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ABSTRACT

Measurements from radiosonde temperatures have been used in studies that seek to identify the human
influence on climate. However, such measurements are known to be contaminated by artificial inhomoge-
neities introduced by changes in instruments and recording practices that have occurred over time. Some
simple diagnostics are used to compare vertical profiles of temperature trends from the observed data with
simulations from a GCM driven by several different sets of forcings. Unlike most earlier studies of this type,
both raw (i.e., fully contaminated) as well as adjusted observations (i.e., treated to remove some of the
contamination) are utilized. The comparisons demonstrate that the effect of observational data adjustment
can be as important as the inclusion of some major climate forcings in the model simulations. The effects
of major volcanic eruptions critically influence temperature trends, even over a time period nearly four
decades in length.

In addition, it is seen that the adjusted data show consistently better agreement than the unadjusted data,
with simulations from a climate model for 1959–97. Particularly noteworthy is the fact that the adjustments
supply missing warming in the tropical upper troposphere that has been attributed to model error in a
number of earlier studies.

Finally, an evaluation of the fidelity of the model’s temperature response to major volcanic eruptions is
conducted. Although the major conclusions of this study are unaffected by shortcomings of the simulations,
they highlight the fact that even using a fairly long period of record (�40 yr), any such shortcomings can
have an important impact on trends and trend comparisons.

1. Introduction

Temperature data play a central role in assessing
whether human activity has altered the climate. Tem-
perature change in the form of both horizontal patterns
at the surface as well as vertical patterns in the atmo-
sphere (the focus of this work) has proven useful. While
satellite data have been used in such endeavors, they
lack the resolution needed for a more detailed exami-
nation of vertical structure and are limited in record to
about the last 25 yr. Temperature data from radio-
sondes would seem to be an ideal candidate for this
purpose. Such data resolve much more detail in the
vertical and their record spans about the last half cen-
tury. However, the fact that their time series are known
to be contaminated by nonclimatic inhomogeneities,

specifically the effects of historical changes in instru-
ments and recording practices (Parker and Cox 1995;
Gaffen 1994), presents a significant complication. Lin-
ear trends derived from such data may exhibit consid-
erable bias (Lanzante et al. 2003b).

A number of earlier studies compared vertical pro-
files of temperature change from climate models with
those derived from radiosondes. The comparisons
yielded a consistent discrepancy in that the warming of
the tropical upper troposphere is greater in these atmo-
sphere–ocean general circulation models (GCMs) than
in the observations (Santer et al. 1996; Tett et al. 1996,
2002; Folland et al. 1998; Sexton et al. 2001; Hansen et
al. 2002). In some instances, the discrepancy was attrib-
uted to error in the model or in the forcings used to
drive the model (Tett et al. 1996; Sexton et al. 2001;
Hansen et al. 2002). Only some of the radiosonde tem-
perature data used in those studies were adjusted to
account for nonclimatic changes over time, and then
only in a very limited fashion (i.e., in the stratosphere
starting in 1979). However, a subsequent diagnosis sug-
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gested that nonclimatic changes have diminished the
long-term warming in the tropical upper troposphere as
deduced from radiosonde temperature data (Lanzante
et al. 2003b), suggesting a possible explanation for the
model–data discrepancy.

Only recently have radiosonde data that have been
comprehensively adjusted to try to account for some of
the artificial inhomogeneities become publicly available
(Lanzante et al. 2003a; Thorne et al. 2005; Free et al.
2005). Santer et al. (2005) used these and other homo-
geneity adjusted data in an extensive comparison of
temperatures in the tropical atmosphere with simula-
tions from GCMs. Based on trend analyses, they found
an inconsistency such that the amount of warming in
the whole troposphere, as well as the vertical amplifi-
cation of this warming (i.e., ratio of warming in the
troposphere as compared to the surface) was smaller in
the radiosonde data as compared to a wide array of
model simulations. Stott et al. (2006) found that climate
change simulations from one of the state-of-the-art cli-
mate models also exhibited a tropical upper-tropo-
spheric maximum in warming that was not found in an
adjusted radiosonde temperature dataset (Thorne et al.
2005). Further studies of another of the adjusted
datasets (Lanzante et al. 2003a), involving diagnoses of
radiosonde data alone (Sherwood et al. 2005), as well as
comparisons with independent satellite data (Randel
and Wu 2006) suggest that even the adjusted radio-
sonde temperature data are afflicted by spurious cool-
ing trends.

In summary, evidence suggests that biases in the
trends computed from radiosonde temperatures could
account for discrepancies with models. However, at-
tempts to remove these biases from the observations
have yielded data whose trends, while in better agree-
ment with models, still show important disagreements.
For example, these data exhibit less tropospheric
warming than the models (CCSP 2006). Although new
interpretations of satellite records have improved un-
derstanding somewhat (Fu et al. 2004; Fu and Johanson
2005), unfortunately, satellite-derived temperatures of-
fer no straightforward resolution of either the uncer-
tainties in radiosonde trends or the inconsistencies with
the GCMs. This follows from the fact that trends pro-
duced by different satellite adjustment teams diverge
considerably (CCSP 2006).

Resolution of inconsistencies in trends of air tem-
peratures of the free atmosphere remains a major out-
standing issue in the science of climate change, al-
though considerable progress has been made in the last
several years (CCSP 2006). The complexity of data in-
homogeneity issues insures that only a small segment of
the climate community is likely to be well-versed in this

problem. But because of the impact, it is important for
the broader community, to which this work is aimed, to
appreciate these issues. Toward this end, this study is
concerned with the explicit presentation of some un-
certainties in temperature trends associated with inho-
mogeneities in radiosonde data in the context of
comparisons with climate model simulations. More spe-
cifically, this work aims to illustrate the relative impor-
tance of data homogenization adjustment compared to
the inclusion of some major climate forcings. This phi-
losophy contrasts with that of most prior studies in
which only the best (adjusted) estimate from the obser-
vations is shown, with no indication of the effect of
adjustment.

A simple diagnostic approach is implemented, which
should be considered a complement to formal detec-
tion–attribution (DA) analysis, rather than a competi-
tor. While formal DA analysis could provide a more
powerful alternative, some of its underlying assump-
tions may not always be met, and its greater complexity
can make for more difficult interpretation, particularly
for the nonexpert. Here the focus is on the vertical
profile of linear trends. Trends, while a simplification of
the expected signal, are nonetheless a convenient way
to assess the low-order change in temperature. While
temperature trends corresponding to a deep layer are
examined, as was usually the case in prior studies, equal
attention is paid to the shape of the trend profile, which
has received much less attention. Since, in the course of
evaluation, an interesting issue arose relating to the
simulation of the climate response to major volcanic
events, some diagnoses of this aspect are presented as
well. These serve to illustrate the importance of volca-
nic effects even in a climate record nearly 40 yr in
length.

2. Observed and model data

A radiosonde dataset that incorporates homogeneity
adjustments intended to reduce the influence of the
artificial, nonclimatic effects (Lanzante et al. 2003a) is
used here in comparisons with climate model output
from global change scenarios. These radiosonde tem-
perature data, hereafter LKS, are derived from a global
network of 87 stations and are available in both ad-
justed and raw (unadjusted) form. The value of the
adjustments has been demonstrated via comparison
with independent satellite-derived temperatures (Lan-
zante et al. 2003b). Nevertheless, there is ample evi-
dence that biases remain even after adjustment (Sher-
wood et al. 2005; Santer et al. 2005; Randel and Wu
2006). The purpose of this work is diagnostic: to dem-
onstrate the amount and manner in which data adjust-
ment, as well the inclusion of particular climate forcings
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in model simulations, make a difference in comparisons
between observed and model trends. It should be kept
in mind that the specific effects of data adjustment on
the comparisons could be subject to change in the fu-
ture as homogeneity adjustment procedures are further
refined.

The climate model outputs used here (Delworth et
al. 2002; Broccoli et al. 2003) were generated by a
coupled ocean–atmosphere model developed at the
Geophysical Fluid Dynamics Laboratory (GFDL)
driven by some of the leading external climate forcings
believed to have impacted the temperature record of
the twentieth century. An ensemble of three simula-
tions were available for each of four forcing scenarios:
equivalent greenhouse gases only (G), G plus the direct
effects of sulfate aerosols (GS), GS plus solar effects
(GSS), and GSS plus volcanic effects (GSSV). The ef-
fects of stratospheric ozone depletion, as ascertained
from a separate pair of simulations (Ramaswamy and
Schwarzkopf 2002), have been incorporated as well.
This was accomplished by assuming a simple linear
change between separate equilibrium simulations based
on 1979 or 1997 levels of stratospheric ozone and add-
ing the resulting temperature change to the output from
the coupled ocean–atmosphere model. This yields a set
of four forcing scenarios, which are designated as GO,
GSO, GSSO, and GSSVO. Since the primary output is
taken from a model that, by design, has a more modest
representation of the stratosphere, comparisons here
focus on the troposphere.

For convenience, simulations from a single climate
model have been used. One particularly appealing as-
pect of these experiments is the availability of an en-
semble of runs for each of several different forcing sce-
narios. Furthermore, observations from a single ob-
served dataset are used, although another homogeneity
adjusted radiosonde temperature dataset, HadAT
(Thorne et al. 2005) is available. The near universality
of the amplification of warming in the upper tropical
troposphere in response to anthropogenic forcing evi-
denced in the studies cited above, and particularly in
the very comprehensive study by Santer et al. (2005),
leads to the expectation that findings related to this
issue will not be overly sensitive to the use of any par-
ticular model. More generally, simulations from any
major climate model will suffice in illustrating the gen-
eral degree of sensitivity of comparisons of temperature
trend profiles, between model and radiosonde observa-
tions, to homogeneity adjustment of the observed data.
In addition, the general similarity between LKS and
HadAT regarding trends and the effect of adjustment
(CCSP 2006) leads to the expectation that results will
not be particularly sensitive to the observed dataset

that is employed. Indeed, work in progress finds that
the results from the two observed datasets, as well as
different climate models, are rather consistent. Those
findings will be reported elsewhere as the focus of that
study is somewhat different than this one.

3. Results

The linear trend for the time period 1959–97 is used
as a metric of model–observation comparison. The end-
ing date is dictated by the termination of the LKS
dataset, which, due to the complex and laborious nature
of the homogenization process, has not been extended
any further. Separate vertical trend profiles for three
nonoverlapping latitude zones were computed: the
Tropics (TP), 30°N–30°S, and the extratropics of the
Northern (NH) and Southern (SH) Hemispheres. The
trend profiles shown at the top of Figs. 1a–c display
results for both observations and model simulations.
Although the characteristic shapes of the trend profiles
vary by latitude zone, there is a consistent relationship
amongst the model profiles such that the most complete
scenario (GSSVO) yields considerably less tropo-
spheric warming than the other three. Thus, the inclu-
sion of volcanic forcing is seen to bring the model re-
sults into much better agreement with observations for
the NH and TP. Another, more subtle difference is that
compared to the others, GSSVO has a weaker rate of
decrease with height above the surface for the NH, and
a weaker rate of increase with height for the TP, both of
which also appear to result in better agreement with
observations. Volcanic cooling of the upper tropical
troposphere relative to the surface, with more mixed
effects in the extratropics, has been noted in observa-
tions (Free and Angell 2002). The inclusion of volcanic
effects in model simulations has been shown to bring
climate models into better agreement with observations
(Santer et al. 2000, 2001; Broccoli et al. 2003).

The effects of data adjustment can be seen by com-
paring the unadjusted and adjusted LKS profiles with
those from the model, especially for GSSVO, which
uses the most realistic forcing. For the NH, adjustment
results in warming, which leads to better agreement in
the mid- and upper troposphere. Adjustment also en-
hances agreement for the TP by cooling the lower tro-
posphere and surface, and especially by warming the
upper troposphere. While adjustment appears to im-
prove the model–observation agreement in the SH, the
overall level of correspondence is poorer than in the
other zones. However, results for the SH are less reli-
able and representative of that zone because of the
much smaller number of stations (see Fig. 1 caption).

Although examination of vertical trend profiles is in-
structive, a more quantitative approach to profile com-
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parisons is desirable. Such comparisons are given in Fig.
2 using a bivariate scheme. Each symbol represents a
comparison between trend profiles for one model forc-
ing scenario and one observed data type (either unad-
justed or adjusted). The horizontal coordinate is a rela-
tive bias term such that positive values indicate that,
averaged over the troposphere, the model produces
more warming (or less cooling) than the observations.
The vertical coordinate measures the agreement in the
shape of the vertical profiles in the troposphere. Sig-
nificance testing of the statistics displayed in Fig. 2 is
addressed in the appendix.

Examining Fig. 2 it is seen that for a given adjustment

type (i.e., symbol size), addition of a model forcing usu-
ally results in a better agreement; solar forcing is an
exception. Addition of sulfate aerosols noticeably im-
proves agreement in shape, due to dramatic improve-
ments in the SH. Addition of volcanic forcing results in
a large bias improvement by reducing the warming. The
effect of data adjustment (i.e., going from small to large
symbol for a particular color) can be as large as the
addition of a model forcing and always improves agree-
ment, slightly reducing bias (by enhancing data warm-
ing) and improving agreement in shape (most dramati-
cally for the TP), often by a considerable amount.

Although volcanic forcing has improved the model–

FIG. 1. Trend profiles for 1959–97 from model (GCM) and observations (LKS) for (a) the
extratropics of the Northern Hemisphere (NH), 30°–90°N, (b) the Tropics (TP), 30°N–30°S,
and (c) the extratropics of the Southern Hemisphere (SH), 30°–90°S. The four GCM scenarios
are represented as follows: GO (blue), GSO (green), GSSO (orange), and GSSVO (red). The
LKS data are represented by the black curves: unadjusted (dashed) and adjusted (solid).
(d)–(f) Corresponding profiles that were computed after eliminating some volcanic time
periods for LKS and GSSVO. The time periods that were eliminated are as follows: 3 yr after
the Mt. Pinatubo eruption for tropospheric levels (surface–250 hPa for NH and SH; surface–
150 hPa for TP) and 2 yr after each major volcano for higher levels (200 hPa and above for
NH and SH; 100 hPa and above for TP). These are time periods for which the volcanic
signature of the model departs most from observations. To facilitate a fair comparison, the
model output (Delworth et al. 2002; Broccoli et al. 2003) has been sampled only at the LKS
station locations, and for a given station only at levels for which a sufficiently representative
record of observed data are available (Lanzante et al. 2003b). Trends have been computed
using the median of pairwise slopes method (Lanzante 1996; Lanzante et al. 2003b). For the
GCM, for each ensemble member the median of all available station trends at a given level
was computed (Lanzante et al. 2003b); the values displayed are the average of the three
ensemble medians. The number of station trends varies slightly by level, averaging �34, 23,
and 7 for the NH, TP, and SH, respectively.
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observation agreement considerably, its realism may be
criticized because of the simplicity of the method of
inclusion (Delworth et al. 2002; Broccoli et al. 2003), as
well as evidence suggesting that the forcings employed
(Andronova et al. 1999) may have been too strong,
leading to excessive cooling (Broccoli et al. 2003). The
global tropospheric time series shown in Fig. 3 indicate
that the model and observations agree qualitatively in
the sense that both show cooling after each major vol-
canic eruption. However, for the third event, Pinatubo,
the model exhibits considerably more cooling than the
observed data.

A simple diagnostic analysis aimed at quantifying the
GCM–LKS agreement with regard to volcanic effects
has been devised. A vertical profile was generated by
computing the difference in temperature averaged
some time interval after minus before each major vol-
canic event. This provides an estimate of the tempera-
ture change associated with the volcano. Next, the dif-
ference of these profiles between the GCM (GSSVO)
and LKS was computed. A perfect agreement between
model and observations would be indicated by a profile

identically equal to zero. Such profiles, as shown in Fig.
4, indicate that in the troposphere the agreement be-
tween model and observations is reasonable for the first
two volcanoes (Agung and El Chichon); however, for
Pinatubo the model produces noticeably more cooling
than the observations. Significance testing of vertical
averages of the profiles shown in Fig. 4 is addressed in
the appendix.

To assess how these deficiencies may have an impact,
sensitivity analyses were performed. Trends were re-
computed while excluding, for tropospheric levels, the
3-yr time period after the Pinatubo eruption, and for
stratospheric levels, two years after all three major vol-
canic eruptions, in both model and observations. The
excluded periods represent times when the model is
most suspect in simulating volcanic effects. While there
is some evidence that the effect of volcanic eruptions on
temperature may last longer than 3 yr in the tropo-
sphere (Santer et al. 2001), a major fraction of the cool-
ing occurs by this time. This allows for an assessment of
the sensitivity of the results to this effect, even if the
effect has not been eliminated entirely.

An assessment of the potential effects of the model
volcanic simulation deficiency can be made through ex-
amination of trend profiles by latitude zone based on
volcanic exclusion (Figs. 1d–f). In comparing the top
and bottom panels of Fig. 1 it is seen that exclusion
leads to a warming of the model (GSSVO) relative to
LKS and that the model–observation agreement im-
proves. In the Tropics, the prior assertion that data
adjustment can virtually eliminate the upper-tropo-
spheric discrepancy between model and observations

FIG. 2. Bivariate comparison statistics of pairs of model–
observation trend profiles for 1959–97. The horizontal coordinate
is the difference, GCM minus LKS, of the tropospheric-averaged
temperature trend while the vertical coordinate is the correlation
between the GCM and LKS profiles over the troposphere. The
statistics are computed by aggregating over separate profiles for
the NH, TP, and SH, weighting each zone by its vertically aver-
aged number of station values. Perfect model–observation agree-
ment would be indicated by a coordinate of (0, 1). Each circle
designates a bivariate coordinate for the troposphere (surface–250
hPa for NH and SH; surface–150 hPa for TP). Smaller (larger)
symbols correspond to unadjusted (adjusted) LKS data. Symbol
color indicates model scenario: GO (blue), GSO (green), GSSO
(orange), GSSVO (red), and DELVOL (black), which is GSSVO
with deletion of some volcanic periods, as indicated in the caption
for Fig. 1.

FIG. 3. Global time series of tropospheric temperature anomaly.
The curves displayed (black for adjusted LKS and red for
GSSVO) are smoothed, based on nine-point running averages of
the monthly values. Yellow boxes, 3 yr after each major eruption,
indicate approximately the period of largest volcanic response. To
compute the time series, for a given month and vertical level, the
median temperature anomaly was computed from all stations
(Lanzante et al. 2003b). These monthly medians were then aver-
aged over all levels in the troposphere (surface–250 hPa for NH
and SH; surface–150 hPa for TP). Temperature anomalies were
computed with respect to 1980–92 and the same station levels
were used for the GCM and LKS.
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still holds, and if anything, appears stronger. Looking
more closely it is seen that for the TP and SH, volcanic
exclusion tilts the profiles by warming the upper rela-
tive to the lower troposphere, consistent with earlier
work (Santer et al. 2000). These findings are quantified
in Fig. 2, in which the bivariate statistics based on vol-
canic exclusion (black) can be compared to those based
on the full time period (red). It is seen that volcanic
exclusion changes the sign of the bias and, when con-
sidering the adjusted LKS, the magnitude hardly
changes. However, volcanic exclusion increases agree-
ment in the shape of the profiles.

4. Conclusions

It was found that homogeneity adjustment of atmo-
spheric temperature time series from radiosondes leads
to better agreement with regard to long-term trends
from global change simulations of a particular climate
model. Data adjustment appears to explain some of the
discrepancy between climate models and observations
that was previously attributed to model error. These
conclusions are unaffected by a model deficiency in the
simulation of volcanic effects. Nevertheless, the fidelity
with which model simulations reproduce short-term
volcanic effects can have a considerable impact on long-
term trends.

One important point that was demonstrated is that
homogeneity adjustment of the observed data can have
as much influence as the addition of a major forcing to
a climate model. This finding argues for the direction of
much more effort toward understanding and reducing
remaining temporal inhomogeneities in atmospheric
temperature data. In addition, adjustment seems to un-
ambiguously improve agreement with the climate
model. The fact that the comparisons were limited to
the examination of output from only a single climate
model and one observed dataset would seem to warrant
caution. However, similar comparisons, based on col-
laborative research in progress, involving output from
other climate models, and an additional observational
dataset render comparable findings. The results, which
will be reported elsewhere, suggest a general insensi-
tivity to the choice of model or observed datasets.
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APPENDIX

Statistical Significance

a. One-sample significance of trend profile
comparison statistics

One-sample t tests have been used to determine if a
given component (difference or correlation) of the bi-
variate statistics displayed in Fig. 2 is significant. One
set of tests assesses whether the difference is zero, or

FIG. 4. Difference in volcanic profiles, GSSVO minus adjusted
LKS. Differences are shown for Agung (blue), El Chichon
(green), and Pinatubo (red) for window lengths of 24 (solid), 36
(dotted), and 48 (dashed) months. First, volcanic profiles were
constructed for each station by computing, at each level, the dif-
ference in temperature anomaly for a certain interval (window),
after minus before the month of eruption. Next, for each level, a
median was computed over the values from all stations. For the
GCM, the procedure was followed for each ensemble member
and then an ensemble mean was formed. The profiles displayed in
this figure are differences in the profiles described above, GSSVO
minus adjusted LKS. These profiles were computed after the sta-
tistical removal of the effects of the El Niño–Southern Oscillation
(ENSO) from tropospheric time series and quasi-biennial oscilla-
tion (QBO) from stratospheric time series using linear regression
(Free and Angell 2002).
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equivalently whether there is a difference in the layer-
mean trend between the GCM and LKS. The other set
of tests aims to determine if there is a significant cor-
relation between GCM and LKS trend profiles. For
both types of tests, the statistic of interest is calculated
separately for each ensemble member; then a standard
t test is applied to the sample of 3. In testing the cor-
relation, the small-sample, bias-corrected Fisher’s z
transformation has been used (Zar 1996). Although
caution is advised in interpreting the results given the
small sample size, the test results help to place the dif-
ferences in perspective.

Rather than performing the large number of all pos-
sible tests, test statistics for a selected number of cases
have been computed for illustrative purposes and are
shown in Table A1. Based on rows 1–2, for the simplest
forcing scenario (greenhouse gases) it can be concluded
that irrespective of data adjustment, the model is sig-
nificantly warmer than observations in the troposphere.
Rows 3–6 of Table A1 show that the addition of sulfate
aerosols renders the difference nonsignificant. For the
correlation metric (rows 7–10), GO approaches signifi-
cance while the scenarios that include volcanic forcing
are highly significant. Taken together, Table A1 and
Fig. 2 suggest that the simplest scenario (GO) is not
consistent with observations for the troposphere, but
with the inclusion of sulfate aerosols and other forcings,
it becomes more difficult to claim a significant differ-
ence between model and observations.

b. Two-sample significance of trend profile
comparison statistics

Two-sample t tests have been used to determine if,
for a given component (difference or correlation) of the

bivariate statistics displayed in Fig. 2, there is a signifi-
cant difference between two cases (each of which is
defined by a GCM forcing scenario and an LKS adjust-
ment type). By varying one factor between the two
cases it is possible to determine if this factor results in
a significant change. As for the one-sample tests, the
statistics are calculated for each case separately for
each ensemble member, and then a standard two-
sample t test is applied with a sample size of 3. In testing
the correlation, the small-sample, bias-corrected Fish-
er’s z transformation has been used (Zar 1996). Again
caution is advised in interpreting the results given the
small sample size.

As seen in Table A2, rather than performing all pos-
sible tests, test statistics for a selected number of cases
have been computed for illustrative purposes. Rows
1–5 of Table A2 show that the effect of data adjustment
generally does not produce a significant change in the
GCM–LKS difference, but often produces a significant
change in the correlation. This indicates that in the tro-
posphere adjustment has more of an effect on the shape
of the profile than on the layer-averaged trend.

Rows 6–8 in Table A2 demonstrate the effect of in-
crementally adding a model forcing and in most cases
this does not produce a significant change. One note-
worthy exception is the addition of volcanic forcing,
which as seen in Fig. 2 significantly reduces the tropo-
spheric GCM–LKS difference by cooling the GCM. In
synthesizing the results of rows 1–5 as compared to

TABLE A1. Significance levels for two-tailed, one-sample t tests
for components of selected statistics shown in Fig. 2. Each statistic
(difference or correlation) is based on a comparison of trend pro-
files for an LKS data type (unadjusted or adjusted) and GCM
scenario, as defined in the caption for Fig. 2, for the tropospheric
layer. This tests if one coordinate of a symbol in Fig. 2 is signifi-
cant. Values are significances � 100, rounded to the nearest whole
number.

GCM LKS Statistic

1 GO Unadjusted Difference 1
2 GO Adjusted Difference 1
3 GSO Adjusted Difference 11
4 GSSO Adjusted Difference 10
5 GSSVO Adjusted Difference 52
6 DELVOL Adjusted Difference 19
7 GO Unadjusted Correlation 10
8 GO Adjusted Correlation 8
9 GSSVO Adjusted Correlation 2

10 DELVOL Adjusted Correlation �1

TABLE A2. Significance levels for two-tailed, two-sample t tests
for component statistics of selected pairs of cases shown in Fig. 2.
Each case represents a comparison of trends for a GCM scenario
(as defined in the caption for Fig. 2) and an LKS data type [un-
adjusted (unad) or adjusted (adj)]. The t test tests the difference
between the component statistic (difference or correlation of
trend profiles between GCM and LKS) for the troposphere. This
tests if the coordinates of a pair of symbols from Fig. 2 are sig-
nificantly different. Note that for the difference statistic, signifi-
cance implies a difference between the two cases, whereas for the
correlation statistic, significance implies that the two cases agree.
Values are significances � 100, rounded to the nearest whole
number.

Case 1 Case 2 Diff Corr

1 GO-Unad GO-Adj 16 41
2 GSO-Unad GSO-Adj 62 5
3 GSSO-Unad GSSO-Adj 66 �1
4 GSSVO-Unad GSSVO-Adj 43 26
5 DELVOL-Unad DELVOL-Adj 17 3
6 GO-Adj GSO-Adj 59 11
7 GSO-Adj GSSO-Adj 77 94
8 GSSO-Adj GSSVO-Adj 4 40
9 GSSVO-Adj DELVOL-Adj 18 10

10 GSSVO-Unad DELVOL-Unad 17 3
11 GSSO-Adj DELVOL-Adj 8 7
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results from rows 6–8 it is worth noting that it has been
shown quantitatively that the effect of data adjustment
is often more influential than that of the addition of a
model forcing, which is the most important conclusion
of this study.

Rows 9–10 in Table A2 illustrate the effect of delet-
ing some volcanic time periods that have not been well
simulated by the model. In the troposphere, where de-
letion is limited to the post-Pinatubo time period, we
see that there is a borderline significant change in
agreement in the shape of the profile. Figure 2 reminds
us that the change corresponds to an improvement,
consistent with the notion that the model response to
Pinatubo is substandard. Finally, rows 8 and 11 of Table
A2 indicate that irrespective of the model’s shortcom-
ings in simulating Pinatubo, the addition of volcanic
forcing has a borderline significant effect in reducing
the GCM–LKS difference in the troposphere by cool-
ing the model. This points out that even using a fairly
long data record (�40 yr), the effects of volcanic erup-
tions have a considerable impact on the temperature
trend for the period.

c. Significance of difference in volcanic profiles

Tests of the statistical significance of layer-averaged
temperatures corresponding to the volcanic difference
profiles shown in Fig. 4 have been performed. The
quantity of interest is the difference, GSSVO minus
LKS, which was computed at each level, separately for
each of the three ensemble members. Vertical averages
were formed from these for the troposphere using the
same levels as defined in the caption for Fig. 2. A one-
sample t test was applied to the ensemble of three val-
ues. To assess sensitivity, tests were performed (a) us-
ing window lengths of 24, 36, and 48 months, (b) using
unadjusted and adjusted LKS data, and (c) both with
and without the removal of the ENSO signal using lin-
ear regression. The calculations were repeated for each
of the three major volcanic eruptions. Given the small
sample size some caution is required in the interpreta-
tion of the results. However, it is instructive to examine
variations in the calculated t values among different
cases in a relative sense. For a sample size of 3, a t value
of about 4.3 is required for two-tailed significance at the
5% level.

The t values shown in Table A3 indicate that in the
troposphere none of the tests even approach signifi-
cance for Agung or El Chichon. However, for Pinatubo
the magnitudes are much larger and about half of them
approach or exceed the critical value, particularly for
the shorter window lengths and with the removal of the
ENSO signal. For Pinatubo the sign is always negative,
indicating that the posteruption drop in temperature is

always greater in the model than in the observations.
These results are in accord with the visual perception
from Figs. 3 and 4 that the volcanic response of the
model in the troposphere is consistent with observa-
tions for Agung and El Chichon, but not likely for Pi-
natubo. In the stratosphere (not shown), as expected,
the model is inconsistent with the observations for all
three volcanoes since it produces cooling, whereas ob-
servations indicate warming.
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