recall that there are three
different coupled model configurations, and one set of AGCM
experiments with prescribed time-varying observed SSTs. In
the latter, as in the real world, the response to El Chichén is
obscured by the effects of the 1982/1983 El Nifio. The temper-
ature signatures of El Chichén and Pinatubo are more clearly
evident in the coupled model experiments.

Details of the volcanic responses are model-dependent. In
the GISS AGCMyslab ocean configuration the surface and 2LT
responses to Pinatubo are larger and decay more rapidly (i.e.,
AT, values are larger, and 7 values are smaller) than in the
two A/OGCMs. The variability between ensemble members
simulated by the GISS A/OGCM is noticeably larger than in
the other two models, which leads to greater intraensemble
variability in AT, and ¢, estimates.

Observed and simulated “raw” least squares linear trends
are shown in Plate 18a for the three sets of coupled model
runs, and in Plate 18b for the fixed SST integrations. Trends
are computed over different time periods (1979-1999 in Plate

18a and 1979-1995 in Plate 18b) since the fixed SST integra-
tions are shorter than the coupled model experiments (section
2.2).

None of the 24 surface trends in the GISS experiments are
significantly different from observations (at the 5% level), al-
though 22 of 24 are smaller than observed values. Even the
fixed SST experiments have smaller surface temperature
trends than observed (Plate 18b). This may be partly related to
coverage differences between the model and observations
[Santer et al., 2000a], which are not accounted for here.

Modeled lower tropospheric temperature trends are always
larger than in observations, but these differences are statisti-
cally significant in only 7 out of 24 cases. Four of the seven
results are for the GISS AGCMy/slab ocean configuration
(Plate 18a), possibly due to the fact it has smaller thermal
inertia than the two A/OGCMs. The larger than observed 2LT
trends in the fixed SST integrations can have various interpre-
tations: model error, missing or inaccurately specified forcing,
and/or errors in the observational data.

All 24 of the raw trends in the modeled surface-minus-2LT
difference series are negative (larger warming aloft than at the
surface), and significantly different from the (positive) ob-
served results. Qualitatively and quantitatively different results
are obtained if surface trends are computed from SAT over
land and oceans, rather than from merged SST and SAT data.
Use of SATSs yields larger surface warming in all three coupled
model configurations.

We do not report here on the application of our iterative
volcano/ENSO removal method to the GISS data. We note,
however, that some of the model configurations considered
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here have reduced ENSO variability and unrealistic lags
between Nifio 3 or 3.4 SSTs and atmospheric temperature.
These problems hamper application of our iterative ap-
proach.

7. Conclusions

We have shown that separating volcanic and ENSO signals
in globally averaged observational temperature data is a diffi-
cult task. Difficulties arise primarily from collinearity between
these signals over the 21-year period of the satellite tempera-
ture record. The two largest volcanic eruptions during this time
(El Chichén in April 1982 and Pinatubo in June 1991) coin-
cided with strong and weak El Nifio events (see Plate 1). This
collinearity complicates the estimation of poorly known volca-
nic parameters, such as 7, the volcanic signal decay time, T,
the preeruption reference level temperature, AT ., the max-
imum cooling induced by each volcanic eruption, and z,,,,,,, the
time between the start of the eruption and AT . Collinearity
also makes it more difficult to quantify the effect of ENSO on
atmospheric temperatures.

Most previous attempts to disentangle volcanic and ENSO
signals in observational temperature data have either incor-
rectly dismissed the possibility of collinearity effects [Christy
and McNider, 1994; Michaels and Knappenberger, 2000] or con-
cluded that these are relatively unimportant [e.g., Angell, 2000].
A recent paper by Wigley and Santer (submitted manuscript,
2001 (WS)) showed that uncertainties inherent in separating
volcano and ENSO signals are larger than hitherto assumed.

We confirmed this finding using a modified version of the
iterative volcano/ENSO signal separation method used by WS.
The major modification is that the volcano parameters T,
AT pap and ¢, are estimated with an automated procedure.
This has the advantage of yielding reproducible results, but the
disadvantage that a number of subjective decisions must be
made in order to implement the approach.

Over the period 1979-1999 our estimates of the observed
“residual” global mean temperature trends after removal of
volcanic and ENSO effects range from 0.056° to 0.158°C/
decade in the lower troposphere and from 0.210° to 0.250°C/
decade at the surface. These are almost always larger than
trends in the raw 2LT and surface data over the same period
(0.056° and 0.180°C/decade, respectively; Plate 3). This sug-
gests that the net effect of volcanoes and ENSO over the past
21 years has been to reduce underlying atmospheric warming
trends, as noted by WS. The volcanically induced trend reduc-
tion is greater for larger values of T (Plate 4).

The difference between global mean surface and lower tro-
pospheric temperature trends ranges from 0.082° to 0.151°C/
decade after removal of volcano and ENSO influences. Most
of these values are smaller than the surface-minus-2LT trend
difference in the “raw” observational data (0.124°C/decade).
Our observational results and those of WS indicate that vol-
canic effects probably cooled the lower troposphere tempera-
ture by more than the surface. ENSO influences over 1979-
1999 had the opposite effect, but were much smaller than
volcanic influences during this specific period. The net result
when both ENSO and volcanoes are removed is a reduction in
the surface-minus-2LT trend difference by as much as a half.
These effects alone, however, cannot fully explain why the
surface warmed relative to the lower troposphere over 1979—
1999. A significant difference still exists between observed re-

sidual trends at the Earth’s surface and in the lower tropo-
sphere.

The key parameters that dictate the wide ranges for residual
surface, 2LT, and surface-minus-2LT trends are the choice of
ENSO index and uncertainties in the volcanic parameters 7
and T, We also find evidence to suggest that purely linear
signal separation approaches (such as that used here) may be
suboptimal. Our iterative approach implicitly assumes that
there is a linear, stable regression relationship between fluctu-
ations in a selected ENSO index and the variability of global
mean atmospheric temperature. Analyses of temperature data
from long control runs with no volcanic effects indicate that
this assumption may be invalid (Plate 15). If so, uncertainties
in the separation of volcanic and ENSO signals may be even
larger than estimated here. A further complication is the pos-
sible existence of nonlinear interaction effects between volca-
nic cooling and ENSO indices.

There is a clear need to explore this signal separation prob-
lem with more sophisticated statistical approaches, such as
nonlinear iterative schemes, maximum likelihood methods
(Smith et al., submitted manuscript, 2001), and independent
components. We have investigated the usefulness of these
techniques and find that they do not automatically lead to
tighter constraints on estimates of volcano and ENSO atmo-
spheric temperature signals.

Another motivation for addressing this signal separation
problem was to facilitate comparisons of modeled and ob-
served trends on relatively short timescales (2-3 decades).
Such comparisons are hampered by differences in the phasing
of observed and simulated realizations of ENSO. Additionally,
at least one recent model experiment (the so-called “GSOP”
integration performed with the ECHAM4/OPYC model of the
Max-Planck Institute for Meteorology) incorporated the ef-
fects of the Pinatubo eruption, but not of El Chichén [Bengts-
son et al., 1999]. Both ENSO effects and incomplete volcanic
forcing can hamper reliable assessment of the true correspon-
dence between modeled and observed temperature trends.

We used our iterative method to factor out volcanic and
ENSO influences from the GSOP experiment, and then com-
pared the simulated “residual” temperature trends with those
estimated from observations. All comparisons were made over
1979-1997, the period covered by the ECHAM climate change
experiments. As in the observations, there is collinearity be-
tween the volcano and ENSO signals simulated in GSOP.
Coupled with uncertainties in volcano parameters and in the
removal of ENSO effects, this leads to wide ranges in estimates
of simulated residual trends.

We also analyzed residual temperature trends in the
ECHAM GSO1 and GSO2 experiments. These do not include
volcanic forcing, and only ENSO effects were removed from
them.

At the surface none of the 54 pairs of simulated and ob-
served residual temperature trends are significantly different at
the 5% level. In the lower troposphere, model residual trends
are larger than observed in all 54 cases and significantly dif-
ferent from observations in 45 of these cases. The statistical
significance of residual trend differences depends on the ex-
periment considered, on 7, and on the index used for removing
ENSO effects (Plates 10—12). Simulated surface-minus-2LT
trend differences are significantly smaller than observed results
in 51 out of 54 cases. In GSOP the surface-minus-2LT trend
difference is positive in both the raw data and (in 10 out of 18
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cases) in the residual temperature data. This behavior is qual-
itatively similar to the observations (Plate 10).

In virtually all cases, removing the effects of volcanoes and
ENSO improves the correspondence between observed tem-
perature trends over 1979-1997 and trends simulated in the
ECHAM climate change experiments. It cannot fully reconcile
the observed differential warming rates in the lower tropo-
sphere and at the surface with those simulated in GSOP,
GSO1, and GSO2.

Given the uncertainties inherent in the separation and re-
moval of collinear ENSO and volcanic signals, it is desirable to
augment comparisons of “residual” modeled and observed
temperature trends with comparisons of “raw” trends. This
requires access to model experiments that include relatively
complete estimates of key natural and anthropogenic forcings.
Such experiments were recently performed by Hansen et al.
[1997a] with four different configurations of the Goddard In-
stitute for Space Studies (GISS) coupled model. Unlike the
ECHAM4/OPYC GSOP experiment, these integrations in-
clude stratospheric aerosols from both the El Chichén and
Pinatubo eruptions.

Our analysis of “raw” surface, 2LT, and surface-minus-2LT
trends in observations and the Hansen et al. [1997a] coupled
experiments yields results very similar to those obtained for the
ECHAM *“residual” trend comparisons. None of the 24 GISS
surface temperature trends over 1979-1999 are significantly
different from observations. In the lower troposphere, statisti-
cally significant differences between simulated and observed
trends occur in only 7 of 24 comparisons. Differences between
modeled and observed trends in the surface-minus-2LT time
series are highly significant in all cases.

The GISS and ECHAM results raise two questions. The first
relates to how well models reproduce observed 2LT trends
over the satellite era. The second question is whether models
can successfully simulate the observed differential warming
between the surface and lower troposphere.

Consider the issue of 2LT trends first. The GISS results, with
statistically significant model-versus-observed differences in
only 7 out of 24 cases, contradict recent claims [Singer, 1999;
Michaels and Knappenberger, 2000] that there is a fundamental
discrepancy between observed lower tropospheric temperature
trends and those simulated in all climate model experiments.
Comparisons of residual trends in ECHAM climate change
experiments and observations are more equivocal: most (45 of
54) of the simulated 2LT trends are significantly different from
observations. Unlike the GISS case, this large range is dictated
by statistical uncertainties in the removal of ENSO and vol-
cano effects, not by the availability of large ensembles of ex-
periments.

In some cases we understand why these differences exist
(section 5.3.2). In other cases we do not. Given the small
number (three) of ECHAM climate change experiments avail-
able, the existence of large noise contributions from ENSO
and other modes of natural variability (Plate 14), and our
finding that significance decisions depend on the experiment
considered, it would be important to perform multiple realiza-
tions of the GSOP experiment. Preferably, these experiments
should include the forcing from El Chichén. Such ensembles
would help to evaluate the true correspondence (or lack
thereof) between observed 2LT trends and those simulated in
ECHAM.

Now consider the issue of differential warming trends at the
surface and aloft. In all but one (GSOP) of the ECHAM and

GISS experiments, the recent observed warming of the surface
relative to the lower troposphere is not reproduced: the raw
simulations show the converse behavior. Accounting for mod-
el/data differences in volcano and ENSO effects explains some
of this discrepancy, but statistically significant differences re-
main between simulated and observed differential warming
rates.

There is a distinction, however, between formal statistical
significance and physical significance. Statistical comparisons
of the simulated and observed trend in the surface-minus-2LT
difference series constitute a stringent test of model perfor-
mance. The subtraction of variability components common to
the surface and lower troposphere markedly reduces the stan-
dard errors for surface-minus-2LT trends (compare panel ¢
and panels a and b in Plates 18a and 18b). As a result, even
relatively small errors, in the model responses, the model forc-
ings, and/or in the observations themselves, can lead to highly
significant differences between modeled and observed surface-
minus-2LT trends. Overestimation (underestimation) of the
true surface (2L.T) temperature by as little as 0.05°C/decade (a
value that is within the currently estimated accuracy for the
MSU 2LT data [Christy et al., 1998]) would in most cases lead
to nonsignificant differences between the “residual” observed
surface-minus-2LT trend differentials and those simulated in
the ECHAM climate change experiments (Plates 10-12). Cov-
erage differences, which were not considered here, may also
explain part of the discrepancy between models and observa-
tions (see section 2.2).

In summary, we have shown that there are significant uncer-
tainties involved in separating volcanic and ENSO signals, both
in observational and in model data. The collinearity between
these signals, combined with the relatively short length of the
satellite record, may make it difficult to significantly reduce
these uncertainties. Confident assertions that these effects are
easily separable [Michaels and Knappenberger, 2000] are not
supported by our analysis. Finally, the failure of the MSU 2L T
record to show significant warming has often been highlighted
as the major remaining inconsistency between theory and data
[Singer, 1999]. As shown here and by Wigley and Santer (sub-
mitted manuscript, 2001), accounting for the influence of re-
cent volcanic eruptions and ENSO can leave large positive
residual trends in the MSU 2LT data. Had Pinatubo and El
Chichén not occurred, it is likely that the lower troposphere
would have experienced more pronounced warming.

Appendix A: Differences From Previous
Comparison of Modeled and Observed
2LT Trends

Our comparison of observed and simulated 2L.T trends dif-
fers in three ways from previous work by Santer et al. [2000a].
First, Santer et al. considered “raw” simulated and observed
2LT trends only. They did not explicitly account for model/
observed differences in ENSO and volcanic effects, as was
done here.

Second, Santer et al. [2000a] calculated raw trends and per-
formed significance testing after subsampling simulated
(GSOP, GSO1, and GSO?2) and observed (MSU) lower tropo-
spheric temperature data with the incomplete coverage of the
IPCC near-surface temperature data. This facilitated the in-
terpretation of temperature trend differences between the sur-
face and lower troposphere, but was unnecessary for compar-
ison of modeled and observed 2LT trends (since both 2LT data
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sets have complete global coverage over the satellite era). No
subsampling of 2LT data was performed here.

This explains why the raw GSOP 2LT and surface trends in
Plate 10 (0.164° and 0.171°C/decade, respectively) are larger
than the raw trends in the subsampled GSOP data (0.149° and
0.114°C/decade [Santer et al., 2000a, Table 3]). As is evident in
the work of Bengtsson et al. [1999, Plate 3], the warming at high
latitudes in GSOP is largely outside the area of observed data
coverage, particularly at the surface, leading to smaller 2LT
and surface trends in the subsampled data. Coverage differ-
ences also explain why the surface-minus-2LT trend difference
in the “raw” GSOP data is slightly positive here (0.006°C/
decade; Plate 10) but negative in the subsampled GSOP data
(—0.035°C/decade).

Third, significance testing by Santer et al. [2000a] involved
observed and simulated 2LT trends computed over different
periods: 1979-1997 in the case of GSOP, GSO1, and GSO2
(the duration of the experiments), and 1979-1998 for the MSU
data (the length of observational record available at the time of
the study). Here modeled and observed trends were computed
over the same 19-year period (1979-1997).
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