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Abstract

Radiosonde temperature records contain valuable information for climate change research from
the 1940s onwards. Since they are affected by numerous artificial shifts, time series homogenization
efforts are required. This paper introduces a new technique that uses time series of temperature
differences between the original radiosonde observations (obs) and background forecasts (bg) of
an atmospheric climate data assimilation system for homogenization.

These obs-bg differences, the ”innovations”, are a by-product of the data assimilation process.
They have been saved during the ECMWF reanalysis ERA-40 and are now available for each
assimilated radiosonde record back to 1958. It is demonstrated that inhomogeneities in the obs
time series due to changes in instrumentation can be automatically detected and adjusted using
daily time series of innovations at 00GMT and 12GMT.

The innovations not only reveal problems of the radiosonde records but also of the data
assimilation system. Although ERA-40 used a frozen data assimilation system, the time series of
the bg contains some breaks as well, mainly due to changes in the satellite observing system. It has
been necessary to adjust the global mean bg temperatures before the radiosonde homogenization.

After this step, homogeneity adjustments, which can be added to existing raw radiosonde
observations, have been calculated for 1184 radiosonde records. The spatiotemporal consistency
of the global radiosonde dataset is improved by these adjustments and spuriously large day-night
differences are removed. After homogenization the climatologies of the time series from certain
radiosonde types have been adjusted. This step reduces temporally constant biases which are
detrimental for reanalysis purposes. Therefore the adjustments applied should yield an improved
radiosonde dataset that is suitable for climate analysis and particularly useful as input for future
climate data assimilation efforts. The focus of this paper relays on the lower stratosphere and
on the internal consistency of the homogenized radiosonde dataset. Implications for global mean
upper air temperature trends are touched upon only briefly.



1. INTRODUCTION

Since the 1940s radiosondes are an essential
component of the global atmospheric observing
system. They reach farther back than satel-
lite records and they also provide relatively high
vertical resolution compared to satellite instru-
ments such as the Microwave Sounding Unit
(MSU). Therefore they are an unique source
of information about the upper air climate and
they are essential for climate data assimilation
efforts such as ERA-40 or the NCEP/NCAR
reanalysis (Uppala et al. 2005; Kistler et al.
2001). While radiosondes measure temperature,
humidity and wind, this work’s analysis is re-
stricted to temperature. The quality of the
radiosonde instrumentation has improved over
time. Systematic errors of radiosonde tempera-
ture measurements comprised several K in the
stratosphere during the 1960s and 1970s. The
main but not the only reason for systematic er-
rors were radiation effects. In the late 1980s,
at many sites the radiation error was still larger
than 1K at the 50 hPa level, as is indicated in
Fig. 1. With today’s modern sounding equip-
ment the radation error is reduced to a few
tenths of a K (Nash et al. 2005).

Fig. 2 shows time series of mean 12GMT-
00GMT differences of composites of radiosondes
located between 30W and 40E as well as be-
tween 120E and 120W at the 50 hPa level. The
50 hPa level has been chosen as a compromise
between data availability and susceptibility to
radiation errors. Between 30W and 40E there
is darkness at 00GMT and high solar elevation
at 12GMT (except at polar regions). Between
120E and 120W the opposite is the case. A
larger longitude range has been chosen in Fig. 2-
b to include more stations around the Pacific. In
recent years the mean differences, which exceed
1K in the 1960s, are gradually reduced at this al-
titude to practically zero. The resulting ”trend”
in the 122GMT-00GMT differences is almost cer-
tainly artificial (Sherwood et al. 2005) and must
be removed before the radiosonde data can be
applied for climate change research. Breaks and
biases also cause problems in operational data
assimilation systems as well as in climate data
assimilation systems: Observations with large
bias but otherwise good quality tend to be re-
jected more frequently by a data assimilation
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system. If they are not rejected they cause bi-
ases in the resulting analyses unless the data
assimilation system is specifically designed to
deal with biased observations (Dee and Da Silva
1998).

The task of removing artificial breaks from
time series is referred to as homogenization.
Some authors attempted to use the available
metadata (Gaffen 1996) and detailed knowledge
of the instruments to apply physically based
corrections (Luers and Eskridge 1995; Eskridge
et al. 2003; Redder et al. 2004). While this
is potentially the most favorable approach, it
can be applied only at selected sites since the
required detailed information about equipment
and launch times is often not available.

Homogeneity adjustments based on time se-
ries analysis, metadata and expert judgement
have been published by Lanzante et al. (2003a);
Lanzante et al. (2003b); Free et al. (2005) (re-
ferred to as LKS) and Thorne et al. (2005a).
While these datasets consider only a subset of
the global radiosonde network (87 stations by
LKS, 678 stations by Thorne et al. 2005a),
they are important achievements and valuable
tools for intercomparisons with satellite data
and with climate model results.

Subsampling of the data, as performed in
these analyses, is acceptable if the desire is
to characterise only large-scale changes. For
climate data assimilation purposes it is much
harder to justify omission of at least one third
of the available radiosonde data in order to
retain temporal homogeneity of the analyzed
product. Since only anomaly time series have
been adjusted, many records of these homog-
enized datasets may still have a constant bias
and therefore may cause a bias in reanalyses if
used as input for data assimilation. Both as-
pects limit their value as direct input for future
reanalyses, although the information on break-
point timing and magnitude that they contain
may prove useful.

None of the above datasets has been created
by automatic procedures. Any improvement of
the datasets would be rather laborious. Further
there is often lack of agreement where and how
large the breaks are (see Free et al. 2002). Size-
able uncertainty therefore still remains on upper
air trends and low frequency variability (Seidel



a) Unadjusted 12GMT-00GMT Temperature Difference 50hPa, [K], averaged over 1988-1990
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b) Background 12GMT-00GMT Temperature Difference 50hPa, [K], averaged over 1988-1990
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Figure 1: 12GMT-00GMT temperature differences at 50 hPa averaged over period 1988-1990. Each
bullet denotes a radiosonde station with more than 30 out of 36 months of data; colour of bullets indicates
the difference. “Cost“ refers to a spatial consistency measure defined in appendix A. Panel a) shows the
differences as measured by radiosondes. Panel b) shows differences from the ERA-40 bg. These are spatially
much more homogeneous.
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Figure 2: Time series of composite mean 12GMT-00GMT differences from radiosondes, a) between 30W
and 40E, b) between 120E and 120W. Only stations and days with both 00GMT and 12GMT data have
been included in composite. Thin curve is 12GMT-00GMT difference, thick curve is time series of Standard
Normal Homogeneity Test (SNHT) statistic as defined in eq. 4. Peaks above 20 in SNHT test statistic are
shaded. They indicate abrupt changes in the difference series.

In panel a) the peaks in 1969,1972 are caused by changes in the French/Russian radiosonde network.
The peaks in 1988/89 are related to the change to Vaisala RS80 radiosondes at many sites. The main
peaks in panel b) are caused by changes in the Russian and Japanese radiosonde networks (1969) and the
degradation of the Russian radiosonde network (ca. 1996), which had relatively large day-night differences.

et al. 2004; Free and Seidel 2005; Thorne et al.
2005b). Sherwood et al. (2005); Randel and
Wu (2006) and Santer et al. (2005) have re-

e It uses time series of innovation statistics
(the difference between observation and
the background forecast of the assimi-

cently raised serious doubts about the validity
of temperature trends from radiosondes in the
tropics. Reduced uncertainty in observed upper
air trends has been identified as one of the most
pressing needs in climate research (Karl et al.
2006)

This article describes a new homogeneity
adjustment method, called RAdiosonde OBser-
vation COrrection using REanalyses (RAOB-
CORE). It addresses some of the problems of
the existing homogenized datasets. A prelim-
inary version of RAOBCORE has been docu-
mented in Haimberger (2005). The most im-
portant characteristics of RAOBCORE are:

lating model) of a climate data assimi-
lation system such as the European Cen-
tre for Medium-Range Weather Forecast
(ECMWF) reanalysis ERA-40 (Uppala
et al. 2005). The rationale for using
ERA-40 innovation statistics for homog-
enization is discussed in section 2.

it uses the most recent and most com-
plete radiosonde datasets available: The
Integrated Global Radiosonde Archive
(IGRA, Durre et al. 2006) and ERA-40
(see section 3)

it uses time series of individual launches,
not monthly or seasonal means, for
break detection and adjustment, and



it analyzes daytime and nighttime
launches separately. The homogeneity
adjustment method is described in sec-
tion 4

e A record with no breaks may still have a
large constant bias, which is problematic
for reanalysis efforts. In section 7 it is
outlined how RAOBCORE adjusts not
only breaks of long records but also the
biases of the most recent parts of the
records.

e It is relatively easy to create multiple
realizations of the homogenized dataset,
e.g. for sensitivity experiments, because
the adjustment software is fully auto-
matic.

RAOBCORE uses innovations from a cli-
mate data assimilation system as reference in-
stead of composites of neighbouring radioson-
des (c.f. Thorne et al. 2005a) and makes no
reference to the LKS dataset. Consequently it
can be regarded as independent of these homog-
enization methods. The homogeneity properties
of the ERA-40 background temperature time se-
ries are discussed in section 6 and in appendix
B. Adjustment results for selected stations and
for several sensitivity experiments are presented
in sections 8 and 9.

2. INTERPRETATION OF THE INNOVATION
STATISTICS OF A DATA ASSIMILATION
SYSTEM

The atmospheric data assimilation process
may be described as applying a filter on the
multivariate time series of meteorological obser-
vations. The filtering process is optimal if the
time series of differences between observations
(0bs) and the background forecast (bg) of the
assimilating model is stationary random with
zero mean and zero autocorrelation (Lewis et al.
2005). The obs-bg differences are often referred
to as innovations and the time series of the dif-
ferences is called innovation process.

In practice the filtering process is never opti-
mal, due to systematic errors of both the observ-
ing system and the assimilating model. As a re-
sult the time series of innovations have nonzero
long term means, are not stationary and not
random. These nonzero means of the innova-
tions are often referred to as bias. One can only

estimate the bias of one (test) dataset with re-
spect to a second (reference) dataset. Since the
mean of the true state is not known, the real bias
is also unknown. However, if there is a shift in
the observation time series, e.g. due to an in-
strument change, it should immediately result
also in a shift in the innovation time series and
thus of the bias. This shift can be estimated and
used for homogenization purposes.

For this study mainly the innovations from
the 3D-VAR data assimilation system used in
ERA-40 a have been used. Within the 6 hour
cycle the following cost function is minimized
(Courtier et al. 1998):

J(x) = (x—x)TB Y x—xp)+

(1) + (y—Hx)"R™'(y — Hx)

x is the state vector of the assimilating forecast
model. x3 is the background state, which is ob-
tained by a 6h forecast run of the assimilating
model. Then the forecast state mapped to ob-
servation space by the observation operator H is
compared with the available observations (the
observation vector y). B and R are the back-
ground error and observation error covariance
matrices, respectively.

At the beginning of the minimization pro-
cess, X = X, thus the first term vanishes. The
quantity (y — Hxy) is called the innovation or
obs — bg-difference. Its accurate calculation is
essential in the data assimilation process and
much effort is put into the specification of the
observation operator H. The difference (y—Hxj)
is available for every single observation pre-
sented to the data assimilation system and is
saved in the so-called ERA-40 analysis feedback
files. In the case of radiosonde temperatures, H
represents the transformation from the spectral
space to the model grid and then simple linear
interpolation from the ECMWEF model grid to
the observation location (ECMWEF 2000).

The innovations have proven most useful for
the detection and estimation of systematic ob-
servation errors (Hollingsworth et al. 1986).
Monitoring of the innovations is an important
task at operational forecast centres. The inno-
vations have been used also in ERA-40 to cal-
culate adjustments of the radiation error of ra-
diosondes (Onogi 2000; Andrae et al. 2004).



The innovations are more useful for bias estima-
tion than differences between observations and
the analyses, since the obs-bg differences are
more directly related to systematic observation
errors. If the bg were perfect, the obs-bg differ-
ence would be the obs error, whereas the obs-an
difference is already influenced in a complicated
way by the erroneous observation (see e.g. Dee
2004).

It is the working hypothesis of this paper
that time series of innovations can be used to
detect and remove artificial shifts in radiosonde
temperature time series, i.e. to homogenize
these time series. Since the bg error is generally
quite small, the differences between the bg and
the corresponding observations tend to be small
and therefore the series of differences between
bg and obs reacts sensitively to any change in
the radiosonde temperature bias.

Small random errors are only one of the
necessary ingredients for successful homogeniza-
tion. The bg forecast time series must also
be temporally homogeneous and independent of
the radiosonde records to be tested. These as-
pects are discussed in more detail in sections 6
and 8.

3. INPUT DATA

With the completion of the ERA-40 project
(Uppala et al. 2005), a 45year global time series
of analyses (an) and 6h background forecasts
(bg) has become available. While the analyses
are the most useful product for many research
applications, the observation database assem-
bled during the reanalysis effort is equally valu-
able.

The BUFR-coded ERA-40 analysis feedback
(AF) dataset has been the main input data
source for this study. The AF dataset contains
all observations from 1958-2002 presented to the
ERA-40 data assimilation system, plus quality
control flags and the innovations described in
section 2. No other dataset holds such long and
complete time series of upper air temperature
innovations. The time series have daily resolu-
tion and 00GMT and 12GMT ascents were kept
separate. Observations at 16 standard pressure
levels (10, 20, 30, 50, 70, 100, 150, 200, 250,
300, 400, 500, 700, 850, 925, 1000 hPa) were
considered and analysed for breakpoints.
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Figure 3: Time series of monthly global radiosonde
temperature observation count 1958-2004, a) at
the 10 hPa level and b) at the 500 hPa level.
Only TEMP-Land observations have been included.
TEMP-Ship observations, which are also part of the
ERA-40 archive, have been excluded in this plot but
are used in RAOBCORE. Thin dashed: count from
IGRA dataset. Thin solid: count in ERA-40 archive.
Thick: merged ERA-40+IGRA dataset. Numbers
at the bottom are total observation counts over 47
years.

Since the ERA-40 dataset ends in 2002, it
has been decided to use operational analysis
feedback data from 2001 onwards. Concatenat-
ing operational and ERA-40 AF has been has
allowed the use of radiosonde records up to De-
cember 2005. The obs-bg differences need to
be adjusted since the bg of the operational ver-
sion of the ECMWF data assimilation system
used for 2001 and later years differs substan-
tially from the bg of the ERA-40 assimilation
system (see section 6). After 2001 no evidence
for major temperature inhomogeneities in the
bg temperatures due to changes in the opera-
tional ECMWEF data assimilation system could
be found.



The recent advent of the IGRA dataset
(Durre et al. 2006) has been the second big im-
provement of the data basis for homogenization
of the global radiosonde network. The IGRA
and ERA-40/ECMWF datasets are not identi-
cal, as can be seen from Figure 3. ERA-40 con-
tains more data in the 1960s and 1970s, whereas
IGRA contains more data in the 1990s.

The IGRA data complement ERA-40 ra-
diosonde data at some places, especially over
the U.S in the 1990s. The data missing in IGRA
are partly available in the older CARDS dataset
(Durre et al. 2006). They have not been in-
cluded in IGRA because of data quality con-
cerns. Experience from ERA-40 indicates, how-
ever, that most of these data are of sufficient
quality to be assimilated. While the original
IGRA data do not contain obs-bg differences,
these can be calculated quite accurately from
archived ERA-40 bg fields interpolated to the
IGRA observation sites (Haimberger 2005).

In this paper, the union of both datasets is
used. The merging procedure has been sim-
ple: if there were duplicates, preference has
been given to ERA-40 data. A total of 2881
stations (most of them on land but also a few
weather ships) have been identified. These have
time series containing temperature on standard
pressure levels and on significant levels (TEMP-
Land and TEMP-Ship). The station identifica-
tion procedure which normally makes merging
so complicated has been facilitated by the good
documentation of IGRA data and the station
tables available from ERA-40.

Apart from pure measurement information
and the innovation statistics, also metadata in-
formation is available in digitized form from
the CARDS archive (Gaffen 1996, with updates
from Aguilar 2000). The information about the
radiosonde type and the radiation corrections
used is useful for finding and interpreting breaks
in the radiosonde temperature time series, al-
though the information is incomplete and some-
times inaccurate.

Quite useful additional metadata informa-
tion could be extracted from the ERA-40 feed-
back records. From 1979 onwards, many sta-
tions have routinely transmitted the radiosonde
type. This information is available in the ERA-
40 feedback files as well (coded according to

WMO-BUFR table 02011; see WMO Manual on
Codes, No 306, Volume 1.2). From this informa-
tion more than 2000 well documented and often
precisely dated radiosonde type changes could
be extracted.

4. BREAK DETECTION METHOD

The  obs-bg  difference  series  and
obs(12GMT)-obs(00GMT)  difference  series
have been analyzed with a variant of the
Standard Normal Homogeneity Test (SNHT,
Alexandersson and Moberg 1997) described
below. Ducre-Robetaille et al. (2003) recently
compared popular homogeneity tests and the
SNHT performed well in this intercomparison.
However, the results of this comparison are
not directly applicable for the analysis of
radiosonde records. The frequency of breaks
requires analysis windows of only a few (<5)
years. For such short time windows it is
essential to take the seasonal cycle into account
and it is advisable to use daily ascents instead
of monthly or annual means in order to have
full control over the sampling of the available
data. It is worth noting that using anomalies
does not remove the annual cycle in the case
of radiosonde data since the annual cycles
of e.g. 12GMT-00GMT differences at the
same stations are rather different for different
radiosonde types (see e.g. Fig. 10 below).

4.1. A variant of the Standard Normal
Homogeneity Test. The original standard
normal homogeneity test (SNHT, Alexanders-
son and Moberg 1997) calculates the series of
differences between the tested series (in this
study the radiosonde time series) and a refer-
ence series (the bg). Then the means of the
parts of the difference series before and after a
potential breakpoint k£ are compared. The point
dividing the sample into two parts is varied but
the time interval stays fixed. For each dividing
point k in the sample, a test statistic can be
calculated:

(2)

Tp = (N = k) (g — 1)* + k(pox — p)?) /o

N is the sample size, 1y is the mean of the sub-

sample before k, piop is the mean of the subsam-
ple after k, u is the mean of the whole sample



and o is the sample standard deviation. The dif-
ference series is considered inhomogeneous if the
maximum value 7% of all k is above the thresh-
old somewhere in the interval. In this case the
point k£° where T occurs is the most likely loca-
tion for the breakpoint. The difference of pog-
i1 calculated at the point k° is the best esti-
mate for the magnitude of the break.

The original SNHT has two drawbacks.
Firstly, it tends to indicate breaks near the edges
of the time interval as either k£ or N —k get small
(Ducre-Robetaille et al. 2003). Secondly the po-
sition of a breakpoint is poorly estimated in the
presence of a periodic signal. To overcome these
problems the original SNHT has been modified
such that uq; and uoy are calculated as two-year
moving averages:

@) 7= (5 e = + 5 G = 2 fo

The sample sizes at point k are then fixed to
N/2 but the interval [k — N/2,k + N/2] now
depends on k. The maximum value of the test
statistic changes its meaning in the sense that
it is not an absolute maximum of the T} in a
fixed interval but the local maximum of the T},
in the interval [k — N/2,k + N/2]. Therefore it
is denoted 17

This way the means are more reliably es-
timated and the annual wave is averaged out
exactly if N/2 corresponds to an integer multi-
ple of 365 if daily data are used and none are
missing. In order to make the test more ro-
bust against combined effects of an annual cy-
cle and missing data, data before and after the
midpoint k of the analysed time interval have
been placed into 12 bins, one for each month.
If the data count of e.g. the January values
in the earlier 2-year interval was less than the
count of January values in the later 2-year in-
terval, the excessive January values in the later
interval were removed (starting with the values
with the largest time distance from the middle
of the investigated interval). This version of the
SNHT, which ensures equal sampling of the an-
nual cycle in the intervals before and after a po-
tential breakpoint, is referred to as equal sam-
pling SNHT.

9

Figure 4 shows examples of the behaviour of
the moving average SNHT test statistic and re-
lated quantities with simulated data. The syn-
thetic time series has 2920 data points, corre-
sponding to 8 years if daily data are considered.
The interval for the moving averages before and
after a suspected breakpoint is 2 years, the same
as used for the real data below. The grey curve
in panel a) depicts one of 5000 realization of a
N(0,1) normal distributed random series with
a break of size 0.50 in the middle of the inter-
val. The black T* curve in a) shows a distinct
maximum at the right location. Panel b) shows
the distribution of 7}} gained from the 5000 re-
alizations. Values are practically always above
50. Panel c) shows the distribution of the break
estimates s — pogs at the locations ks where
T} is largest. It is normally distributed around
0.5K with a standard deviation of 0.05K. Panel
d) shows the distribution of the detected break
locations k°. The location of a break with size
0.5K can be detected with a standard deviation
of 0.08 years (one month).

The significance levels for rejecting the null
hypothesis can be gained from applying the
SNHT to a sample of 5000 random series with
no break. Fig. 4-e) shows a realization of such
a series. The T} vary erratically and T} is much
smaller. The significance levels of the moving
average SNHT can be estimated from the dis-
tribution of the T} in Fig. 4-f. For the 95%
level it is 9.6, for the 99% level it is 12.5. Panel
g) shows again the distribution of the difference
between the moving averages at the point k°.
Panel h) shows the distribution of the break lo-
cation k° for the case of no breaks. It is close to
uniform.

From this result, it becomes clear that
breaks with a size of 0.50 are practically always
detected since in this case more than 99% of
the T} reach values above 20. Panel g) indi-
cates the problems to be expected if a break is
falsely detected: the estimates break size and
therefore the false correction would be of mag-
nitude 0.250.

The significance levels derived above are
valid only for purely random processes (apart
from an annual cycle) and for complete time se-
ries (1460 days). If data are missing, the T}
value necessary to reach the 95% significance
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Figure 4: Moving average SNHT applied to random series with shifts of 0.5 K (panels a-d), 0K (panels
e-h) and a residual variance of 1 K2. Panels a), ) show one realization of a random time series with break
and the corresponding SNHT test statistic T} (right axis). A time period of 8 years is simulated with a
break right in the middle. The SNHT uses 2 year moving averages. Panels b), f) show histograms of the
T3, generated with 5000 different random series. Note different x-scales. Panels ¢), g) show distribution of
diagnosed size AT of break, panels d), h) show distribution of diagnosed break location k°. The smooth
curves are fitted Gauss functions. Inset numbers indicate sample means (m) and standard deviations (s).

level decreases, no matter whether the data loss
occurs as one big gap or intermittently. This
can been verified with Monte Carlo type ex-
periments similar to those presented above (not
shown) and has been documented by (Alexan-
dersson and Moberg 1997) as well. If there is
an annual cycle in the obs-bg, the significance
threshold also decreases, since it generates ad-
ditional variance. In these cases smaller thresh-
olds for the maximum SNHT should be used.
Only if the time series are generated by sto-
chastic (autoregressive) processes, the signifi-
cance levels become higher since the degrees
of freedom are reduced (von Storch and Zwiers
1999). A check of the obs-bg difference time se-
ries (with annual cycle removed) showed weak
autocorrelation for lags of up to 4 days at some
remote areas and practically zero autocorrela-
tion for areas with good data coverage and for
obs(12GMT)-0bs(00GMT) time series. Data
show generally much less autocorrelation than a

1st order autoregressive model with coefficient
a = 0.3, and even if such a model would apply,
the 95% threshold is still below 20. An excep-
tion are remote island stations before the satel-
lite era where the autocorrelation is similar to
a 1st order autoregressive model with o = 0.5,
for which a Monte Carlo experiment similar to
those in Fig. 4 yields a 95% significance thresh-
old of 25. Additional sensitivity experiments
with the equal sampling SNHT are documented
in Haimberger (2005). It performs well in gen-
eral as long as there is only one break within the
tested interval. If there are more breaks only the
largest break is detected.

To be safe, larger thresholds than 7} >12.5
suggested from the above analysis have been
used for break detection. For obs-bg time series
T}i-values above 50 are considered significant, if
no metadata are available. For obs(12GMT)-
obs(00GMT) time series, which show no au-
tocorrelation and cannot be influenced by bg



errors, values above 20 are considered signif-
icant if there are no metadata available. An
SNHT value above 50 is almost always reached
by breaks with size 0.50 (see Fig. 4-b). SNHT
values above 20 are reached by about half of the
series with breaks of size 0.250 but are still not
attained by homogeneous time series.

The equal sampling SNHT is now applied to
the following time series:

e log-pressure weighted 12GMT-00GMT
temperature difference in the strato-
sphere: Depending on data availability
analysis starts with the 20-30 hPa layer.
Then all the means from two pressure
levels down to the 200-300 hPa layer are
calculated. FEach layer mean time se-
ries is analysed with the equal sampling
SNHT. For each point in time the max-
imum SNHT value from the analysed
pressure layers is kept. The resulting
time series of maximum SNHT values
is then examined for significant values.
Note that the 12GMT-00GMT time se-
ries is independent of the ERA-40 bg.
A break detected in this time series has
high credibility since it can be safely at-
tributed to the obs series.

e log-pressure weighted layer-mean obs-bg
temperature difference at 00GMT and
12GMT in the stratosphere. These time
series, if available, are analysed in the
same manner as the 12GMT-00GMT
temperatures.

e 300-850 hPa log-pressure weighted layer
mean obs-bg temperature difference at
00GMT and 12GMT. These time se-
ries are sensitive to station relocations
and are more complete than the strato-
spheric time series. Temperature means
from this relatively thick layer have
quite small variance and therefore rela-
tively subtle breaks having the same sign
throughout this layer can be detected.

4.2. Decision algorithm for break detec-
tion. The probability for a break depends not
only on the SNHT test statistics but also on the
occurrence of events such as instrument changes.
These information sources may be combined
with the Bayesian rule (DeGroot, 1986). Let A;
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be the event that a break with a given size oc-
curs within a time interval of £2 years around a
point in time and A, be the event that no break
occurs. Let B be the event that T} reaches a
value above a certain threshold z. We now want
to know the probability of a break given that the
event B occurs. Bayes’ theorem states that this
probability can be calculated as

PT(Al)PT’(B/A1>

(4)  Pr(Ai/B) =

i) Pr(A;)Pr(B/A;)
P

The challenge is now to specify the probabil-
ities on the rhs of this equation. The proba-
bilities Pr(B/A;) and Pr(B/A,) can be found
from the histograms shown in the second col-
umn of Fig. 4. It is the area under the his-
tograms between x and co. Metadata informa-
tion can be included by specifying prior prob-
abilities Pr(A;). If, for example the date of a
radiosonde change is known, one can apply a
higher prior probability Pr(A;) to this particu-
lar date. In the examples presented in this pa-
per, prior probabilities of 0.96, 0.5 and 0.02 have
been chosen for radiosonde changes, radiation
correction changes and no documented changes,
respectively. This choice may appear extreme
given the limited reliability of metadata but is
necessary to make the detection system sensitive
enough for metadata. With this choice, SNHT
values of 31,43,50 (14,18,20 for 12GMT-00GMT
difference series) are necessary to reach scores
above 0.5 when put into the Bayes formula. A
documented break with size 0.30 reaches simi-
lar scores as an undocumented break with size
0.50. A score above 0.5 is necessary to trigger
the breakpoint adjustment algorithm. This hap-
pens with breaks of size 0.50 without metadata.

Since the metadata information may be im-
precise, the prior probabilities have been mod-
eled as Gaussians with standard deviation of 60
days. If only the year of a change has been re-
ported the same high prior probability is speci-
fied throughout the year in order to assure that
high weight is given to the metadata and to let
the SNHT detect the break date. If GTS meta-
data have been available, the prior probability
has been lowered to 0.01 between events since
the sequence of RS-type reports explicitly states
that there was no radiosonde type change.
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Figure 5: Prior ”probabilities” for station Bethel
(70219, Alaska, 60.78N, 161.80W) derived from
CARDS/BUFR metadata. Triangles/trapezoids de-
note metadata events from CARDS. Trapezoid in
1958 indicates that only the year of the event
is known from CARDS. A constant high prior
break probability is assigned throughout this year.
Peaks without triangles/trapezoids are triggered by
sonde type changes derived from ERA-40 feedback
metadata.  Gaussians are used to crudely rep-
resent metadata uncertainty. Prior probabilities
in 1973,1975,1976,1979 are lowered to reduce the
chance of false detections due to major changes in
the satellite observing system.

Figure 5 shows the breakpoint analysis for
the radiosonde station Bethel (70219, Alaska).
Prior probabilities are assigned according to
the CARDS/BUFR metadata. Panels a), b)
of Fig. 6 show time series of the test statis-
tic T of the SNHT at Bethel for the strato-
spheric obs(12GMT)-obs(00GMT) and for the
tropospheric obs-bg time series at 00GMT. The
test statistics exceed the significance levels (20
for panel a, 50 for panel b) several times at this
station (see also Fig. 10 below for the corre-
sponding difference time series). One can also
see that the peaks are very sharp for the large
breaks (1989, 1995), so that the break location is
well determined in these cases, consistent with
Fig. 4.

Since there are 5 time series of probability
scores which may contain conflicting informa-
tion (e.g. the location of the diagnosed break-
point may differ slightly between the time se-
ries), one has to choose the location. The
obs(12GMT)-obs(00GMT) score, shown in Fig.
6-c) is given the highest priority, since it is in-
dependent of possible inhomogeneities in the
bg and therefore always attributable to the ra-
diosondes. This is consistent with previous find-
ings (Lanzante et al. 2003a; Sherwood et al.
2005) describing that most changes seem to be
accompanied with changes in the obs(12GMT)-
obs(00GMT). The peaks whose score is above
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Figure 6: SNHT results and posterior prob-
abilities for Bethel. Panels a,b show equal
sampling SNHT test parameter for stratospheric
obs(12GMT)-0bs(00GMT) and for tropospheric obs-
bg(00GMT) time series. Values above 20 (50) are
considered significant. Squares denote breakpoints
where SNHT test value is above significance thresh-
old. Stars denote points where SNHT or break prob-
ability is below threshold in the respective series
but is above the threshold in any other of the 5
analysed time series. All breaks are detectable in
obs(12GMT)-obs(00GMT) series (see Fig. 10) ex-
cept in 1981,1987 which are detected in 00GMT obs-
bg difference series.

¢) ”Probability” score for a break in the
obs(12GMT)-obs(00GMT)  time series,  given
the prior "probability” from a) and the test statistic
b).

0.5 and which are the highest peaks within a
+2 year interval are selected. Then the two
probability time series from the stratospheric
obs-bg time series are analyzed (the 00GMT
series is shown in Fig. 6-b). The locations
with the highest peaks are chosen as breakpoints
unless a breakpoint has already been detected
within a +2 year interval in the obs(12GMT)-
obs(00GMT) series. Finally the probabilities
from the tropospheric obs-bg time series are an-
alyzed. Other priority choices for the breaks
from obs-bg series are possible. One could give
the tropospheric obs-bg time series priority to
stratospheric obs-bg series or one could combine
the probability scores again with the Bayesian



rule. Little overall sensitivity has been found in
respect of this choice.

The diamonds and stars in Fig. 6-c above
indicate the location of the finally chosen break-
points. The diamonds indicate breaks detected
already in the obs(12GMT)-obs(00GMT) time
series, the stars are breaks detected in at least
one of the obs-bg time series.

There are many possible ways to further im-
prove this break detection algorithm. Perhaps
the most important path for improvement is to
use different time intervals (not only +2 years)
for the SNHT since a running mean with fixed
length may be incapable of detecting all breaks.

5. ESTIMATION OF THE BREAK PROFILES

After the break detection, the mean obs-
bg differences before and after the break to be
adjusted are calculated at each pressure level,
again ensuring that the annual cycle is sampled
equally before and after the break. The differ-
ence of the means at every pressure level yields
the estimated profile of the breaks (the solid and
dotted curves in Figure 7). While this profile
inevitably contains small-scale vertical noise it
is not smoothed vertically, as in sensitivity ex-
periments the smoothing did not improve the
spatiotemporal consistency of adjusted trends or
12GMT-00GMT differences.

The time interval used for estimating the
break size is varied between 1 year and 8 years.
The default of 8 years is necessary for stable sta-
tistics in the presence of frequent data gaps. It is
reduced only if there is another breakpoint be-
fore the breakpoint considered within 8 years.
The interval after the breakpoint is always 8
years (if the time series is long enough), since the
time series after the breakpoint has already been
homogenized. The minimum interval of 1 year
is also the minimum interval between breaks al-
lowed by the break detection algorithm.

After estimating the break at each level,
its significance is tested using Student’s t-test.
Only profiles where at least 2 pressure levels
contain breaks which are significant at the 95%
level are used for the adjustment.

Since the bg may be affected by changes in
the satellite observing system, a second crite-
rion to test the significance of a break profile has
been developed. It compares obs-bg timeseries
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of the tested radiosonde, with a composite of
obs-bg timeseries from radiosondes surrounding
the tested site. This composite was originally
intended only for adjustment of the climatology
of a tested time series (see section 7 below), but
is quite useful for checking the break estimates
gained from the obs-bg information at the tested
site as well. Only if the break profile from dif-
ference series between obs-bg time series of the
tested radiosonde and composite obs-bg time se-
ries of the surrounding radiosondes contains sig-
nificant breaks at 2 or more pressure levels as
well, the break profile is adjusted. The second
criterion is more robust against jumps in the bg
since the obs-bg series of the neighbouring ra-
diosondes are likely affected by very similar bg
jumps, as these have a very large-scale structure.
The neighbour composite criterion used here has
similarities to the methods used by Thorne et al.
(2005a). They use, however, composites of obs-
anomalies, not composites of bg-obs differences
for break detection and adjustments. Using the
above criteria, only about 70% of the detected
breaks are actually adjusted.

70219,19890701

70219,19920123
20 T T T

20 =

<- p[hPa]

0
AT [K]

Figure 7: Break profiles diagnosed for three breaks
at station Bethel. Solid curves are break amplitudes
at 00GMT, dashed curves are amplitudes at 12GMT.
Dates in headers indicate diagnosed date of breaks.
Break profiles are applied to all data preceding the
breakpoint. Error bars are 90% percentiles of obs-bg
difference before/after the break

If a break profile has been considered signif-
icant, adjustments have been applied at all lev-
els, even if the adjustment amounts have been
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below the significance threshold at some pres-
sure levels. Adjustments at very high levels may
be less accurate due to lack of data but the spa-
tiotemporal consistency could be improved by
the adjustments even at the 10 hPa level. No
data deletions have been performed.

6. GLOBAL MEAN DIFFERENCES BETWEEN
ERA-40 BG AND RADIOSONDE
OBSERVATIONS

It is essential to be aware of any inhomo-
geneities of the ERA-40 bg since these reduce
the applicability of the ERA-40 bg as a ref-
erence. Inhomogeneities in the bg time series
may be introduced by changes in the ERA-40
observation coverage, in the observation biases
correction and in the overall observation qual-
ity. Apart from radiosondes mainly the satellite
data are affected by changing biases. The satel-
lite data contributed to the realistic representa-
tion of many stratospheric features in ERA-40
analyses (Randel et al. 2004) and to a much
better overall quality of the ERA-40 analyses
and forecasts. However, the quality control and
the adjustment of the changing biases of satel-
lite radiances as described by Hernandez et al.
(2004); Li et al. (2006); Harris and Kelly (2001)
is challenging. Suboptimal radiance bias correc-
tion can easily compromise the homogeneity of
the global mean ERA-40 bg forecasts (Uppala
et al. 2006).

As can be seen from the global mean obs-bg
difference series in Fig. 8, some changes in the
ERA-40 satellite observing system did indeed
lead to breaks in the global mean bg forecasts.
The most prominent breaks evident in Figure
8 occured in January 1975, September 1976
and April 1986 are related to problems with
the NOAA-4 and NOAA-9 satellites. Jumps
in 1995/1997 coincide with end of NOAA-11,
start/end of NOAA-14 (see also Christy and
Norris 2006). At high altitudes the effects of in-
sufficient bias correction of radiances from the
stratospheric sounding unit (SSU), particularly
in the early 1980s, are noticeable (see Haim-
berger 2005; Uppala et al. 2006). Trenberth
and Smith (2006) have recently diagnosed a spu-
rious break in ERA-40 temperature analyses re-
lated to the assimilation of MSU-3 radiances at

the end of the NOAA-9 period. These prob-
lems are the likely reason for the rather weak
stratospheric cooling and rather strong upper
tropospheric heating trends of the ERA-40 bg
compared to available radiosonde and satellite
datasets (see Karl et al. 2006, their Fig. 3.4)
in the ERA-40 analysis. This peculiar vertical
pattern is also evident in the global mean trends
of the unadjusted bg shown Fig. 9. In the trop-
ics the upper tropospheric heating is even more
pronounced.

However, pervasive radiosonde temperature
biases especially in the tropics (Sherwood et al.
2005; Randel and Wu 2006; Christy and Nor-
ris 2006) have most likely contributed to in-
homogeneities in the global mean bg-obs se-
ries as well. From the 1990s onwards, there
is also good correspondence between trends de-
rived from MSU radiances (Santer et al. 2004)
and ERA-40, which supports the bg. For this
period the ERA-40 analysis looks more homoge-
neous also in the study of Trenberth and Smith
(2006). Therefore with the present knowledge it
is difficult to tell to what extent the radiosonde
temperatures or the bg temperatures are re-
sponsible for the breaks and in particular for the
trends in the global mean obs-bg departures of
Fig. 8. Despite these uncertainties, the adjust-
ment of the global mean bg has been tried such
that the chance for spurious break detection due
to breaks in the bg is reduced.

This is most straightforward for the large
break in January 2001, which is certainly caused
by the switch from ERA-40 to the operational
ECMWF data assimilation system. It is a clear
indication of the temperature uncertainties that
still exist at stratospheric levels. The break
can be adjusted relatively accurately at each ra-
diosonde station from an overlap year (2001) be-
tween operational and ERA-40 innovations.

The remaining shifts in the global mean bg-
obs series are much harder to attribute to either
the bg or the obs. In the bg adjustment proce-
dure applied here, it is assumed that much of
the trend of the global mean obs-bg difference
stems from time-varying biases in the global
mean bg. Therefore the global mean obs-bg dif-
ference shown in Fig. 8 has been subtracted
from the bg time series at individual stations.
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Figure 8: Global mean 00GMT obs-bg difference
averaged over 130 radiosonde stations of the GCOS
Upper Air Network (GUAN, Daan 2002) at the 50
hPa level. Shifts in 1975 and 1976 caused by erro-
neous NOAA-4 bias correction. Shift in 1989 caused
by change of assimilation streams in ERA, shift in
1995,1997 related to problems with NOAA-11/14.
Shift in 2001 is caused by switch from ERA-40 bg
to ECMWF operational bg.

Giobe-Trends, 1979-201 04

Figure 9: Vertical profiles of global mean trends
1979-2004. Dotted line is trend of unmodified back-
ground forecast (bg) temperatures, solid line is mod-
ified bg trend and dashed line is trend of the bg modi-
fication. Panel a) shows global mean trends, panel b)
shows tropical mean (20S-20N) trends. The shift in
2001 due to the switch from ERA-40 to ECMWF op-
erational bg temperatures has already been removed
from the unmodified bg temperature trends. Trends
have been averaged from station time series within
10° x 100 gridboxes and then averaged over the globe
to reduce the effect of the nonuniform radiosonde
station distribution.

The bg adjustment has not been applied com-
pletely uniformly but has been varied with ra-
diosonde observation density and with latitude
(see appendix B for details). Other choices for
the global mean bg adjustment are definitely
possible. One could, for example, try to homog-
enize the global mean bg in a similar manner as
the individual radiosonde records. Further in-
vestigation of the properties of the bg is needed
to design an optimal bg adjustment.

At individual stations this bg adjustment
is subtle compared to the typical sizes of
breaks in radiosonde records. In the global
mean, however, the bg adjustment procedure
leads to stronger cooling/weaker heating trends
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(Fig. 9), especially in the tropical upper tro-
posphere/lower stratosphere. In the lower tro-
posphere the adjustment has less impact since
the bg-obs differences are smaller and show lit-
tle trend below 300 hPa. It is interesting to note
that both the unadjusted radiosondes and the
bg are practically neutral (-0.01 and 0.02 K/10a)
in terms of 300-850 hPa trends in the tropics.
The strong warming trends in the tropical lower
troposphere as suggested by the RSS MSU T2
and LT products (Santer et al. 2005) are not
supported either by the radiosondes or by the
ERA-40 bg.

The necessity of this bg adjustment prior to
the homogenization and the sensitivity of the
homogenization results on the bg adjustment
(see section 9) limit the accuracy of the homog-
enization results. It is expected that the size of
adjustments necessary for the bg from future re-
analyses will be much less due to more advanced
treatment of satellite biases.

7. ADJUSTMENT OF THE CLIMATOLOGY OF
RADIOSONDE TIME SERIES

Even after successful homogenization, the
climatology of a radiosonde record may have a
large bias if the most recent part of the time
series is biased. The reasons are typically as
follows:

e Some countries still operate radioson-
des with nonnegligible temperature bi-
ases. Examples are the Chinese and
most Russian radiosondes.

e Some radiosonde time series end well be-
fore the year 2000. Prominent examples
are the weather ships in the Atlantic and
Pacific oceans. The most recent parts of
these time series are likely biased.

e Some time series, e.g. over Russia in the
1990s, have gaps that are wider than the
averaging intervals used for calculating
the break profiles. In this case the time
series before the gap cannot be adjusted
by the homogenization procedure.

Adjusting the climatology and the choice
of ”trusted” radiosonde types whose measure-
ments are left untouched, as done here, is a del-
icate task since it implies preference to certain
radiosonde types. However, this task cannot be
avoided for climate data assimilation purposes.



16

The involved biases are large enough to cause
noticeable biases of the resulting analyses or
even to trigger rejection of a substantial part
of the radiosonde measurements, particularly at
high altitudes in the satellite era.

The adjustment of the climatology is per-
formed after the time series homogenization; it
is the final adjustment step. Therefore the time
series should already be without any detectable
breaks. The challenge is now to calculate a ref-
erence that is less biased than the most recent
part of the tested time series.

Many ascents launched in recent years have
relatively small biases up to 10 hPa level or the
biases are well documented and can be cor-
rected. A subset of 342 radiosonde stations has
been identified where the climatology is consid-
ered unbiased after homogenization. A map of
these can be found in Haimberger (2006). These
are stations which have been equipped with
Vaisala RS80/90/92 radiosondes or temperature
sensors, with Meiseill radiosondes and Sippican
radiosondes. Their performance is well docu-
mented in radiosonde intercomparison studies
such as Nash et al. (2005).

At all other stations (e.g. with VIZ radioson-
des, Chinese and Russian radiosondes) the most
recent part (usually the most recent eight years,
if available) of the records has been regarded as
biased and therefore the records have been ad-
justed.

A reference time series has been calculated
from a neighbour composite of obs-bg differ-
ences from the above 342 radiosonde stations.
The size of the adjustment is calculated by com-
paring the obs-bg difference of the tested se-
ries with the composite obs-bg difference of the
neighbouring time series. The mean obs-bg dif-
ference of the tested time series should be very
close to the mean obs-bg difference of the com-
posite, since the spatial pattern of a 8-year av-
eraged bg temperature field is smooth and the
bg temperature gradients are considered realis-
tic. Since the obs-bg differences are such small
increments, their composites are less affected by
data gaps than composites of absolute temper-
atures.

The composite obs-bg difference is a
weighted mean of neighbouring homogenized

radiosondes using weights decreasing exponen-
tially with distance from the radiosonde sta-
tion to be adjusted. A decorrelation distance
of 3000 km has been used. At least 20 stations
have been required to be available for the com-
posite.

Experience with this approach has been en-
couraging. Many biases of the most recent parts
of time series, as evident e.g. over Russia or at
the weather ships in the Atlantic could be sig-
nificantly reduced (see Figs. 17 and 18 below).

8. ADJUSTMENT RESULTS FOR SELECTED
INDIVIDUAL STATIONS AND REGIONS

A small subsample of radiosonde records is
investigated to demonstrate the strengths and
the limitations of RAOBCORE. For most coun-
tries similar examples can be found since prac-
tically all long radiosonde time series contain
inhomogeneities. Even if the radiosonde records
presented contain large breaks, they have high
information content.

8.1. Adjustments in the satellite era. Since
homogenization works backward in time we be-
gin with the period 2005 back to November
1978. While the ERA-40 bg contains more infor-
mation independent of radiosondes than in the
pre-satellite era, there is also the risk of spuri-
ous breaks due to insufficient bias adjustment
between satellites (see section 6). The following
examples should demonstrate that adjustment
with obs-bg difference series is possible despite
these problems.

One is Bethel, Alaska, which had a relatively
homogeneous time series between 1961 and 1989
but then three marked breaks in 1989, 1992 and
1995. Test statistics for this station have been
shown already in Figs. 5-6 above. Due to space
constraints the analysis in this and other exam-
ples is restriced to the 50 hPa level in this study.

Fig. 10 shows time series of unadjusted
and adjusted 12GMT-00GMT temperature dif-
ferences at Bethel. One can see how different
the day night differences are depending on the
radiosonde system in use (VIZ before 1989, then
Space Data radiosondes, then Vaisala RS80 ra-
diosondes, according to CARDS). These jumps
can only come from changes of the observing
system and are independent of the ERA-40 bg.
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Figure 10: Thin curve is unadjusted 12GMT-
00GMT radiosonde temperature difference at 50
hPa, for station Bethel (70219, Alaska). Thick curve
is SNHT test statistic (right axis). Peaks in SNHT
test statistic indicate abrupt changes in the mean dif-
ference. Triangles at the bottom indicate changes of
radiosonde type and on-site radiation correction, as
documented by Aguilar (2000). b) Effect of adjust-
ments applied by RAOBCORE on 12GMT-00GMT
difference, ¢) 12GMT-00GMT difference time series
after adjustment. Note different scale of right axis
compared to panel a)

The ERA-40 bg comes into play for the ad-
justments. The adjustments for the 00GMT and
12GMT ascents are calculated independently
from obs-bg time series at 00GMT and 12GMT.
It is worth emphasizing that the 12GMT-
00GMT obs time series is never used for adjust-
ment purposes in RAOBCORE; it is used for
break detection purposes only.

As one can see from panel b) the diagnosed
breakpoints coincide well with metadata events
in the 1980s/1990s. The breaks in 1976 and in
the 1960s are smaller but one can see from visual
examination of the unadjusted 12GMT-00GMT
time series, that there are breaks indeed. The
adjusted 12GMT-00GMT time series is much
more homogeneous and has an almost neutral
trend, as is expected for this difference series.
The homogeneity of the 12GMT-00GMT time
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series is a good consistency check for RAOB-
CORE since this time series has not been used
for calculating the adjustments.

Bethel is not the only radiosonde station in
Alaska affected by instrument changes. As can
be seen from Fig. 11, the unadjusted radiosonde
records over Alaska and Canada yield rather dif-
ferent temperature trends for the period 1989-
2004 at OOGMT and 12GMT and the trends
are also spatially rather heterogeneous due to
the different station histories. After adjustment
with RAOBCORE, the temperature trends at
00GMT and 12GMT are in good agreement
and also the spatial homogeneity is much bet-
ter. Note that there were substantial adjust-
ments not only for the daytime (00GMT) as-
cents. This is consistent with findings from ra-
diosonde intercomparisons (Nash and Schmidlin
1987) that showed substantial nighttime devia-
tions between VIZ and Vaisala RS80 radioson-
des and contradicts the impression one may get
from Sherwood et al. (2005) who stress the im-
portance of daytime biases.

The second example is Darwin, Australia,
which switched from Philips MKIII radiosondes
to Vaisala RS80 radiosondes in May 1987. This
station has been analysed more thoroughly for
example by Free et al. (2002). Darwin is diffi-
cult since only 00GMT ascents have been avail-
able before 1987 and even those had some gaps
at the 50 hPa level. Fig. 12 shows the adjust-
ments suggested by RAOBCORE for this sta-
tion. The break size is estimated 2K which is in
accord with Free et al. (2002). There is a clear
indication of a break in 1963 as well, which is in
good agreement with breaks suggested by Lan-
zante et al. (2003a) for this station. Additional
breaks in Fig. 12 seem evident in 1976 and 1981
but these have not been adjusted since the sig-
nificance criteria have not been met.

The robustness of the RAOBCORE adjust-
ment procedure may be seen from Fig. 13.
The spurious 122GMT-00GMT differences are re-
duced at almost all stations that launch two ra-
diosondes per day during the period 1988-1990.
The largest adjustments can be found over the
US, China and Australia. The spatial consis-
tency of the differences (as measured by the
"cost” C' defined in appendix A), has improved
as well compared to Fig. 1 and the amplitude of
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Unadjusted Temperature Trend, 00GMT, 50hPa, [K/10a], 1989-2004

Total monthly means: 111701 Evaluated Stations: 405 Cost:2057.76
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Unadjusted Temperature Trend, 12GMT, 50hPa, [K/10a], 1989-2004

Total monthly means: 108367 Evaluated Stations: 368 Cost:1493.08
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Adjusted Temperature Trend, 00GMT, 50hPa, [K/10a], 1989-2004

Total monthly means: 111701 Evaluated Stations: 405 Cost: 499.83
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Adjusted Temperature Trend, 12GMT, 50hPa, [K/10a], 1989-2004

Total monthly means: 108367 Evaluated Stations: 368 Cost: 347.31
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Figure 11: Radiosonde temperature trends during 1989-2004 in K/decade over Alaska/Northern Canada
at 50 hPa. a) unadjusted obs(O0GMT) time series, b) from unadjusted obs(12GMT), ¢) from adjusted
obs(00GMT) and d) from adjusted obs(12GMT). Numbers are WMO station IDs.

the differences has been reduced to a few tenths
of a K except in the tropics, in agreement with
recent results from Free and Seidel (2005).

8.2. Adjustments in the pre-satellite era.
In the pre-satellite era, the ERA-40 bg does not
contain much more upper air information than is
available from radiosondes. Therefore the issue
of dependence of the bg on the radiosondes to
be tested becomes particularly important. Fur-
ther the radiosonde density in the tropics and
the southern hemisphere was very sparse, mak-
ing neighbour intercomparisons rather difficult.
Some examples are given indicating that adjust-
ment of radiosondes using obs-bg time series is
still possible.

The dependence of the bg on the radiosondes
to be tested is expected to be particularly large
for (i) remote stations and (ii) large countries us-
ing the same radiosonde equipment. The degree
of dependence may be assessed qualitatively by
looking for example at MESURAL radiosondes
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Figure 12: Obs-bg difference at 50 hPa, 00GMT
for the radiosonde station Darwin (12.43S, 130.87E).
a) unadjusted time series, b) adjustment applied, c)
adjusted time series.
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Adjusted 12GMT-00GMT Temperature Difference 50hPa, [K], averaged over 1988-1990
Total monthly means: 19901 Evaluated Stations: 530 Cost: 541.66
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Figure 13: Adjusted 12GMT-00GMT temperature differences in 50 hPa for the period 1988-1990. Note

improved spatial homogeneity compared to Fig. 1-a).

in the late 1960s/early 1970s. Particularly the
MESURAL FM43 radiosondes had large radia-
tion errors. This radiosonde type was in use in
France and in former French dependencies (e.g.
many Pacific islands). This gives an opportu-
nity to see whether the same breaks are diag-
nosed over data rich and extremely data sparse
areas. Fig. 14 shows obs-bg differences for local
daytime ascents at the French radiosonde sta-
tion Trappes (12GMT) and at the southeast Pa-
cific station Rapa before and after adjustment
with RAOBCORE.

Both time series show very large biases
around 1970 when MESURAL-FMO-43B ra-
diosondes were in use. These were replaced by
MESURAL-FMO-44C radiosondes in 1972 at
Trappes and in 1976 at Rapa. The suggested
corrections from obs-bg time series are about
20% weaker at Rapa, probably because the bg
is influenced by Rapa itself. A correlogram from
the stratospheric obs-bg time series at Rapa (not
shown) also indicated some dependence of the

bg on the observations at Rapa: the serial cor-
relation of the obs-bg differences decreases from
values of 0.3 for 1 day lags to insignificant lev-
els for lags of 4 days. Nevertheless it is evident
that the bg contains enough information to yield
sensible break estimates even in this area. The
obs-bg time series at Rapa after adjustment of
the observations (Fig. 14-d) looks much more
homogeneous.

At Trappes the standard deviation of the
obs-bg difference is much smaller since the bg
forecast is more accurate in this region, and
also the serial correlation of the innovation
time series is practically zero (except near a
breakpoint). The adjusted obs-bg time series
(Fig. 14-b) is again more homogeneous although
not all instationarities are removed from the
strongly varying time series between 1969 and
1972.

Not only Trappes but all French radiosonde
sites are affected by the MESURAL problem
with daytime stratosperic temperature biases in
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Figure 14: Obs-bg difference at the 50 hPa level
at 12GMT for radiosonde stations Trappes (7145,
France, 48.77TN 2.02E, change from MESURAL-
FMO-1940B to MESURAL-FMO-1943B in 1969
and to MESURAL-FMO-1944C in 1972) and Rapa
(91958, 27.61S,144.33W, change from MESURAL-
FMO-1940B to MESURAL-FMO-1943B in 1969 and
to MESURAL-FMO-1944C in 1976). Panels a,b:
Trappes before/after adjustment with RAOBCORE.
Panels c,d: Rapa before/after adjustment with
RAOBCORE.
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Figure 15: Time series of obs-bg difference at 50

hPa at 00h for station Stuttgart (10739, 48.83N,
9.2E), downstream of the French radiosondes.

the order of 10K. The bg over Europe seems al-
most unaffected by this problem although most
of the biased MESURAL observations have been
accepted by the ERA-40 quality control system.
This can be concluded from the obs-bg time se-
ries at station Stuttgart (Fig. 15), which is sit-
uated just 'downstream’ of France and does not
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Figure 16: a) effect of RAOBCORE adjustments
on 12GMT-00GMT series of composite of North-
ern Japanese radiosondes (IDs 47400-47700). D)
12GMT-00GMT series after adjustment. Docu-
mented breaks in 1967, 1981 and 1993/94.

—— Effect of Adjustment g
w e

2000

2F
1960 1970 1980 1990

Difference ——— SNHT curve

R T———— i .

-2é \‘m“ .M.M A Aot 1 L} o

1960 1970 1980 1990 2000

Figure 17: a) Effect of RAOBCORE adjustments
on obs(12GMT)-obs(00GMT) time series for far
eastern Russian radiosondes (IDs 31000-33000). b)
12GMT-00GMT difference of adjusted time series.
Note data gaps in recent periods. The strong annual
cycle of the difference remains to be adjusted.

have documented changes around 1970. The
obs-bg temperature time series of this station
was homogeneous in 1969 and 1972 when France
changed the radiosonde instrumentation. If the
bg were influenced by the breaks of the French
temperature time series, a shift would be visible
in the obs-bg time series at Stuttgart.

While over Europe this result may be plausi-
ble since there is much independent information
available to make the bg apparently immune
against even large breaks, the situation may
be different when a large country changes its
radiosonde equipment simultaneously. Figures



Unadjusted 12GMT-00GMT Temperature Difference 50hPa, [K], averaged over 1964-1966

Total monthly means: 12428 Evaluated Stations: 309 Cost:3403.47
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Figure 18: 12GMT-00GMT temperature differ-
ences in 50 hPa for the period 1964-1966 a) before
and b) after adjustment with RAOBCORE. Note
weather ship stations over the Atlantic and Pacific
whose time series end in the 1970s; their climatolo-
gies have been adjusted as described in section 7.

16 and 17 provide two examples that even in
those situations, the bg is independent enough
to be used for adjustment. In the Japanese ra-
diosonde time series (Fig. 16), major breaks are
adjusted in 1968, 1981 and 1993/94. The Japan-
ese composite of adjusted 12GMT-00GMT time
series does no longer show spurious breaks (Fig.
16 b).

A similar example is far eastern Russia (sta-
tionIDs 31000-33000; Fig. 17). The most
prominent shift in 1969 is caused by a change
from MARS to RKZ5 radiosondes and is ad-
justed well by RAOBCORE. This composite
also shows the difficulties in data availability
over Russia in the 1990s. The most recent parts
of most stations before the data gaps had to be
adjusted by about 1 K since their obs-bg time
series showed a distinct bias compared to a com-
posite of mainly Japanese and Alaskan stations.
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The resulting adjusted 122GMT-00GMT time se-
ries is nevertheless relatively stationary (apart
from a remaining annual cycle), as it should be.
The daily mean adjustments in 1969 are about
-0.7K at 50 hPa over Eastern Russia (31000-
33000). This compares well with daily mean
adjustments of -0.6 K over Western Russia (west
of 60E, south of 60N), which have been taken at
similar solar angles. This is remarkable since
the bg over Western Russia is potentially in-
fluenced by European radiosondes whereas over
Eastern Russia it is more likely influenced by
Alaskan and Japanese radiosondes (the latter
have large breaks in 1968). Only the positive
12GMT-00GMT differences after adjustment in
the 1960s is an indication of a slight overcor-
rection, due to a too warm nighttime bg or a
too cool daytime bg caused by biases in the ra-
diosondes twelve hours earlier.

Fig. 18 shows that the RAOBCORE adjust-
ments substantially improve the spatial consis-
tency of 122GMT-00GMT time series also in the
early period 1964-1966, although a few stations
remain where the adjustments by RAOBCORE
seem insufficient. Note also that many weather
ships were operational in the 1960s until the
early 1970s. For these ships, which operated up
to the early 1970s, the adjustment of the most
recent period remove the large biases visible in
Fig. 18-a.

Fig. 19 shows the time series of the ad-
justments per month applied to the global ra-
diosonde network. The combined length of all
time series divided by the total number of ad-
justments applied (6233) yields about one ad-
justment every seven years. While this number
may seem large, it is in good agreement with
Thorne et al. (2005a) and is also supported by
the number of radiosonde type changes derived
from GTS (about 700 from 1990 onwards) and
documented in CARDS (about 6700). About
30 percent of the adjustments coincide with
metadata events within +14 days of the de-
tected breakpoint. Most peaks are related
to changes in large countries (e.g. Russia,
France in 1969). There are no peaks evident in
1973,1975,1976,1978 /79 where major changes in
the ERA-40 observing system occured.

The adjustments for
1184 stations are available

all
from
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Figure 19: Time series of number of adjustments
per month. Peaks are related to metadata events
in large countries, e.g. radiation correction changes
in 1982 and 1993. Break count includes climatology
adjustments as explained in section 7.

http://www.univie.ac.at /theoret-

met /research/RAOBCORE/ as plots and
as ASCII-formatted file. The dataset will be
updated annually, as soon as the input data
from IGRA and ECMWF become available.

9. SENSITIVITY EXPERIMENTS

The homogenization process has several
sources of uncertainties, as outlined e.g. by
Thorne et al. (2005a); McCarthy et al. (2006).
Since RAOBCORE is an automated system, it
has been possible to test the sensitivity with re-
spect to various parameters of the adjustment
system.

The sensitivity of the following parameters
has been tested: (i) 50-100 hPa and 300-850 hPa
layer global mean trends which may be com-
pared e.g. with the results collected in Fig. 3.4
of Karl et al. (2006). (ii) Tropical (20N-20S)
mean trends for the same period, (iii) spatial
consistency of 50 hPa 1979-2004 trends, as de-
fined in appendix B, (iv) spatial consistency of
12GMT-00GMT differences averaged over 1964-
1966, (v) breakpoint count. The main results
are summarized in Table 1.

Time series have been used for the trend
comparison only if less than 24 months of data
out of the 26 year period 1979-2004 have been
missing. If only 00GMT or 12GMT trends have
been available for a station, these have been re-
garded as daily mean trends. If both have been
available, their average has been taken. The
daily mean trends have been averaged to 10x10
degree lat/lon gridboxes and the mean trends
from these gridboxes have been used to calculate
the tropical (20S-20N) and global mean trends.
The intermediate calculation of 10x10 degree

trends helped alleviate the effects of the uneven
spatial distribution of radiosondes.

The first two rows BG and BGADJ de-
scribe the unadjusted and adjusted versions of
the ERA-40+ECMWF background as they are
used in the sensitivity experiment below. The
original ERA-40+ECMWF bg (BG) has almost
neutral trends in the lower stratosphere, which
are not supported by the UAH and RSS satel-
lite products and even less by the radiosondes.
As one can see from row BGADJ, the adjust-
ment described in section 6 introduces moder-
ate stratospheric cooling (similar to that of MSU
satellite products) into the bg.

Row UNADJ refers to the unadjusted ra-
diosonde dataset used as input for RAOB-
CORE. Note the strong stratospheric cooling
and large spatial heterogeneity compared to the
bg.

Row RAOBCORE summarizes the results of
RAOBCORE as used for the plots in this study,
i.e. with bg adjustment, with use of metadata
and with the thresholds described in section 4.
The radiosonde trends adjusted with RAOB-
CORE show much less cooling than UNADJ and
are very close to the existing homogenized ra-
diosonde datasets (HadAT2, RATPAC, see Karl
et al. 2006). Although the RAOBCORE trends
are not directly compared to satellite data in
this paper, it is clear that they remain more
negative than those derived from satellite prod-
ucts. The spatial consistency of both trends and
12GMT-00GMT difference after the adjustment
is much better than for the original radiosonde
dataset but is still not as high as the consistency
of the ERA-40 bg trends and 12GMT-00GMT
differences.

The other rows in table 1 show results of
sensitivity experiments. For NOMETA, RAOB-
CORE has been applied with constant prior
probability 0.02, i.e. metadata information
has been completely discarded. For ONLY-
META, the prior probability has been set to
zero if no metadata were available and to 0.999
when metadata events (radiosonde type changes
and radiation correction changes) were docu-
mented. NOBGC refers to a RAOBCORE
run where the bg was not adjusted before ap-
plication of RAOBCORE. In the experiment
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Figure 20: Time series of composite mean 12GMT-00GMT differences from radiosondes, a) between 30W
and 40E, b) between 120E and 120W after adjustment with RAOBCORE. Note better homogeneity and

almost neutral trends compared to Fig. 2.

NOBGC_ONLYMETA the bg has not been ad-
justed and metadata have been treated as in
ONLYMETA. STRICT refers to an experiment
where the thresholds for break detection and ad-
justments have been set higher (40% higher T}
values required, 60% larger break size required
than for the default).

The results suggest that the adjusted trends
are relatively insensitive to changes in meta-
data treatment and to the increase of the break-
point thresholds. However, there is sizeable
sensitivity to the background adjustment ap-
plied before application of RAOBCORE. If the
unadjusted bg is used as reference, the result-
ing RAOBCORE-adjusted trends shift towards
more warming by more than 0.3K/10a in the
tropical stratosphere and by about 0.04 K in the
tropical troposphere. In this case the adjusted
radiosonde trends fit better to satellite-derived
temperature trends but are still within the range
of uncertainty of upper air trends (see again
Karl et al. 2006). The bg adjustment has rela-
tively little impact on breakpoint count and on
the spatial consistency of adjusted radiosonde

time series. This shows that high spatial consis-
tency of trends and 12GMT-00GMT differences,
while a desirable property, is not sufficient to
determine the quality of the diagnosed global
mean upper air trends.

While the unadjusted bg trends are most
likely too weak in the stratosphere (see Fig. 3.4
in Karl et al. 2006) so that the experiment
NOADJ is regarded as rather extreme, it shows
the importance of a homogeneous reference. In
view of mounting evidence for pervasive biases
of the unadjusted radiosonde dataset particu-
larly in the tropics (Sherwood et al. 2005; Ran-
del and Wu 2006), the bg adjustment applied
in the best estimate of this paper (row RAOB-
CORE) may seem aggressive. There is indeed
the possibility that the bg adjustment removes
climate signals from the MSU and other satel-
lite instruments. This is suggested by the good
correspondence between ERA-40 MSU4 equiv-
alent and RSS (Mears et al. 2003) datasets,
at least in the stratosphere, from ca. 1989
onwards (Santer et al. 2004). Therefore the
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difference in stratospheric trends between ex-
periments RAOBCORE and NOADJ is prob-
ably larger than the true uncertainty of the ra-
diosonde trends.

The sensitivity of the trends with respect
to the bg adjustment is sizeable, even if
adjustments are made only at documented
breakpoints. Since the breakpoints are prac-
tically the same in the ONLYMETA and
NOBGC_ONLYMETA experiments, the trend
differences must mainly come from break esti-
mation, not from break detection. As is indi-
cated in Fig. 7 the uncertainty in break estima-
tion is at least 0.5 K in the stratosphere, even
in recent years. Since almost every radiosonde
time series contains at least one break between
1979 and 2004, trend differences in the order
of 0.3K, depending on the reference used, are
not surprising. It has further been tried to use
shorter intervals (4 years instead of 8 years) for
break estimation but this did not reduce the sen-
sitivity to the bg adjustment either.

The high values of C' and low break count
values for the NOMETA and STRICT exper-
iment suggest that many breaks remain unde-
tected in these experiments. One has to accept
that there are thousands of breaks which need
to be adjusted in order to get a spatially con-
sistent dataset. The impact of these parame-
ters on trends is small which indicates that the
largest breaks are found even without metadata
and large thresholds.

The sensitivity experiments stress the im-
portance of the reference series used for ho-
mogenization. The uncertainties in the bg ad-
justment lead to uncertainties that are similar
to the differences between existing homogenized
radiosonde and satellite datasets.

10. CONCLUSIONS AND OUTLOOK

This paper has documented a method called
RAOBCORE which uses innovations (observa-
tions minus background forecasts) from a frozen
data assimilation system such as ERA-40 (Up-
pala et al. 2005) for automatic homogeneity ad-
justments of radiosonde temperature data. In-
novations back to 1958 have been used. The
method has been designed to make the adjusted
radiosonde dataset as suitable for reanalyses as
possible. This involves not only realistic trends

but also completeness of the radiosonde dataset
and adjustment of the absolute temperatures,
not anomalies. It could be shown with sev-
eral examples that RAOBCORE substantially
reduces spurious trends in the 12GMT-00GMT
differences and improves the internal spatial
consistency of the radiosonde measurements.

The global trend figures from RAOBCORE
show good agreement with existing global ho-
mogenized radiosonde datasets such as HadAT
(Thorne et al. 2005a), LKS (Lanzante et al.
2003b). More detailed comparisons with re-
gional radiosonde datasets, e.g. CALRAS (Hae-
berli 2006) as well as MSU records Mears et al.
(2003); Christy et al. (2003) are in preparation.

Inhomogeneities introduced into the back-
ground forecast temperatures due to changes
in the (satellite) observing system and the de-
pendence of the background forecast error on
the station to be tested and adjusted, are re-
garded as the largest potential sources of uncer-
tainty when using innovations. While the re-
sults from individual stations suggest that the
latter problem is relatively small, the sensitiv-
ity of the RAOBCORE-adjusted trends with re-
spect to the global mean bg is not negligible.
The uncertainty (which is estimated 0.3 K/10a
for the global mean 50-100 hPa layer and 0.05 K
for the 300-850hPa layer) of trends from the
RAOBCORE-adjusted dataset can be reduced
below that of existing upper air datasets only if
the inhomogeneities in the global mean obs-bg
time series (as shown in Fig. 8 for the 50 hPa
layer) can be attributed more clearly to either
the bg or the obs.

The behaviour of the ERA-40 data assimila-
tion system in the satellite period is still inves-
tigated and increasingly well understood (Up-
pala et al. 2006). With this building knowledge
the uncertainty of the ERA-40 bg and thus of
the resulting RAOBCORE trends can likely be
reduced. It is quite possible that the bg ad-
justment used in this study was too aggressive
and that therefore the RAOBCORE best esti-
mate for global trends after homogenization still
shows too much cooling/little warming. A more
thorough investigation of this matter is under
way but is beyond the scope of this article.

Some radiosonde temperature time series
have a substantial bias even in their most recent
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Table 1: Results from sensitivity experiments with RAOBCORE. Trends in K/decade for Globe and
Tropics (in brackets) valid for the period 1979-2004. Cost is value of cost function defined in eq. (5) at
the 50 hPa level for 122GMT-00GMT temperature differences averaged over 1964-1966 and for 1979-2004
temperature trends. Break count is total number of breaks detected, including about 760 adjustments of
climatologies (see section 7).

50-100 300-850 [ Cost Cost

Acronym Description hPa hPa 50hPa | 50 hPa greakt
Trend Trend | Trend 12- 00 om
Unadjusted bg(except shift
BG at 2001) ERA-40 + ECMWF | -0.05(0.11) | 0.15(0.02) 139 | 360
bg temperatures
BGADJ Adjusted bg -0.39(-0.34) | 0.11(-0.03) 134 356
UADJ Unadjusted radiosondes -0.83(-0.94) | 0.09(-0.01) 564 3401
RAOBCORE | WMAOBCORE best estimate | oo o 65y 0.11(0.00) 192 652 | 6233
(Control run)
No Metadata, constant prior
NOMETA probability 0.02 -0.65(-0.65) | 0.11(0.00) 193 757 9963
ONLYMETA | Adiustments only at docu- | 766 73y | 19(0.03) 404 | 1652 | 2516
mented changes
No adjustment of bg before
NOB -0.44(-0.31 .13(0. 1
OBGC BAGBOORE 0.44(-0.31) | 0.13(0.05) o7 | 638| 6097
NOBGC No adjustment of bg be-
T fore RAOBCORE, only doc- | -0.51(-0.46) | 0.15(0.06) 503 1635 2557
ONLYMETA ’
umented breaks
STRICT AT of 05K required at 21| 66 64) | 0.11(0.02) 303 895 | 4093
places in break profile

parts. For these stations the biases have been
reduced by adjusting with a composite of ho-
mogenized neighbouring radiosondes in an extra
step after the homogenization procedure. This
step is not compulsory for climate trend analy-
sis but adds substantial value for climate data
assimilation applications which are affected by
absolute biases (Dee and Da Silva 1998; Uppala
et al. 2006).

Apart from the correction algorithm itself
this article has documented gaps in both the
ERA-40 and the IGRA (Durre et al. 2006) ra-
diosonde datasets. The union of both datasets is
about 5-10% larger than the individual datasets.

Efforts to create a comprehensive global ra-
diosonde dataset must therefore continue.

In view of the results gained so far, it seems
worthwhile to perform a pilot climate data as-
similation of the period 1939-1957 in order to
be able to adjust also these time series using
the innovations gained from such an assimila-
tion. Numerous radiosondes are available for
this period (Durre et al. 2006; Bronnimann
2003). Innovations from a 4D-VAR assimila-
tion system would add valuable information to
these data which are otherwise be very diffi-
cult to homogenize. Preliminary results with
RAOBCORE also indicate that homogenization
based on analysis of innovations is feasible also
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for radiosonde winds. Put into a more general
context, the method of reanalysis (or climate
data assimilation) together with proper archival
of the innovations may become a key method
for the improvement of historical observations.
The recent success of assimilations using surface
pressure only (Compo et al. 2006) together with
potential application for homogenization makes
the idea of a hundred year reanalysis attractive,
despite the sparseness of the available data.

The efforts described here are part of a long
term activity to provide a mature and com-
plete homogenized radiosonde dataset, suitable
as input for the next major European reanalysis
planned for the end of this decade.
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APPENDIX A. A SPATIAL CONSISTENCY
MEASURE FOR TRENDS AND
DAY-NIGHT DIFFERENCES

To estimate the spatial consistency of trends
and 12GMT-00GMT differences, a simple cost
function is defined as

()

2 N N 2
C0) = F=my & 2 (Aaulp)e 1)
where p is the pressure level, ¢, are station
indices, N ist the number of stations, Az;; is
the difference quantity between stations and d;;
is the spherical distance between stations in
km. Ax;; is either the difference between trends
(AOT/0t);; or the difference between 12GMT-
00GMT differences at stations 7, j. Strongly de-
viant trends/differences at densely covered areas

contribute most to the cost. The cost function
C for radiosondes should reach similar values as
the ERA-40 bg or satellite products after ho-
mogenization.

APPENDIX B. ADJUSTMENT OF THE GLOBAL
MEAN BG TIME SERIES

In section 6 it has been shown that the global
mean bg has spurious breaks due to insufficient
satellite bias corrections. The signature of these
breaks can be found throughout the globe. Al-
though it has a horizontally smooth pattern
compared to the distribution of breaks in ra-
diosonde records, it is not constant. In general
the influence of the satellite data and excessive
latent heating on the bg is smaller in regions
with dense radiosonde observation coverage and
in the extratropics. Therefore the adjustment is
scaled with the radiosonde density in the follow-
ing way:

(6) Abg()‘7 ¥, D, t) = —obs — bg(p’ t)w(Av ®, t)

where Abg(A, p,p,t) is the global mean obs-bg
difference and the weighting function w is de-
fined as:

(7)
w(\, ¢, t) = {05+ cos(e)) , (1.2 _ M) '

1.5 Pmaz(t)

The stronger weight at low latitudes helps to
reduce the strong heating of the bg in the tropics
which is considered excessive. The radiosonde
observation density p is defined as:

(t)
(8) p(\ o, t) = Z exp[—d;(X, ) /700 km f;,

where d; is the spherical distance between lo-
cation (A, ¢) and radiosonde i. The factor f;
takes into account whether the radiosonde re-
ports once (f;=1) or twice daily (f;=5). It
was set to 5, not 2, since sites with twice daily
launches tend to be better maintained. N(t) is
the number of active radiosondes and pj,qz(t)
is the maximum radiosonde density found at a
particular time. Finally the weights w are ad-
justed by a constant factor such that the global
mean Abg is equal to —obs — bg when averaged
over all radiosonde stations. Figure 18 in Haim-
berger (2005) shows the spatial pattern of the
weight w, which shows little variation in time.
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With this choice of parameters the maxi-
mum adjustment for an individual radiosonde
site is about 1.6 times the global mean adjust-
ment (e.g. in the south Pacific), the minimum
adjustment is below 0.2 times the global mean
adjustment (over central Europe, China). It
has been tuned to reduce as much as possible
the conspicuous jumps in the due to the erro-
neous bias correction of the NOAA-4 radiances
between Jan 1975 and Sept. 1976. Figure 19 in
Haimberger (2005) shows the obs-bg series av-
eraged over the radiosondes south of 25N before
and after adjustment with the weighted global
mean bg. Although this simple adjustment of
the bg described here can by no means remove
all biases, at least the breaks in Jan 1975 and
Sept. 1976 are substantially reduced in the av-
erage over this data sparse region. For other
breaks, e.g. due to problems with NOAA-9,
other horizontal weighting functions may be op-
timal, but so far this has not been tested.
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