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ABSTRACT

The effect of changes in observational coverage on the association between the Arctic oscillation (AO) and
extratropical Northern Hemisphere surface temperature is examined. A coupled atmosphere–ocean model, which
produces a realistic simulation of the circulation and temperature patterns associated with the AO, is used as a
surrogate for the real climate system. The association between the AO and spatial mean temperature, as quantified
by regressing the latter on the AO index, is subject to a positive bias due to the incomplete spatial coverage of
the observational network. The bias is largest during the early part of the twentieth century and decreases, but
does not vanish, thereafter.

1. Introduction

Considerable attention has been focused on spatial
and temporal variations of temperature during the last
several decades in an effort to separate the effects of
natural climate variability from those of putative an-
thropogenic global warming. Motivated by the identi-
fication of prominent spatial patterns of atmospheric
variability and their associated surface temperature
anomalies, a number of studies have attributed a sub-
stantial fraction of recent Northern Hemisphere (NH)
temperature trends to temporal fluctuations in extra-
tropical circulation.

Of particular interest is the proposed relationship be-
tween NH extratropical mean temperature and the Arctic
oscillation (AO). The AO, as defined by Thompson and
Wallace (1998, 2000), is a pattern of atmospheric var-
iability characterized by a zonally symmetric redistri-
bution of atmospheric mass between the Arctic and mid-
latitudes, extending from the lower stratosphere to the
surface. The AO bears some similarity (Deser 2000) to
the North Atlantic oscillation (NAO), which is a more
regional measure of the sea level pressure gradient be-
tween the Azores high and the Icelandic low (van Loon
and Rogers 1978; Barnston and Livezey 1987; Hurrell
1995). Time series of both the AO and NAO have ex-
hibited pronounced positive wintertime trends during
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the past several decades, a period during which surface
temperatures over the NH extratropics have warmed
considerably. Thompson et al. (2000) have associated
;30% of the recent wintertime warming of the extra-
tropical NH with the multidecadal trend in the AO. A
similar association between spatial mean temperature
and the NAO was previously identified by Hurrell
(1996).

Studies such as those described above quantify the
association between the AO and NAO indices and spa-
tial mean temperature using linear regression and linear
correlation. In the sections that follow, a similar ap-
proach is adopted. The regression coefficient of extra-
tropical NH temperature on the AO index, b ,AO, is com-T

puted as an estimate of the association between these
two quantities. Output from a long integration of a cou-
pled climate model is used to determine to what extent
such estimates are affected by variations in observa-
tional coverage during the period of instrumental re-
cords.

2. Simulation of the AO and its thermal signature

An unforced coupled atmosphere–ocean model sim-
ulation is used in this study to explore the effects of
temporal variations in spatial sampling on b ,AO. BothT

components of the coupled model are three-dimension-
al, global general circulation models. The atmospheric
component represents the horizontal distributions of
variables in both spectral and gridpoint domains, with
rhomboidal truncation at zonal wavenumber 30 and a
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FIG. 1. Regression coefficients of surface temperature [bT,AO(x),
colors, K mb21] and sea level pressure [bSLP,AO(x), contours, mb mb21]
on the AO index from (a) the climate model and (b) observations.
Model-derived coefficients are based on 900 years of output from an
integration with no transient forcing, and observed coefficients are
based on data from 1899 to 1997. Unshaded regions in (a) indicate
the presence of sea-ice cover; in (b) they indicate that data are avail-
able for less than one-half of the months during the 1899–1997 period.
Regression coefficients are based on monthly means for the period
Nov–Apr.

2.258 by 3.758 latitude–longitude grid. The vertical dis-
tributions of variables are represented using 14 unevenly
spaced finite-difference levels. The oceanic component
employs a 2.258 by 1.8758 latitude–longitude grid with
18 finite-difference levels. A similar model was used
by Knutson et al. (1999) and Delworth and Knutson
(2000) to compare observed regional and global tem-
perature trends with those simulated in response to an-
thropogenic forcing.

As in Thompson and Wallace (1998), the AO index
for the coupled model simulation is based on a principal
component analysis of monthly sea level pressure (SLP)
anomalies over the northern extratropics during the cold
season (November–April). To facilitate its comparison
with the observations, the AO index time series is lin-
early scaled such that a value of unity corresponds to
a 1-mb SLP difference between the midlatitude and sub-
polar extrema of its associated spatial pattern.

To assess the realism of the simulated AO, regression
coefficients of local SLP on the AO index bSLP,AO(x) for
each grid point x are computed based on 900 years of
model output (Fig. 1a) and observations from the period
1899–1997 (Fig. 1b). Observed SLP anomalies are from
an extension of the Trenberth and Paolino (1980) dataset
obtained through the Web site of the National Center
for Atmospheric Research. Both patterns exhibit the an-
nular mode documented by Thompson and Wallace
(1998, 2000), with negative SLP values in high latitudes
and positive values in midlatitudes. In both the model
and observations, negative centers appear near Iceland
with positive centers over the North Pacific and from
southwestern Europe westward into the North Atlantic.
The spatial correlation between the simulated and ob-
served bSLP,AO(x) patterns over the region north of 208N
is 0.95. Using the standard deviation of the AO index
as a measure of the amplitude of AO variability, the
coupled model’s value of 9.2 mb is quite similar to the
observed value of 8.8 mb. The realism of the AO in the
coupled model, consistent with analyses of Limpasuvan
and Hartmann (1999, 2000) using the atmospheric com-
ponent of the same model, suggests that useful insights
may be gained from further analysis of the simulated
AO–temperature relationship.

A similar regression analysis is used to estimate
bT,AO(x), the thermal signature associated with a 1-mb
increase in the AO index. To maximize the compara-
bility with the observed data, which are computed from
a merged dataset that combines surface air temperature
anomalies over land (Jones 1994) and sea surface tem-
perature anomalies elsewhere (Parker et al. 1995), the
surface temperatures from the coupled model are a com-
bination of the temperature of the lowest atmospheric
model level (;25 m above the surface) for land points
and the uppermost oceanic model level for ocean points.
The simulated and observed thermal signatures (Fig. 1)
exhibit a pattern correlation of 0.79. The extrema in the
temperature patterns have similar placement, with pos-
itive bT,AO(x) values over much of northern Eurasia and
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FIG. 2. Model-derived time series of the ensemble mean difference
between values of regression coefficients b ,AO(t) (solid line) andT

b ,NAO(t) (dashed line) computed using an observational mask thatT

mimics the time-varying spatial sampling in the observed temperature
record, and those computed using complete spatial sampling. The
ensemble means are based on six nonoverlapping segments of the
model integration. Regression coefficients are based on monthly
means for the period Nov–Apr.

the eastern United States and negative values over north-
western North America, eastern Canada, and Greenland,
and from northern Africa through southwestern Asia.
The extreme values of bT,AO(x) have magnitudes of 0.1–
0.4 K mb21. The fidelity of the coupled model in re-
producing the observed AO allows the model to be used
to assess the impact of spatial sampling on the rela-
tionship between the AO and hemispheric mean tem-
perature.

3. Effect of variations in spatial sampling of
surface temperature

To estimate the effects of spatial sampling on b ,AO,T

six nonoverlapping 99-yr segments are chosen from the
coupled model integration. The duration of these seg-
ments is selected to match that of the observed AO index
time series. For each of these segments, time series of
spatial mean temperature over the NH extratropics are
computed in two different ways. In the first computa-
tion, all model grid points for the region from 208 to
908N are averaged (using area weighting), yield-
ing a temperature anomaly time series all(t). In theT
second computation, a time-varying ‘‘observational
mask’’ is determined, which represents the spatial cov-
erage of available data from the observed surface tem-
perature dataset for the period 1899–1997. Surface tem-
perature anomalies from the coupled model are inter-
polated to this observational mask and spatially aver-
aged to define an additional temperature anomaly time
series masked(t). Because the spatial coverage of the ob-T
served surface temperature data is incomplete, all(t)T
and masked(t) generally differ.T

To determine how estimates of the AO–temperature
relationship are affected by temporal variations in spa-
tial sampling of surface temperature, a ‘‘moving-win-
dow’’ regression analysis is employed. In this analysis,
a time series b ,AO(t) is computed by regressing the spa-T

tially averaged temperature anomalies for the NH ex-
tratropics on the AO index for each of the overlapping
50-yr periods ending on year t. The 50-yr length of the
moving window is chosen to be long enough that a
relatively large sample is available for the regression
analysis, yet short enough to be sensitive to temporal
variations in the observational mask. For each of the
six coupled model segments, two time series of regres-
sion coefficients b ,AO(t) are computed, one using all(t)TT

and the other using masked(t). A difference time seriesT
Db ,AO(t) is then computed by subtracting the b ,AO(t)T T

values computed using all(t) from b ,AO(t) values com-T T

puted using masked(t). The Db ,AO(t) values from the sixT T

segments are then averaged to form an ensemble mean
(Fig. 2, solid line).

The ensemble mean Db ,AO(t) time series is positive,T

indicating that the b ,AO(t) values based on the maskedT

coupled model output exhibit a positive bias relative to
those computed using complete sampling. The bias de-

creases in magnitude as the spatial sampling becomes
more complete with time, eventually reaching a value
of ;0.004 K mb21 in the latter portion of the record.

To understand the reasons for this positive bias, it
should be noted that the relationship between NH ex-
tratropical mean temperature and the AO index can be
regarded as the relatively weak residual that remains
after the near cancellation of much larger positive and
negative regional temperature anomalies (see Fig. 1).
Thus comparable sampling of the positive and negative
anomaly regions is necessary to accurately estimate
b ,AO. The positive bias arises because the positiveT

anomaly centers over eastern North America and north-
ern Eurasia are well sampled even in the early twentieth
century, since many of the longest observed temperature
records are located in these regions. In contrast, the
centers of negative correlation tend to be poorly sampled
in the early years of the observational record, but be-
come better sampled over time. The relatively poor sam-
pling of surface temperatures over high-latitude North
America (see unshaded areas in Fig. 1b) is largely re-
sponsible for the positive bias of ;0.004 K mb21 that
remains even in recent decades.

The same methodology is used to estimate the effects
of spatial sampling on the association between extra-
tropical NH temperature and the NAO index, as ex-
pressed by the regression coefficient of the former on
the latter, b ,NAO. The NAO index represents the anom-T

alous SLP difference between the model grid points
nearest Ponta Delgada, Azores, and Reykjavik, Iceland,
following the definition of the NAO discussed in Jones
et al. (1997). In this case, the coupled model segments
used are 133-yr long to match the length of the observed
NAO time series (Fig. 2, dashed line). The bias in
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b ,NAO(t) is very similar to that of b ,AO(t) during theT T

period of overlap between the two time series. The sim-
ilarity arises from the strong resemblance of the thermal
signature of the NAO (not shown) to that of the AO.
The largest bias in b ,NAO(t) is associated with movingT

windows based on the earliest part of the instrumental
climate record, a period when there were very few ob-
servations from northern North America, northern Af-
rica, and central Asia, all of which are regions where
temperature anomalies are negatively correlated with the
NAO index. Osborn et al. (1999) speculated that the
relatively large correlations between the NAO index and
December–February extratropical NH temperature in
the early portion of their moving window analysis may
be the result of biased spatial sampling. The existence
of a large positive bias in b ,NAO(t) during the late nine-T

teenth century (Fig. 2, moving windows ending prior
to 1950) supports their conjecture.

4. Implications for recent temperature trends

The results of the previous section suggest that re-
gression estimates of the association between the AO
and extratropical NH temperature are subject to a pos-
itive bias, particularly for periods in the early twentieth
century. The bias is smallest for 50-yr moving windows
ending after 1970 (Fig. 2), indicating that the least bi-
ased estimates of b ,AO can be obtained using data forT

the period from 1920 through the present. In keeping
with this approach, b ,AO is computed using monthlyT

data from the January–February–March (JFM) season,
the so-called ‘‘active season’’ of Thompson and Wallace
(2000), from the period 1920–97. This procedure yields
a b ,AO value of 0.019 K mb21.T

As noted by Thompson et al. (2000), there has been
a pronounced upward trend in the AO index during the
last three decades. The linear trend in this index for the
JFM season for the period 1968–97, computed as the
slope of a straight line fitted using least squares, is 16.2
mb (30 yr)21. Over the same period, 20290N during JFMT
warms by 1.02 K (30 yr)21. The portion of this warming
associated with the AO trend can be estimated by mul-
tiplying the AO trend by b ,AO. Based on this procedure,T

a trend of 0.019 K mb21 3 16.2 mb (30 yr)21, or 0.31
K (30 yr)21, is associated with the AO trend. This cor-
responds to ;30% of the overall temperature trend dur-
ing this period and is consistent with the results of
Thompson et al. (2000). (One should note that the frac-
tion of the 30-yr warming trend associated with the AO
decreases to ;8% if the spatial domain is extended to
the entire Northern Hemisphere and annually averaged
temperatures are considered.) The half-width of the 90%
confidence interval for the regression coefficient of 20–T
90N on the AO index (assuming one degree of freedom
per year) is 0.005 K mb21, or ;25% of the value of
the coefficient itself. A comparable degree of uncer-
tainty also should be applied to estimates of the tem-
perature trend associated with the recent AO trend.

The lingering positive bias in b ,AO after 1970 (Fig.T

2), which results from incomplete spatial sampling, im-
plies that the calculation in the previous paragraph over-
estimates the portion of the recent trend in 20–90N as-T
sociated with the AO trend. If the spatial sampling bias
in b ,AO in the real climate system is the same as model-T

derived estimate, an adjustment for the bias can be made
by subtracting the time-dependent values of Db ,AO(t)T

(Fig. 2) from b ,AO values based on observations. ForT

the b ,AO value computed from observations for the pe-T

riod 1920–97, an adjustment of ;0.004 K mb21 is used,
which is a typical value of Db ,AO(t) for moving win-T

dows ending from 1970 to the present. Applying this
model-derived adjustment yields an adjusted b ,AO valueT

of 0.015 K mb21, so the portion of 1968–97 trend in
20290N during JFM associated with the AO is reducedT

from 0.31 K (30 yr)21 to 0.24 K (30 yr)21.
To estimate what fraction of the overall trend this

0.24 K (30 yr)21 AO component represents, an adjust-
ment to the incompletely sampled overall trend should
also be made. Such an adjustment should account for
the sampling biases associated with both the AO com-
ponent of the overall trend (estimated in the previous
paragraph) and the portion of the trend not associated
with the AO. Unfortunately, an unambiguous estimate
of this latter bias is unavailable. In the absence of such
information, an assumption can be made that the sam-
pling bias for the ‘‘non-AO’’ component of the trend is
close to zero. There is some support for this assumption,
such as the finding by Madden and Meehl (1993) that
the sensitivity of the simulated global warming signal
to incomplete spatial sampling is typically less than 2%,
although the applicability of this finding is limited by
differences in the spatial domain (i.e., global vs NH
extratropics). Making the assumption of zero sampling
bias for the non-AO component of the trend, the overall
trend would be adjusted downward by the same amount
as the component associated with the AO, or 0.004 K
mb21 3 16.2 mb (30 yr)21 5 0.07 K (30 yr)21. This
estimate of the bias in the extratropical Northern Hemi-
sphere mean temperature trend agrees quite closely with
the results of Karl et al. (1994) for trends beginning in
the 1970s (their experiment 10MSU), although the spa-
tial and temporal domains are not exactly the same. This
adjustment reduces the overall trend from 1.02 K (30
yr)21 to 0.95 K (30 yr)21. Thus the 0.24 K (30 yr)21

adjusted AO component would represent ;25% of the
adjusted overall trend.

5. Summary and conclusions

In this study, output from a coupled model integration
is used to determine to what extent regression-based
estimates of the AO–temperature relationship are af-
fected by variations in observational coverage during
the period of instrumental records, yielding the follow-
ing results.
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R The coupled atmosphere–ocean model realistically
simulates the spatial patterns of SLP and surface tem-
perature changes associated with variations in the AO
index. The correlations between the simulated and ob-
served patterns of SLP and surface temperature are
0.95 and 0.79, respectively.

R When surface temperatures from the coupled model
are masked to mimic the availability of instrumental
temperature records, imperfect observational cover-
age leads to an overestimation of the strength of the
association between the AO and spatial mean tem-
perature. The magnitude of this spatial sampling bias
gradually decreases during the twentieth century, al-
though it does not vanish even during the periods of
greatest spatial coverage.

R This spatial sampling bias leads to an overestimation
of the portion of the recent wintertime (JFM) extra-
tropical NH warming trend associated with the AO.

These findings highlight the importance of adequate
sampling of regional temperature anomalies in deter-
mining the association between the AO and extratropical
NH mean temperature. This contrasts with the less im-
portant impact of spatial sampling on the trend in hemi-
spheric and global mean temperature during the past
100 years, as determined from ‘‘frozen-grid’’ diagnos-
tics using observed surface temperature data (Jones et
al. 1986a,b). Because the warming during the last cen-
tury is relatively amorphous in space, it can be more
precisely estimated, even from a relatively limited sub-
set of grid points with nonuniform coverage. Using out-
put from a transient climate change simulation as a per-
fectly sampled surrogate for the real climate system,
Karl et al. (1994) have shown that spatial sampling bi-
ases associated with centennial temperature trends are
an order of magnitude smaller than the trends them-
selves. This contrasts with the relatively large sampling
bias for b ,AO, which is as much as 50% of the b ,AOT T

value during the early part of the AO record. The more
distinct spatial structure of the thermal signature of the
AO requires more complete sampling or optimum in-
terpolation techniques.
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