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Abstract

This report describes a method developed for detecting and removing artificial breaks in radiosonde time series. These
breaks affect the applicability of radiosonde time series for climate change detection. They also affect the quality of
reanalyses assimilating these data, particularly in the pre-satellite era. While radiosondes measure temperature,
humidity and wind, the analysis here is restricted to temperature time series.

The adjustment method, referred to as RAdiosonde Observation Bias Correction using Reanalyses (RAOBCORE),
works fully automatically. It uses time series of differences between radiosonde observations (referred to as obs) and
the 6h background forecasts from the ERA-40 assimilating model (referred to as bg) as principal source of information
about artificial breaks. These differences are available in the ERA-40 analysis feedback files.

More than 1500 stations have been investigated. Not only has the radiosonde archive available in the ERA-40 analysis
feedback been used, but also the Integrated Global Radiosonde Archive (IGRA) which is the successor of the
Comprehensive Aerological Reference Dataset (CARDS). Some aspects of data quality and content of these archives
are discussed.

It is demonstrated that time series of bg-obs differences allow detection of many breaks in radiosonde temperature time
series that have been previously undetected. The probability of a breakpoint is primarily estimated by applying a variant
of the Standard Normal Homogeneity Test (SNHT) to time series of bg-obs differences of tropospheric and
stratospheric layer mean temperatures. Time series of stratospheric layer mean obs(12GMT)-obs(00GMT) differences
are used as well. The probabilities from the SNHT are combined with a-priori information about changes of observation
practice (metadata) to yield an objective score. If this score exceeds a threshold, a breakpoint is detected.

The calculation of adjustments to remove artificial breaks from the time series is more difficult, since breaks in the bg-
obs difference series can be caused both by the bg forecasts (mainly due to changes in the satellite observing system)
and by the tested radiosonde time series. It has been necessary to adjust the global mean bg temperature time series
prior to using it as a reference, in order to remove the effects of suboptimal satellite radiance bias corrections from the
bg time series. After the adjustment of the global mean bg the breaks at individual radiosondes are removed. The
difference between the annual mean bg-obs difference before and after a diagnosed breakpoint is used as the best
estimate for the adjustment.

It is demonstrated that RAOBCORE considerably improves the spatiotemporal consistency of the global radiosonde
dataset. Temperature trends from neighboring radiosonde stations are much more consistent than before the adjustment.
Many known biases in the radiosonde temperatures that exist even in the most recent periods are removed. There is
evidence that this automatic adjustment algorithm yields physically reasonable results in a global mean sense. The
effect of the adjustments on zonal mean and global mean radiosonde temperature trends is discussed in some detail and
recommendations for further improvements of RAOBCORE are given.
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1. Introduction

This reports described results achieved within a one-year Marie Curie Intra-European Fellowship (see
http://www.cordis.lu/fp6/mobility.htm) which has been awarded to the author and was carried out at
ECMWEF. The aim of this fellowship was to develop software for the automatic homogenization of
radiosonde time series using the ERA-40 analysis feedback (AF) dataset. Such a homogenized dataset is
highly desirable for climate change analysis as well as for future reanalysis efforts. The quality of time series
from reanalyses depends heavily on the quality of the observation input (Karl et al. 1995). Not only in the
pre-satellite era is it important to remove possible biases from radiosonde observations since the bias
correction of the early satellite observing systems is dependent on radiosonde observations.

Radiosondes have been primarily used for weather forecasting applications such as thunderstorm prediction
and daily upper air analyses, not for climate purposes. The quality of the instruments has been constantly
improved by reducing measurement errors, particularly at high altitudes. Radiosonde intercomparison
experiments in the 1980s (Nash and Schmidlin, 1987, Richner and Philips, 1982) have shown that there were
quite substantial differences between measured temperature values from different radiosondes, even when
flown on the same platform. This can be seen from the coloured bullets in the upper panel of Figure 1, which
indicate the temperature difference between 12GMT and 00GMT radiosonde temperature observations at the
50 hPa level, averaged over the period 1988-1990. This difference, which exceeds 2K at some stations,
should yield a spatially much more coherent picture, more like that from the ERA-40 background forecast
time series shown in the lower panel of Figure 1. The spuriously large differences are mainly related to
radiation errors, as can be most clearly seen over the US. The diurnal cycle of the solar elevation is indicated.
Changes from one radiosonde type to another therefore almost certainly introduce breaks in the
corresponding time series. As will be shown below, these breaks lead to a rather heterogeneous picture of
temperature trends at individual stations as well.

The task of removing these artificial breaks from a time series is referred to as homogenization. Many
homogenized historic surface temperature records have become available in the last decade. Reviews of the
methods available can be found in Peterson et al. (1998), Aguilar et al. (2004). Efforts to generate such a
homogenized radiosonde temperature dataset started in the 1990s, when radiosonde observations as well as
information on radiosonde types in use were collected in the Comprehensive Aerological Reference Data Set
(CARDS, Eskridge et al. 1995). Soon afterwards the first homogenized temperature datasets based on
CARDS were published (Parker et al. 1997; Lanzante et al. 2003a,b, referred to as LKS). These datasets
contain, however, much fewer stations (87 stations by LKS, 477 stations by Parker et al.) and there are
sometimes substantial differences between the modifications actually applied to these stations. LKS used
only information contained in one station for detecting breaks at that station. Parker et al. (1997) calculated
composites of neighboring stations in order to compare them with a station to be tested. They used also
temperature records from the satellite-borne Microwave Sounding Unit (MSU) as a reference from 1979
onwards. Recently a new gridded homogenized radiosonde temperature dataset based on CARDS monthly
mean data has become available (Thorne et al. 2005). While these datasets are important achievements, they
are not suitable yet for future reanalyses since only a fraction of the available radiosonde records is adjusted.
None of these datasets has been created by automatic procedures. Therefore any further 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). Therefore there is still large uncertainty on upper air trends and low frequency
variability (Seidel et al. 2004).
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With the completion of the ERA-40 project (Uppala, 2003; Simmons, 2003; Uppala et al. 2005), a 45year
global time series of analyses (an) and 6h background forecasts (bg) has become available. The analyses
have been used already successfully for climate change detection purposes (Santer et al. 2004). While the
analyses are the most useful product for many research applications, the differences between bg forecasts
and the original observations (obs) have proven most useful for the detection of systematic observation errors
(Hollingsworth et al., 1986). It is the working hypothesis of this report that time series of bg-obs differences
can be used also for homogenization purposes. Arguments in favor of this approach are:

1. Bg-obs differences are routinely calculated for every radiosonde station assimilated, since the bg-obs
differences (also called the innovations in the data assimilation process) contribute directly to the
cost function to be minimized (see e.g. Courtier et al., 1998 and Simmons, 2003 for a description of
the 3D-Var data assimilation system used in ERA-40). Therefore much effort is put into accurate
interpolation of the model state on the model grid to the observation points.

2. Since the bg forecasts are generally quite accurate, 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. The quality of the bg
forecasts allows fairly stringent quality control procedures to be applied to the radiosonde
observations. Quality control flags are available in the AF and can be used to eliminate suspicious
data before performing the time series analysis.

3. Analysis minus observation differences are not very useful for the detection of systematic
observation errors since the analyses themselves depend on the (biased observations). The bg
forecasts at a particular site are much less dependent on the observations to be tested since the
information for the bg forecasts comes from different places and also from earlier observations. The
bg-obs difference is also more directly related to systematic observation errors than the an-obs
difference (see e.g. Dee, 2003). The weak dependence of the bg forecasts on individual radiosonde
observations is indicated in Fig. 1. The spatial pattern of bg(12GMT)-bg(00GMT) differences is
much smoother than the pattern from the uncorrected radiosonde observations. Therefore the
analysis of 6h bg-obs temperature difference time series seems well suited for homogenization
purposes.

Analysis feedback data have been used for developing the ERA-40 radiosonde bias correction as
documented in Andrae et al. (2004), referred to as ASO. While the adjustments applied have been
conservative and mainly the radiation error has been corrected, a noticeable positive impact of the bias
correction has been found. First results of using bg-obs differences for break detection over Central Europe
(Haimberger, 2004) corroborate the impression that the AF can be used for correcting radiosonde time series.

The approach developed by ASO estimates radiosonde temperature biases for composites of radiosonde
stations as a function of solar elevation angle and pressure. The composites are defined such that the
radiosondes have the same manufacturer and are maintained by the same country. Large countries have been
divided into regions, small countries have been combined if possible. This has the advantage that the method
works with data from a short time period (~1 year). The adjustment amounts calculated from one year have
been used for calculating the bias corrections used in the following year. This procedure has been adopted
since in contrast to now no adequate time series of analysis feedback data have been available during the
production of ERA-40 (Onogi, 2000). The method has the disadvantage that inhomogeneities specific to
individual radiosondes are not removed since only composites are considered. Further, it is dangerous to use
this method for eliminating temperature biases not related to 122GMT-00GMT observation differences. While
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it can be justified in most cases that the 122GMT-00GMT difference of the background forecasts is unbiased,
this is not the case for the daily mean bg temperatures. At many occasions below, the results achieved with

the approach of ASO will be used for intercomparison.

Temperature Difference 00h 1988-1980 50hPa, [K/10a], radtm 12h-00h

Total monthly means: 19507 Evaluated Stations: 518 Cost:1699.44
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Temperature Difference D0h 1888-1980 50hPa, [K/10a)], radbg 12h-00h
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Figure 1: 12GMT-00GMT temperature differences at 50 hPa averaged over period 1988-1990. Each
bullet denotes a radiosonde station; the colour of the bullet indicates the difference. The blue stars depict
radiosonde stations with insufficient number of launches for trend calculation in the specified time
interval. Upper panel shows the difference as measured by radiosondes. The sine wave indicates the solar
elevation at 12h40° GMT. Lower panel shows the bg 12GMT-00GMT differences which are spatially

much more homogeneous.

Since long time series of bg and obs are available now, a new automatic method based on time series
analysis of the stations can be used. The method is referred to as Radiosonde Observation Bias Correction
using Reanalyses (RAOBCORE). It is designed to be capable of correcting not only radiation errors but also
observation biases that are not a function of solar elevation. The reasons for temperature biases other than
radiation errors are (i) sensors with slow response or insufficient ventilation, (ii) too short cordless between
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balloon and sensor, (iii) biases of the pressure sensors. A bias of 1 hPa of the pressure sensor corresponds to
a displacement of the 200 hPa level by 50 m. Assuming a standard atmosphere lapse rate of 6.5K/km this
corresponds to a temperature bias of 0.35K. Further it is often difficult to assess the radiation error from
00/12GMT ascents if there is little variation in the solar elevation angle, e.g. when (i) only one ascent per
day is available, (ii) the radiosondes are launched at dawn/dusk, (iii) in the tropics.

The main assumption of RAOBCORE is that the difference between bg and obs is stationary in time (apart
from an annual cycle) if there is no artificial break, even if the climate changes. If the bg-obs difference is
not stationary, there must be an artificial break either in the bg or in the obs. This assumption is made by any
method based on relative homogeneity tests. One should note that in contrast to the method described in
Andrae et al. (2004) it is not necessary to assume that the bg is unbiased.

The next section describes the available input datasets in more detail. Section 3 and section 4 contain a
description of break detection and break adjustment procedures used by RAOBCORE. Results from the
adjustment process are shown in section 5.

2. Input data

The main input data source for this study was the BUFR-coded ERA-40 AF dataset from 1957-2002 as it is
available in the MARS archive. The AF dataset contains all observations presented to the ERA-40 data
assimilation system plus quality control flags plus the bg-obs and an-obs differences mentioned above. The
subset of TEMP observations plus the feedback information contains about 150GB of data from more than
2000 different stations. About 900 of these stations have records containing more than 10000 ascents.

Recently the Integrated Global Radiosonde Archive (IGRA, http://wwwl.ncdc.noaa.gov/pub/data/igra/,
Durre et al. 2005), which contains quality-controlled data from 1536 upper air stations back to the 1930s has
become available. The IGRA and ERA-40 datasets are not identical, as can be seen from Figure 2. ERA-40
contains more data in the 1960s and 1970s, whereas IGRA contains more data in the 1990s. In the case of
ERA-40 only the data accepted by the ERA-40 assimilation system have been counted. The relatively high
rejection rate of radiosonde observations at 10 hPa in ERA-40 is the likely reason why the difference
between IGRA and ERA-40 is smaller at this level.

Both the IGRA and ERA-40 radiosonde observations have been quality controlled. While in IGRA mainly a
climatological check has been performed, a generally more stringent quality control algorithm has been
applied to the radiosonde observations used in ERA-40. Only those observations that have passed the
variational quality control in ERA-40 have been used in the present study. The differences are mostly subtle,
but there are examples where data that have not been flagged in IGRA have been rejected by the ERA-40
quality control procedure (e.g. station Tamanrasset, see section 5.8)

The ERA-40 AF data are organized such that a feedback file contains all observations at one analysis time.
They had to be reorganized into time series, which was not always simple because of changing or incomplete
message headers. The observation identification algorithm used for calculating the corrections described by
Andrae et al. (2004) has been used also for this report. Both for the ERA-40 AF dataset and the IGRA
dataset, time series with launch resolution (=daily series) as well as time series of monthly means were
generated. 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 in this report.
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Figure 2: Time series of monthly global radiosonde temperature observation count 1958-2001 at the 10
hPa level (left panel) and at the 500 hPa level (right panel, note different scale). Only TEMP-
observations from the 1536 IGRA stations have been included. TEMP-Ship observations which are also
part of the ERA-40 archive, have not been included. Blue Curve: Count from IGRA dataset. Black Curve:
Count in ERA-40 Analysis Feedback files. Red Curve: Count of merged ERA-40+IGRA dataset.
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Figure 3: Temperature anomaly (red curve) and monthly observation count (grey shaded area) in ERA-
40 for station Jan Mayen at 00GMT at the 50 hPa level. Anomaly is filtered with 2-yr running mean,
trends as indicated. Blue triangles/trapezia indicate radiosonde changes, green triangles indicate
radiation correction changes, yellow triangles indicate ground equipment changes as documented in
CARDS.

Figure 3 shows the observation count time series together with the temperature anomaly for station Jan
Mayen at the 50 hPa level. It shows a cooling trend over the whole period. All trends shown in this report are
linear trends calculated by standard least squares. Jan Mayen has been used as example throughout this
report, because it has the lowest station ID, because it has a long record (OOGMT ascents from 1958
onwards, 12GMT ascents from 1963 onwards) and since it is fairly remote. The 50 hPa level has been
chosen throughout this report since it is reached by many ascents even in the 1950s, although data
availability is a challenge. Further the 50 hPa temperature measurements are already quite sensitive to
radiation errors and pressure sensor errors.

Before IGRA data and the ERA-40 AF data were compared, the IGRA data had been supplemented with
ERA-40 feedback information. The bg-obs differences and an-obs differences had been calculated by
bilinear interpolation from the N80 Gaussian grid used in ERA-40 to the radiosonde stations. Figure 4 and
Figure 5 show that feedback information can be calculated “offline” for data not used in ERA-40, at least for
TEMP data (for surface and satellite data this may be more challenging or impossible). The differences
between IGRA and ERA-40 are not large at this station, except before 1964 when there are no observations
in the IGRA dataset. Figure 5 shows that the interpolation error is very small at this station.
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Figure 4: Daily bg-obs differences as available in the ERA-40 AF (upper panel) and as calculated for
IGRA data (lower panel), again for station Jan Mayen at 00GMT. Red curves are 50day running means.
Green lines are trend lines as before. Blue curves (right axes apply) are test statistics calculated with 3-
year moving average SNHT (see section 3). Maxima above 20 indicate breaks in the difference series.
Grey spikes at bottom of panels indicate breakpoints in the ERA-40 bg forecasts due to changes in the
ERA-40 (mainly satellite) observing system. The legends in the upper left corners of the panels can be
deciphered as: 01001=WMO station ID, [70.93 -8.67] = station lat/lon, 00h= nominal launch time, 050
hPa = pressure level. The numbers in the lower left corners of the panels are: N= number of values in the
shown time series, Sig=standard deviation of the time series, Corr is Pearson’s correlation coefficient
between two time series (e.g. bg-obs) if the time series shown is the difference between the two.
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Figure 5: Difference between the ERA-40 AF bg-obs difference and the IGRA bg-obs difference at Jan
Mayen. Difference may be not zero since the ERA-40 bg-obs differences are calculated using First Guess
at Appropriate Time(FGAT, see Uppala et al. 2005), whereas the IGRA bg-obs differences are calculated
offline from bg fields valid at 00GMT linearly interpolated to observation location. Note different scale
compared to Figure 4. Increase in variability in the 1980s is due to slightly different station coordinates
reported in the ERA-40 records.
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Following a suggestion by P. Thorne (pers. comm.) also the 12h forecasts (fc) computed twice daily in ERA-
40 have been used to calculate forecast-obs differences for the available IGRA stations. A comparison of the
00GMT fc-obs differences (Figure 6) with the bg-obs differences (Figure 4) shows that the standard
deviation of the fc-obs differences is slightly smaller than the standard deviation of the bg-obs differences.
The reason is that the 12h-forecasts started from analyses that were more strongly influenced by radiosondes
than the 6h forecasts used for calculating the background, at least in the satellite era.
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Figure 6: 12hour-forecast-obs difference at Jan Mayen calculated for IGRA data. Difference is slightly
smaller than bg-obs differences shown in Figure 4 (standard deviation is 1.59 compared to 1.53). Similar
difference time series for ERA-40 AF has not been calculated yet.

For the detection of breaks in radiosonde time series, so-called metadata containing information about the
instrumentation and other events such as relocations or changes of observation practice are quite useful.
Within the CARDS project a digitized metadata dataset has been made available (Aguilar, 2001), which can
be used as information source for an automatic break detection/correction algorithm. If the date of a change
is known exactly or if the month is known, a coloured spike is drawn in the time series plots throughout this
report. If only the year of change is known, a trapezium covering a one year interval in the plots is drawn.
There are also metadata (e.g. satellite launch dates) for the ERA-40 bg time series. The grey/black spikes in
the time series plots denote locations of breaks in the global mean bg time series (see section 5.1 below).
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Figure 7: 12GMT-00GMT temperature difference at Jan Mayen, calculated from observations (upper
panel) and from ERA-40 bg forecasts (lower panel). At 00GMT there is mostly darkness at this station,
except around the summer solstice.

The bg-obs differences are not the only time series yielding useful information about breaks in the
radiosonde time series. If available, time series of the differences between 00GMT and 12GMT ascents yield
valuable additional information about the radiation errors of a radiosonde. Note that these differences are
independent of the ERA-40 bg.

Figure 7 shows this difference for the temperature observations and for the bg temperatures at Jan Mayen. If
the 12-00GMT obs difference series shows a break due to changed radiation bias correction but the 12-00 bg
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difference does not show this break, this is a clear indication that (i) there is a break in the radiosonde series
and that (ii) the bg is indeed nearly independent of the radiosonde to be tested. The time series shown in
panel a) indicates such a break in 1987 that is only visible in the observation data but not in the bg data. The
bg(12GMT)-bg(00GMT) difference is affected by breaks due to satellites in the 1970s, however. The
dependence of the obs(12GMT)-obs(00GMT) differences on the solar angle is low at this station. There is
little evidence of an annual cycle in Figure 7, although the solar elevation varies substantially at 12GMT at
the latitude of Jan Mayen. Stations with much larger radiation errors are discussed in section 5.6.

JAN MAYEN(NOR NAVY) 300- 700 hPa mean bg- obs ERA-40

4 1000
[— 01001 [70.93 -8.67], 00h, 500 hPa Trend 1989- 2001 0.95 +0.04 [K/lOa] E
o —— SNHT curve -
— —J500
€ of o
—-500
N N:15275 . A s , Sig: O'QEA . , 7-1000
1960 1970 1980 1990 2000
JAN MAYEN(NOR NAVY) 50- 150 hPa mean bg- ObS ERA-40
ar 7600
—_— 01001 [70.93 -8.67], 00h, 100 hPa Trend 1989- 2001 .06 +0.05 [K/lOa] =
—— SNHT curve e R
—200
< =0
- —-200
- —]-a00
M St U S & S S - X
1960 1970 1980 1990 2000
JAN MAYEN(NOR NAVY) 50 150 hPa Mean T 12h 00h
4 100
[— 01001 [70.93 -8.67], 00h, 100 hPa Trend 1989- 2001 0.24 +0.08 [K/lOa] E
o —— SNHT curve -
2 —s0
g o e
2k —-s0
P - N: 9.257 Sig: 1.19 Corr: (.)'99 A\ sk . i . ‘ 3100

1960 1970 1980 1990 2000

Figure 8: Layer mean series for tropospheric bg-obs (300-700 hPa, upper panel), b) stratospheric bg-obs
(50-150 hPa, middle panel) and stratospheric obs(12GMT)-obs(O0GMT) differences (lower panel) at
station Jan Mayen. These three time series plus the two bg-obs series at 122GMT (not shown) are used for
break detection at an individual station as discussed below.

Vertical averaging of the bg-obs differences or other differences is a simple but effective tool for finding
vertically coherent breaks. The vertical averages are obtained here by integrating over the logarithm of
pressure. Such temperature averages are practically equivalent to the geopotential difference between lowest
and highest level of the averaging interval. In fact one could use the geopotential feedback information,
which is also available, for calculating these temperature averages. It has been preferred to calculate the
mean temperatures from the temperature feedback information, however, since at some stations breaks in the
geopotential series are introduced by changes in the method for calculating the geopotential. The averaged
temperature series cannot be affected by such a problem. Further the geopotential information has been
blacklisted in ERA-40 and therefore outliers, which could affect the statistics, are not flagged.
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Figure 8 shows vertical layer mean bg-obs differences and vertical mean obs12-obs00 differences for Jan
Mayen. The standard deviations involved are smaller than for single levels and some of the breaks show up
more clearly, especially those in 1987 and in 1992. The detection algorithm below is based on time series of
stratospheric and tropospheric layer mean temperatures as shown in Figure 8. It has been decided to analyze
layer mean temperatures of troposphere and stratosphere separately, since there are sometimes compensating
errors in the troposphere and stratosphere. The obs(12GMT)-obs(00GMT) difference time series, which is
useful for the detection of radiation errors, is only analyzed in the stratosphere.

3. Analysis tools

The difference series have been analyzed with a variant of the Standard Normal Homogeneity Test (SNHT,
Alexandersson and Moberg, 1997) described below. Ducre-Robitaille et al. (2003) recently compared
popular homogeneity tests and the SNHT performed well in this intercomparison. The results of this
comparison are not simply applicable, however, for the analysis of radiosonde records. In particular they
have assumed stationary random (or stochastic) series between breaks in their test procedure, which is valid
for long-term annual mean surface temperature or precipitation records.

Radiosonde records pose a different problem since breaks occur much more frequently and therefore the
assumption of stationary random time series before and after a break is often not valid. 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 data. Homogeneity tests relying on trend estimates (e.g.
Easterling and Peterson, 1995) or autocorrelations (Vincent, 1998) do not work well in these circumstances.

The availability of the ERA-40 first guess allows avoidance of the cumbersome generation of a reference
series from radiosondes surrounding the radiosonde site to be tested. Instead it is argued that the ERA-40 bg
interpolated to the radiosonde site can be used as reference series. Methods that work with mutual testing of
records from a sample of nearby sites against each other (Peterson et al. 1998, Caussinus and Mestre, 2004)
are not considered at this time. They tend to be difficult to apply to the global radiosonde network since for
remote stations the correlation between neighboring stations is often rather low.

3.1  Avariant of the Standard Normal Homogeneity Test (SNHT)

The original SNHT (Alexandersson and Moberg, 1997) calculates the series of differences between the
tested series and a reference series. 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 T, can be calculated:

Te = k(s — )" +(N=K)(1, — )1 &
N is the sample size, x, is the mean of the subsample before k, z¢, is the mean of the subsample after k, u
is the mean of the whole sample and o is the sample standard deviation. The difference series is assumed to
be homogeneous if the maximum value T, of all possible values k stays below a significance level. If it is
above the threshold somewhere in the interval, the series is not considered homogeneous. The

inhomogeneity may be caused either by jumps or by trends or by to some periodic signal.

If the inhomogeneity is caused by a jump, the test can be shown to be optimal if the series before and after
the break is stationary random and normal distributed. The difference of s, - 1, calculated at the point k°
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where T, occurs is the best estimate for the magnitude of the break. The point k® is the most probable

location of the breakpoint.

The original SNHT has two drawbacks. Firstly, it tends to indicate breaks near the edges of the time interval,
simply because either z; or x, tend to be poorly estimated as either k or N-k get small. Secondly the
position of a breakpoint is poorly estimated in the presence of a periodic signal. To overcome these problems
the SNHT has been modified such that g and x, are calculated as three-year moving averages. 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.

T, =IN/2(4 - )+ N 120ty — )Vl &

This way the means are more reliably estimated and the annual wave is averaged out exactly if N/2
corresponds to an integer multiple of 365 if daily data are used and if no data are missing. The elimination of
the annual cycle proved to be important since it is difficult to distinguish statistically between
nonstationarities in time series caused by a break or by an annual wave; particularly if the analysed time
interval needs to be short (3 years have been used in most cases in this report). The maximum value T
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].

Using three-year running means for the SNHT has not been sufficient to avoid false break detections due to
the presence of an annual cycle. Quite often missing data are concentrated in the cold season, especially in
high latitudes and in high altitudes, partly because the balloons burst more easily at very cold temperatures
and because difficulties in launching the radiosondes are more frequent under harsh winter conditions. These
data gaps can also introduce a bias if more data are missing in one of the two samples compared in the SNHT
(see Figure 11 below). Therefore the data before and after the midpoint k have been binned into 12 bins, one
for each month. If the data count of e.g. the January values in the earlier 3-year interval was less than the
count of January values in the later 3-year interval, the excessive January values in the later interval were
removed. This measure helped to reduce the false detection of breaks considerably. The version of the SNHT
that ensures equal sampling of the annual cycle in the intervals before/after a potential breakpoint is referred
to as equal sampling SNHT. It yields identical results as the moving average SNHT if no data are missing. In
RAOBCORE the equal sampling SNHT has been used, while in the blue curves shown in the time series
plots in this report the moving averaging SNHT, which is much faster, has been used. It should be noted that
the periodic signal cannot be removed by using anomalies, since the amplitude of the periodic signal (e.g. of
the radiation error, which often has an annual cycle) can change significantly with an instrument change.

Figure 9 shows examples of the behaviour of the moving average SNHT test statistic and related quantities
under controlled conditions with synthetic data. The upper left panel depicts an N(0,1) normal distributed
random series with no break. The orange T, curve in the upper left panel varies erratically but does not reach
a high value. The upper second left panel shows the distribution of the maximum values T, in the con-

sidered interval, given that no break occurs. The distribution has been gained from a sample of 5000 random
series and it is close to normal. From this distribution the significance levels for rejecting the null hypothesis

of a homogeneous time series (T, >9.6 for the 95% and T, >12.5.for the 99% level) can be derived.
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Figure 9: Moving average SNHT applied to random series with shifts of 0, 0.25, 0.5 and 1 K and a
residual variance of 1 K? Left panels show series with break and one instance of the SNHT test
parameter. A time period of 4 years is simulated with a break right in the middle. The SNHT in this

example uses 1 year moving averages. Second left panels show histograms of the distribution of the T,’,

generated with 5000 different random series. The red curves are fitted Gauss functions. Vertical lines are
means and medians, respectively. Third panels show distribution of diagnosed size AT of break, right

panels show distribution of diagnosed break location t°(k*®) . Figures in panels indicate sample means
and standard deviations.

The third panel shows the distribution of the difference between the moving averages at the point k® where
the maximum Ty value is achieved. It is bimodal for a homogeneous series since Ty is large if the difference
between the averages is either positive or negative but large. The right panel shows the distribution of the
break location k® for the case of no breaks. It is close to uniform.

In the middle and lower panels of Figure 9, breaks of size 0.25, 0.5 and 1 have been added to the random
series. It can be seen that the values of the maxima T, become larger, and that the distribution of differences

AT becomes more normal. The distribution of the detected break locations k® becomes much narrower with
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break size. Breaks with a size of 0.5 o are practically always detected since more than 99% of the T,” values
reach values above 20 if there is a break with size 0.5 o. Breaks with 0.25 o are detected in about % of the
cases if T,'=12.5 (~99% significance level) is used as a threshold.
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Figure 10: Some possible complications when applying the moving average SNHT to series with break of
size 0.5K. Upper panels show influence of annual cycle with amplitude 0.5K. Middle panels show
influence of a linear trend of 6K/decade superimposed on a break, and lower panels show case with two
breakpoints separated by less than a year.

Figure 10 shows cases where the samples before/after a break are not random. The upper panel shows that
the moving averaging SNHT is insensitive to an imposed annual cycle. Since the variance is increased due to
the annual cycle, the SNHT becomes slightly less sensitive to breaks. If there is an annual cycle with

amplitude o, more than 99% of the T, values still reach values above the 99% significance level in the

simulation experiments with 5000 time series.

The middle panel shows that the test is relatively robust to a moderate imposed trend (6K/decade was
assumed for this case, which is much more than expected climate trends). The break is still detected at the
right place but the estimate magnitude of the break is biased (0.35K instead of 0.5K in this case). If there are
multiple breaks the location and magnitude of the largest break are detected, but with biases in both break
amplitude and location. In

Figure 10 above, for example, AT is underestimated in the middle and lower panels. The smaller break is
not detected. It may be found by applying the detection/correction procedure iteratively of by using shorter
analysis intervals. At present none of these measures is implemented and therefore breaks in the vicinity (+/-
2 years) of larger breaks are not detected with RAOBCORE.

12 ERA-40 Project Report Series No. 23



Homogenization of radiosonde temperature time series ... S~ ECMWF

0.20[T T T T T T 10 T T T 10(r T T
m:48.21s 7.91 m: 10.00 s 0.79 50.00% <0 m: 2.22s 0.5
8 8r
0.15
6 6r
£ 010 2 =
4 4t
0.05F j 4
\ 2t ﬁ 1 2t
0.000, . . ) . . 0 [I—— . ols . :] .
0 20 40 60 80 100 0.0 05 1.0 15 20 0 1 2 3 4
Max(SNHT) Break Magnitude Break Location
0.2017 T T T T T 10 T T T o[ T T
: 3.98s 2.09 m: 10.02's 0.23 54.60% <0 m: 2.14s 0.6D
8 8r
0.15
6 6r
£ 010 K =
4 4
0.05
2t 4 2t
0.00LL 0 L L L ol JM’&

L L L L L L
0 20 40 60 80 100 0.0 05 1.0 15 20 ] 1 2 3 4
Max(SNHT) Break Magnitude Break Location

Figure 11: Influence of a data gap on break detection results using the moving average SNHT (upper
panel) and the equal sampling SNHT (lower panel). Series is random with superimposed annual cycle
(amplitude 1K) but without a temperature shift. Data gap has length of 200 days; analysis window of
SNHT is +/- 1 year. Note large amplitude of breaks falsely detected by the moving average SNHT (third

upper panel). Compare distribution of Tks in second left panels with uppermost second left panel of

Figure 9 (homogeneous series without data gap). The significance levels change only very little despite
the gap if the equal sampling SNHT is used.

Figure 11 indicates how easily data gaps can lead to false detection of breaks. It shows a random temperature
series with a superimposed annual cycle but without a break. The sine wave is of comparable magnitude to
the variance of the random series. In higher latitudes the sine wave may be even larger compared to the
random noise (see examples in section 5.6 below). If the data gap occurs in an extreme season, the mean of
one of the two samples analyzed in the SNHT is shifted compared to the other sample unless the data gap is
“simulated” also in the other sample. This is done in the equal sampling SNHT. It should be noted that this
problem of data gaps affects also tests based on nonparametric (robust) statistics used by LKS and Thorne et
al. (2005) which also compare samples before/after a potential breakpoint.

The bg-obs time series have also been analysed for signs of autoregressive or moving average processes that
could affect the significance levels for break detection. Little evidence for the existence of such signals has
been found so far in the analysed time series. The equal sampling SNHT is now applied to five time series:

e 50-150 hPa log-pressure weighted layer-mean bg-obs temperature difference at 0O0OGMT and
12GMT: This layer lies in the stratosphere at least in the extratropics and is sensitive to radiation
errors. Levels above 30 hPa are not considered since the data are too sparse for reliable break
detection in many regions, especially during the early years.

e 300-700 hPa log-pressure weighted layer mean bg-obs temperature difference at 00GMT and
12GMT: This tropospheric layer is less sensitive to radiation errors but is useful for correction of
gross tropospheric biases or when higher levels are missing.

e 50-150 hPa log-pressure day-night temperature difference: This time series, if available, is very
useful for detecting breaks independent of the ERA-40 bg. While the above time series may be
affected by breaks in the ERA-40 bg, this time series is not affected. A break detected in this time
series has therefore higher credibility.
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At some stations different choices of the layers may be optimal and the choice may change in future versions
of RAOBCORE. In principle it would be desirable to examine every pressure level of a station to be tested
and to combine the break probabilities gained from the SNHT in an optimum way. It is unclear at this stage,
however, how this can be done in a consistent manner since the biases at different pressure levels are not
independent. Some ideas exist (e.g. Kalman filters or approaches similar to those described in Jones et al.
2001), but have not been tried out yet.

3.2 Decision algorithm for break detection

The breakpoint information from five time series has to be combined in an objective manner. Further the
probability for a break depends not only on the SNHT test statistics but also on the occurrence of events such
as instrument changes. Such events are connected with a higher probability for a break than times with no
such changes. In order to estimate the probability for a break, we need an estimator that depends on both the
a priori probabilities connected with metadata events as well as on the differences in the means. Estimators
that can combine these information sources and fulfil certain optimality conditions are Bayes estimators
(DeGroot, 1986). The Bayesian rule cannot be applied in a rigorous manner for the present problem since the
a priori probabilities related to metadata events are not known. Nevertheless the Bayesian formula is used for
calculating a score that would be a break probability if the a priori break probability were known.

Let A, be the event that a break with a given size AT occurs within a time interval of +/-3 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 x. We now want to know the probability Pr(A, / B) of a break given that the event B occurs.
Bayes’ theorem states that this probability can be calculated as

Pr(A, /B) = lPr(Al)Pr(B/Al)
ZPr(Aj)Pr(B/Aj)

The challenge is now to specify the probabilities on the rhs of this equation. A reasonable guess for the a
priori probability Pr(A,) is a uniform distribution over the time interval considered, if there are no metadata
available.

The probabilities Pr(B/A,)and Pr(B/A,)can be found by integrating the pdfs shown in the second
column of Fig. 7 from the T, value found from the data to o . More specifically, Pr(B/A,) can be found
by integrating the pdf of the second panel of row 1 in Fig. 7. For example, let B now be the event that T,

larger than 20. If we want to detect breaks with size 0.25K one can find Pr(B/A)from integrating the
second panel of row 2 in Figure 9.

Let us now consider T, at every time point of the bg-obs temperature difference record in a level as an event,
not only the local maxima T,’. This is useful since a point with value T, which is not a local maximum of
the time series of the T, but coincides with a metadata event may reach a higher posterior probability than
the point with T,’. Metadata information can be included in this procedure by specifying a priori

probabilities Pr(A,) . If, for example the date of a radiosonde change is known, one can apply a higher a
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priori probability Pr(A,) to this particular date. For this report, the a priori probabilities listed in Table 1

have been chosen. The time series of a priori probabilities therefore contains sharp peaks at the dates of
metadata events.

No metadata | Raso. Type | Rad. Corr. | Ground
a priori Prob. 0.02 0.6 0.5 0.5

Table 1: A priori probability values used for break detection algorithm. The choices are subjective.
“Raso Type” is a change of the radiosonde flown as documented in CARDS. “Rad. Corr.” is a change of
the radiation correction; “Ground™ is a change of the ground equipment used to track the radiosonde
and to process the raw observations.

After specifying the apriori probabilities the right hand side of the Bayes formula can be computed for each
value T,. Since the choice of Pr(A,) is subjective, the results from the Bayes formula should not be called

probabilities in the context of this report. Instead the output of the Bayes formula is referred to as “score”
with values between 0 and 1. For this score one has to choose some threshold above which a breakpoint is
detected. The value of the threshold is determined empirically.

JAN MAY EN(NOR-NAVY) apriori probabilities
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Figure 12: A priori “probabilities™ specified for Jan Mayen according to CARDS metadata available.

Figures 12-14 show the breakpoint analysis for Jan Mayen. A priori probabilities are assigned in Figure 12
according to the CARDS metadata database. The values chosen assure that an adjustment is likely to be
performed at metadata events. The same high value for the a priori probability is chosen over a period of a
year if only the year of the change is known. The precise location of the maximum is determined from the
SNHT test statistics. In practice most breaks are detected at the beginning at the end of the interval. One may
argue that lower a priori probability values should be chosen if only the year of the change is known. This
has not been done, however, in order to assure that high weight is given to the metadata information even if
it is imprecise.

Figure 13 shows time series of the test statistic of the equal sampling SNHT. The test statistics for the bg-obs
time series exceed the 99% significance level for the SNHT (~15) very frequently. Experience has shown
that there are always inhomogeneities in the bg-obs difference series. The likely reason for the frequent
occurrence of breaks is the contamination of the bg with small breaks due to subtle changes in the ERA-40
observing system. The time series of the obs(12GMT)-obs(00GMT) differences (lowest panel of Figure 13)
tends to be much more homogeneous.
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Figure 13: Equal sampling SNHT test parameter for a) 50-150 hPa bg-obs 00GMT, b) 50-150 hPa bg-
obs 00GMT, c) 300-700 hPa bg-obs 00GMT, d) 300-700 hPa bg-obs 00GMT, e) 50-150 hPa
0bs(12GMT)-0bs(00GMT). Values above 120 are considered significant for the bg-obs time series, values
above 20 for the obs(12GMT)-obs(00GMT) series.
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Figure 14: “Probability” score for a break given the a priori “probability”” from Figure 12 and the test
statistics of Figure 13. Only points with a local maximum within a +/- 2 year interval and with a
minimum score of 0.5 are considered as separate breakpoints. Stars denote points where breakpoints
have been detected after analyzing all five time series.
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One can further see from Figure 13 that the T, values around a large break such as that in 1992 are well

above the 99% significance threshold for the SNHT, which is ca. 15, in a rather wide time interval. This
reflects the fact that the SNHT only yields a probability for a break within a given interval (which is +/- 3
years) but not for a given point in time. The rightmost panels in Figure 9 have shown that for large breaks the
break location can be determined much more accurately, however. In order to avoid wide intervals with very

high break probabilities, the T, values within +/- 2 years of the date of a peak value T, are multiplied

bythresh/T>, where thresh is chosen empirically (120 for bg-obs time series, 20 for obs(12GMT)-
0bs(00GMT) series, which are much more homogeneous). This yields still a high break probability score
near the date where T, is maximum but the score drops off more quickly when moving away from the

maximum. This is the reason why the peaks in Figure 14 are much sharper than those in Figure 13. The
threshold of 120 for the bg-obs difference series ensures that only the largest breaks (amplitude > 0.50°) are

detected. T,’-values from bg-obs differences between 20 and 120 that would normally be considered

significant are not taken into account since they are too often related to subtle changes in the satellite
observing system of ERA-40.

Figure 14 shows the scores gained by combining the metadata and homogeneity test information. Due to the
high a priori probability assigned to periods with metadata events, it is quite likely that breaks are detected at
some date within these intervals. Besides the peaks due to metadata events there are also peaks related to
maxima of the SNHT, e.g. in January 1973. At some occasions there are peaks close to but not exactly at a
known metadata event (e.g. in 1987). This suggests that the dates given in some of the available CARDS
metadata are not always accurate or that the break date is not estimated correctly by the statistical method,
e.g. due to a second smaller break in the bg-obs time series.

Since there are 5 time series which may contain conflicting information (e.g. the location of the diagnosed
breakpoint may differ slightly between the time series), one has to choose which breakpoints are actually
corrected. The obs(12GMT)-obs(00GMT) score (last panel of Figure 14) is given the highest priority. The
peaks whose score is above 0.5 and which are the highest peaks within a +/- 2 year interval are selected.
Then the two probability time series from the tropospheric bg-obs time series are analysed. The locations
with the highest peaks are chosen as breakpoints unless a breakpoint has been already detected within a +/- 2
year interval. Finally the probabilities from the stratospheric bg-obs time series (first two panels of Figure
14) are analysed. The stars in the plots above indicate the location of breakpoints which were finally chosen.

Experience with the detection algorithm was good, although it has a substantial empirical component. There
are many possible ways to further improve the break detection algorithm. Perhaps the most important path
for improvement is to use different time intervals (not only +/- 3 years) for the SNHT since a running mean
with fixed length may be incapable of detecting all breaks. The choice of the analyzed atmospheric layers is
also subjective and may be improved in future versions of the algorithm.

4.  Adjustment of the breaks

After the breaks have been objectively determined, the respective time series is adjusted according to the
estimated break profile from the breakpoint backwards. Therefore the adjustment of the earliest part of a time
series is the sum of all adjustments at breakpoints in more recent periods.

The adjustment of the breaks is more demanding than the detection of the break and inevitably introduces
errors. As can be seen from the break profiles found during the break detection at Jan Mayen in Figure 15,
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the uncertainties of the amount AT of a break are relatively large, typically with a standard deviation of the
order of 0.2K. If there are, e.g. 4 breaks in a series, the adjustment error standard deviation is then

/20.22 = 0.4 K. For a 40yr time series this means that the trend uncertainty due to the uncertainty in the
4

break adjustment is on the order 0.1K/decade, depending on where the breaks actually occur (breaks at the
centre of the series have most influence, breaks at the beginning/end have less influence). The time series of
the adjustments as well as its errors are step functions. The adjustment errors manifest themselves as red

noise in the corrected time series since the Fourier coefficients of a step function decrease with 1/k? where
k is the wave number. This example highlights that break adjustment is a delicate task and that only breaks
should be corrected whose size is clearly larger than the errors involved in estimating it, at least at some
pressure levels.

The task of break adjustment is further complicated by the fact that the breaks are largest under extreme
operating conditions (typically the highest altitudes reached by the radiosondes). In these altitudes there are
often missing data which make the break estimates more uncertain. In some cases it is impossible to estimate
the size of the break with the data available at the station.

The default time interval used for estimating the break size is +/- 6 years. Only if there is another breakpoint
before the breakpoint considered, the interval before the breakpoint is reduced accordingly but not more than
to +/-2 years. The interval after the breakpoint is always 6 years (if the time series is so long) since the time
series after the breakpoint is already homogenized. The minimum interval of 2 years is chosen to be
consistent with the break detection algorithm, which only considers breaks that are more than 2 years apart
as separate breaks. The means are calculated at each pressure level, again ensuring that the annual cycle is
sampled equally before and after the break to be adjusted. The difference of the means at every pressure level
yields the estimated profile of the breaks (the light blue and light red curves in Figure 15). This profile
inevitably contains small-scale vertical noise. Therefore the break profile is smoothed using second order
Chebychev polynomials. The coefficients are determined by a standard weighted least squares fit. A constant
weighting function is used. It may be useful to use larger weights for the lowermost levels since these are
usually more accurate. On the other hand they may be unrepresentative especially in mountainous terrain. In
most cases the uncorrected profile is already fairly smooth. Sometimes, however, the fit with a low order
Chebychev polynomial is not satisfactory. In this case the order of the smoothing polynomial (default is a
quadratic polynomial in log(p)) is raised until the rms-difference between the unsmoothed and the smoothed
profile is below a given threshold (0.25 K).

Figure 15 shows profiles of breaks detected and corrected at Jan Mayen. The adjustments applied are
generally small for this station. At this stage all detected breaks are adjusted although it may be useful to
define a threshold for the rms value of the smoothed break profiles to avoid adjustment of very small barely
statistically significant breaks such as the one in October 1999. Other profiles such as those in 1987, 1982,
1976 and 1959 show the typical signature of changes in the radiation error, i.e. an almost linear profile
increasing with height. The break profiles in 1993 and 1965 are vertically almost constant. The break in 1973
is justified by both metadata and the obs(12GMT)-0bs(0GMT) time series, which is independent of the bg.
The estimated break profile may have been influenced, however, by the introduction of the VTPR observing
system in late 1972. Only the break in 1979 may be related to changes in the ERA-40 satellite observing
system, especially since it is detected only in the bg-obs(12GMT) time series (see Figure 13).
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Figure 15: Unsmoothed (light blue and light red) and smoothed (dark blue and dark red) profiles of
break magnitudes detected and corrected at Jan Mayen. Blue= break profiles at 00GMT, Red=break
profiles at 12GMT. Titles of panels consist of station number and the date of the detected breakpoint.
Error bars indicate standard deviation of sample means multiplied by 1.64 (90% percentiles). Large
uncertainties at high levels are mainly due to reduced observation counts and to a lesser extent due to
higher variability of the data.

The detection and correction procedure could be applied repeatedly to the bg-obs time series at a radiosonde
station until no further breakpoints are found. RAOBCORE is capable of performing multiple iterations of
the detection and correction step. However, only the first iteration is performed since breaks detected in later
iterations are hard to justify.

4.1  Quality measures for adjustments

It is of critical importance to define quantities measuring the performance of the adjustment algorithm. We
therefore define quality measures that reach minimal/maximum values if some desirable properties are
fulfilled by the corrected dataset:
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e One of the main reasons for undertaking homogenization efforts is the fact that trends are heavily
affected by inhomogeneities. The artificial breaks often lead to very different trend estimates from
nearby radiosondes which are inconsistent with the observed spatially smooth temperature
autocorrelation function, especially at high altitudes (see Figure 25 below). The trends of
neighbouring adjusted time series should therefore be more similar than the trends of unadjusted
time series. A penalty function (referred to as trend cost function) can be defined for a given pressure
level as weighted sum of squares of the trend differences:

N

1 N 2
NNl Lleseria,)

N is the number of radiosondes, ij are station indices. The parameters p; are the weights and

A(OT / at)ij are the difference between the temperature trends at two stations in a given time

interval. Stations not far apart but with strongly differing trends contribute most to this cost function.
For this report p; was chosen as p; =exp(—d; /1000km) where d; is the spherical distance
between two radiosonde stations. It is also interesting to look at the contribution of a single
radiosonde station to the cost, which is defined here as:
1 2
P = m 2 (pijA(aT /&)ij)

e Similar cost functions can be defined by replacing A(AT /ot); with (bg —obs); —(bg —obs); or
with the difference (0bs(12GMT) — obs(00GMT)); — (obs(12GMT) —obs(00GMT)); between

radiosondes i,j during a given time interval. These differences should also be spatially coherent and a
cost function similar to the one above can be specified. Looking at the differences instead of trends
has the advantage that shorter time windows (1-3 years) can be analyzed, whereas trends are
typically calculated for periods of least a decade and require fairly complete time series.

e Zonal mean and global mean trends must be in reasonable agreement with independent trends
estimated from, e.g. MSU layer mean temperatures.

o If the adjustments can be related to metadata events, it may be possible in some cases to compare the
adjustments applied with the differences found e.g. in radiosonde intercomparison experiments.

5. Results

This section deals first with the temporal homogeneity of the ERA-40 bg forecasts. An adjustment procedure
for the global mean bg time series is described. The remaining subsections describe how the homogeneity
adjustments affect the radiosonde temperature trends and biases.

5.1  Analysis of the global mean difference series

The break detection/adjustment methods described below rely heavily on the difference between ERA-40 bg
forecasts and radiosonde observations. It is essential for the homogenization procedure to be aware of any
inhomogeneities of the ERA-40 bg since these reduce the applicability of the ERA-40 bg as a reference.
These may be introduced by changes in the ERA-40 observation coverage (mainly due to satellites).
Information about these changes is available from the ERA-40 blacklist files and other documentation (e.g.
Hernandez et al. 2004, Kelly and Li, 2001). The satellite data certainly contributed to the realistic
representation of many stratospheric features in ERA-40 analyses (Randel et al., 2003). It has turned out,
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however, that the homogeneity of the ERA-40 bg forecasts crucially depends on the quality of the bias
correction of the satellite radiances used in ERA-40 (Harris and Kelly, 2001).

Breaks in the ERA-40 bg can be most efficiently detected from the analysis of the global mean bg-obs
difference series. These are averages of the bg-obs difference series at 900 radiosonde stations. They indicate
systematic differences between the global radiosonde network and the ERA-40 bg. Breaks in individual
radiosonde time series have little impact on the global bg-obs difference, whereas breaks introduced into the
ERA-40 bg due to changes in the satellite observing system should show up clearly since these changes
affect most regions. Figure 16 shows a history of the use of Vertical Temperature Profile Radiometer
(VTPR) and (Advanced) Tiros Operational Sounder (A)TOVS satellite observing systems in ERA-40.
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Satelites and instruments
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Figure 16: VTPR and TOVS/ATOVS observing system in ERA-40. See Hernandez et al. (2004) for details.

Not all changes in the observing system lead to breaks in the bg forecasts. The most prominent breaks that
affect the bg down deep into the troposphere are evident in the time series of Figure 17 in January 1975,
September 1976, April 1985, and April 1986. In higher altitudes additional breaks are evident. For example,
in the late TOVS period in 1997 there is a significant problem in the 10 hPa level related to the use of the
SSU from NOAA-11.

There are also interesting peaks of the SNHT in lower tropospheric bg-obs series in 1973, 1979 and 1997.
They are related to subtle temperature changes in the ERA-40 bg probably due to the introduction of the
VTPR in late 1972, the launch of NOAA-6 and the use of NOAA 11.

It is also important to note that the bg-obs difference series has a strong positive trend in more recent periods.
It indicates that the time series from radiosonde measurements show much stronger stratospheric as well as
tropospheric cooling from 1986 onwards than the bg. This large trend difference must be understood in
detail. It is mostly related to excessive latent heating in the tropics due to problems with the analysis of
satellite humidity information in the 1990s (see Uppala et al., 2005 for details). However, artificial breaks in
radiosondes or by other changes in the observing system influencing the ERA-40 bg may have contributed to
this discrepancy between radiosonde observations and the bg as well.

The breaks and spurious trends in the global mean bg have negative effects on the performance of
RAOBCORE, which assumes a temporally homogeneous bg. They may trigger the false detection of breaks
and the estimates of the size of the breaks may be biased.
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Figure 17: bg-obs at 10 pressure levels averaged over the 900 radiosonde stations. Indian stations and
Antarctic stations are excluded. Red curves are 50 day running averages of difference, blue curves are 1-
yr SNHT test statistics. A shorter time interval has been used here for the SNHT to get a better temporal
resolution of the breaks.
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Figure 17 contd.
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In order to reduce the effect of the breaks in the global mean bg, the bg time series are adjusted by the global
mean bg-obs differences. In general the influence of the satellites is smaller in regions with dense radiosonde
observation coverage. Therefore the adjustment Abg is scaled with the radiosonde density in the following

way:
Abg(4, ¢, p,t) =bg —obs(p,t)w(4, ¢,t),

where bg —obs(p,t) is the global mean bg-obs difference and the weighting function w is defined as:

W(A,9,t)=1.2- p(4,0,t) ] pa (1) .
The radiosonde observation density is defined as:

N(t)

(A, 0,t) = Zexp(—di (A, )/ 700km)f,

where d; is the spherical distance between location (A,¢) and radiosonde i. The factor f, takes into
account whether the radiosonde reports once ( f; =1) or twice daily ( f, =5). N(t) is the number of active

radiosondes and p,, (t) is the maximum radiosonde density found at a particular time.

Finally the weights W(A4,¢,t) are adjusted by a constant factor such that the global mean Abg is exactly

equal to bg —obs(p,t) when averaged over all radiosonde stations. Figure 18 shows the spatial pattern of
the weight wW(A, @,t). The time variation of the weight is quite small so that this figure can be considered
representative for the whole ERA-40 period.

Background temperature correction weight

Evaluated Stations: 963
0.0 01 02 03 04 05 06 0.7

Figure 18: Weights applied to the global mean bg-obs which is subtracted from the ERA-40 bg. It is
assumed that the breaks due to changes in the satellite observing system have least influence in regions
with high radiosonde density and most influence in regions with sparse radiosonde data coverage.
Maximum weight is limited to ca. 1.6.
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One can see that the largest adjustments are made in regions where the radiosonde network is sparse. The
maximum adjustment is about 1.6 times the global mean adjustment, the minimum adjustment is below 0.2
times the global mean adjustment. Figure 19 shows the bg-obs series averaged over the radiosondes south of
25N before and after adjustment with the weighted global mean bg. The large breaks due to erroneous bias
correction of the NOAA-4 radiances between Jan 1975 and Sept. 1976 (see Figure 17) are almost entirely
removed in the average over this data sparse region, at least at the 50 hPa level. The spurious trend of the bg
in the 1990s, which is likely caused by increasingly excessive precipitation in the tropics during this period,
is also removed. The bg-obs difference in the early years is slightly reduced.

The transition of the mean bg-obs difference south of 25N between 1986 and 1990 from negative values to
values close to zero, which is still evident after the adjustment of the bg, is related to the introduction of the
Vaisala RS80 radiosondes in Australia and many Pacific islands.

The adjustment of the bg developed here certainly cannot remove all biases in the bg which are the result of
complex interaction between biases of the observing system and of the assimilating model. In future
reanalyses, influence statistics (Cardinali et al. 2004) will be available that will help to design better
adjustment procedures. Further it can be expected that future reanalyses will have less breaks due to changes
in the satellite observing system since progress has been made recently in implementing automatic adaptive
bias correction procedures (Dee, 2004). Similar procedures to cure the effect of systematic model errors are
also under development.

As is shown in one of the sensitivity experiments in section 5.7 below, the effect of the bg adjustment is
quite positive: The number of detected breaks is reduced, the spatiotemporal consistency of the adjusted
trends is improved and the global mean adjustments are more realistic if the bg adjustment is applied.
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Figure 19: Average of bg-obs series for radiosondes south of 25N (India and Antarctica excluded) in 50
hPa. Upper panel: bg unadjusted, lower panel: bg adjusted by weighted global mean bg-obs. Adjustment
removes important spurious features such as the NOAA-4 problem and the trend after 1989.
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5.2  Adjustment results for Jan Mayen

After the global mean bg time series has been adjusted, one can adjust the individual radiosondes. In this
section the analysis of radiosonde station Jan Mayen is continued. Figure 20 shows the adjustment of the
ERA-40 bg that is added to the bg-obs time series shown in Figure 4. One sees the signature of the NOAA-4
problem and also the negative trend of the bg adjustment in the 1990s. Then the break detection and
adjustment as described above are performed. The breaks detected for Jan Mayen have been shown already
in Figure 15.

Figure 21 shows the adjusted bg-obs difference time series and the adjusted obs(12GMT)-obs(00GMT)
difference time series. Both curves show a better temporal homogeneity compared to the unadjusted
difference series shown in Figure 4 and Figure 7. It should be noted that the radiosonde station Jan Mayen
already had a relatively homogeneous record compared to most other radiosonde stations. Therefore the
effect of the adjustment is relatively small.

While the adjustments applied seem justifiable, this example alone does not tell much about the reliability of
the detection and adjustment method. In the following subsections the overall performance of the adjustment
algorithm is examined.
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Figure 20: Adjustments of the ERA-40 bg series added to the bg-obs series of Jan Mayen at 50 hPa
before applying RAOBCORE.
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Figure 21: bg-obs time series and obs(12GMT)-obs(00GMT) at Jan Mayen at 50 hPa after adjustment of
both the bg and obs series. Compare with Figure 4 and Figure 7.
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5.3  Global maps of trends from adjusted radiosonde time series

This section documents how RAOBCORE changes the temperature trends at individual radiosonde stations.
Before turning to the trends it is interesting to see the frequency of break detections with RAOBCORE.
Figure 22 shows the monthly number of breaks detected at any radiosonde station of the global radiosonde
network. The upper panel contains all detected breaks. An overall number of 4594 breaks have been
detected. The second and third panels show that about 30% of the breaks coincide with changes of the
radiosonde type or with radiation correction changes documented in CARDS. This percentage may seem
low, but the digitized CARDS metadata database of Aguilar (2001) contains little information on breaks in
the mid-1990s and very little information on changes in the Chinese radiosonde network. The peak in
January 1982 is caused by many documented changes in the radiation correction. The same is true for the
peak in 1993, when the radiation correction for Vaisala RS80 radiosondes has been changed at many places.
If no metadata are used (see section 5.8 below) these peaks disappear.

Figure 23 and Figure 24 show one of the main results of this report. They document that due to the
adjustments calculated by RAOBCORE the spatial heterogeneity J (defined in section 4.1) of the radiosonde
temperature trends is substantially reduced. It is reduced not quite but almost to the level of spatial
heterogeneity of the ERA-40 bg trends (lower panel of Figure 23). The RAOBCORE adjustment procedure
is able to adjust the different trends over the US mainland and Alaska that are caused by the use of different
radiosonde types. The trend heterogeneity over other regions is also reduced. 1989-2001 is a very short
period for calculating trends. The beginning has been chosen because 1989 will likely be the starting date of
a planned interim reanalysis at ECMWEF and this report is intends to give an impression what improvements
can be expected by application of RAOBCORE. Further the main aim here is to show the negative impact of
breaks on the trends and not so much to interpret the found trends in the context of climate change. Figure 25
shows that RAOBCORE performs significantly better in terms of trend heterogeneity than the radiosonde
bias correction used in ERA-40, even if an improved version that permits adjustment of the daily mean bias
and that does not have the problem of a one year time shift.
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Figure 22: Number of detected breaks. Upper panel contains all detected breaks, second panel shows
number of breaks coinciding with CARDS- documented radiosonde changes, third panel shows break
associated with radiation corrections.
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Figure 23: Temperature trends 1989-2001 at 50 hPa at 00GMT, evaluated from uncorrected radiosonde
temperature time series and from the bg time series at the location of the radiosonde stations. The first
number in the panel header is the total number of monthly means available for plotting this figure,
including the means of stations that have not been plotted as bullets. The second number specifies how
many stations had enough data to calculate reliable trends for the investigated period. The third number
is the value of the trend cost function at the given pressure level, as defined in section 4.1.
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Figure 24: Radiosonde temperature trends at 50 hPa, 00GMT for the period 1989-2001 after adjustment
with RAOBCORE. Note considerably better spatial consistency of trend estimates compared to the
uncorrected temperatures in the upper panel of Figure 23. Note stronger cooling trend compared to bg

trends in the lower panel of Figure 23 over Australia and Alaska.
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Figure 25: Maps of temperature trends at 50 hPa for the period 1989-2001. Left panel shows radiosonde
trends corrected with the method described by Andrae et al. (2004), Right panel shows trends corrected
with an improved version of the Andrae et al. (2004) algorithm.
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Figure 26: Trends of uncorrected temperature time series for periods 1964-1982 (upper panels), 1979-
1997 (middle panels) and 1989-2001 (lower panels) at the 50 hPa level for 00GMT ascents (left panels)

and 12GMT ascents (right panels).
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Figure 27: As Figure 26 but with corrected trends. Note marked differences compared to Figure 26 over
Europe in the period 1964-1982, over Australia in the period 1979-1997 and over the US and China in
the period 1989-2001.

These results are not restricted to the most recent period, as can be seen from Figure 26 and Figure 27 where
trends from unadjusted and adjusted time series at the 50 hPa level from three different time periods are
compared. For example the extremely different trends over Europe during the period 1964-1982 are much
less heterogeneous after the adjustment with RAOBCORE. However one also gets the impression that there
is still some room for improvement of the trend heterogeneity for this period.

Figure 28 is an example how the trend cost J,for an individual radiosonde, defined in section 4.1, can be

used to spot problematic radiosonde stations. It can be seen that the uncorrected time series over China and
over the US, where different radiosonde types have been in use in the 1990s, contribute most to the trend
cost in the interval 1989-2001. The trend cost diagnostic works best in regions with good radiosonde
coverage. It is almost insensitive to strongly deviant trends at remote island stations, however.
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Figure 28: Trend cost contribution J; calculated for each radiosonde station at the 50 hPa level in the

period 1989-2001, before the adjustment with RAOBCORE (left panel) and after the adjustment (right
panel). This diagnostic has been valuable for detecting stations where the adjustment algorithm has
problems.

Figure 29 shows that RAOBCORE reduces the trend heterogeneity substantially not only at the 50 hPa level.
The trend heterogeneity using RAOBCORE-adjusted time series is larger than the bg trend heterogeneity,
which is not surprising since much of the small scale noise in the radiosonde observations is filtered in the
data assimilation process. However, RAOBCORE consistently outperforms the adjustment algorithms used
in ERA-40 in this respect.

RAOBCORE needs to improve not only the spatiotemporal consistency of the radiosonde temperature time
series but also the estimates of the global mean trends. It has been argued that the many breaks in the
radiosonde time series, particularly due to the reduction of the radiation error with time, may have introduced
a spurious signal into the radiosonde trends. Seidel et al (2004) made a comprehensive intercomparison of
uncorrected and corrected radiosonde datasets. It was found that the unadjusted radiosonde time series show
stronger stratospheric cooling trends than the adjusted radiosonde time series from LKS, Parker et al. (1997),
Thorne et al. (2005).

These results are corroborated in the present study. compares zonal mean trends for the period 1989-2001.
The zonal means have been calculated only from time series that are complete enough to allow a trend
estimate at the individual stations (i.e. 11 of 12 years of data were required). Trends from 00OGMT and
12GMT have been combined for this plot. The trends of the individual stations have been binned into 10x10
degree grid boxes. In the grid boxes, cos(lat) weighted averages of the trends have been calculated. These
averages have been zonally averaged. The binning procedure was used to alleviate the effect of the uneven
spatial distribution of the radiosondes. In some latitude belts very few radiosondes are available. A minimum
of 3 radiosonde trends per 10 degree latitude belt has been required. Regions with fewer radiosonde trends
such as the inner-tropical stratosphere have been left white.

Figure 30 shows zonal mean trends for the unadjusted radiosonde time series and for different versions of
adjusted time series, as well as zonal mean trends of the bg and an time series in the period 1989-2001. The
uncorrected series (upper left panel) show a strong cooling trend in the stratosphere. There is cooling of the
troposphere in the South Polar Region, little change in the tropics and heating in the northern hemisphere
extratropics. The correction with RAOBCORE (upper right panel) changes these zonal means very little.
There is a slight reduction of the stratospheric cooling during this time interval but little change elsewhere.
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Figure 29: Vertical profiles of the cost function J calculated from series of the ERA-40 background (bg),
of the original radiosonde series (tm), of the series corrected with RAOBCORE (tmcorr). J from series
corrected with the ERA-40 bias correction algorithm (bc), and with new version of Andrae et al’s bias
correction (newbc) are also shown for reference. Profiles are shown for 00OGMT and 12GMT ascents
during periods 1964-1982, 1979-1997, 1989-2001 and 1958-2001.
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Figure 30: Zonal mean trends for the period 1989-2001. Trends in upper left panel are calculated from unadjusted time
series. Upper right panel: trends from time series adjusted with RAOBCOARE. Middle left panel: trends adjusted with
method of ASO, which was used in ERA-40 from 1980 onwards. Middle right panel: more aggressive version of the
adjustment method of ASO. Lower panel: Trends from ERA-40 background forecast (bg) time series and ERA-40

analysis (an) time series.
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Figure 31: Zonal mean trends from unadjusted (left) and adjusted (right) radiosonde temperature time
series for periods 1958-1978 and 1979-2001. These periods have been used here instead of 1964-1982
and 1979-1997 to facilitate comparison with Thorne et al. (2005).

The reduction of the stratospheric cooling is plausible since some radiosonde stations switched to more
modern equipment in the 1990s. The ERA-40 bias correction described in Andrae et al. (2004) (middle left
panel) had little impact on the zonal mean trends even in the stratosphere. If the more aggressively correcting
new version of this algorithm is used (middle right panel), the stratospheric cooling is reduced but there is
also substantial warming in the tropical and southern hemispheric troposphere. This apparent warming is
introduced by using also the daily mean bg-obs for bias correction in this version of the Andrae et al. (2004)
algorithm which draws the radiosonde trends more strongly to the ERA-40 bg trends.

These ERA-40 bg trends are shown in the lower left panel. One can see less cooling than the uncorrected
radiosondes in the stratosphere but rather large warming throughout the troposphere. This tropospheric
warming trend is likely spurious and caused by excessive latent heating over the oceans during the 1990s.
This example shows how easy it is to introduce some spurious signal with the bias correction process.

The lower right panel of shows the zonal mean trends from ERA-40 analyses. The spurious tropospheric
warming is much weaker than for the ERA-40 bg trends but it is not completely removed. The spurious
cooling-heating pattern over Antarctica that is visible in the ERA-40 bg trends is almost absent in the ERA-
40 analyses and the stratospheric cooling from the analyses is also more like the cooling diagnosed by
radiosondes. One should note, however, that the ERA-40 bg trends as well as the ERA-40 an trends in this
figure have been sampled only at places radiosonde records, i.e. where the influence of the radiosondes on
the analyses is largest. At other places the trends from the analysed fields may be affected more strongly by
the problem in the bg.
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Figure 31 compares zonal mean trends for the periods 1958-1978 and 1979-2001, which have been analyzed
also by Thorne et al. (2005) and Seidel et al. (2004). Data availability is a more serious problem during these
periods. The RAOBCORE adjustment has little effects on trends in the period 1958-1978. Some slight
warming of the tropical troposphere is evident. There is some interesting minimum of the general cooling
trend in the northern hemisphere at about the tropopause level. The reason for this minimum is not fully
understood. Trends for this period have been calculated separately for America, Europe, Russia and SE-Asia,
respectively. The reduced cooling was evident in all regions except America.
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Figure 32: Global mean linear temperature trends for four different time periods. Order of panels is the
same as in Figure 30. Radiosondes have been binned into 20x20 degree grid boxes with cos(lat)
weighting prior to averaging. Black line indicates number of radiosondes used for calculating the means.
Error bars indicate average values of 5% and 95% percentiles within the 20x20 grid boxes.
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For the period 1979-2001 RAOBCORE leads to reduced cooling in the stratosphere, which can be traced
back to the correction of documented changes of radiosonde types in the late 1980s and early 1990s. There is
little difference between uncorrected and corrected trends over the northern hemispheric extratropical
troposphere. There are, however, significant changes in the tropical troposphere. These can be explained by
reduced radiation errors as well since they are evident down to the 300 hPa level. Most radiosonde sites in
the tropics as well as over Australia and South America switched to more modern sounding equipment
before 1990. The spurious trend of the bg in the 1990s has not contributed to the reduced cooling in the
tropical troposphere. Otherwise the reduced cooling would be visible in the zonal means trends for 1989-
2001 (see Figure 30, upper right panel) as well.
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Figure 33: Same as Figure 32 but for trends in the tropics (20S-20N)
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Figure 32 and Figure 33 show vertical profiles of radiosonde temperature trends, averaged over the globe and
over the tropics (20S-20N), respectively. In all panels trends of four time periods are plotted, together with
the number of stations used for calculating the trends. The horizontal bars indicate the average variability of
the trend estimates in 20x20 grid boxes. The 5% and 95% percentiles are indicated. The variability is caused
partly by artificial trends due to breaks in the time series but has also natural causes since the trend
variability on a pressure level within these large boxes is not zero. The variability of the corrected trends
(upper right panels) tends to be smaller than the variability of the uncorrected trends (upper left panels).

In the global mean shown in Figure 32 the uncorrected radiosonde temperatures yield strong stratospheric
cooling, exceeding 1K/decade, especially in the periods 1989-2001 and 1979-2001. In the periods 1958-1978
and 1958-2001 the cooling trend is weaker (ca. 0.6K/decade). In the troposphere below 300 hPa a heating
trend of 0.1-0.2 K/decade is indicated, except for the period 1958-1978 which shows cooling of up to
0.1K/decade.

The trend profiles from time series adjusted with RAOBCORE (upper left panel) are similar, but the
stratospheric cooling is reduced for all four time periods. The reduction of the cooling is strongest for the
period 1979-2001 where it is about 0.2K/decade. Almost no change is visible in the troposphere. The
adjusted profiles are in good agreement with the profiles shown by Thorne et al. (2005).

The bias correction used in ERA-40 (middle left panel) has a similar but weaker effect. The more aggressive
version of this algorithm (middle right panel) has a stronger effect. However, there is more tropospheric
warming in the period 1989-2001. The global mean trend profiles from the bg time series show less cooling
in the stratosphere. The trends in the troposphere differ strongly from those calculated from the radiosonde
time series. The bg shows a strong spurious tropospheric warming trend in the period 1989-2001. The other
periods also show stronger warming. The maximum warming occurs in the upper troposphere whereas the
radiosonde time series indicate the maximum warming close to the surface. The trends from the analyses also
show a tropospheric warming in the periods 1979-2001 and 1989-2001 but it is much less than the bg trend.

When looking at the tropics in Figure 33 the features observed in the global temperature time series become
more pronounced. The stratospheric cooling trend in the period 1979-2001 is reduced from about
1.5K/decade to 1K/decade by the RAOBCORE algorithm. A slight reduction of the cooling is also evident
for the period 1958-1978. The region of vertically almost constant trends reaches higher up in the tropics.
This is plausible since the troposphere reaches higher up in the tropics. The spurious warming trend in the
ERA-40 bg time series is most evident in the tropics both in 1979-2001 and 1989-2001 where it deviates by
more than 0.5K/decade from the trends derived from radiosonde time series. The analyzed trends are drawn
to the radiosonde trends but to a lesser extent than in the global mean, probably because of the scarcity of
radiosonde observations in the tropical belt. The bg trends as well as the an trends show warming in the
tropical troposphere in the later periods whereas the unadjusted as well as the adjusted radiosonde trends
show cooling.

This section, which contains the main results of this report, has shown that (i) RAOBCORE substantially
improves the spatiotemporal consistency of the radiosonde temperature time series. (ii) The observed
radiosonde temperature trends are relatively weakly affected by the correction procedures. The main effect of
the correction is a reduction of the stratospheric cooling trend by up to 0.5K/decade, especially in the tropics,
in the period 1979-2001. (iii) The spurious trends evident in the bg temperature time series have the potential
to introduce spurious signals also in the corrected radiosonde temperature time series. However, such
spurious signal is evident neither in the bias correction procedure applied in ERA-40 nor in the RAOBCORE
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correction. (iv) Trends from the ERA-40 an temperature series are affected by the spurious warming of the
troposphere but are much closer to the observed radiosonde trends than are the bg trends.

54  Global maps of obs-bg differences

So far we have focused on stations with long-term time series that allowed calculation of trend estimates.
These stations form the backbone of the radiosonde observation network and are valuable for climatological
purposes. A large fraction of the radiosonde observations belong to time series, however, which are short or
have big gaps. For these stations it is more useful to compare annual mean obs-bg differences or annual
mean day-night differences’. An adjustment algorithm suitable for reanalyses must be able to sensibly
correct these data as well. The differences also provide information about the consistency of actual
temperatures compared to temperature trends. While it has been demonstrated above that spurious breaks can
be removed, there may be still biases since in some countries even the most recent radiosonde observations
are strongly biased, as is shown in Figure 34. Without adjustment of these biases in the most recent periods
the whole time series remains biased.

In general the observation bias of the radiosondes is smaller than the bg bias. Therefore one must have good
reasons for adjusting the mean value of the whole time series. In this report, only the time series of
radiosondes with WMO IDs as specified in Table 2 have been adjusted. The adjustment procedure was
simply to add the bg-obs difference of the most recent 400 launches to the obs time series. The effect of this
adjustment can be seen in Figure 34. The obs-bg differences are spatially much more homogeneous after the
adjustments. Some differences remain, especially in the polar regions and in the inner tropics, where model
biases affect the bg temperatures. Some residual error remains after adjustment for the Indian radiosonde
stations which still have significant errors in the period 1999-2001. No attempt has been made to adjust the
different radiosonde types in use over the US, except station Oakland.

17000 17399 Turkey 78000 78880 Caribbean
20000 38999 Russia 78900 80001 Caribbean
42000 44000 India 82193 82193 Belem

46000 47399 Korea/Taiwan 82332 82332 Manaus

48000 48600 Thailand/Myanmar 82599 82599 Natal

48920 48999 Laos/Cambodia 83600 84000 South Brazil
50000 59999 China 91285 91285 Hilo (Hawaii)
62300 62599 Egypt 91366 91376 Majuro Kwajalei

72493 72493 Oakland

Table 2: List of Radiosondes where mean temperature at the period 1999-2001 has been adjusted to the
bg temperature. See Figure 34 for the effect of the adjustments on heterogeneity of obs-bg differences.

The second issue to be addressed is the case of time series that end before 1999. The most recent part of
these radiosondes is adjusted to the bg, again using the obs-bg of the most recent 400 launches. For the
radiosondes ending before 1999 no distinction with respect to station ID is made, i.e. all of these radiosonde
time series are adjusted. This may not be always justified but in general these radiosonde sites did not use the
most modern radiosonde equipment before they were phased out. In a future evaluation it is preferable to
bias-correct the most recent part of the time series ending before 1999 with composites of already adjusted
neighboring radiosondes instead of the bg.

! Only in this section obs-bg differences are shown instead of bg-obs differences to stress bias differences between
radiosondes. The bg temperature is a quite smooth field (see Figure. 1)
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Figure 34: obs-bg temperature difference averaged over 1999-2001 in 50 hPa. Upper panel: obs
unadjusted. Lower panel: obs from Table 1 adjusted to bg. Radiosonde sites using Vaisala radiosondes
according to Aguilar et al. (2001) are marked with a central black dot in the upper panel.
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Figure 35: obs-bg differences for the period 1988-1990 from uncorrected obs (upper panel) and from obs
adjusted with RAOBCORE (lower panel).
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Temperature Difference 00h 1988-1990 50hPa, [K/10a], newbc-bg
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Figure 36: obs-bg differences for the period 1988-1990 from obs corrected with the improved version of
Andrae et al. (2004). Spatial heterogeneity of differences is larger than in Figure 35.

When the radiosondes are homogenized and the most recent part is adjusted, the obs-bg differences using the
corrected obs should be spatially much more homogeneous than the uncorrected differences.

Figure 35 shows that this is indeed the case for the period 1988-1990 (the starting period for the planned
interim reanalysis). There are a few outliers, which are related to time series with large gaps which could not
be bridged by the homogenization algorithm. There is a clear overall improvement, also compared with the
bias adjustment method used in ERA-40 (Figure 36), which leaves spatially more heterogeneous obs-bg
differences than the RAOBCORE-adjusted temperatures.

Figure 37 shows the uncorrected obs-bg differences for the periods 1964-1966 and 1980-1982, 1988-1990,
1999-2001, Figure 38 shows the corrected obs-bg differences. A clear improvement is visible also for these
periods although the effect of data gaps leads to more outliers in the earlier periods. While the RAOBCORE-
adjusted temperatures seem ready for use in reanalyses of the satellite period, some improvements are still
necessary in the earlier periods.
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Figure 37: obs-bg differences for the periods 1964-1966, 1980-1982,
calculated from the unadjusted radiosonde time series.

1988-1990 and 1999-2001

44

ERA-40 Project Report Series No. 23



Homogenization of radiosonde temperature time series ...

Tempernture Dilaraece DON 1964-1966 50nPa. [K/10a), tmeorr-bg Tempernture Dilereece 120 1964-1966 50nPa. [K/10a), tmeorr-bg
Total mentrly means: 13180 Evaluated Stasicns: 341 Cost:1207.50 Total W 12388 44
20 18 -16 -14 -12 -10 08 05 04 O2 00 02 04 06 08 10 12 14 16 18 20 20 18 -16 -14 -12 -10 08 05 04 O2 00 02 04 06 08 10 12 14 16 18 20
B —— B L L R —
Z120 o (] [ 120 Z120 o (] [ 120

Tempernture Dilereece 120 1960-1962 50nPa, [K/10a), tmeorr-bg

Total

¥ e
20 1B 16 -l

2 10 08 06 04 02 00 02 D4 06 DB 10

-120 00 L] w0 120 -120 00 L] w0 120
Tempernture Diflerence DON 1988-1980 50hPa. [K/10a), tmeorr-bg Tempernture Dilersnce 120 1988-1980 50nPa. [K/10a), tmeorr-bg
Total menthly means: 20615 Evaluated Staions: 557 Cost: 195,17
20 18 -16 14 -12 10 08 05 04 O2 00 02 04 06 08

Tolal montrly means: 20553 Evaluated Stafions: 551 Cost: 113564
10 12 14 16 18 20 20 1B 18 -

14 12 10 08 06 D4 02 00 02 04 06 08

10 12 14 16 18 20

BE El o T T GEl 0 o 2 T
Temperature Détorence 00K 1998-2001 80NPa, [K/10al, tmeorrbg Temparnture Dfiorerce 12n 1999-2001 50R@a, [K/10al, tmeorrbg
Total monttly means: 16526 Evaluated Staions: 433 Cost: BO3.25

Total montrly means: 15696 Evaluated Stafions: 418 Cost: 74292
20 18 16 14 12 10 08 06 04 02 00 02 04 06 08

10 12 14 16

Figure 38: obs-bg differences for the periods 1964-1966, 1980-1982, 1988-1990 and 1999-2001 using
the adjusted radiosonde time series.
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5.5  Day-night time differences

Day-night time differences are a classical measure for the magnitude of the radiation error. While the diurnal
cycle in the stratosphere is not zero, it is typically less than 0.5K in 50 hPa. The analysis of annually
averaged obs(12GMT)-obs(00GMT) differences is a valuable tool for estimating radiosonde temperature
biases and of the correction performance independent of the ERA-40 bg. The analysis of the bg(12GMT)-
bg(12GMT) differences allows checking of how the radiation errors evident in radiosonde observations also
affect the bg temperatures.

Figure 39 shows the 12GMT-00GMT obs difference in the pre-satellite era (1964-1966). Large differences
are visible, which depend heavily on longitude and on the operating country. Over the US, for example, the
12GMT-00GMT difference is negative in the western US and Alaska, where it is daytime at 00GMT. In the
central US the difference is small since there is dawn/dusk both at 00GMT and 12GMT. In the eastern parts
of the US the difference is positive. Over Europe the difference is generally positive, but not everywhere.
The West-German radiosondes had a “reverse” radiation error at this time; the French radiosonde had an
extremely large radiation error. Over Scandinavia the radiation error is relatively small already at this time.
Over Asia, the Russian as well as the Japanese radiosondes had a relatively large radiation error. The
Chinese radiosondes did not reach the 50 hPa level at this time.

Temperature Difference 00h 1964-1966 S0hPa, [K/10a], radtm 12h-00h

Total monthly means: 11596 Evaluated Stations: 296 Cost:3254.36
-20 -18 -16 -14 -12 -10 -08 -06 -04 -02 00 02 04 06 08 10 12 14 16 18 20

I

-120 -60 0 60 120

Figure 39: 12GMT-00GMT differences as measured from radiosondes in 50 hPa. Dependence of bias on
solar elevation is evident over the US. There is strong spatial heterogeneity over Europe.
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Figure 40: 12GMT-00GMT bg temperature difference in 50 hPa in the pre-satellite era. Too warm
radiosonde temperatures at daytime cause too warm bg 12 hours later. Therefore the (spuriously strong)
day-night differences measured by the radiosondes induce day-night differences of the bg with the
opposite sign.

Figure 40 shows the 12GMT-00GMT bg differences. Since no satellite data have been available to correct
the radiation error, the analyses are also biased and the bg forecasts keep the daytime positive bias of the
radiosondes for the next 12 hours. At nighttime just the opposite is true. This effect leads to a 12 hour phase
shift of the 12GMT-00GMT bg differences compared to the obs differences. Besides the phase shift it has to
be noted that the 12GMT-00GMT differences of the bg are much smaller compared to the obs differences,
especially over Europe and the US.

In later periods as shown in Figure 1 and Figure 41, the 12GMT-00GMT observed temperature differences
are still spuriously large over some regions. The situation over Europe, China and Japan has markedly
improved, however. The 12GMT-00GMT differences of the bg in Figure 1 are much smaller since the bg is
heavily influenced by two TOVS satellites that do not have a solar-elevation dependent radiation error. Even
over the US, which is densely covered with radiosondes, the satellite observing system had enough influence
to correct the spurious 12GMT-00GMT differences in the observations.
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Figure 41: obs(12GMT)-obs(00GMT) differences for the periods 1964-1966, 1980-1982, 1988-1990 and
1999-2001 for the uncorrected (radtm, left) and corrected (radtmcorr, right) radiosonde observations.
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Figure 41 shows how the RAOBCORE adjustments affect the obs(12GMT)-obs(00GMT) differences. The
lowest two panels show this difference in 1999-2001. The radiosondes listed in Table 1 have been adjusted
to the bg in the right panel. One sees that this measure removes the spurious obs(12GMT)-0bs(00GMT)
difference at most places, e.g. over Turkey. One sees, however, that a few stations with strong radiation error
remain over the US. Some of the US stations have not been upgraded in order to allow intercomparison
between the old and more modern radiosonde types. The two middle panels show the effect of the
RAOBCORE correction in the 1980s. The radiation error is significantly reduced. In the period 1964-1966
the radiation error is also reduced. There is even some evidence of overcorrection over Japan and Alaska,
however. The overcorrection is probably a result of the 12GMT phase shift of the bg(12GMT)-bg(00GMT)
difference at this time (see Figure 39) and must be addressed in future versions of RAOBCORE.

5.6  Some further examples of adjustments at specific radiosonde stations

In the beginning of this report, the station Jan Mayen has been examined as an example to explain the
analysis tools developed for break detection and adjustment. This section is devoted to describing adjustment
results from other radiosonde stations with interesting station history.

5.6.1. Stations in NW-Russia

From 1997-2001 a joint project between the Russian meteorological agency and the Finnish Meteorological
Institute has been carried out to foster the introduction of Vaisala-RS80 temperature and humidity sensors on
Russian radiosondes (ROSHYDROMET, 2001). Three test sites have been equipped with the new sensors:
Murmansk (22113) from September 1999 onwards, St. Petersburg (26063) from December 1998 onwards
and Kandalaksha (22217) from January 2000 onwards.

Figure 42 shows difference time series for these three stations for the stratospheric layer (50-150 hPa) used
for break detection. For Murmansk and St. Petersburg, 12GMT-00GMT differences are shown while for
Kandalaksha the 12GMT bg-obs difference is shown since only very few 00GMT observations have been
available. In all three time series, one can see the radiation error before 1999. It has lead to spurious day-
night differences of ca. 0.6K at Murmansk and St. Petersburg and to a positive bias of the 12GMT
observations compared to the ERA-40 bg at Kandalaksha. All three time series show a maximum of the
SNHT around 1999. Figure 43 shows the break profiles detected by RAOBCORE for the three stations.
Negative temperature adjustments are suggested for all three stations for the 12GMT observations. For the
00GMT observations the adjustments are about neutral to slightly negative at high altitudes. The dates in the
title of the three panels specify the detected time of the break. They are quite close to the dates noted above,
although the CARDS metadata are not accurate (CARDS suggests 199910 for all three stations). Figure 44
shows the time series after adjustment. The annual mean bias due to the radiation error is removed from the
time series prior to 1999 at all three stations.

Two notable problems remain: Firstly, the dependence of the radiation error on the solar angle which is the
main cause for the variability of the corrected time series is not removed. It should be possible to correct the
radiation error with an approach similar to Andrae et al. (2004). Secondly, the time series of Kandalaksha
before 1980 is not correctly adjusted since RAOBCORE cannot yet cope with data gaps larger than 4 years.
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Figure 42: Stratospheric layer mean differenc

e time series for three radiosonde stations of the RF95-NW

project before adjustment with RAOBCORE: a) 0bs(12GMT)-obs(00GMT) for Murmansk, b)
0bs(12GMT)-0bs(00GMT) for St. Petersburg, c) bg-obs difference at 12GMT at Kandalaksa. At
Kandalaksa too few obs(12GMT)-obs(00GMT) have been available. Therefore the bg-obs difference at

12GMT is shown instead.
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Figure 43: Profiles of adjustments suggested by RAOBCORE algorithm. The dates in the headers refer to

the breakpoint detected by RAOBCORE.
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Figure 44: Stratospheric layer mean difference time series for three radiosonde stations of the RF95-NW
project after adjustment with RAOBCORE: a) obs(12GMT)-obs(00GMT) for Murmansk, b) obs(12GMT)-
obs(00GMT) for St. Petersburg, c) bg-obs difference at 12GMT at Kandalaksa.

5.6.2. Breaks and their adjustment at Bethel (70219, Alaska), Trappes (7145, France), Saigon (48900,
Vietnam) and Darwin (94120, Australia)

In Bethel (Alaska) VIZ radiosondes have been used until 1989. From July 1989-July 1995 Space Data
radiosondes have been in use. From November 1995 onwards Vaisala RS80 radiosondes have been used.
The three radiosonde types have rather different measurement characteristics as is visible from Figure 45. As
can be seen from the time series of the adjustment, RAOBCORE is capable of adjusting this time series.
Figure 46 shows that the breaks have an almost linear profile in a log(p) vertical coordinate system. Again
the dependence of the obs-bias on interannual variations of the solar angle is evident and should be corrected
in a later version of RAOBCORE. No metadata events are reported between 1961 and 1989 but several small
breaks have been detected and corrected. A detailed investigation in the individual station history would be
necessary to decide whether all these small breaks can be traced back to changes in observation practice or
are the result of a too sensitive detection algorithm.
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Figure 45: Adjustment of 50 hPa time series of radiosonde station Bethel (Alaska) at 00OGMT. a)
Uncorrected bg-obs series at 00GMT, b) adjustment applied to radiosonde time series, c) bg-obs series
after adjustment
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Figure 46: Break profiles for two major breakpoints in the time series of Bethel. The first break was
caused by a change from VIZ to Space Data radiosondes, the second break by a change from Space Data
radiosondes to Vaisala radiosondes.
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The radiosonde station Trappes is affected by well known problems with MESURAL radiosondes in the
1960s. The temperature measurements had very strong radiation errors prior to 1972, as is visible from the
bg-obs difference series in Figure 47. Most of the errors could be removed although some residual break is
still evident in 1971/1972 in the lower panel of Figure 47. The reason is the large uncertainty involved in the
break estimate (right panel of Figure 48). Only few launches have been accepted by the ERA-40 data
assimilation system between 1969 and 1972 (on the issue of quality control see also Figure 63).
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Figure 47: Unadjusted time series, adjustment and adjusted time series at 12GMT at 50 hPa for
radiosonde station Trappes (France).
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Figure 48: Break profiles for most critical part of time series at Trappes. Note large uncertainties in
estimate of largest break in 1971. The radiosondes between 1969 and 1971 only rarely reached levels
above 100 hPa.
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The radiosonde station Saigon (Figure 49 and Figure 50) has a quite interesting station history as well.
Before 1977 French radiosondes were used at this site. Between 1977 and July 1994 Russian A22
radiosondes were used. From July 1994 onwards Vaisala radiosondes have been used. Time series at the 200
hPa level have been chosen for this site since only few launches reached higher levels between 1977 and
1994. The break profiles show that the A22 radiosondes had a large positive bias already in the troposphere.
Since the stratospheric levels above 100 hPa are mostly missing between 1978 and 1994, the adjustment
method had to resort to analysis of the tropospheric (300-700 hPa) levels. This may be the reason why the
breakpoint in 1978 is detected too early which led to the spike in the corrected profile. It is also the reason
why no correction is performed in 1982 where there is an apparent break in the 200 hPa bg-obs series but no
break is visible at all in the tropospheric bg-obs series (not shown). Although RAOBCORE leads to an
improved time series, it is obvious that there is still potential for improvement.
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Figure 49: Unadjusted bg-obs time series, adjustment and adjusted bg-obs time series at the 200 hPa
level at 00GMT for radiosonde station Saigon.
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Figure 50: Adjustment profiles at the two largest breakpoints at Saigon. Before 1977 French radiosondes
were in use at this site, then Russian A22 radiosondes, from 1994 onwards Vaisala radiosondes have
been used. Only few launches reached 70 hPa between 1977 and 1994, leading to uncertain break
estimates above this level.
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Figure 51: Unadjusted bg-obs time series, adjustment and adjusted bg-obs time series for radiosonde
station Darwin.
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Figure 52: Adjustment profiles at two largest breakpoints at Darwin. In 1982 the radiation correction has
changed according to CARDS metadata, from 1987 onwards Vaisala radiosondes have been in use
instead of Philips MKIII radiosondes.

The last example shows time series and break profiles for radiosonde station Darwin (Australia). Major event
at this site was the switch from Philips MKIII to Vaisala RS80 radiosondes in May 1987. The change is
clearly indicated in the time series of Figure 51. A breakpoint is found at the right location but the
adjustment applied at the 50 hPa level seems too small. Figure 52 shows, that the unsmoothed break profile
suggests a larger correction at 50 hPa. In this case the vertical smoothing applied by RAOBCORE is
probably too strong.

Despite some shortcomings that become obvious in all these examples, one can see that the automatic
correction algorithm can cope with a variety of different situations and that the corrections applied make
physical sense.

5.7  Robustness of the adjustment results — some sensitivity experiments

The RAOBCORE dataset presented here is the result of many decisions depending on thresholds, sampling
strategies and interpolations. The optimal choice of these parameters is not well known and they may be
varied within sensible bounds. In this section the results of two sensitivity experiments are discussed to give
some hints how robust the adjustment results are with respect to the correction of the global mean bg and
with respect to the use of metadata.

5.7.1. Adjustment of the bg time series

As stated above, the bg temperature time series contains breaks in the global mean that need to be removed
before detecting breaks in radiosonde time series. This section shows results of an experiment where the bg
has not been corrected. Without a corrected bg, the adjustment results deteriorate in almost every respect.
Firstly, the number of breaks detected increases from ~4600 to 4840. Despite the higher number of detected
breaks the trend heterogeneity J of the corrected trends increases slightly (see Figure 53 and Figure 54),
suggesting that false break detections have occurred.
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Figure 53: Temperature trends 1979-1997 and 1989-2001 in 50 hPa, corrected with RAOBCORE, but
without adjusting the bg with its global mean bg-obs difference. Compare with Figure 27
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Figure 54: Temperature trend cost profile 1979-1997 and 1989-2001 in 50 hPa, corrected with
RAOBCORE, but without adjusting the bg with its global mean bg-obs difference. Compare with Figure
29.
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Figure 55: Zonal mean temperature trends 1979-2001 and 1989-2001 corrected with RAOBCORE, but
without adjusting the bg with its global mean bg-obs difference. Compare with Figure 30 and Figure 31.
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Figure 56: Mean radiosonde temperature trend profile for the globe (left) and the tropics (right),
corrected with RAOBCORE, but without adjustment of the bg with its global mean bg-obs difference.
Compare with Figure 32 and Figure 33.
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The second problem, which is more serious, is that the regional and global mean trends of the corrected
radiosondes are drawn to the bg trends. These trends are not trustworthy most notably in the tropics from
1979 onwards when spuriously large heating by condensation occurred, especially in the 1990s. The strong
tropospheric warming in Figure 55 and Figure 56 is not visible or to a much lesser extent visible in the plots
shown in Figure 30-Figure 33 where the bg has been adjusted before applying RAOBCORE. This artificial
trend is introduced if a break of a radiosonde time series is adjusted with a reference series that has a
spurious warming trend. In that case the temperature estimate of the bg after the break is too high and the
temperature estimate before the break is too low. Shifts in the radiosonde time series towards cooler
temperatures are overestimated and shifts towards warmer temperatures are underestimated in this case.
Further it is more likely to detect shifts toward cooler temperatures than shifts toward warmer temperatures.
Since most radiosondes have at least one break in the period 1979-2001 this effect occurs almost
everywhere.

5.7.2. Use of metadata for break detection

RAOBCORE is capable of using metadata information for break detection. It is an interesting question how
the metadata influence the adjustment results. The results of two experiments, one without use of metadata
and one where adjustments are only applied in case of metadata events, are discussed here.

As can be seen from Figure 57, RAOBCORE has detected fewer breaks than in the standard configuration
(shown in Figure 22) in both experiments. Figure 58 and Figure 59 show that the spatial trend heterogeneity
for the late period has deteriorated in both experiments as well. This suggests that both sources of
information are useful for break detection. The results deteriorate more if only metadata are used. Many
undocumented breaks are not corrected in this case. The negative impact is less pronounced if metadata are
missing. This suggests that the statistical break detection method used in RAOBCORE is capable of
detecting most breaks even if metadata are missing. The metadata issue has little impact on the zonal mean
trends shown in Fig. 59. The most likely explanation for this result is that in most cases the largest breaks are
not only well documented but can also be reliably detected by the statistical method.
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Figure 57: Break detection statistics from RAOBCORE using no metadata but information from the
SNHT (left panel) and from RAOBCORE using metadata information only.
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Figure 58: Radiosonde temperature trends in 50 hPa for period 1989-2001, corrected with RAOBCORE
using no metadata but information from the SNHT(left panel) and with RAOBCORE using metadata

information only (right panel).
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Figure 59: Trend cost profiles for radiosonde temperatures corrected with RAOBCORE using no
metadata but information from the SNHT(left panel) and with RAOBCORE using metadata information

only (right panel).
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Figure 60: Zonal mean trends 1989-2001 from radiosonde temperatures corrected with RAOBCORE
using no metadata but information from the SNHT(left panel) and with RAOBCORE using metadata
information only (right panel).

One can think of many more sensitivity experiments. One could use different levels for calculating
tropospheric and stratospheric means, one could use nonparametric tests for break detection and robust
estimators for calculating the adjustments, one could change the vertical smoothing method of the break
profiles etc. One could use subsampling methods such as bootstrapping for calculating uncertainty estimates.
These experiments are left for future study.

5.8  Adjustment of the merged IGRA+ERA-40 radiosonde dataset

As noted in the introduction, a combined dataset that contains the union of the ERA-40 and IGRA
radiosonde datasets has been created. This section gives a brief glimpse on the results achieved with the
merged IGRA+ERA-40 radiosonde dataset. The merged dataset could have been used throughout this report.
This may have led to some confusion, however, because of the different types of quality control used in
ERA-40 and IGRA.

Figure 61 shows uncorrected and corrected trends at 50 hPa at 00GMT from the merged dataset. The merged
dataset contains about 10% more stations for which trends could be calculated (compared with Figure 23).
Some radiosonde data of the mid-1990s especially from the US are missing in the ERA-40 dataset but are
available in the merged dataset. The performance of the RAOBCORE algorithm in reducing the spatial trend
homogeneity is not much different if applied to the merged dataset, as can be seen from Figure 62. The
outliers remaining in the merged dataset due to less stringent quality control in the IGRA dataset do not seem
to have an adverse effect on the performance.

Figure 63 illustrates how the different quality control in ERA-40 and IGRA affects the data availability. The
radiosonde station in Tamanrasset located in the African Sahel had a grossly positive bias in the 1960s,
particularly between 1969 and 1971. As in Trappes shown above, MESURAL radiosondes have been in use
at that time. Most of the 50 hPa data have been rejected by the ERA-40 quality control algorithm while they
are retained in IGRA and therefore also in the merged dataset. In the 1990s three smaller spikes are evident
in the merged bg-obs series which cannot be found in the ERA-40 bg-obs series. The good satellite data
coverage during this period allowed the ERA-40 quality control system to identify these relatively small
spikes as erroneous.

Figure 63 shows that many of the data rejected by the ERA-40 quality control system are not outliers, but are
simply strongly biased data which do contain useful information if they are adjusted. It will be interesting to
see in future data assimilation experiments if the number of rejected radiosonde data is significantly reduced
if they are bias-corrected with RAOBCORE before the assimilation process.
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Figure 61: Uncorrected and corrected trends 1989-2001 at 50 hPa at OOGMT from the merged
IGRA+ERA-40 dataset. About 10% more stations could be evaluated compared to Figure 23. Note

increased number of stations over the US.
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Figure 62: Trend costs at 12GMT for the merged radiosonde dataset for four different time periods 1964-
1982, 1979-1997, 1989-2001, 1958-2001. “merged” corresponds to uncorrected merged dataset,
“mergedcorr” to merged dataset corrected with RAOBCORE. Profiles are similar to those in Figure 29
(““tm”,”tmcorr’’) although they are not strictly comparable since the merged dataset contains more

stations.
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Figure 63: bg-obs difference at GUAN station Tamanrasset (60680) a) from ERA-40 data only and b)
from the merged dataset. Note different temperature scale [-8K,8K] instead of [-4K,4K].
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The examples given here show that the radiosonde data collection efforts must continue since both IGRA
and ERA-40 have large data gaps and a merge of the data significantly improves data availability. Much can
be learned from offline calculation of bg-obs difference time series. They are more suitable for data quality
control than simple climatological checks and they allow finding out whether rejected data are real outliers
or are strongly biased but correctable data. Further it will be important for a future reanalysis to analyze post-
ERA-40 (2002- ) bg-obs time series from operational assimilations before the radiosonde data are used in
these reanalyses.

5.9 Effect of the radiosonde bias adjustment on analyses

Only little time was left towards the end of the year of the Marie Curie Fellowship for performing
assimilation experiments with the IFS. Two experiments have been performed with IFS cycle 28R4. The
satellite data used in ERA-40 with static bias adjustment have been used in both experiments. In the
reference experiment (438) the radiosondes were left uncorrected, in the second experiment (436)
radiosondes were corrected with RAOBCORE. Figure 64 shows the temperature difference 436-438 at the
50 hPa level at 00 GMT for the month September 1986 between the two analyses. The difference is negative
especially over eastern Australia since the warm bias evident in the Australian radiosondes of this time has
been reduced. The maximum difference of about 0.8K is shifted to the east since the information is
transported downstream. There are also spots with negative differences over Antarctica. These are collocated
with the three Australian radiosonde stations 89564 (Mawson), 89571 (Davis) 89611 (Casey) and with the
Japanese station 89532 (Syowa) which changed the radiosonde type in 1987 as well. A tendency towards
negative differences is also notable in the tropical western Pacific where island stations operated by Australia
also used Philips MKIII radiosondes before 1988.

ECMWF ERA-40 Analysis VT:Monday 1 September 1986 00UTC 50hPa **temperature
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Figure 64: Effect of radiosonde bias adjustment on monthly mean 50 hPa analyses at 00GMT in
September 1986. Figure shows difference between analyses without radiosonde bias adjustment and
analyses using RAOBCORE-adjusted radiosonde data. Note effect over Australia and Antarctica due to
adjustment of Philips MKIII radiosondes.
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The negative differences over the north polar regions come from the adjustment of some of the most
northerly radiosonde stations (see Figure 35) which exhibit very strong stratospheric cooling trends
especially in the period 1979-1997 (see Figure 26 and Figure 27). Further analysis of this region is required
where both the operating conditions for the radiosondes are extreme and the model biases of the ERA-40
assimilating model are large.

6. Conclusions and outlook

In this report temperature time series from the global radiosonde network as available in the ERA-40
(Uppala et al. 2005) analysis feedback dataset and in the IGRA (Durre et al. 2005) database have been
investigated in order to detect and correct artificial breaks due to changes in observation practice. These
breaks affect the suitability of radiosonde temperature time series for climate change studies as well as for
future reanalyses and therefore they must be removed as far as possible.

A fully automatic detection and correction algorithm (RAOBCORE) based on comparison of the observed
time series with time series of 6h background forecasts as calculated by the ERA-40 data assimilation system
has been developed.

Layer mean bg-obs and obs(12GMT)-obs(00GMT) differences have been analyzed using a modified form of
the Standard Normal Homogeneity Test (SNHT, Alexandersson and Moberg, 1997) with an analysis window
of 6 years or less. It has been modified such that equal sampling of the annual cycle of bg-obs differences
before and after a break is ensured. These measures have proven necessary in order to reduce false detections
of breaks.

The SNHT vyields time series of break probabilities that can be combined in principle with a priori
probabilities coming from knowledge of individual station histories using Bayes’ theorem. In practice the a
priori probabilities are not known so that the probabilities are not well determined. Nevertheless the Bayes
formula can be used to define a score, whose maxima are regarded as breakpoints. The time series are
adjusted at the breakpoints by adding the vertically smoothed difference of the averages before and after the
breakpoints to the older parts of the time series. The averages are again calculated such that the annual cycle
is sampled equally before and after the break.

The trends from series corrected with RAOBCORE are spatially much more homogeneous than the trends
from the uncorrected series for four different time periods (1964-1982, 1979-1997, 1989-2001, 1958-2001)
investigated. The same is true for bg-obs differences at different time periods and for obs(12GMT)-
obs(00GMT) differences as well. In general the results are best for the most recent periods, particularly from
1989 onwards.

The adjustments lead to spatially more smooth trend patterns than the adjustment algorithm used in ERA-40,
which had to determine the adjustment without using long time series of bg-obs differences, since these
differences were not available during the production of the ERA-40 dataset (Andrae et al. 2004). The
corrected radiosonde time series can be recommended especially for 1989 onwards. The adjustments for the
1980s also seem reliable enough so that the corrected dataset can be used for contributing to controversial
issues in climate change detection, e.g. about the vertical structure of temperature change in the atmosphere
(Seidel et al., 2004; Fu et al. 2004). The adjustments for earlier parts of the records look promising but need
more thorough investigation before they can be recommended as input to future reanalyses.

The satellite bias correction algorithm used in ERA-40 (Harris and Kelly, 2001) worked better than the
algorithm used in ERA-15. Nevertheless some shifts in the global mean bg time series remained (especially
1975, 1976 and 1986) and it has been necessary to adjust the bg series by its weighted global mean bg-obs
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difference before applying RAOBCORE. This was possible since the spatial pattern of these satellite-
induced shifts is quite smooth.

The homogeneity adjustments only remove spurious breaks in a time series. The resulting time series is
unbiased only if the most recent part of the time series is unbiased. If this is not the case, the whole time
series still has a constant bias. These constant biases are clearly visible in the spatial patterns of the bg-obs
differences in the period 1999-2001. Estimating these biases is a separate and difficult problem since one
needs to know the absolute biases of the measurements. In this report time series that have been obviously
biased even in their most recent part have been adjusted to the ERA-40 bg temperatures. This can be only an
intermediate solution since the ERA-40 bg itself has a bias. In a later stage these biases must be assessed by
intercomparison with homogenized neighboring reference radiosonde temperature time series.

The corrections found with RAOBCORE are available in ASCII format and can be used for assimilation
experiments with IFS. There has been little time yet to assess the effect of the new radiosonde bias
adjustment on analyses performed with an up to date data assimilation system using a recent version of the
IFS and 4D-VAR. Data assimilation experiments that address this issue are planned for the near future.

Little time was left also for comparison of the adjustments presented here with those from Lanzante et al.
(2003a,b) and Thorne et al. (2005). Especially the intercomparison with data from Thorne et al. (2005) will
be important since both the dataset presented here and their dataset contain corrections which are motivated
by the time series analysis alone but are not verifiable from metadata. If both methods, which contain quite
different assumptions, yield similar adjustments, this will greatly enhance the credibility of both methods.
Detailed comparisons with independent homogenization efforts based on detailed error assessments of the
used sensors, which are available at selected well documented radiosonde stations, must follow as well.

Apart from the results from the correction algorithm this report has documented gaps in both the ERA-40
and the IGRA radiosonde datasets. The union of both datasets is about 5-10% larger than the individual
datasets. Efforts to create a comprehensive radiosonde dataset must therefore continue. In any case one
should try to calculate bg-obs differences from ERA-40 or from future reanalysis projects for quality control
of historical data that have not been assimilated (yet). Experience with radiosonde temperature data in this
report has shown that many more erroneous data can be identified with bg-obs differences than with simple
climatological tests since the background fields from an advanced data assimilation system are much more
accurate. It has also been demonstrated that it is possible to generate accurate background minus observation
(bg-obs) time series for IGRA data.

This report has documented the first serious attempt to use analysis feedback data for automatic temporal
homogenization of climate obsevation records. While the developed algorithm still has shortcomings, which
need to be addressed, the potential of this approach is now evident. It seems natural to apply this adjustment
method to other upper air parameters as well, especially to wind data.
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