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Abstract. Extension of 3-D atmospheric data products backdifficult conditions can be considered a worst case assess-
into the past is desirable for a wide range of applications.ment. In view of that fact, the anomaly correlations for tem-
Historical upper-air data are important in this endeavour, parperature of 0.3—0.6 in the lower troposphere in cruise (1) and
ticularly in the maritime regions of the tropics and the south- of 0.5-0.7 for tropospheric temperature and GPH in cruise
ern hemisphere, where observations are extremely sparsé2) are considered as promising results. Moreover, they are
Here we present newly digitized and re-evaluated early shipconsistent with the error estimations. The results suggest
based upper-air data from two cruises: (1) kite and registerroom for further improvement of data products in remote
ing balloon profiles from onboard the ship SNP&aneton regions.

a cruise from Europe around South Africa and across the In-
dian Ocean to the western Pacific in 1906/1907, and (2) ship-
based radiosonde data from onboard the 8£&wabenland

on a cruise from Europe across the Atlantic to Antarctica andl

back in 1938/1939. We describe the data and Pro"'de eSt'Peanalysis data sets of the 3-dimensional global atmosphere
mations of the errors. We compare the data with a recen

Ivsis (the Twentieth Gentury R Ivsis Proiect 20CRhave become the most widely used data sets in geosciences.
reanalysis (the Twentieth Cen ury Reanalysis Froject, They serve numerous scientific communities such as impact
Compo et al., 2011) that provides global 3-D data back to

o modeling, risk management, and basic research in atmo-
the 19th century based on an assimilation of surface pressurgpheric and climate science. While data for the past 60 years
data only (plus monthly mean sea-surface temperatures). |

. . Hre available from the popular reanalysis products ERA-40
cruise (1), the agreement is generally good, but large tems ;010 o1 a1, 2005) and NCEP/NCAR (Kalnay et al., 1996),
pergture dlﬁergnces appear during a period with a strong Ir"onger data sets are desirable for analyses of extreme weather
version. In cruise (2), after a subset_ of the data are_correcte vents, for long-term impact studies, or generally for studies
close agre_emen_t between gbservaiions and ZOCR_ IS founq f%f variability on long time scales (reaching back to the prein-
geppotentlal h_e|ght (GPH) and temperature notwithstandin ustrial era) that require high-resolution data.

a likely C.Old bias of 20CR at th? tropopause Ieyel. Results In order to extend conventional reanalysis projects further
are considerably worse for relative humidity, which was re-

ortedly inaccurately measured. Note that comparin 20CRback into the past, more historical observations are needed,
P y y i paring in particular upper-air observations. Recently, a compilation

which has limited skill in the tropical regions, with measure- L . ;

ments from ships in remote regions made under sometimecs)]c historical upper-air data has been published, the Com-
P 9 prehensive Historical Upper-Air Network (CHUAN, Stickler

et al.,, 2010). While CHUAN comprises a large number of

o historical profiles, the spatio-temporal coverage is very un-
Correspondence tdS. Bonnimann even. In particular, CHUAN contains data from only 5 North
BY (stefan.broennimann@giub.unibe.ch)  Atlantic ocean weather ships, and hence coverage is not good
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over the oceans. In this paper we present early ship-based
upper-air data that can be used in future reanalysis projects.
There is another way to obtain 3-dimensional global at-
mospheric data besides conventional reanalysis. A long re-
analysis data set has recently been produced based on an
assimilation of only surface and sea-level pressure (SLP)
subdaily observations plus monthly sea-surface temperatures
(SSTs) prescribed as boundary conditions using an Ensem-
ble Kalman Filter technique. The feasibility of such a re-
analysis was previously demonstrated (e.g., Compo et al.,
2006; Whitaker et al., 2004). The “Twentieth Century Re- | a)
analysis” or 20CR (Compo et al., 2011) provides global, 6-
hourly, 3-dimensional atmospheric data. We are using ver-
sion 2 in the following, which reaches back to 1871. In a
validation against independent historical upper-air data from
land-based stations close agreement was found for geopoten-| .
tial height (GPH) in the troposphere over the northern mid-
latitudes (Compo et al., 2011). The agreement is worse over
the tropics. However, few upper-air data are available for
independent validation in the tropics and the southern hemi-
sphere, especially in the maritime regions prior to the 1950s.
Here we present upper-air data from two ship cruises in b)
the tropical and southern ocean in the 1900s and 1930s, re-
spectively, which we have digitized as an extension of the ) - ) ) )
CHUAN data set, for comparison with 20CR, and for use in Fig. 1. Ship trac_k and positions of upper-air soundings (open cir-
future reanalysis projects. The data comprise kite and reggles) for the cruise of the SMBIanet_(a) and the MSSchwaben-
. . . . land (b). The dots mark the locations of surface pressure data
Istering palloon profiles from onboard the .sh|p SMinet that were assimilated into the Twentieth Century Reanalysis for
on a cruise from Europe around South Africa and across thg g May 1906, 124a) and 11 February 1939, 12B).
Indian Ocean to the western Pacific in 1906/1907, and ship-
based radiosonde data from onboard the $8t&wabenland

on a cruise from Europe across the Atlantic to Antarctica ano\onpt balloons, kitgs, and fo_ur regist.erin.g baIIoo.ns (ie., f_ree
back in 1938/1939. flying balloons with graphical registering devices, which

The paper is organized as follows. In Sect. 2, the dataneed to be recovered after the burst of the balloon).
sources, digitizing, and processing steps are described and Although upper-air soundings were sitill in their infancy,
the comparison strategy is outlined. Results are shown ifihis mission seems to have been on the forefront of research
Sect. 3 and conclusions are drawn in Sect. 4. and new concepts were developed onboard (e.g., innovative
attempts for controlled separation of registering devices from

the balloon). The data comprise mostly temperature and

2 Data wind but the latter is partly qualitative. Relative humidity is
reported quantitatively at the surface and only qualitatively

21 Observational data at higher levels. Pressure, which was used for calculating the
height, is not given in the upper-air section of the report. Ap-

211 SMS Planet proximately one successful ascent per week was performed.

Ascents and descents were analysed by the ship scientists,
The first cruise analysed in this paper is one of the SMSbut descents were only reported graphically as calibration
(Seiner Majestt Schiff, i.e., His Majesty’s Ship) “Planet” curves for aneroid barometers refer to decreasing pressure,
from Kiel (Germany) to Hong Kong in 1906/1907 (Fig. 1a so that altitudes are less accurate for the descent. The ascent
shows the ship positions). The goal of this cruise wasdata are given as significant levels, indicating key features of
the Bismarck Archipelago, Papua New Guinea (at that timethe atmospheric profile.
a German colony), where geodetic work was performed. The published report (Reichs-Marine-Amt, 1909) de-
On the cruise, oceanographic and atmosheric measuremengsribes in detail the instruments and measurement proce-
were made. Leading aerologists were involved in plan-dure and also states the uncertainties. For pressure and
ning, leading, and evaluating this cruise, the mission wagemperature, the error is given a&2 mm and <2°C at
well equipped, and the results are well documented (Reichsall heights (1mmHg=1.33hPa). The random error of the
Marine-Amt, 1909). Three platforms were used on the ship:instrument reading is specified asl mm and <0.2°C,
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respectively. Concerning systematic errors, there is no mensystematic error of the pressure reading. The error consid-
tioning of how radiation and lag errors were treated. All re- ered so far concerns the readings from the meteographs such
duction procedures for balloons used on the ship assumeds, for instance, the significant points. An additional error is
ascent (and descent) velocities of 5M.s expected from the interpolation. From the graphical depic-

In this study we use only the data from Kiel to Bird Island, tions of the ascents given in the report (Reichs-Marine-Amt,
which cover 42 soundings performed over a period of 2571909) one can try to asses this error, but the drawn curves are
days. Four further profiles would be available, but were omit-smoothed. We assumed an error of 0.1°Q Zointerp).
ted in this study because they are separated from the other Assuming that all three errors are independent, we can es-
profiles by a gap of four months due to geodetic work. Wetimate the random error for temperature at a specified altitude
only used the data from kites plus the four ascents with regievel as
istering balloons.

After digitizing and quality controlling the data, we inter- Gobs= +/ (Uiﬁst,+ 0§t+ai,21terp)
polated the profiles to fixed geometric altitude levels of 200, . .= .
500, 1000, 1500, 2000, ..., 6000, 7000, ..., 14000 ma.s.|VNich in this case amounts to around 0.87-0©3We adopt
(above mean sea level). In some cases, the top level was e>t<he h'gh?r_ number in the following. , )
trapolated to the next level, mostly by less than 100 m (maxi- In addition to this randqm error, there is a systematic error
mum was 284 m). Interpolated and extrapolated values werdU€ t0 non-corrected radiation and lag errors (note that al-
flagged. No corrections were done for the kite data. SincdM0St all ascents were performed during the day). They can-
they were often not continuous and flights sometimes werd!t P quantified exactly, but a range can be given. Near the
lengthy, it would have been difficult to assume an ascent vedround, in case of strong inversions the lag error might lead
locity. Additionally, since (relative) wind is required for kites t© @ cooling and the radiation error is negligible. However,
to fly, we assume that the ventilation was sufficient so that nd" the free troposphere, both errors tend to lead to a warm-

correction is needed. Note, however, that both radiation and"d- The upper limit of this warming can be estimated from
lag errors would tend to lead to a warm bias. the corrections normally applied to radiosonde temperatures,

In the four registering balloon profiles, we corrected which would be around 0.8C. the, however, that the kite
lag and radiation errors in the same way as described ierrors are expected to be considerably smaller (smaller as-

Bronnimann (2003), assuming a lag coefficient of 155 andcgnt velocity, b'etter ventilatio.n). Finally, there are other pos-
an ascent velocity of 5nT4. Note that we have no source to sible systematic errors both in _the t_em_perature and pressure
verify this assumption: it is based solely on our previous ex__measurements,_e.g., due to calibration issues or processing of
perience, which showed these values to be reasonable whdpstrument readings.
no other information is available.
An important part of the comparison concerns the esti-2-1.2  MSSchwabenland
mation of the errors. A comparison of the kite instrument
reading at the start (10 m) and the temperature measured obhe Antarctic expedition of the MS (“Motorschiff”, i.e.,
board the ship (maximum time offset of 1 h) reveals a stan-motor vessel)Schwabenlandcommissioned by Hermann
dard deviation of the difference of 0.86 and a warm bias Goring, served to preserve German interests in the region
of 0.17°C. On the one hand, the surface instrument also hagFig. 1b shows the ship positions). Two aircraft that were
an error which is contained in this number, and the maximumtransported by the ship performed many flights over Antarc-
time offset adds to the difference. Therefore the error of thetica for aerial photogrammetry and cartography. The ex-
kite instrument reading itself might be smaller. On the otherplored region of Antarctica is called Neuschwabenland (New
hand, flight conditions might be more adverse (including re-Swabia) to the present day. On the cruise of Sitwaben-
ducing the graphical registration) and hence the error mightand from Europe to Antarctica and back, daily to twice daily
be larger aloft than at the ground. In fact the difficulty of radiosonde ascents were made.
reading the graphical registration is frequently mentioned. Results from these soundings have been published in the
Based on these considerations we assume that the error tiferature (e.g., Flohn, 1949), but most of the original data
the temperature readingi{sy) can be quantified by a normal material was reportedly destroyed during the war. According
distribution with standard deviation of °€. to Flohn (1949) and Regula (1958), two radiosonde types
In order to estimate the temperature error for a given al-were used: the Lang sonde (Reichsaiimt YVetterdienst,
titude (significant level) one needs to consider also the pres1940) and the marine sonde from the Marineobservatorium
sure error (since pressure is used to calculate height). If waVilhelmshaven (Geelhaar, 1942). Heinz Lange was respon-
assume, based on the error specified above, a standard desgible for the radiosonde ascents from the two systems, aided
ation of the random pressure error of 1 mm Hg (1.33 hPa) by a technician for each system.
this translates into an additional errex; (standard devia- A major fraction of the data were available to us in pro-
tion) for temperature of 0.1-0.2& under most conditions cessed and re-evaluated form. They were part of a compi-
(but it can be larger during strong inversion). To this adds thelation of German radiosonde data that was performed in the
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Table 1. Estimation of the error of the radiosonde observations at Freiburg i. B. based on the comparison with data from the two mountain
sites &ntis and Jungfraujoch. Bold numbers are derived from the other numbers in the table, italics refer to expert estimation, normal printing
refers to the residuals calculated from regressing pairwise observations.

temperature®C) pressure (hPa except where noted)
Predictand ~ Predictor /(0 ot 03at 02  V(0Zct02p) Oobs Ostat Orep  (0Gst0dartolp (0%t 0d) Oobs Ostat Orep
800 hPa antis 2.04 2.02 0.48 0.3 1.96 22.20gpm/2.26hPa 2.24 140 03 1.75
700 hPa antis 2.42 2.40 1.39 0.3 196 18.83gpm/1.72hPa 1.69 - 0.3 175
700 hPa Jungfraujoch  2.25 2.23 1.06 0.3 196 24.24gpm/2.22hPa 2.20 133 03 175
600 hPa Jungfraujoch  2.28 2.26 1.13 0.3 196 28.24gpm/2.25hPa 2.23 138 03 1.75
Jungfraujoch  8ntis 2.00 0.3 0.3 1.95 1.84hPa 0.3 03 1.82
Santis Jungfraujoch  2.02 0.3 0.3 1.97 1.75hPa 0.3 03 1.72
Adopted averages 2.3 1.2 1.96 2.2 1.35 1.75

late 1940s at the observatory of Lindenberg on behalf of theRaunio (1950) and the published radiation error of the Ger-
Soviet occupation forces (Beelitz and Robitzsch, 1949; seenan sonde (most likely the Lang sonde) by Scherhag (1948).
Bronnimann, 2003). The data were reworked by two leadingFlohn (1949) analysed the radiation error of that data and
aerologists of that time, Paul Beelitz, head of the Linden-concluded that the corrections following the approaches of
berg Observatory until 1949, and his successor Max RobVaisala and Scherhag are sufficient. Note that it is not known
itzsch. There is a note describing the data, signed by the twavhether a lag correction was originally applied. The manual

persons: for the sonde foresees a lag correction, but was published
“Tabelle der Ergebnisse der Radiosondagen. two years later (Reichsamiif Wettterdienst, 1940). In con-
Anschrift der Station: M.S. Schwabenland (Das trast to our previous work (relating to other data from the

Forschungsschiff kreuzte im Atlantik) same source) we also analysed relative humidity, which in

Bemerkungen: Das Material stammt vom Forschungs-the Lang sonde was measured with a hair hygrometer. How-
Motor-Schiff Schwabenland, das auf der Fahrt von der Bis-€Ver, no corrections were made to humidity. Flohn (1949)
caya bis zur Antarktis erstellt wurde. Es liegen teils die Adi- States that the error in relative humidity in the Schwabenland
abatenbétter im Original, teils die Bitter der markanten —@scents was very large for low temperatures and low humidi-
Punkte vor. Die Aufstiege mussten nachrekonstruiert werdenties. For more information on the German radiosondes see
Die Ausgangsbhe (Bordlhe) wurde mit 15m in Ansatz ge- DFVLR (1982).
bracht. Das Material ist sehr gut” In order to estimate the error of the soundings, we used

Translation: “Table of the results from the radio sound- German radiosonde data from approximately the same time
ings period but from a location that is close to the Alps, namely

Name of the station: M.S. Schwabenland (The researcireiburg i. B., 1940-1942. Note that in earlier work
vessel cruised in the Atlantic) (Bronnimann, 2003) we assumed that the instrument type

Comments: The material stems from the research motot/Sed in Freiburg i. B. was a Graw H-38; however, we now
vessel Schwabenland and was retrieved on the cruise frorflink that this also was a Lang sonde (Reichsdmi/etter-
the Bay of Biscay to Antarctica. It was available partly in di€nst, 1940) and hence likely the same sonde type as on the
the form of adiabatic papers, partly in the form of significant MS Schwabenland
points. The ascents had to be reconstructed. The departure We compared temperature and GPH above the planetary
height (board height) was assumed as 15 m. The material iboundary layer at 800, 700, and 600 hPa with station tem-
very good” perature and pressure from mountain sites, namalytis

The source does not specify the sonde type used, but 500 ma.s.l., 140 km away) and Jungfraujoch (3555 ma.s.l.,
comparison with the data tabulated in Regula (1958) indi-161km), respectively. We selected only pairs of observa-
cates that it was the material from the Lang sonde. The datéions that were performed within 3h of each other. Then
from the marine sonde are also tabulated in Regula (1958)we performed a linear regression to estimate radiosonde data
but only in abbreviated form (GPH on five pressure levels, (predictand) from the corresponding station data (predictor)
humidity and temperature on altitude levels). Only the datausing one predictor at the time. Finally, we analysed the vari-
from the Lang sonde from Beelitz and Robitzsch (1949) wereance of the residuals. Results are summarized in Table 1.
used in the following. Note that we did not subtract an annual cycle, nor did we

The data were reworked in the same way as described ifnclude the annual cycle in the regression model.
Bronnimann (2003), i.e., radiation and lag errors were cor- The agreement between the regression models and the
rected based on the formulation ofMala (1941, 1949) and radiosonde data was generally very good, with explained
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variances of 83% to 96%. This not only points to a high interpolated the fields to the locations of the ships and chose
quality of the data, but also is important to justify the appli- the standard time closest to the observing time for compar-
cability of the general approach. Concerning the analysis ofson. In the case of SMBlanet the temperature data were
the residuals, we assume again that all errors are independeimterpolated onto fixed (geometric) altitude levels in order to
and hence the standard deviation of the residolsjualsiS match the observations.

the square root of the sum of the variances of the individual The error of the interpolation is not exactly known. Note,

error contributions: however, that the spatio-temporal distance of the interpola-
2 2 2 tion of reanalysis data to radiosonde observatiofisx(2°
Oresiduals= v/ (9gpst Ostart Orep) grid, 6 hourly analyses), is of the same order as that used

where aops is again the error of the observationofs = in the comparison for the case of Freiburg i. B. in _Sect. 2.1
\/(Ui%str+aa%lt + Uiﬁterp))' osatis that of the station reading and (A_x 140—1§0 km,At<3_h). _ If we assume that the interpo-
orepis that of the representativeness (i.e., the error attributed@lion €rror is constant in time and space and does not have
to the distance in time, space, and due to the comparison dt S€asonal cycle, we can usgp also as a conservative ap-
free atmospheric data with surface data). proximation for the interpolation error in the reanalysis.

For the error of the station observation, an expert estima- Y/hen analyzing the early years of the reanalysis, it is im-
tion of the standard deviation of the errowig,= 0.3°C for portant to consider the locations of the pressure measure-
temperature andsta:= 0.3 hPa for pressure. ments that go into 20CR (note that no other information

In order to addressep, we compared the differences be- was assimilqted). The chations are shown in Fig. 1 for one
tween the mountain stations, again with a regression modefS&MPple day in each cruise (18 May 1906 and 11 February
and assumed that the variance of the residuals, after subtract939, respectively). Note that the surface pressure readings
ing otatOf both stations, is a good estimationaggp. This is from the SMSPlanetare included in the historical reanaly-

not exactly true as comparing two ground stations does no§is, whereas this is not the case for the observation from the

account for the error of comparing a free atmospheric meaMS SchwabenlandHowever, in the case of the SM3anet

surement versus a mountain station. Also, the altitude differ{n€ré are almost no other pressure data within a few thou-
ence between the stations is larger than between a station afgnd kilometers. In the case of the N8hwabenlandpres-
the closest pressure level. Comparirings and Jungfrau- sure data were more abundant, but not south 886Mence,

joch, for instance, givesrey~1.96°C and orey~1.75 hPa both cruises sampled very remote regions of the globe with

(depending on the choice of x and y) between the stationd€SPect to information assimilated into 20CR.
(see Table 1) For some of the comparisons, it is advisable to plot the

data in the form of anomalies from a common reference. We
hPa, the latter of which was transformed back to geoptentS€d NCEP/NCAR reanalysis (NNR) data for this purpose,

tial meters using climatological temperature profiles (see"@Mely a climatology of daily mean values as a function of

Sect. 2.3). Note that the error of representativeness i€ day of year that is given on the website of NOAA/PSD

only a rough estimation that might be too large (because irf‘”d refers to the per_lod 1963—1996. These data also were
most cases the distance is smaller than betwéamissand ~ INtérpolated to the ship’s location.

Jungfraujoch) or too small (because the ships’ locations ma)é
be inaccurate due to digitizing errors), but in any case has a"

large effect on the derived error of the observations. For relatne gata were analysed as absolute values and as deviations

tive humidity, we do not know the error and hence do nottry 5 m the NNR climatology. In addition to the standard mea-

to quantify any humidity errors in this paper. sures (bias, correlation), we also analysed whether the dif-
A more direct approach is to analyse temperature at 4KMmgrence hetween observations and 20CR is compatible with

(as given in Regula, 1958) in pairs of ascents from the Lang, oh the ensemble spread and the observation error assuming

sonde and the Marinesonde (44 pairs with a time differency, ¢ the two errors are uncorrelated. Specifically, we calcu-

<12h). Various approaches of extrapolating the standard depteq the fraction of cases for which the difference between
viation of their difference to zero time shift suggest an obser-,pservation and reanalysis is outsiti2 ogit where

vation error near 1C for each sonde, although with a large
uncertainty, which is consistent with the above estimates.  oditt = v/(050cr+ OdpsT Trep)-

Based on these values we estimaigsas 1.2C and 1.35

3 Comparison

2.2 Reanalyses Note that the sum of the errors § .+ Grzep) is even more
readily comparable to the cases given in Table 1 than the indi-

The observation-based data were compared with 20CRjidual error contributions. Note also thatis does not cover

(Compoetal., 2011). We used 6-hourly ensemble mean anaky|| sources of errors and uncertainties, as will be discussed

ysis fields of temperature, GPH and relative humidity as wellpelow. For instance, biases (both in 20CR and in the obser-
as the ensemble spread (expressed in the form of the ensefjations) are not included.

ble standard deviation, termegocr) of these fields. We
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Table 2. Results of the comparison of temperature between observations onboard thel@&Mgand 20CR AT is the mean difference
between 20CR and the observatiofignom refers to the anomalies from NNR climatologyjs the correlation coefficien® stands for
probability, andP (|AT|>20jf) is the fraction of differences outside the interda2oqiff. Bold numbers indicate statistical significance
(p-values<0.05 for two-sided tests, paired t-test in the case of the bias).

Level (ma.s.l.) 200 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
N 40 42 40 36 32 25 20 17 15 10 5 5
AT [°C] 0.22 0.73 0.92 048 -090 -2.01 -158 -123 -0.22 -0.21 -3.28 -3.96

r(T) 0.970 0.937 0.877 0.729 0.754 0.720 0.662 0.5920.458 0.594 0.805 0.770
r(Tanom 0.574 0525 0.374 0.270 0.406 0409 0.360 0.221 -0.336 —-0.122 0.648 0.748

P(|AT|>204if) 0.025 0.024 0.025 0.083 0.156 0.125 0.150 0.177 0.133 0.200 0.200 0.200

observations - NNR climatology 20CR - NNR climatology 20CR - observations
Il Il Il Il Il Il Il L L L Il Il Il Il Il

| LR |

E
=
[}
S L
=
s
6 | L
I B 1
1
2 [ ] 1] B
1 I | ]
1
T T T T T T U T T T T T T T T
10 20 30 40 10 20 30 40 10 20 30 40
ascent # ascent # ascent #

Temperature difference (°C)

-8 -4 0 4 8

Fig. 2. Temperature profiles from observations and 20CR for the cruise of theF8M®t (left) Anomalies of observations with respect to
NNR climatology, (middle) anomalies of 20CR with respect to NNR climatology, (right) difference 20CR minus observations.

3 Results reported in the log and concurred with reportedly very dry
conditions at these altitudes and sometimes weak winds. At
3.1 Comparison for SMS Planet most other times, temperatures were close to climatology.

The 20CR depicts the anomalies during the first two pro-

Figure 2 shows vertical temperature differences between obfiles. It also shows the cool, unstable conditions in ascents
servations and NNR climatology (left), between 20CR and#17-20 (the southernmost ascents of the cruise). However,
NNR climatology (middle), and between 20CR and obser-the reanalysis does not capture the strong inversions. This af-
vations (right). The corresponding statistics are given infects the mean differences between the two data sets, which
Table 2. would be within+1°C without profiles #21-24, but with

The weather during this cruise was rather normal (seéhese profiles reach°Z and are Statistically Significant at
Fig. 2 left). The main anomaly features are the very first twomost levels.
profiles, then a series of profiles with rather cool conditions The correlations (see Table 2) are very high for the
in the lowest 1000 m (#12-20, extratropical South Atlantic observed values of temperature in the lower troposphere
and Southern Ocean), and a sequence of profiles with a vergut moderate (0.3-0.6 up to 3km, somewhat less for the
strong, high inversion (#21-24, Southern Indian Ocean). Thel500 m a.s.l. level which is near the boundary layer top) for
weather log for ascents #12—20 mentions frequently calnthe anomalies. Again, this is largely due to the lacking inver-
conditions aloft, often cloudy, and generally difficult condi- sion. Without profiles #21-24 anomaly correlations would
tions for kite flights. The inversions in ascents #21-24 werebe on the order of 0.6-0.8 (somewhat lower at 1500 ma.s.l.),
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The last row in Table 2 shows the fraction of differences
between 20CR and the observations that is outsidey;s .
If all errors were included in the estimation&fi, a fraction
of 5% would indicate that reanalysis and observations are in
agreement given the specified errors. However, the inversion
issue affects 10% of the profiles. In fact, near the ground the
fraction is below 5%, but then the fraction increases to over
10% and hence slightly higher than expected. This might be
due to biases. The likely warm bias in the observations is
not accounted for i, and 20CR also might have biases
(biases are not covered by the ensemble spread).

3.2 MSSchwabenland

256 260 264 268 272 276 280 [K]

Now, we consider the cruise of MS Schwabenland from De-

cember 1938 to April 1939. In contrast to the SMS Planet,
T T the data from the MSchwabenlanghose particular prob-

lems. Figure 4 shows, for two variables (500 hPa GPH

; ; and 700 hPa temperature), sonde observations and co-located

------------ oo T analysis values from 20CR as well as the anomalies with re-

" spectto NNR climatology. Also shown are the corresponding
uncertainties @yps and pgcr, respectively. It is apparent
that the observations and 20CR have substantial differences
around ascents #50-61. Temperatures in the observations ap-
pear to be 10C higher, and GPH also is higher. Moreover,
this difference is far larger than the errors of the two series.

One could simply omit that data as possibly erroneous.
Fig. 3. Data from 20CR at 700 hPa on 18 May 1906, 12:00 UTC. However, the description of the data asserts a high quality
Top: ensemble mean temperature (colours) and ensemble spredgee quote), and there is an obviously high correlation (0.86
(yellow lines). The large circle indicates the location and value of for 700 hPa temperature) between anomalies in observations
the observed temperature onboard SRi&net(ascent number 22).  and reanalysis within that series of 12 profiles. The same de-
Bottom: ensemble mean GPH (solid lines) and ensemble spreagjation is also found in the data tabulated in Regula (1958)
(dashed). The area displayed is {2-50' S, 10 E-80° E). and it is also found in the data from the Marinesonde.

The nature of the error is difficult to specify. We therefore
nalysed the vertical profile of observations minus reanalysis
Fig. 5) in order to use the profile shape to attribute the error

s —

which would be considered very high even when compare
to results by Compo et al. (2011) that were derived from Iaterto an underlying (usually simple) problem (see Grant et al.,

per.|ods. Howevgr, the presence or n ot of'|nver3|0ns might b(:"2009 for more details). Uncorrected radiation and lag errors
an important regional feature. The inversion occurred south-

east of Port Elizabeth, South Africa, over the South Indiancﬁflfeenzlg?gltﬂétuai ttuzysﬁ;e ;agft?hoe??agr:gresxepelgzg gglrr(')ect)
Ocean. This region is further south than the usual extent o 9 P 9 :

; T ) . ther potential problems such as unit errors, a constant offset
the trade winds and trade wind inversion but might be af-. .
. . . in temperature or a constant offset in pressure would produce
fected by inversions occasionally. difference profiles with distinctly different shapes
Figure 3 shows 700hPa temperature and GPH P y pes.

18 May 1906, 127, from 20CR. Shown are the ensemble The very characteristic belly shape of the temperature dif-

mean (colours and contours) as well as the spread (yeIIov&eren.Ce profile (Fig. 5 nghtz red curve) can be very_easny
gxplamed, however, by a shift of the temperature profile by a

and dashed lines). Also shown is the observed temperatur . ! X
) P onstant altitude. Since some of the profiles were taken from

(interpolated to the geometric altitude of the ensemble mea abatic diaarams. which usually have altitude as a verti
700 hPa surface). The difference between observations an%d 9 ’ y

20CR exceeds 11UC and is clearly outsidg-2aj;;. The high carl .?]);'tzni?hvsg r(]a;roer r??)l%h:ecc):(t:ceur'c\i,g:]ig ?c())rpzmcgh tgﬁ g?r?r’
pressure system is much further north, near Madagascar, arﬁ vlv ver th' P ttf\ilt rrl tin \? C an r’:: d const n't
does not influence the region. The ensemble spread is rela- OWEVer, the fact that correcting for an assumed consta

tively small. Hence in this case we suggest that 20CR doeé)ﬂtSet of 1500m brings the difference profile (Fig. 5'r|ght,
not capture the feature. purple curve) at all levels to very close agreement with that

for the rest of the record (Fig. 5 right, blue curve) may be
considered indicative of this type of error. Note that we do
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Fig. 4. 500 hPa GPH and 700 hPa temperature from theSdi8vabenlangsolid lines) and 20CR (dashed lines) as a function of the ascent
number. The top two panels display the data in the form of anomalies from the NNR climatology, the bottom two panels show the raw data.
The vertical bars give 2 gps (solid) and 20 cr (grey dashed) respectively. The shaded region of ascents 50 to 61 highlights the suspected
erroneous observations.
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Fig. 5. Vertical profile of the difference between observations from theSdBwabenlandnd 20CR for GPH (left) and temperature (right).

Red= uncorrected profiles for the ascents #50—61, blue = all other ascents, thick purple = corrected profiles of ascents #50—61 (dashed: nc
altitude offset at 1000 hPa). Note that the 1000 hPa level was below sea level during ascents #50—61 and hence these values were extrapolat:
on the original data sheets.

not expect the difference to vanish at all levels. There may61l. The values for this level were hence extrapolated in our
be remaining errors in the observations or in the reanalysissources (but nevertheless should be considered in Fig. 5, in
For instance, a cold bias at the tropopause in 20CR might afeontrast to the rest of the paper, as they are likely a product
fect the uppermost three levels in Fig. 5. Also, note that theof the same data processing).

1000 hPa level was below sea level during all ascents #50—
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Table 3. Results of the comparison of temperatuf®,(GPH (Z), and relative humidity (rH) between observations onboard the MS
Schwabenlandnd 20CR. Subscript “anom” refers to the anomalies from NNR climatologg/the correlation coefficien® stands for
probability, andP (|AT| > 20t ) is the fraction of differences outside the interd&o ;s .

Level (hPa) 1000 900 800 700 600 500 400 300 200 100 50
n(Z) 98 96 26 95 95 91 86 79 70 56 21
n(T) 55 96 96 96 95 92 85 80 70 53 21
n (rh) 59 78 78 77 75 55

AZ [gpm] 44 42 -02 -7.8 -115 -17.3 -258 -37.2 -99.9 -2123 -169.2
AT [°C] 00 -13 -20 -17 -11 -10 -14 -23 -71 -36 1.6
Arh [%] 37 02 76 114 129 9.2

r(Z) 0.858 0915 0.947 0.966 0975 0981 0.982 0984 0981 0920  0.664
r(T) 0.954 0.957 0.964 0969 0970 0970 00963 0.936.057 0.965  0.921
r(rh) 0.357 0.196 0.313 0321 0322  0.389

r(Zanom 0.472 0.608 0.655 0.673 0658 0.640 0.662  0.3030.233
r(Tanom) 0.626 0.664 0582 0562 0517 0432 0236 0.5720.220
r(thanom) 0.312 0.132 0.151 —0.005

P(AZ|>20gf) 0.133 0.051 0041 0.042 0042 0033 0093 0101 0229 0571  0.476
P(AT|>204%) 0.104 0.061 0.112 0073 0063 0076 0.047 0.163 0529 0132  0.095

Recalculating GPH from the shifted temperature profile historical upper-air data could also be warm biased in the
(assuming a zero height error for the surface) also removestratosphere. Apart from that, the agreement between reanal-
the vertical structure in the GPH difference profile entirely, ysis and observations is very good for temperature and GPH
but leaves a constant offset (Fig. 5 left, dashed purple curvejTable 3). We find anomaly correlations of 0.5-0.7 through-
arguably because the height offset at 1000 hPa is not zeraut the troposphere, which is at least as good as expected
Hence, we further assumed a constant offset of 150 gpm arom Compo et al. (2011). Also, correlations for temperature
the surface (Fig. 5 left, purple curve). After this correction, anomalies are high in the lower stratosphere (they drop at the
the curve fits very well to that for the rest of the record. tropopause level).

Note that the corrections may seem arbitrary, and indeed Most GPH and temperature differences are withRo ;s
they are to some extent. Also, by using 20CR as a reference the lower to middle troposphere (see also vertical bars in
we lose independence. On the other hand, we have deteFig. 4). Around 5-10% are outside the spread, increasing
mined only two parameters and (largely) remove differenttowards the upper troposphere and stratosphere (and also in-
biases for 20 variables simultaneously (10 levels, 2 variablesreasing at 1000 hPa). Similar as for the SMI&net this
per level). Note also that around 200 observation pairs havenight be due to biases, which increase with altitude (ar-
been used to constrain the two parameters and that the natugaiably in both the radiosonde data and in 20CR). Since bi-
of the error is plausible. For these reasons we utilize thesases are not accounted fordgis, we consider these results
corrections although we note that there may be remainingo be consistent with the estimated errors.
problems. Relative humidity is shown in the lowermost panel. Mea-

The comparison of time-height sections for the correctedsuring relative humidity with weather balloons is difficult
data as well as the statistical analysis are given in Fig. 6 an@ven in the present day and hence we do not expect high-
Table 3, respectively. Note that in contrast to Fig. 2 (for SMS quality data from the 1930s (as is also stated in Flohn,
Planed, we now have pressure as the vertical coordinate, and949). In the lower troposphere, we do find some agree-
we also show GPH and relative humidity. Note also that,ment between the two (anomaly correlations are significant at
because of the mismatch between the reported pressure 1e4000 hPa, which is consistent with Flohns judgement (1949)
els and that of the NNR climatology, 800 and 900 hPa can-of smaller errors with higher temperatures), while huge dis-
not be shown in anomaly form (interpolating the climatology crepancies arise in the middle troposphere. As we know
to these levels might add additional uncertainties especiallynothing about the errors in humidity, we do not estimag.
since these levels are close to the boundary layer top), buEvidently, relative humidity remains a challenge in historical
they can be shown in the direct comparison. data sets.

There is one visually very prominent feature in this figure, One of the strongest anomaly features on this cruise oc-
namely very cool temperatures near the tropopause in 20CReurred in mid- February 1939 (within the corrected inter-
This has been found also in other comparisons and likelyal). Temperature in the lower troposphere increased by
points to a cold bias in 20CR (Compo et al., 2011), though10°C within a day and then decreased again by the same
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Fig. 6. Vertical profiles from observations and 20CR for the cruise of theSdi8vabenlantbr temperature (top), GPH (middle) and relative
humidity (bottom). (left) Anomalies of observations with respect to NNR climatology, (middle) Anomalies of 20CR with respect to NNR
climatology, (right) difference 20CR minus observations.

amount. Figure 7 shows fields of 700 hPa GPH and tempera4d Conclusions
ture from 20CR, together with the ensemble standard devia-

tion for 700hPa GPH for the 11, 13, and 16 February. In order to extend global 3-dimensional data sets back into
The general synoptic situation is dominated by high syn-the past, more historical upper-air data are needed, especially
optic activity. On the 11th of February the ship was locatedgyer remote locations such as the world oceans. Here we
in a trough, with cold air penetrating far equatorwards. A pave presented early, ship-based, upper air data from two
second disturbance is located near the South Orkney Islandgyises from Europe to the tropics and even to Antarctica.
and develops into a strong low pressure system that movegye have tried to quantify the errors and found random tem-
eastward. Two days later the ship is located in the warm secperature errors of 0.9-1°Z and pressure errors of 1.35 hPa
tor ahead of a cold front. The latter appears also as a peak ifstandard deviations). We have also suggested the presence
the ensemble spread for 700 hPa GPH. Three days later thgf piases that would add to these errors.
circulation has switched to a more zonal regime, and the ship

IS ig?'?hligcgtzgi;?cthiﬁgéd gcc))lg:?a;r:ga:liéervations it ver The fact that we do find agreement on a day-to-day time scale
P P ' Yin such remote places suggests that even over sparsely ob-

well, despite the remqte Ipcatl.on of Fhe ship (nea’r_sp SLP . served regions of the globe in the 1st half of the 20th century,
data from several ships in this region were assimilated into

L . : ; successful reanalysis is possible. The results also show that,
gg\(/:izjQltr;%l;f?get:l[st;ngrToa;:fcnevﬁz?;na?ﬂrlg number, itwas importantly, error estimations are consistent. At the same
y P ' time, we also demonstrate that some features may not be well

Comparison with 20CR shows generally close agreement.
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Fig. 7. GPH (solid lines) and temperature (colours) at 700 hPa for
three days in February 1939 (12:00 UTC). The yellow lines indi-
cate the ensemble spread of GPH. The large circles and numbe
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and Atmospheric Administration Climate Program Office. The
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