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Abstract Monthly mean fields of temperature and
geopotential height (GPH) from 700 to 100 hPa were
statistically reconstructed for the extratropical Northern
Hemisphere for the World War II period. The recon-
struction was based on several hundred predictor vari-
ables, comprising temperature series from
meteorological stations and gridded sea level pressure
data (1939-1947) as well as a large amount of historical
upper-air data (1939-1944). Statistical models were fitted
in a calibration period (1948-1994) using the NCEP/
NCAR Reanalysis data set as predictand. The procedure
consists of a weighting scheme, principal component
analyses on both the predictor variables and the pre-
dictand fields and multiple regression models relating
the two sets of principal component time series to each
other. According to validation experiments, the recon-
struction skill in the 1939-1944 period is excellent for
GPH at all levels and good for temperature up to 500
hPa, but somewhat worse for 300 hPa temperature and
clearly worse for 100 hPa temperature. Regionally, high
predictive skill is found over the midlatitudes of Europe
and North America, but a lower quality over Asia, the
subtropics, and the Arctic. Moreover, the quality is
considerably better in winter than in summer. In the
1945-1947 period, reconstructions are useful up to 300
hPa for GPH and, in winter, up to 500 hPa for tem-
perature. The reconstructed fields are presented for se-
lected months and analysed from a dynamical
perspective. It is demonstrated that the reconstructions

provide a useful tool for the analysis of large-scale
circulation features as well as stratosphere-troposphere
coupling in the late 1930s and early 1940s.

Electronic Supplementary Material Supplementary
material is available in the online version of this article
at http://dx.doi.org/10.1007/s00382-004-0391-3

1 Introduction

The analysis of upper-level fields is undoubtedly an
important tool in climate research. For instance, the
vivid debate on the North Atlantic or Arctic Oscillation
(NAO/AO) and the role of the stratosphere in climate
variability of the Northern Hemisphere (NH) is based
on the analysis of time series of upper-level fields
(Thompson and Wallace 1998; Ambaum and Hoskins
2002; Hurrell et al. 2003). A variety of gridded data sets
are currently available for climate research. For the most
recent period (since about 1978), satellite-based products
such as MSU temperatures (Christy et al. 2003; Mears
et al. 2003; daily data for three deep atmospheric layers)
are available. Further back in time, upper-level data sets
are based on radiosonde observations such as the Berlin
Stratospheric data (Labitzke et al. 2002; daily/monthly
temperature and geopotential height at 100 to 10 hPa for
the NH back to 1957) or HadRT (Parker et al. 1997;
global gridded monthly temperature at 850 to 30 hPa
back to 1958). Radiosonde station series are available
back to 1948 from the Comprehensive Aerological
Reference Data Set (CARDS) (see also Lanzante et al.
2003). The most widely used gridded meteorological
data sets with upper-level variables, however, are re-
analysed data sets, i.e. combined surface, radiosonde,
and satellite information assimilated using a filtering
method and a weather prediction model (ERA-15, ERA-
40, NCEP/NCAR Reanalysis, see Kalnay et al. 1996;
Kistler et al. 2001). They provide 6-hourly global data
up to the middle stratosphere back to 1957 (ERA-40)
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and 1948 (NCEP/NCAR Reanalysis). No upper-level
meteorological data set based on observations goes
further back in time than 1948.

In order to study past climate variability, upper-level
fields for earlier time periods would be beneficial. Several
authors have suggested statistical and other approaches
for obtaining historical upper-level fields (Kington 1975;
Klein and Dai 1998; Schmutz et al. 2001; Luterbacher
et al. 2002; Polansky 2002) or reconstructed such fields
(Schmutz et al. 2001; Luterbacher et al. 2002; see also
Polansky 2002). However, these reconstructions were
based on information from the Earth’s surface only and
were limited to geopotential height (GPH) in the tro-
posphere over certain regions.

Here we present a data set of upper-level fields for
the extratropical Northern Hemisphere (NH) for the
1939-1947 period, comprising temperature and GPH
and reaching into the lower stratosphere (100 hPa). The
chosen time period allows to study the large-scale cir-
culation in the early 1940s and provides a connection
to the NCEP/NCAR Reanalysis period. Knowledge of
the upper-level circulation is considered especially
important in the case of the early 1940s, when excep-
tionally high total ozone values were observed con-
currently with extreme climate anomalies at the ground
(see Brönnimann 2003b). A detailed analysis of this
period is interesting in the light of current research on
stratosphere-troposphere coupling and large-scale cli-
mate variability (e.g. Hurrell et al. 2003). Reconstruc-
tions based only on information from the Earth’s
surface are of limited use in this case, and upper-air
data prior to 1948 that could be used as predictors in a
reconstruction approach were not available at the
beginning of the project. However, older upper-air data
can be found on paper in various meteorological ar-
chives. We digitised, corrected, and validated several
tens of thousands of GPH and temperature profiles
from radiosonde ascents and weather flights for the
1939-1944 period (Brönnimann 2003a, b) and supple-
mented them with meteorological data from the Earth’s
surface. In this work we report on the results of a
statistical reconstruction, based on these data, of
monthly mean fields of temperature and GPH at 700,
500, 300, and 100 hPa for the extratropical NH (20�-
90�N) from 1939 to 1947. Data and methods are briefly
presented in Sects. 2 and 3, respectively. Results of
sensitivity analyses and validation experiments are
discussed in Sect. 4. In addition, reconstructions are
presented for selected months in order to demonstrate
their usefulness for the analysis of large-scale circulation.

2 Datasets used for the reconstruction

In order to reconstruct and validate upper-level fields for the
1939-1947 period (reconstruction period) by means of statistical
models calibrated in a more recent period (calibration period),
four data sets are needed: the predictor data in the reconstruction
period, the predictor data in the calibration period, the predict-
and data in the calibration period, and the validation data in the

reconstruction period. In this section, the four data sets are
briefly described.

2.1 Predictor data in the reconstruction period

The predictor data can be divided into three groups: surface station
temperature data, sea level pressure (SLP) data, and upper-air data.
We used monthly mean surface air temperature data from 100 sites,
mainly from the NASA-GISS (Hansen et al. 1999, 2001), GHCN
V2 (Peterson and Vose 1997) and USHCN (Karl et al. 1990) da-
tabases (see electronic supplementary material). Mountain sites or
high elevation sites were preferred as they are often above the
boundary layer or inversion layers and therefore expected to be
better predictors for upper-level temperatures than lowland sites.
All data taken from NASA-GISS and GHCN V2 (with one
exception, see electronic supplement) stem from the homogenised
versions of the corresponding data sets. The USHCN data also
underwent a multi-step quality control and homogeneity adjust-
ment procedure. We did not perform additional quality tests except
for a comparison with corresponding data from NCEP/NCAR
reanalysis in order to fill in missing values in the calibration period
(see later).

The SLP data were included in the form of the first 20 latitude
weighted principal component (PC) time series north of 20�N from
the gridded NCAR data set (Trenberth and Paolino 1980). The PC
series were calculated for the 1939-1994 period based on monthly
anomalies from the mean annual cycle. For missing values, which
mainly concern the northernmost latitudes in February to June
1939, a zero anomaly was assumed.

Historical radiosonde and weather flight data are available from
1939 to 1944 (UA39_44, Version 1.0; Brönnimann 2003a). Here we
used monthly mean data, version S (after adjustments and combi-
nation of neighbouring series). The target precision of the monthly
upper-air data is given as±1.6 �C for temperature and±30-80 gpm
(increasing with height) for GPH. Quantitative assessments could
only be performed for sufficiently long series, but the results suggest
that most of them easily meet these criteria (see Brönnimann 2003a
for details). The possible bias should be less than ±0.75 �C for
temperature and less than ±15-30 gpm for GPH. Several records
were not used for the reconstructions in order to have an indepen-
dent data set for the validation (see Sect. 2.4).

In total 843 variables were used as predictors. The location of
all series (surface and upper-air) is shown in Fig. 1a, details can be
found in the electronic supplementary material. The surface series
cover the extratropical NH well except for the Pacific Ocean. In
contrast, the upper-air series are more concentrated on Europe and
North America. Note that many of the upper-air series cover only a
fraction of the period or have long data gaps. Hence, the data
availability for any given month is much more limited (see Fig. 4).
Figure 1b shows the number of non-missing variables for each
month from 1939 to 1947. Most of the surface series contain rel-
atively few missing values, whereas the availability of upper-air
data fluctuates more strongly. At most 400 out of 723 upper-air
variables are available at any one time, and the availability has
spatial and temporal patterns. North America and Europe are
relatively well covered compared to Asia, where upper-air infor-
mation is sparse and no data at all are currently available after June
1941. The subtropical regions are also underrepresented and the
Pacific Ocean is represented only by one surface and one upper-air
station, the latter ending in June 1942. As to the vertical distribu-
tion, the lower and middle troposphere are well represented in most
upper-air series. Upper tropospheric data (300 and 400 hPa) are
less frequent over the former Soviet Union than over Western
Europe and North America and stratospheric data (200 and 100
hPa) are mostly confined to Europe and North Africa (see
Brönnimann 2003b).

Despite the inevitably unequal distribution of predictor series,
we expect that they provide the principal information on the large-
scale circulation in the northern extratropics in the 1939-1944
period. From 1945 to 1947 only surface series are currently avail-
able and less reliable reconstructions are expected.
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2.2 Predictor data in the calibration period

The reconstruction approach is based on the assumption that the
model is calibrated using different portions of the same predictor
data as used for the reconstruction. The SLP-PCs as well as most of
the surface station temperature series continue into the present.
Several temperature series from the former Soviet Union and
China, however, end in the early 1990s. In view of the sparseness of
historical upper-air data in this region, we considered these series
especially valuable and accordingly defined the calibration period
as 1948 to 1994. Missing predictor data in the calibration period
should be avoided. Therefore, only data series with at most 10%
missing values within this period were chosen. The missing values
were replaced after subtracting the long term mean annual cycle
and standardising by using corresponding data (i.e. standardised
anomalies) from the NCEP/NCAR reanalysis data set (Kalnay
et al. 1996; Kistler et al. 2001) at 925 hPa, interpolated to the
station location. This is justified by the high correlation (median
0.85) found between the standardised anomalies from both sources.

The historical upper-air data cover only the 1939-1944 period
and need to be supplemented with other data in the calibration
period. Using CARDS radiosonde data would be possible, but
poses several problems. CARDS data might not be consistent with
historical data from the same location because of changes in plat-
forms (aircraft, radiosonde), instruments, observation times and
frequencies, and correction procedures. In addition, using the same
criteria as for surface stations (max. 10% missing values), CARDS
data are available for less than half of the locations. We preferred
to use corresponding data from the NCEP/NCAR Reanalysis,
interpolated to the station location. The historical upper-air data
are known to be consistent with NCEP/NCAR Reanalysis data

(Brönnimann 2003a), and there are no missing values. We assume
that the reanalysis data are close to the observed values at locations
where observations were made and that they are a reasonable
estimation elsewhere.

2.3 Predictand data

As predictand data we chose the NCEP/NCAR Reanalysis data set
for the 1948-1994 period. No other data set provides temperature
and geopotential height data in the troposphere and lower strato-
sphere during this period. We used monthly mean fields of tem-
perature and GPH at the 700, 500, 300, and 100 hPa levels
(hereafter termed T700, Z500 etc.) from 20� to 90�N. The data were
subsampled to a 5� · 5� grid and the number of longitudes was
further reduced at high latitudes (36 at 70�N and 75�N, 18, 9, and 1
at 80�N, 85�N, and 90�N, respectively).

There are several known shortcomings of the NCEP/NCAR
Reanalysis data set (see e.g. Santer et al. 1999; Randel et al. 2000
and references therein). The inclusion of satellite data after 1978
and a related processing error led to a step change in temperatures,
mostly affecting the lower stratosphere over the tropics. Also,
during the earliest period (1948-1957) observation times were dif-
ferent and the amount of upper-air information was smaller and
presumably of lower quality. Fewer upper-air observations means
that the data product is closer to a model result rather than to an
analysis. In addition, there are various smaller problems affecting
different parts of the data (see http://www.cdc.noaa.gov/cdc/
reanalysis/problems.shtml). Hence, the data must be considered
less reliable in the early years (Kistler et al. 2001) and inhomoge-
neities must be expected around 1978 and possibly 1958. In addi-
tion to artificial shifts, the real trend in the data due to climate
change and stratospheric ozone depletion is also of concern. De-
spite these problems, which inevitably will have an adverse effect on
the reconstruction quality, we think that there are good reasons for
using the NCEP/NCAR Reanalysis data as predictand. First, the
errors are expected to be smaller in the extratropical NH than in
the tropics or in the Southern Hemisphere. Second, we do not use
the data for a trend analysis. Our reconstruction approach uses the
spatial information and the month-to-month variability, which are
expected to be less affected by artificial inhomogeneities. Similarly,
the real trend in the data matters only insofar as it leads to a change
in the predictor-predictand relation. This might well be the case,
but the effect is thought to be small relative to the month-to-month
variability. Third, sensitivity experiments can be conducted in order
to assess the effect of these inhomogeneities on the reconstructions.
Fourth, the final reconstructions can be validated using indepen-
dent upper-air data.

As we will show in Sect. 4, an acceptable product can be ob-
tained despite these uncertainties in the NCEP/NCAR Reanalysis
data. To use only a fraction of the NCEP/NCAR Reanalysis data
set also does not provide a solution as the length of the calibration
period is important for obtaining good reconstructions.

2.4 Validation data

For the validation of the reconstructed fields we used several his-
torical upper-air series that were not used in the reconstruction (see
Sect. 2.1, Fig. 1a, and electronic supplementary material). The
series were selected according to five criteria. First, obviously, they
must include the reconstructed variables (some series are given on
different levels or are outside the reconstructed area). Second, in the
context of the quality assessment (described in Brönnimann 2003a),
several series were corrected based on information from the Earth’s
surface. In order to maintain independence, we did not use these
series for validation. Third, the quality is not known equally well
for all series, and those with a well-known quality were preferred
(Brönnimann 2003a). Fourth, the series must have sufficient data at
high levels and must have at least five available values. Fifth, all
major regions and time periods must be represented. About 13% of

Fig. 1 a Map of the predictor variables used for the reconstruc-
tions. Red solid circles and blue crosses denote upper-air (UA) series
used for the reconstruction and validation, respectively, green
triangles denote meteorological stations at the Earth’s surface.
Black circles denote upper-air series used in validation experiment
2. The dashed lines group the series by region. b Number of non-
missing predictor variables, 1939-1947. Upper-air data are sepa-
rated by geographic region
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all data were selected in this way and were retained for validation of
the final reconstructions. A second validation experiment was
performed in which an entirely different sample, comprising 22.5%
of the data, was retained (see Sect. 4.4).

Partly independent data sets for validation can also be ob-
tained by splitting the calibration period into two subperiods, one
of which is used for calibration and one for reconstruction (see
later).

3 Reconstruction method

3.1 Standardising and weighting scheme

All variables in both the predictand and predictor data set were
expressed as standardised anomalies with respect to the 1948-1994
mean annual cycle. Thereafter, a weight field was calculated. In
the predictand data set, equal weight was attributed to each field
(combination of variable and level, e.g. Z300) and each grid cell
was weighted by its area. Similarly, in the predictor data, we
assigned each series to a level (surface, 850-700 hPa, 600-400 hPa,
300-100 hPa), grid cell (using the predictand grid), and variable
(temperature, GPH) and attributed equal weight to each field
(combination of variable and level). Within the fields we weighted
each series according to the area of the grid cell and the number
of variables in the cell or, in the case of the SLP-PC time series,
according to the variance. A different weight file was produced for
each combination of non-missing predictor variables in the
reconstruction period (practically each month). Because in the PC
analysis (see later) the weights pertain to the covariances, we
multiplied the predictors and predictands by the square root of
the corresponding weight. A sensitivity analysis was also per-
formed with unweighted predictors.

In the 1939-1944 period, the data from the Earth’s surface
constitute around 30% of the non-missing predictor variables (Fig.
1b). By construction, they contribute 25% of the total weight.
Accordingly, the upper-air data comprise 70% of the variables and
contribute 75% of the weight. The largest individual weight (mostly
>10) was always attributed to the first SLP-PC, whereas the weight
of the most important upper-level series was between 2.5 and 5 (i.e.
about the same weight as the fifth SLP-PC).

3.2 Forming statistical models

For each combination of non-missing predictor variables in the
reconstruction period, a separate statistical model was formed.
Because the relationship between the predictor variables and the
predictands is likely to change with season (Schmutz et al. 2001;
Luterbacher et al. 2002), we selected the corresponding calendar
month as well as the two neighbouring months for calibrating the
models. For instance, for reconstructing the fields for January
1939, we used only data from the months of December, January,
and February in the calibration period. Hence, 141 months were
available for calibrating each model.

The reconstructions were performed as described previously
(Luterbacher et al. 2002). In the calibration period, PC analyses
were performed separately on the predictor data as well as on the
predictand data. Only the first few PCs were kept, retaining a
certain fraction of the variance (sensitivity analyses were performed
using different fractions). Each predictand PC time series was then
expressed as a function of all predictor PC time series using mul-
tiple regression models. The predictor PC time series in the
reconstruction period were then calculated as a function of the
predictor variables in the reconstruction period and the predictor
PC scores obtained in the calibration period. The predictand PC
time series in the reconstruction period were calculated from the
predictor PC time series using the regression models estimated in
the calibration period. The anomaly fields in the reconstruction
period were then obtained as a linear combination of the predict-
and PC time series and the predictand PC scores obtained in the

calibration period. Weighting and standardising were reversed and
the long-term mean annual cycle added. Finally, the fields were
regridded to a 5� · 5� grid using linear interpolation.

3.3 Sensitivity analyses and validation

Sensitivity experiments were performed addressing the fraction of
explained variance in the predictor data (80, 85, 90, or 95%) and in
the predictand data (90 or 95%), the weighting scheme for the
predictors (weighting/no weighting) as well as the choice whether
all eight fields (four temperature and four GPH fields) should be
reconstructed at once, individually, or in subgroups. Table 1 gives
an overview of the most important experiments. The results of each
experiment were evaluated using two split-sample validations
(SSVs, see later). This led to the choice of an appropriate config-
uration for the final reconstructions of the 1939-1947 period. These
final reconstructions were then validated using the retained upper-
air data from the 1939-1944 period. A second validation experi-
ment of the final configuration was performed using a different
sample of historical upper-air data for validation (see Fig. 1, Table
1, and electronic supplementary material).

The SSV is a special case of cross-validation. It is a repetition of
the entire reconstruction procedure, subdividing the calibration
period into a calibration and a validation period. For the first of
our SSVs we used the first 31 years (1948-1978) for calibration and
the last 16 years (1979-1994) for validation, for the second SSV we
used the last 31 years (1964-1994) for calibration and the first 16
years (1948-1963) for validation. Note that the two 16-year periods
correspond well with the supposed inhomogeneities in the NCEP/
NCAR data set, especially the supposed break around 1978.
Hence, these inhomogeneities are expected to have a maximum
negative effect on the outcome of the validation, which provides a
restrictive test of the quality of the reconstructions. However, the
SSV approach does not account for errors in the upper-air pre-
dictor data, as they stem from the same data set as the predictand
data (see Sect. 4.4).

Several error statistics were used to assess the model perfor-
mance, the most important being the reduction of error (RE,
Lorenz 1956; Cook et al. 1994), defined as

RE ¼ 1�
P

t ðxrec � xobsÞ2
P

t ðxnull � xobsÞ2
ð1Þ

where t is time, xrec is the reconstructed value, xobs is the observed
value and xnull is a null hypothesis or no-knowledge prediction (e.g.
constant, climatology, random, persistence, etc.). In our case, since
we reconstruct anomalies, the chosen null hypothesis is a zero
anomaly (i.e. the mean annual cycle in the calibration period).
Values of RE can be between -¥ and 1 (perfect reconstructions). An
RE of 0 indicates that the reconstruction is not better than the null
hypothesis. A random number with correct variance would yield an
RE of -1. RE > 0 determined in an independent period is normally
considered an indication that the model has predictive skill. For
values greater than around 0.2, RE is close to the coefficient of
determination R2. In the following, we consider a reconstruction
useful if RE > 0.2, which roughly corresponds to R2 = 0.2 to 0.25
or r = 0.45 to 0.5.

As each statistical model pertains to a specific calendar month,
there are 16 opportunities to validate each model in a 16-year
period. Hence, Eq. (1) sums over 16 time steps. For each month in
the reconstruction period (i.e. each model), a spatial field of RE is
obtained from each SSV. For the comparison of different sensi-
tivity experiments, it is more practical to condense the information
into one number. Because the distribution of RE over time at one
grid point is typically skewed, we used both the median and the
mean value at each grid point, denoted REmedian and REmean, to
characterise the reconstruction quality. REmedian is usually higher
than REmean. A single number for each experiment and field
(combination of variable and level) can be obtained by an area-
weighted average of REmedian or REmean. We used the average from
25� to 90�N as RE at 20�N sometimes showed a different behaviour
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than elsewhere. In most cases only the averaged results from both
SSVs are shown. Because of the different predictors used, the 1939-
1944 and 1945-1947 periods were studied separately. Only Z700,
Z500, Z300, T700, and T500 were analysed for the latter period.

Other error measures used for the model evaluation include the
bias and the root mean squared error (RMSE). Approximate 95%
confidence intervals can be defined as 2 RMSE, averaged from both
SSVs. Note that all of these measures can also be calculated for
derived properties, such as the anomaly of a grid point value from
the entire field at each time step or the anomaly from the recon-
struction-period mean at each grid point, or any other variable
derived from the data. This allows assessment of how well the
spatial patterns or the month-to-month variability are recon-
structed, regardless of the bias.

4 Results and discussion

4.1 Sensitivity experiments

Table 1 gives the area-weighted average of REmean and
REmedian averaged from both SSVs for the most impor-
tant sensitivity experiments. Results are listed separately
for the 1939-1944 and 1945-1947 periods. They show
that generally good reconstructions can be expected for
GPH at all levels and for T700 and T500. Results are
somewhat worse for T300 and clearly worse for T100 The
detailed validation results for the experiment chosen for
the final reconstructions are discussed in Sect. 4.3. In this
section, only the differences between the sensitivity
experiments are discussed.

These differences are surprisingly small. To start with,
the weighting of the predictors has positive effects on the
results for GPH, especially at lower levels, whereas the
effect is very small for temperature and for upper levels.
The effect on REmean is similar to that on REmedian. Since
the weighting is followed by a variable reduction, the
weighting problem is related to the problem of the
choice of the fraction of explained variance to be re-
tained in the PC analysis on the predictor side. Pre-
liminary sensitivity experiments (using no weighting; not
shown) clearly imply that the predictand variance is best
set to 95%, in agreement with other studies (Schmutz
et al. 2001). Experiments A, B, and C (reconstructing all
fields together) and E, F, G (reconstructing fields sepa-
rately) show the effect of using 85, 90, or 95% of the
variance on the predictor side (experiments with 80%
were clearly worse and are not shown). For most fields,
best results are found when 95% is chosen, for some
fields 90% and 95% show equal results and in few cases
90% is better. It is worth noting that T100 shows a dif-
ferent behaviour than the other fields, which could be
due to the fact that it has not much of its variability in
common with the other fields. It might therefore be
preferable to reconstruct this field separately. For the
other fields, the difference between reconstructing all
fields together or separately is very small. Additional
experiments using suitable subgroups of the fields also
gave the same results.

In order to obtain the highest possible quality, we
chose the reconstructions of T100 from experiment F,

which gives the best results for both REmedian and
REmean (Table 1). All other fields were reconstructed
together (experiment H, using 95% of the predictor
variance). This procedure is thought to give the best
overall results in the 1939-1944 period. Note that the
differences between most of the experiments are small
and other choices would lead to very similar results.

4.2 Effect of a bias or inhomogeneity in the NCEP/
NCAR reanalysis data

RE accounts for both the bias and the variance of the
reconstructions. The contribution of the bias is normally
small, but it can nevertheless have some effect at upper
levels. Biases are found in the SSVs at the 100 hPa level,
especially for temperature. They can be caused by real
trends (due to climate change) or inhomogeneities in the
data, as discussed previously. For the purpose of this
study, it does not matter what causes the bias. It is
interesting to note, however, that for T100 results are
worse in the first SSV than in the second, which could be
due to an inhomogeneity around 1978. For most other
fields, for which the effect of the latter inhomogeneity is
supposedly small, the opposite is the case, which could
be due to a generally lower data quality in the 1948-1963
period, possibly due to sparse radiosonde data. These
results are consistent with a negative effect of the quality
of the predictand data on the reconstructions. Note,
however, that these effects are accounted for in the SSVs
and all derived skill measures. Moreover, independent
data can be used to assess the quality of the actual
reconstructions for the 1939-1944 period (see later).

Because of the bias in the SSVs, the spatial variability
and the month-to-month variability are reproduced
more reliably than RE in Table 1 implies. For instance,
the area-averaged REmedian for T100 rises from 0.20 to
0.23 if the mean value of the field is subtracted at each
time step (area-averaged REmean increases from 0.14 to
0.17). Hence, the usefulness of the reconstructions de-
pends on the application. Spatial interpretations are
more robust than arguments based on absolute values.

4.3 Validation results for the chosen reconstruction
approach

In this section we discuss the results from the SSVs for
the approach chosen for the final reconstruction. As
can be seen in Table 1 (numbers in bold), all fields have
an area-averaged REmedian ‡ 0.2 (averaged from both
SSVs). REmean is lower, between 0.14 and 0.54. While
these aggregated numbers are useful for the compari-
son of sensitivity experiments, the spatial and temporal
details in RE deserve more attention. Figure 2 shows
fields of REmedian for the 1939-1944 period (averaged
from both SSVs). As expected, the skill is best over
areas with a high density of predictor variables, i.e.
North America and Europe, and worse at polar and
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subtropical latitudes and over Asia. It is interesting to
note that REmedian is reasonably high also over large
parts of the North Pacific despite the fact that there are
almost no predictors from this region. The recon-
struction skill is even acceptable over the North Pole
for GPH, but not for temperature.

As noted in Sect. 4.1 there are large differences
between the fields. REmedian values are much higher for
GPH than for temperature and higher for levels close to
the surface (where the availability of predictor data is
better) than for upper-levels. Considering a threshold of
0.2, acceptable reconstructions can be expected most of
the time for GPH at all levels and for T700 and T500

Results are worse for T300 and clearly worse for T100. In
the latter case, reasonable reconstructions can generally
be expected only for the latitude band of around 35� to
65�N, with the exception of the Asian sector. Note, again,
that spatial patterns are better reproduced than absolute
values and hence some of the reconstructions might be
useful for certain applications despite a relatively poor
overall quality. Note also that the variability between the
statistical models (i.e. the month-to-month variability of
RE) is considerable (see Sect. 4.5. for examples).

Figure 3 shows time series of area-weighted averages
of RE (from both SSVs) from 1939 to 1947. There is a
clear annual cycle in RE for all fields. The minimum RE
values for Z100 are reached in spring, for all other fields
in summer. Hence, reconstructions are expected to be
better in winter than in summer. This is due to the

dominance of large-scale circulation patterns in winter
such as the NAO/AO or the Pacific North American
pattern (e.g. Barnston and Livezey 1987), which are
more easily captured even with a limited number of
predictors. Within the 1939-1944 period, the skill for
Z100 and T100 is best in 1941 and 1942, when the number
of available predictor variables is highest (see Fig. 1b).
In the 1945-1947 period the reconstruction skill is lower
than in the 1939-1944 period especially during the
summer months. This is due to the vertical coupling of
atmospheric circulation in summer, which is weaker and
of a smaller spatial scale than in winter (e.g. Brönni-

Fig. 2 Maps of REmedian for (top) temperature and (bottom) GPH at different levels for the 1939-1944 period

Fig. 3 Time series of area-weighted averages (25�-90�N) of RE for
a GPH and b temperature at different levels from 1939 to 1947
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mann et al. 2000). Nevertheless, except for temperature
in summer, acceptable reconstructions were obtained
also in this period, using only predictors from the
Earth’s surface.

The differences in reconstruction skill between using
only surface predictors and using all predictors yields
information on the relative importance of the upper-air
series, which can be important for guiding future re-
evaluation work. Figure 4 shows a more detailed com-
parison on the example of Z300. As noted, upper-air data
are especially important in summer (May to October),
whereas surface data alone provide good reconstructions
in the cold season (November to April). In both seasons,
the differences are largest over the continental areas, i.e.
in North America between the Appalachians and the

Rocky Mountains and in Russia. In contrast, upper-air
data do not contribute to better reconstructions over the
Atlantic and Pacific north of 40�N. The bottom row of
Fig. 4 shows a comparison of two statistical models with
upper-air data, one of which includes data in Hawaii,
Alaska, and Siberia, the other not. Surprisingly, upper-
air data from the Pacific coast have only a small influ-
ence on the reconstruction skill over the North Pacific.
They slightly affect the skill over the Arctic and their
greatest effect is over the continents. For future re-
evaluation efforts this means that data from Asia, the
Arctic, and the subtropics would be most beneficial.

4.4 Validation of the final reconstructions

After having discussed the results from the SSVs, we
now turn to the validation of the actual reconstructions.
There are important differences between these two
‘‘validations’’: On the one hand, the SSVs provide a
pessimistic estimation of the skill as they use only 31
years of data for calibrating the models, whereas the
final reconstruction uses 47 years and hence is consid-
ered to provide a more accurate model and better
reconstructions. On the other hand, in the two 16-year
validation periods of the SSVs, the upper-air predictors
were taken from the NCEP/NCAR Reanalysis data set,
which was at the same time used for the validation.
Hence, in contrast to the 1939-1944 period, the upper-air
predictors in the SSV approach have no errors and
therefore the SSVs provide an optimistic estimation.

The only way of validating the final reconstructions is
to use independent data. Several historical upper-air
series were retained for this purpose. From these data,
RE can be calculated in the same way as explained above
except that for this purpose all observations were
pooled. Results are shown in Table 1 and Fig. 5. Gen-
erally, higher RE values were found than in the SSVs.
This is expected as the series used for the validation are
mostly in areas with good data coverage and hence high
reconstruction skill. If the spatial representativity is
considered, then the RE values obtained from historical
upper-air data seem to be lower than the ones obtained
from SSVs. This is also not surprising, as all errors in the
validation data are reflected as reconstruction errors. In
fact, simple experiments for 300 hPa temperature at a
typical midlatidue site assuming realistic errors in the
validation data (90% of the monthly mean values within
±1 �C, mean offset of 0.5 �C) reveal that even if the
reconstructions were perfect, RE is expected to be only
around 0.77. Hence, the RE values displayed in Table 1
can be considered as excellent.

In order to address the effect of the sampling bias
(validation series in well-sampled areas), we performed a
second validation experiment for which an entirely dif-
ferent, much larger sample of historical upper-air data
was retained (note that these are not the final recon-
structions). We selected sites at the edge of or outside the
well-sampled regions whenever possible (see Fig. 1).

Fig. 4 Maps of REmedian for 300 hPa GPH for different sets of
predictor variables for winter (November to April) and summer
(May to October). Green dots in the bottom row give the location of
upper-air predictors used
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Without these data, which are known to be important
predictors, and with a much lower number of variables,
we expect clearly worse reconstructions and at the same
time validate these reconstructions in more remote re-
gions. Nevertheless, the results (Table 1) reveal a good
skill for all fields.

In the following, more details on the validation of the
final reconstructions are given. Figure 5 shows the ob-
served and reconstructed anomalies for Z500 and T100

with respect to the calibration period (1948-1994). Z500

is very well reconstructed. The European and Asian sites
show a slightly larger scatter than the American sites,
but the agreement is excellent for all groups. For T100

only three series from Europe could be used for vali-
dation: Brest and Freiburg in Western and Central
Europe, respectively, and Bodø in the Norwegian Arctic.
As expected the scatter is larger and there are two or
three outliers; all of them contained within series from
Brest. Comparisons with neighbouring stations suggest

that at least the outlier in the upper left part of the plot is
due to erroneous validation data from Brest. Despite
these outliers, the agreement is acceptable.

The lower part of Fig. 5 shows observed and recon-
structed time series for Z300 and T300 at Omaha, Ne-
braska, from where a nearly complete, independent
record is available for validation (Brönnimann 2003b).
The reconstructions follow the observed values very
closely; the explained variance is larger than 80% in
both cases. RE values are 0.78 and 0.72 for Z300 and T300

respectively, which is lower than what is expected from
SSVs (see Fig. 2). The reason for this might be errors in
the observed data from Omaha, mainly in the form of a
bias. The mean differences amount to 14 gpm for GPH
and 0.65 �C for temperature, which is large but within
the uncertainty of the historical upper-air data. The er-
ror bars show an assumed uncertainty in the observa-
tions of ±1 �C and ±40 gpm as well as the 95%
confidence interval of the reconstructions determined
from both SSVs. The error bars overlap in almost all
cases. Accounting for these uncertainties, the agreement
between reconstructions and observations is excellent.
The main signal is picked up in both cases.

In all, the validation with independent data suggests
good reconstructions over the Northern midlatitudes for
all fields and confirms the results obtained from the
SSVs (Sect. 4.3). It is planned to digitise more historical
upper-air series, which will provide further opportunities
to validate the reconstructions.

4.5 An analysis of the reconstructed fields

In order to demonstrate the usefulness of the recon-
structions to study the large-scale circulation in the early
1940s, an analysis of selected fields is presented in this
section. We show anomaly fields (with respect to the
1961-1990 mean annual cycle) for August 1940, Febru-
ary 1941, and January 1942. These months were chosen
because upper-air data, surface temperature, and SLP
fields for the same months were already presented in
Brönnimann (2003b, Fig. 9), allowing a direct compar-
ison. Figure 6 shows T500, Z500, T100, and Z100 for these
three months. Areas with RE < 0.2 are displayed as
light shaded areas. It is clear that the reconstructed fields
for August 1940 are less reliable than the ones for the
winter months. This holds especially for temperature.
Even for T500 useful reconstructions can only be ex-
pected over the continental midlatitudes. In contrast, for
Z100 in winter there are only small areas with RE < 0.2,
pointing to reliable reconstructions even in the lower
stratosphere.

Several of the tropospheric features already discussed
in Brönnimann (2003b) are also found in the recon-
structions such as the intensified Aleutian low and the
strong temperature contrasts in the two winter months.
It is interesting to address the circulation anomalies at
100 hPa. Both winter months were characterised by
positive GPH anomalies over the polar region, pointing

Fig. 5 a Observed and reconstructed anomalies of 500 hPa GPH
for sites in North America (green dots), Europe and Africa (blue
diamonds), and Asia (orange triangles) in 1939-1944. b Same as a
for 100 hPa temperature at Brest (green diamonds), Freiburg (purple
circles), and Bodø (orange triangles) in 1939-1944. c Time series of
observed (blue diamonds) and reconstructed (red circles) anomalies
of 300 hPa GPH at Omaha. Error bars give the assumed
uncertainty of the observations and the 95% confidence intervals
for the reconstructions, respectively. d Same as c for 300 hPa
temperature. All anomalies are with respect to the calibration
period (1948-1994)
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to a weak or disturbed polar vortex. The absolute fields
show very small pressure gradients between the polar
and subpolar areas in February 1941 (not shown),
whereas in January 1942 the gradients are somewhat
stronger and confine, in the monthly mean field, a nar-
row, elongated vortex stretching from Baffin Island to
Jakutsk. The 100 hPa temperatures were very different in
the two months. In January 1942, the reconstructed
temperatures show anomalies at midlatitudes, but were
close to normal in the polar region. In contrast, in
February 1941 positive anomalies of more than 8 �C are
estimated over the Arctic. Unfortunately, in both cases
the interpretation is hampered by low RE values (<0.2)
over most of the polar region. In order to test whether
the high polar temperatures in February 1941 were real
or not, we used radio sounding data from Barrow,
Alaska (B in Fig. 5), which is inside the polar region.
This record was also used for the reconstructions, but
only up to 300 hPa. Data from higher levels were digi-
tised, but not re-evaluated in the same way because the
data are given on fixed altitude levels and the interpo-
lation to pressure levels introduces a bias (see Brönni-
mann 2003b). Nevertheless, they can give some
additional information. The data for the 14 km altitude
level (ca. 130 hPa, the highest level with sufficient data)
show an increase in temperature of 10 �C from January
to February 1941. This is even more than in the recon-
structions at 100 hPa. Similar comparisons for other
sites also reveal a good correspondence between recon-
structions and observations. Therefore, we consider the
reconstructed field to exhibit the main features of the
real field. It is possible that this warm monthly mean
anomaly over the polar region was related to a major
warming in the middle stratosphere, as similar anoma-
lies in T100 in the NCEP/NCAR Reanalysis data almost
exclusively occur with major warming events at 30 hPa
(data since 1952, see Labitzke and Naujokat 2000) in the
same or previous month. Further Arctic radiosonde re-
cords will be digitised specifically for this period.

The two winter months were also different in the
troposphere and at the surface. The reconstructed 500
hPa GPH field in February 1941 shows positive anom-
alies over the Canadian Arctic, Greenland, and Sval-
bard, surrounded by negative anomaly centres. The
spatial pattern exhibits a strong similarity with the AO
(Thompson and Wallace 1998); the AO index value for
this month is -1.87 (NAO index from the Climatic Re-
search Unit: -0.42). The vertical structure of the positive
GPH anomaly shows the well-known north-westward
tilt with height (see Wanner et al. 2001). A possible
stratospheric warming in February 1941 would be
consistent with a weak polar vortex and a negative AO
index (Hartmann et al. 2000) and could have been

caused by increased upward and poleward propagating
planetary wave activity (related to a strong zonal wave
number 1), decelerating the zonal flow in the middle
stratosphere and inducing anomalous downwelling over
the North Pole (Polvani and Waugh 2004; Limpasuvan
et al. 2004). However, much more upper-air data and
daily upper-level fields are clearly necessary in order to
test this hypothesis.

The situation in January 1942 was more complex.
The Icelandic low was shifted northwestward to south-
ern Greenland, while weather in Europe was dominated
by a strong Scandinavian high at the surface. This pat-
tern, causing extremely low temperatures in large parts
of Europe, does not project well onto the AO (index: -
0.35) or NAO (+0.75). The pronounced 500 hPa GPH
anomaly over the Norwegian Sea extends to 100 hPa,
but seems comparably weakened and less tilted. The 100
hPa temperature anomalies at midlatitudes can be ex-
plained by the planetary wave structure, which was
strongly dominated (in the monthly mean fields) by zo-
nal wave number 2.

All three months presented in Fig. 6 are typical for
the circulation in the 1940-1942 period, which was
characterised at the surface by a strong Aleutian low,
low temperatures over Europe, warm temperatures in
Alaska and the Arctic, and predominantly negative AO
and NAO indices for three winters in a row. A detailed
analysis of the circulation during the early 1940s is be-
yond the scope of this work and will be presented in a
future article. This brief analysis shows that, despite
some limitations, the reconstructed fields can provide
important information about the large-scale circulation
up into the lower stratosphere. It also shows that the
reconstruction skill strongly varies in time and space.

5 Conclusions

Monthly mean fields of 700, 500, 300, and 100 hPa GPH
and temperature were reconstructed for the extratropical
NH, 1939-1947. The reconstructions were based on
historical upper-level data and data from the Earth’s
surface. Validation experiments within the calibration
period as well as validations of the final reconstructions
using independent upper-air data reveal a satisfying
overall quality. However, there are very important dif-
ferences between the fields, spatial differences, and sea-
sonal and temporal differences that need to be
considered when working with the reconstructed fields.
Generally, GPH reconstructions are mostly reliable ex-
cept over eastern Siberia. Temperature fields at 700 and
500 hPa are also reliable in the 1939-1944 period except
for the western North Pacific, subtropical Asia and the
polar region. Temperatures at higher levels (300 and 100
hPa) should be interpreted with care, although we have
demonstrated that they can provide important infor-
mation and may be useful for certain applications
focusing on the spatial patterns rather than on the
absolute values. It is important that the reconstructions

Fig. 6 Reconstructed anomaly fields of 500 and 100 hPa GPH and
temperature for August 1940, February 1941, and January 1942.
Light shading denotes areas with RE < 0.2. Anomalies refer to the
1961-1990 period

b
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are only analysed together with corresponding fields of
RE or RMSE, as their quality varies strongly.

An analysis of the reconstructed fields for selected
months (including a possible stratospheric warming
event in February 1941) shows that the reconstructions
are suitable for studying the large-scale circulation of the
northern extratropics. They can be used to address
stratosphere-troposphere coupling in the late 1930s and
early 1940s.

Finally, we would like to point out that historical
upper-air observations may contribute important infor-
mation to studies of past climate variability. Some of the
records that can be found on paper in meteorological
archives reach back to the 1920s. Although the quality
of the data is largely unknown, and is probably the most
important limitation, it could be possible in the future to
extend reconstructions further back in time by at least
several years.
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Brönnimann S (2003b) A historical upper-air data set for the 1939-
1944 period. Int J Climatol 23: 769-791 DOI 10.1002/joc.914
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