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Abstract We examine to what degree we can expect to
obtain accurate temperature trends for the last two
decades near the surface and in the lower troposphere.
We compare temperatures obtained from surface
observations and radiosondes as well as satellite-based
measurements from the Microwave Soundings Units
(MSU), which have been adjusted for orbital decay and
non-linear instrument-body effects, and reanalyses from
the European Centre for Medium-Range Weather
Forecasts (ERA) and the National Centre for Environ-
mental Prediction (NCEP). In regions with abundant
conventional data coverage, where the MSU has no
major influence on the reanalysis, temperature anoma-
lies obtained from microwave sounders, radiosondes
and from both reanalyses agree reasonably. Where
coverage is insufficient, in particular over the tropical
oceans, large differences are found between the MSU
and either reanalysis. These differences apparently relate
to changes in the satellite data availability and to dif-
fering satellite retrieval methodologies, to which both
reanalyses are quite sensitive over the oceans. For
NCEDP, this results from the use of raw radiances directly
incorporated into the analysis, which make the reanal-
ysis sensitive to changes in the underlying algorithms,
e.g. those introduced in August 1992. For ERA, the
bias-correction of the one-dimensional variational
analysis may introduce an error when the satellite rela-
tive to which the correction is calculated is biased itself
or when radiances change on a time scale longer than a
couple of months, e.g. due to orbit decay. ERA inho-
mogeneities are apparent in April 1985, October/
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November 1986 and April 1989. These dates can be
identified with the replacements of satellites. It is possi-
ble that a negative bias in the sea surface temperatures
(SSTs) used in the reanalyses may have been introduced
over the period of the satellite record. This could have
resulted from a decrease in the number of ship mea-
surements, a concomitant increase in the importance of
satellite-derived SSTs, and a likely cold bias in the latter.
Alternately, a warm bias in SSTs could have been caused
by an increase in the percentage of buoy measurements
(relative to deeper ship intake measurements) in the
tropical Pacific. No indications for uncorrected inho-
mogeneities of land surface temperatures could be
found. Near-surface temperatures have biases in the
boundary layer in both reanalyses, presumably due to
the incorrect treatment of snow cover. The increase of
near-surface compared to lower tropospheric tempera-
tures in the last two decades may be due to a combi-
nation of several factors, including high-latitude near-
surface winter warming due to an enhanced NAO and
upper-tropospheric cooling due to stratospheric ozone
decrease.

1 Introduction

The question as to whether a climate warming, due to
the increase of greenhouse gases in the atmosphere, is
detectable or not has recently caused some controversy.
For the most recent two decades, which is the only pe-
riod for which reliable three-dimensional global obser-
vations are available, a lack of agreement is found
between different temperature datasets. Surface tem-
peratures measured by synoptic weather stations (Jones
1994; Karl et al. 1994) show a warming trend of
+0.15 K/decade for the period 1979-1997 (Hurrell and
Trenberth 1996). Other data sets such as tropospheric
temperatures obtained from microwave sounding data
(Christy 1995) and radiosonde observations (Angell
1988 and updates; Parker et al. 1997) do not show such a
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warming, but rather a slight cooling of about 0.05 K/
decade for the same period. In fact, one would rather
expect the opposite, since climate modelling experiments
with an increased amount of greenhouse gases show
a somewhat larger warming in the lower and middle
troposphere than at the surface, which is due to an
enhanced warming with height, mainly caused by
the lapse-rate feedback (e.g. Santer et al. 1996).

This discrepancy between surface observations and
upper-air measurements has caused some confusion,
even leading to the assertion that model simulations are
unreliable due to the apparent failure to reproduce the
global temperature trends since 1979 (e.g. Singer 1996).
While such a two-decade record certainly is too short to
confidently show whether a global warming has taken
place or not, due to internal low frequency fluctuations
in the climate system lasting for decades and longer
(Manabe and Stouffer 1996), it is nevertheless of great
importance to understand why the trends differ and to
suggest an explanation for such a difference.

The present study is one in a series of three which
analyze in depth the reasons for these differences.
Bengtsson et al. (1999) discuss the reliability of model-
predicted trends by means of simulations with a coupled
general circulation model (Roeckner et al. 1999) taking
into account the effect of greenhouse gases, tropospheric
and stratospheric ozone, sulfate aerosol and the eruption
of Mt. Pinatubo. The reliability of the microwave tem-
perature soundings is discussed in detail by Christy et al.
(2000b) as well as by a recently published paper by
Santer et al. (1999). This study addresses the reliability
of the observational records, based on monthly mean
temperatures. We will consider land surface and ocean
observations, upper air measurements from radiosondes
and satellites as well as reanalyses from NCEP (Kalnay
et al. 1996) and ECMWF (Gibson et al. 1997). In Sect. 2
the data used in this study are briefly described. Section
3 shows comparisons for several regions of the Earth.
An assessment of the accuracy of lower tropospheric
temperature observations and a discussion of trend dif-
ferences between surface and tropospheric temperature
are given in Sect. 4. Section 5 gives some concluding
remarks.

2 Data

2.1 Land and sea surface data

The surface data used here are a combination of near-surface air
temperature anomalies over land (Jones 1994) and in situ SST
anomalies (MOHSST6) over the oceans. They were used in the
IPCC (1996 Intergovernmental Panel on Climate Change) assess-
ments (Nicholls et al. 1996, updated) and have been described in
detail e.g. by Parker et al. (1994, 1995b).

There are a number of well-known problems with the surface
temperature data set. The record is not global, so that most regions
of the Earth will be undersampled compared to the midlatitudes of
the Northern Hemisphere (NH). While probably no bias is intro-
duced by these data coverage effects, Nicholls et al. (1996) estimate
a trend uncertainty of +0.15 K for the twentieth century (mainly
from the early parts of the record), whereas the more recent in-
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vestigation by Jones et al. (1997a) suggests that this uncertainty
range is probably too large. It should also be noted that it is unclear
in the IPCC literature what confidence interval is represented by
this uncertainty range. Inhomogeneities due to urbanization effects,
station relocation etc. have been corrected. Over the oceans, night-
time marine air temperatures (NMATSs) and SSTs are used. Fol-
land and Parker (1995) and others have demonstrated the general
consistency between these datasets, although there are indications
for differences in the tropics (Christy et al. 2000a).

2.2 Radiosonde data

At the Hadley Centre, radiosonde temperatures from over 400
sites, which provide the most homogeneous records and largest
spatial distribution, have been gridded into boxes of 5° latitude by
10° longitude. The data set used here (HadRT2.0, Parker et al.
1997, updated) is completely independent of the MSU. Tempera-
tures are produced for every mandatory level, and a simulated
MSU lower tropospheric value is calculated based on the static
weighting function.

Two other radiosonde data sets are available, from the Russian
Research Institute for Hydro-Meteorological Information — World
Data Center (RIHMI, Sterin et al. 1997) and from Angell (1988
with updates).

The RIHMI analysis is based on the National Climatic Data
Center’s (NCDC, Asheville, N.C.) Comprehensive Aerological
Reference Data Set (CARDS, see e.g. Wallis 1998) for the period
1958 to 1990 and on data collected via the global telecommunica-
tion system (GTS) at RIHMI from 1991, consisting of data from all
available radiosondes (more than 800) since 1958. Values are ob-
jectively analyzed to a full global grid at the mandatory tropo-
spheric levels. Though the analysis method allows for proper
spatial weighting of geographical regions when computing the
global mean, it also introduces errors of unknown magnitude
in data-sparse regions. There are also homogeneity problems: the
CARDS dataset at present is not homogeneized, and missing and
inhomogeneous GTS data as well as the merging procedure of
CARDS and GTS data may introduce further errors.

The Angell dataset uses 63 sondes widely distributed around the
world and with long periods of record. The station values are
binned in latitude bands from which a global mean is produced.
Trenberth and Olson (1991) showed that the sparse network
used by Angell leads to an overestimation of the amplitude of
low- frequency temperature fluctuations outside the tropics.

Recently, Gaffen et al. (2000) have demonstrated that correc-
tions for radiosonde data inhomogeneities can have a non-negli-
gible effect on estimated temperature trends, in particular in the
stratosphere. Corrections for instrumentation changes, observation
time, location, etc. are not explicitly incorporated in the data sets
discussed in this section.

2.3 MSU version “d” data

Satellite upper-air temperatures have been retrieved operationally
since 1979 by microwave sounders on board NOAA polar-orbiting
satellites which measure the vertically integrated thermal emission
of molecular oxygen in different spectral intervals near 60 GHz.
Lower stratospheric temperatures are obtained by MSU channel
4 (5795 GHz) and tropospheric temperatures by channel 2
(53.74 GHz). Since part of the radiation that is measured in
channel 2 comes from the stratosphere, a synthetic channel tem-
perature, To 1 (where LT stands for lower troposphere), is con-
structed from the outer eight view angles of channel 2 (Spencer and
Christy 1992). The weighting function of MSU2LT peaks slightly
lower in the troposphere than channel 2 (near 740 hPa compared to
595 hPa for channel 2), but it is more exposed to surface effects.
The MSU was not originally designed as an instrument for
climate monitoring. Therefore the key question is the inter-satellite
stability and the merging of the data. Orbit decay of the satellites in
periods of high solar activity causes a small artificial cooling in
T, (Wentz and Schabel 1998), and the non-linear response of the
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instrument-body temperature leads to a small artificial warming in
Torr and T, (Christy et al. 1998). These effects have been adjusted
for in the MSU ““d” data that is used here. A detailed description of
the merging procedure and the correction of drift errors and biases
is given in Christy et al. (2000Db).

For global averages over the period 1979 to 1998, a trend' of
+0.06 K/decade for T,y t and of +0.05 K/decade for HadRT2.0 is
found (Christy et al. 2000b). Since such a comparison does not take
into account the limited spatial coverage of the radiosonde data set,
Christy et al. (2000b) have also estimated trends for collocated
MSU and radiosonde data over the western part of the NH. For 97
US-controlled stations (in the conterminous USA, Canada, Alaska,
Iceland, Mexico, the Caribbean and Bermuda) and for subsets of
these stations, they find trend agreement within +0.02 K/decade
and correlations of annual as well as monthly anomalies to the
MSU of above 0.96 in middle and high latitudes. In the subtropics,
the correlations are slightly lower.

The close agreement between lower tropospheric temperature
trends derived from MSUs and radiosondes may reflect a real
cooling during the last two decades. However, other authors have
pointed out uncertainties that may impede the interpretation. These
may be related to inhomogeneities in either the MSU (Hurrell and
Trenberth 1996, 1997, 1998; Jones et al. 1997b) or radiosonde data
(Gaffen 1994; Gaffen et al. 2000), different quantities actually
measured (Hansen et al. 1995), sampling and data coverage prob-
lems (e.g. Santer et al. 1999) and the choice of method for trend
calculation (Santer et al. 2000).

2.4 Reanalyses

Reanalyses use numerical forecast models with a “frozen” obser-
vational data assimilation system. Since the model output is influ-
enced by the data assimilation strategy and the numerical model
used, reanalyses do not give a direct observation of the climatic state
of the atmosphere. However, they should yield data that are unin-
fluenced by the numerous changes in model physics by which oper-
ational analyses are typically affected (Bengtsson and Shukla 1988).

The reanalyses used in this study cover the period 1979 to
present for NCEP and 1979 to 1993 for ERA. Monthly mean
temperature anomalies were interpolated to a common 2.5° by 2.5°
grid. For both reanalyses, data are available on 17 pressure levels.
Further aspects of the different layout of the reanalyses are dis-
cussed by Stendel and Arpe (1997). As mentioned by Santer et al.
(1999), it is important to note that in addition to differences in
resolution, data assimilation and model physics between the rea-
nalyses, the lower boundary conditions are slightly different. In the
ECMWF reanalysis, the following were used: 1° monthly SST
analyses from the UK Meteorological Office (GISST1.1; Parker et
al. 1995a) for December 1978 and January 1980 to October 1981,
GISST2.2 (Rayner et al. 1996) analyses for 1979 and 1° weekly
optimum- interpolated SST analyses of Reynolds and Smith (1994)
for November 1981 to the end of the period. NCEP uses GISST2.2
data to October 1981 and Reynolds and Smith (1994) SSTs
thereafter. The treatment of sea ice is identical for both reanalyses
and follows the post-analysis procedure of Nomura (1995).

3 Results

In order to simplify the comparison of analyzed fields
from the NCEP and ECMWF reanalyses and micro-

"It is important to recall that trend differences of a few hundredth
of Kelvin per decade must be interpreted with caution due to the
large variability of tropospheric temperatures. To consider an ex-
treme case, the global Tyt trend for 1979-1997 was —-0.01 K/
decade. The inclusion of 1998 (dominated by the strong 1997/98
El Niflo) changed this trend to +0.06 K/ decade.
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wave data we have calculated the equivalent microwave
temperature, T2 T, of the reanalyzed tropospheric tem-
perature, representing the temperature of the lower
troposphere (Stendel and Bengtsson 1997). Errors in-
troduced by this approach compared to solving the full
radiative transfer equation are generally small compared
to other uncertainties in the data sets (Santer et al. 1999).
For 1979-1993, the period common to all data sets used
here, global monthly T,;t anomalies show a relatively
high correlation between MSU temperatures and the
reanalyses from both NCEP and ERA (see Tables 1 and
2). These correlations are, however, dominated by sim-
ilarities in seasonal and interannual variability, so that
the three data sets behave differently on longer time
scales: compared to the MSU, each of the reanalyses
shows a number of sudden (but generally not simulta-
neous) jumps (Fig. 1). We do not know which of the
data sets (if any) is correct. There is, however, evidence
that inhomogeneities can be identified in both reanalyses
(discussed later), but this does not imply that there are
no problems with the MSU.

Figure 1 gives some indication that the jumps in the
difference time series of MSU and reanalyses may be
related to changes in the satellite availability. To esti-
mate the effect of the incorporation of satellites, lower
tropospheric temperature anomalies are investigated for
two regions in detail. Both reanalyses exclude satellite
data over land below 100 hPa. Santer et al. (1999) point
out that even when no satellite data are used, the in-
corporation of such data elsewhere is not confined to the
region of incorporation. This effect is largest in the lower
stratosphere. Since the 2; 1 retrieval has no stratospheric
contribution, we can conclude that the MSU has no
major influence on the reanalysis in the data-rich regions
over the Northern Hemisphere continents (Europe and
Asia, 40°N to 70°N, 10°W to 135°E and North America,
30°N to 70°N, 125°W to 75°W). On the other hand,
almost no conventional observations exist over the
oceans, in particular the tropical Pacific (20°S to 20°N,
160°E to 80°W), so that radiances measured from
satellites have to be included in the data assimilation.

However, this raises a number of difficulties. In the
NCEP reanalysis the original operational TOVS? retri-
evals from NESDIS, taking into account all radiances
(i.e. from HIRS, SSU and MSU), are used (Kalnay et al.
1996). Raw NESDIS temperature retrievals are used
over all oceans (Basist and Chelliah 1997). No explicit
intersatellite calibration in the NESDIS retrievals is
done in NCEP, in contrast to MSU and ERA. Since it is
not clear a priori whether or not a given change in e.g.
the attenuation coefficients for water vapour will have a
significant effect on the data assimilation, this procedure
may cause problems, considering the numerous changes

2TOVS stands for TIROS-N Operational Vertical Sounder, NES-
DIS means National Environmental Satellite Data and Informa-
tion Service, HIRS is the High Resolution Infrared Sounder and
SSU the Stratospheric Sounding Unit.
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Table 1 Correlations between

lower tropospheric temperature HadRT2.0 MSU *d” NCEP ERA
data sets Global
HadRT2.0 1.00 0.80 0.82 0.68
MSU “d” 1.00 0.93 0.83
NCEP 1.00 0.85
ERA - 1.00
North America (30°N 70°N, 125°W-75°W) and Eurasia (40°N-70°N, 10°W-135°E)
MSU “d” 1.00 0.97 0.97
NCEP - 1.00 0.98
ERA - 1.00
Tropical Pacific (20°S 20°N, 160°E-80°W)
MSU “d” 1.00 0.97 0.83
NCEP - 1.00 0.87
ERA - 1.00

Correlations for the global temperatures and for temperatures over the data-rich regions of the
Northern Hemisphere (North America and Eurasia) and the tropical Pacific using monthly mean data.
Correlations to HadRT2.0 are given only for global mean temperatures

Table 2 RMS differences

b . HadRT2.0 MSU “d” NCEP ERA
etween lower tropospheric
temperature data sets Global
HadRT2.0 0.000 0.206 0.215 0.219
MSU “d” 0.000 0.075 0.123
NCEP 0.000 0.114
ERA 0.000
North America (30°N —70°N, 125°W-75°W) and Eurasia (40°N-70°N, 10°W-135°E)
MSU “d” 0.000 0.163 0.146
NCEP - 0.000 0.120
ERA - 0.000
Tropical Pacific (20°S 20°N, 160°E-80°W)
MSU “d” 0.000 0.099 0.248
NCEP - 0.000 0.225
ERA - 0.000

RMS differences for the global temperatures and for temperatures over the data-rich regions of the
Northern Hemisphere (North America and Eurasia) and for the tropical Pacific using monthly mean
data. RMS differences to HadRT2.0 are given only for global mean temperatures

in NESDIS reported e.g. by Andersson et al. (1991) and
Kelly et al. (1991).

ERA does not directly incorporate raw TOVS ra-
diances into the analysis (Gibson et al. 1997). Instead
they are ‘“‘cloud-cleared”, i.e. MSU radiances are used
for clear retrievals only. Radiances from cloudy retri-
evals may have a cold bias due to scattering effects
from precipitation (Prabhakara et al. 1996) and have
consequently been removed in ERA. However, the
effect appears to be negligible (Christy 1995; Spencer
et al. 1996). The radiances are then converted to tem-
peratures by means of a “one dimensional variational
analysis” (1D-Var) scheme (Eyre et al. 1993), where the
variational part of the analysis consists of finding the
atmospheric temperature and humidity profile that fits
the measured radiances best. 1D-Var temperatures are
used below 100 hPa over the oceans only. Between
30°S and 30°N, only cloud-cleared radiances are in-
cluded (Gibson et al. 1997). The so obtained profiles
then have to be bias-corrected (Eyre 1992). This is done
by wusing corrections calculated from the previous
months’ biases with respect to a selection of radiosonde

stations that is regarded as reliable. The bias correction
does not explicitly take into account radiance changes
over a period longer than a couple of months. When a
new satellite is introduced, an erroneous bias correction
for the old satellite may result in an artificial bias for
the new one. Furthermore, the inclusion of the HIRS
water vapour channels, which can have significant
impact on the temperature and water vapour structure
in the tropics, bears the possibility of introducing
substantial errors (Uppala 1997).

Over the NH continents, a reasonable agreement of
MSU and reanalysis temperatures is found, with corre-
lations of 0.97 for both NCEP and ERA (Fig. 2 and
Table 1). We note, however, that the surface warms rel-
ative to the lowest tropospheric pressure levels in
both reanalyses (surface minus 850 hPa residual trend:
+0.13 K/decade in ERA for 1979 to 1993, +0.10
(+0.19) K/decade in NCEP for 1979 to 1993 (1998)).
How can this be explained? Such systematic differences in
adjacent layers could e.g. be caused by small variations
in the static stability of the lower troposphere, which
in particular during winter can be quite substantial. One
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Fig. 1 Time series of residual lower tropospheric equivalent MSU
T2LT anomalies (K) for NCEP-MSU (black curve) and ERA-MSU
(blue curve). Also given (as vertical lines) are the replacement dates of
polar-orbiting satellites used for the reanalyses. Orange lines mean that
only one “morning” satellite is available from the given data, green
lines denote “afternoon” satellites, and black lines give periods with
both a “morning” and an “afternoon” satellite. The blue vertical lines
denote the dates of the eruption of the volcanoes El Chichon and
Mt. Pinatubo. All anomalies with respect to the period 1979-1993

may speculate that for example more marked inversions
during the early part of the record (leading to extra cold
surface temperatures) than during the latter part could
generate such a systematic difference.

One way we can check this is to consider the near-
surface (2 m) temperature from the reanalyses. NCEP
reanalyses are not suitable for this type of comparison,
since they were erroneously forced with the snow cover
of 1973 throughout the period 1974 to 1994 (Kalnay
personal communication).® For 1979-1993, ERA T
over North America and Eurasia warms by 0.14 K/
decade less than observations (Jones 1994). Although
there is no common period of correct snow cover
treatment in NCEP and ERA, the T,,, anomalies from
both reanalyses behave similarly. This might be due to
erroneous observed data; however, as discussed in Sect.
4.2, an improper treatment of the planetary boundary
layer, in particular snow cover, is more likely.

For the tropical Pacific (Fig. 3 and Table 1), several
jumps are visible in the time series of the difference be-
tween ERA and MSU. These can partly be traced back to
transitions from one polar orbiting satellite to another.
For example, there is a cold bias in ERA starting in
September 1981, which coincides with the introduction
of NOAA-7 as an ““afternoon” satellite in addition to the
“morning” satellite NOAA-6 (“morning” and “after-
noon” refer to the local northbound equator-crossing
time of the satellite). This cold bias stays present just up
to El Chichdn’s eruption in March 1982. Several prob-
lems were experienced with the NOAA satellites in 1984
and 1985 (Christy et al. 1998). The repeated changes
from and to NOAA-6 show up in the residuals, and the
introduction of NOAA-9 in April 1985 coincides with a
clearly visible cooling in ERA as large as 0.5 K. This bias
decreases with time and is near zero when NOAA-10
finally replaced NOAA-6 in January 1987. Until April
1989, this satellite was the only active one, and no further
problems appeared, but with the introduction of NOAA-
11 as “afternoon” satellite a positive bias in ERA tem-
peratures is introduced which remains visible most of the
time, even after the replacement of NOAA-10 with
NOAA-12 in October 1991.

Further jumps are visible in ERA in early 1980 and in
1986. These can be traced back to problems with MSU

3Another error that affects the boundary layer, though not im-
portant for the period considered here, is the erroneous rejection of
sea level pressure values below 1000 hPa over parts of the NH prior
to 1968 (Kistler, personal communication).
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Fig. 2 As for Fig. 1, but for the data-rich regions of the Northern
Hemisphere, North America (30°N-70°N, 125°W-75°W) and Eurasia
(40°N-70°N, 10°W-135°E)

channel 3 in the profile reconstruction. This channel is a
key parameter in the retrieval schemes, and without
accurate information for the upper troposphere, the
entire vertical temperature profile can be erroneously
skewed. MSU channel 3 experienced erratic behaviour
and sudden shifts on NOAA-6, NOAA-7 and NOAA-9
that are not apparent in any other channel. While no
clear jumps can be identified in ERA relative to NCEP
for the NH continents, a trend is clearly visible in re-
gions where ERA has to rely on TOVS data. This is
evidently a factor in the significantly cold temperatures
in ERA in 1980 and 1986 (Fig. 3).

What does the vertical distribution of the tempera-
ture trends look like? Figure 4 shows normalized global
pressure-level and corresponding equivalent microwave
temperature differences of ERA and NCEP. Quite large
differences between the reanalyses are visible in the
stratosphere (e.g. at 10 hPa). These relate to an unreal-
istic representation of the quasi-biennal oscillation
(QBO) in both reanalyses (compare Pawson and Fiorino
1998; Santer et al. 1999).

Tropospheric differences between ERA and NCEP
are particularly large from 1992 on, which suggests a
connection to a change in the cloudy algorithm over the
tropical oceans (Reale et al. 1994) in August 1992. Since
such retrievals are directly assimilated, they are likely to
result in spurious trends in the NCEP reanalysis (see
Santer et al. 1999, Plate 1).

A jump in the difference between ERA and NCEP is
visible in the lower troposphere in October/November
1986 (near the surface, no jump, but rather a smooth
transition and a residual annual cycle are apparent, with
largest differences of ERA and NCEP in winter of the
NH extratropics). Both reanalyses had problems during
this period. While for NCAR a change in the rawin-
sonde correction scheme (Basist and Chelliah 1997) may
have had an effect, for ERA this can be traced back to
the assimilation of satellite data in data-sparse regions.
ERA’s 1D-Var analyzes departures from the back-
ground (i.e. the first guess), so that errors in the first
guess eventually become biases in the 1D-Var and
therefore in the final analysis. The October/November
1986 jump seems to be due to two events: the transition
to only one satellite in 1985 with subsequent warming of
the first guess and erratic behaviour of NOAA-9 and
MSU3 in October 1986, so that an inappropriate bias
correction keeps the warming of the first guess (Kallberg
personal communication). An erroneous rejection of all
tropical 1D-Var retrievals in February 1987 (Fiorino
personal communication) caused further errors. Conse-
quently, we find a jump in the ERA global mean tem-
perature in late 1986, and the second half of ERA (i.e.
1987-1993) is warmer and wetter in the lower tropical
troposphere over the oceans than the first half. However,
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Fig. 3 As for Fig. 1, but for the tropical Pacific (20°S—20°N, 150°E—
90°W)
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as Fig. 5 demonstrates, this trend is considerably weaker
or even absent at isolated island stations such as Diego
Garcia in the tropical Indian Ocean, Guam, Kwajalein,
Ponape and Tahiti in the tropical and subtropical Pacific
and St. Helena in the tropical Atlantic.

The comparison of temperature time series between
the NH continents (where MSU and reanalysis data are
most independent because the radiosondes provide the
upper atmospheric information for the reanalyses) and
the tropical Pacific highlights the fact that the results of
such reanalysis exercises may only be expected to be as
good as the input databases. This corroborates recent
results by Santer et al. (1999), who found that NCEP’s
lower and middle tropospheric temperature differ
markedly from radiosonde data, caused by a likely warm
bias in NESDIS temperature retrievals which could only
be corrected from 1979 on so that the pre-satellite-era
NCEP data are too cold.
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4 Discussion

Two questions arise from the results presented so far: (1)
to what degree of certainty are we able to determine
recent trends in the troposphere? and (2) how can we
explain the difference in trends between tropospheric
and near-surface temperatures? These issues will be
discussed in the following subsections.

1990

1988

4.1 Accuracy of tropospheric temperature measurements

The first question reveals the need to examine the ac-
curacy of tropospheric temperatures derived from sat-
ellites and reanalyses. The reliability depends crucially
on the geographic region and on the datasets involved.
Four dimensional data assimilation as it is used for the
reanalyses from ECMWF and NCEP is a complex,
nonlinear method to incorporate data of all types, with
very different error characteristics, into a forecast model.
(Y] In regions where no conventional observations are
available, the data assimilation scheme has to rely on
satellite radiances. These are incorporated into the
analysis in a way that differs substantially between
NCEP and ERA. Furthermore, neither of the models is
149 perfect. The potential unreliability of reanalyzed tem-
peratures can be estimated for the period 1979 to 1993,
which is common to both reanalyses. For this period,
ERA gives a lower tropospheric trend of +0.24 K/
decade for the tropical Pacific, whereas for NCEP the
trend is —0.10 K/decade and for the MSU —0.14 K/dec-
ade (Table 3). These values may be directly compared to
the results of Santer et al. (1999, Table 5).

How do we know which of the data sets is correct or
what amount of error we assign to each? The warming

1986

T2LT (ERA-MSU)

1984

oy g L

1982

1980

T2LT (NCEP-MSU)

0.84%
0.6
0.4
0.2
0.04
-0.24
-0.4+
—0.6-
—0.8-
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|

Fig. 4 Time series of normalized global temperature differences (K) of
ERA and NCEP with respect to the period 1979-1993 at pressure
levels from 1000 hPa to 10 hPa. The standard deviations (K) of the
monthly differences are given on the /left, and the tick marks are every
40. Also given are the differences of the equivalent microwave
temperatures near the pressure levels where the respective weighting
function has its maximum. Decadal trends for the period 19791993

trend in the ERA data can to a large extent be attributed
to the treatment of satellite observations, in particular of
NOAA-11, which leads to a positive temperature bias of
about 0.3 K over the tropical oceans with respect to
both NCEP and MSU after 1989 (Fig. 3). On the other
hand, the decrease in NCEP temperature does not agree
with Santer et al.’s (1996) estimate of 0.08-0.30 K/dec-
ade for the expected 2yt trend. Trenberth and Hurrell
(1997) point out a number of potential consistency
problems with the MSU data, mainly related to the
circumstance that eight different satellites, with slightly
different sampling characteristics, have been used during
the period. However, the MSU is calibrated globally
(Christy et al. 2000b), so one might expect better
agreement of MSU and reanalyses over the tropical
Pacific, taking into account the good agreement over the
Northern Hemisphere continents.

There is still some possibility that the NCEP reanal-
yses and the microwave data do indeed have a similar
systematic error. This could be the case for example if
the MSU data had a major influence on the reanalysis.
Mo et al. (1995) showed that NESDIS retrievals had a
warm bias in the tropical troposphere which affected the
NCEP reanalysis. However (although there are differ-
ences between both reanalyses in the forecast models
and data assimilation schemes as well as the paramet-
rization of sub-grid scale processes), for regions with
ample data coverage from radiosondes, decadal trends in

80S
18 120w 60W 0 60E 120E 180

=0.25 =01 0.1 0.25

Fig. 5 Specific humidity at 925 hPa from ERA, difference (g/kg)
1987-1993 minus 1979-1985. Also given are the positions of some
tropical radiosonde stations (Ha, Hawaii; Ra, Rarotonga; Ta, Tahiti;
SH, St. Helena; DG, Diego Garcia; Gu, Guam; Po, Ponape; Kw,
Kwajalein; PP, Pago-Pago)
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Table 3 Linear temperature trends (K/decade) for 1979-1993
Global North America Tropical

and Eurasia Pacific
HadRT2.0 0.06 - -
MSU “d” —-0.06 0.25%* —-0.15
NCEP —-0.04 0.14* —-0.10
ERA 0.09 0.16%* 0.24
IPCC Ty 0.15 0.36** 0.12
NCEP Ty, —-0.05 0.20%* -
NCEP SST - - 0.02
ERA Ton 0.01 0.22%+* -
ERA SST - - 0.07

Temperature trend estimates for the globe, for the data-rich regions
of the Northern Hemisphere, North America (30°N-70°N, 125°W—
75°W) and Eurasia (40°N-70°N, 10°W-135°E), and for the tropical
Pacific (20°S-20°N, 160°E-80°W) using monthly mean data.
Trends for the 2 m temperature and the SST in the NCEP and
ERA reanalyses are also given. A trend estimate from HadRT2.0 is
given only for the global mean temperature

* Significant at the 10% level

** Significant at the 5% level

both reanalyses agree reasonably: for the same 15-year
period (1979-1993), the difference over North America
and Eurasia is only 0.02 K/decade (NCEP: +0.14 K/
decade, ERA: +0.16 K/decade; the MSU trend is
+0.25 K/decade, see Table 3), in general agreement
with Santer et al. (1999, Plate 10). We note that this is
not valid for the NH as a whole (compare Santer et al.
1999, Table 5); though we can conclude that the simi-
larity of trends in NCEP and MSU cannot be attributed
to an interdependence of the two data sets, this does not
imply that both are ““correct”.

With respect to the reanalysis data a temperature bias
can be caused by systematic errors in the forecasting
model used in the data assimilation. These can affect the
temperature in data sparse regions, an error which can
eventually be eliminated in a later period when new
observations become available. This is a serious problem
which influences studies over longer periods during
which major changes in the observing system have taken
place (see also Nicholls et al. 1996). It would therefore be
of considerable interest to quantify the importance of
data coverage inhomogeneities in the reanalyses by
creating a subset which is in this respect as homogeneous
as possible.

4.2 Differences between tropospheric
and near-surface temperatures

Possible mechanisms that might shed some light on the
question of why near-surface trends exceed those in
the free troposphere include biases in either the SST, the
land surface station data or the MSU measurements,
changes in data coverage and/or measurement tech-
niques, or real lower tropospheric lapse rate changes
during the last two decades. These possibilities will be
discussed in the following subsections. The surface
“global”” means are based on only about 70% coverage
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of the globe, and considerable spatial and temporal
coverage differences exist between the data sets. It is
therefore possible that the trends differ because different
regions of the Earth have been sampled. This issue has
been discussed in detail by Santer et al. (1999) and will
not be covered here. Another possible explanation is the
uncertainty in the trends. The records are noisy, so fit-
ting a linear trend is not exact. The statistical signifi-
cance has been tested by means of a standard ¢ test
against the null hypothesis that the trend is zero.
Autocorrelation of the data has been accounted for, as
in Santer et al. (1999). Due to the high autocorrelation
of the time series, the effective sample size is reduced
considerably, and none of the trends for the globe or the
tropical Pacific differ significantly from zero. For North
America and Eurasia, we find trends slightly different
from zero at the 5% significance level (except NCEP
Tor1, which is significant at the 10% level). Linear
trends near the surface and in the lower troposphere do
not differ significantly due to the large standard error
caused by the autocorrelation of the time series. Nev-
ertheless, we can gain some insight into the physical
mechanisms behind the differences between lower trop-
ospheric and near-surface temperature.

4.2.1 SST properties

Figure 6 gives a time series of the difference of global
SST anomalies from the Reynolds and Smith SST
(used in the reanalyses from October 1981 on) and in
situ data (MOHSST). The difference trend is near
—0.15 K/decade. Figure 7 shows the geographical dis-
tribution of the difference between the Reynolds and
Smith (1994) SST used for ERA and the in situ SST
over the oceans. Over land, the difference between the
reanalyzed and the Jones (1994) 2 m temperature is
given. It is evident that the Reynolds and Smith (1994)
SST and the reanalysis data cools with respect to the
in situ data.

The reanalyses require global SST (and sea ice) da-
tasets. However, in situ SSTs incorporate only obser-
vations from ships and buoys, which means that for
large regions of the Earth, particularly in the Southern
Hemisphere, no data are available. Such gaps are filled
in the Reynolds and Smith (1994) SST with satellite
observations, where Laplace’s equation is solved and
the satellite data determine the second derivative of the
field to be interpolated, with the in-situ data acting as
boundary conditions, thus largely compensating for the
satellite’s typically cold bias (Reynolds 1988; Reynolds
et al. 1989). As demonstrated by Hurrell and Trenberth
(1999), the Reynolds and Smith (1994) SST analysis has
a cold bias. This can be traced back to the fact that in
the 1980s, when in situ ship observations from the
Comprehensive Ocean-Atmosphere Data Set (COADS)
were used, roughly 30 000 observations per week were
available for the bias correction, whereas in the 1990s
only ship data from the GTS, covering about 15 000
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Fig. 6 Time series of the difference (K) between the SST used for
NCEP and from IPCC (solid line) and between the SST used for ERA
and from IPCC (dashed line). Details about the SST used for the
reanalyses are given in Sect. 2
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SST+T,.: ERA — IPCC 1979-1985
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Fig. 7 Difference (K) of the 2 m temperature from ERA and from
IPCC over land and of the SST used for ERA and from IPCC over
the oceans for the periods 1979-1985 (upper panel) and 1987-1993
(lower panel). TPCC is the combined Jones et al. (1994)/MOHSST6
data set used in the IPCC second assessment report. Details about the
SST used for the reanalyses are given in Sect. 2

observations per week, could be utilized. The bias cor-
rection is underestimated in situations with sparse in situ
data, which may lead to an estimated artificial cooling
trend of 0.1 £ 0.1 K/decade (Reynolds 1998) in the
Reynolds and Smith (1994) SST compared to the in situ
SST. Another reason for a cold bias in the Reynolds
and Smith (1994) SST is that this data set uses a tem-
perature of —1.8 °C at the ice edge, whereas in GISST
(as well as MOHSST) higher temperatures in marginal
ice zones are allowed (Rayner et al. 1996). Furthermore,
in situ measurements of the SST observe a different
quantity from what is seen from the satellite, which
measures the ocean skin temperature, a quantity
dependent on conditions (e.g. air-sea heat fluxes and
sea state) other than “bulk” SST values as reported by
in-situ measurements.

Since the mid-1980s, ship measurements have been
supplemented by reports from moored and drifting
buoys, in particular in the tropical Pacific (Fig. 8 and
Table 4). Although buoy temperatures are observed at a
depth of nominally 1 m (whereas ships measure tem-
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Ship/buoy obs. per 2.5°2.5° box and month
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Fig. 8 Number of ship and buoy observations per 2.5° by 2.5° grid
box and month. Upper panel average for 1984-1988; middle panel
average for 1994-1998; lower panel 1994-1998 minus 1984-1988

Table 4 Data coverage from ships and buoys in the tropical Pacific
1951-1995

Month Number of ship Number of buoy
observations observations
Tropical Nifio 3.4  Tropical Nifo 3.4
Pacific Pacific
January 1951 2117 166 0 0
January 1961 5589 140 0 0
January 1971 7838 308 0 0
January 1981 7363 221 221 0
January 1991 12476 307 14772 2292
January 1995 9813 145 7960 443

The tropical Pacific covers the area 20°S to 20°N, 160°E to 80°W.
The Nifo 3.4 region extends from 5°S to 5°N and from 170°W to
120°W

peratures at depths as much as 10-15 m), both are
treated equally in the analysis. Webster et al. (1996) have
shown that tropical Pacific SSTs decrease with depth,
therefore a warm bias may have been introduced into
the in situ data due to the change in the mix of obser-
vational platforms. Our preliminary analyses indicate
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that for the tropical Pacific buoys tend to be warmer
than collocated ships by up to 0.13 K for a four-year
period (1992-1995). However, for large areal averages
there seems to be very little impact (Parker personal
communication), so clearly more investigations are
necessary, including other factors such as the uncer-
tainty of anomalies produced from buoys which now
occupy areas that have had extremely few observations
in the past and thus unknown climatologies.

4.2.2 Land surface temperatures

Another possible explanation might be a systematic
error in the Jones (1994) data, probably due to a
warming bias caused by the ongoing urbanization (for
the estimation of sampling errors see also Jones et al.
1997a). To shed some light on this issue, we have
compared the reanalyzed temperature anomalies to
station data from the North Atlantic Climatological
Dataset (NACD, Frich et al. 1996). Temperature time
series from stations covering the northern North
Atlantic region (Greenland to Finland and Svalbard
to Belgium), generally covering the period 1890-1990,
have been carefully checked for homogeneity. Out of
the 89 available stations, five large cities (Copenhagen,
Helsinki, Reykjavik, Oslo, Bergen) were rejected due to
environmental changes (urbanization), 42 were found
to be inhomogeneous, and four were rejected for other
reasons. The time series of the remaining 38 stations
are regarded as homogeneous. Comparisons to the re-
analyzed and Jones (1994) temperature anomalies (not
shown) gave no indication of a warm bias in the Jones
dataset, which confirms recent findings by Peterson
et al. (1999).

4.2.3 MSU problems

There are periods when problems with the MSU become
apparent. Since the MSU was not originally designed as
a climate monitoring instrument, special care has to be
taken when merging the brightness temperatures of the
nine satellites that form the MSU time series up to now.
The procedure is described in detail in Christy et al.
(2000b) and includes the elimination of the orbit drift of
two afternoon satellites, NOAA-7 and NOAA-11. The
artificial warming in the drifting afternoon satellites is
due to (a) the sampling of Earth emissions at later points
in the diurnal cycle and (b) the changing shadowing ef-
fect on the instrument itself, which alters the tempera-
ture of the instrument. This second effect relates to the
non-linear response of the instrument since the response
is a function of the difference between the temperature of
the scene and the body temperature of the radiometer.
As the temperature of the radiometer changes due to the
shadowing effect, the calculated Earth temperatures
must be adjusted accordingly. In general, these effects,
though amounting to only a few hundredths of a degree
in any particular year, were not exactly quantified when
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the instruments were calibrated before launch, but may
be potentially important.

In addition to the MSU channel 3 problems in 1980
and 1986 already discussed, Fig. 1 indicates that the
MSU is progressively and almost consistently warmer
than NCEP between 1991/92 and 1998. Part of this
difference may be due to NCEP’s snow-cover problems.
The redistribution of infrared emitters after the eruption
of Mt. Pinatubo in 1991, which may have led to the
assignment of the emission to too cold levels, may also
explain part of the difference in the early part of
the period. Otherwise, the MSU on NOAA-12 (which
Mo, 1995, provided new coefficients for) may still need
further, slight adjustments, i.e. NOAA-12 may have a
slight warming trend remaining in its data.

4.2.4 Radiosonde instrumental changes

Another possible explanation may be related to spurious
trends in the radiosonde data due to e.g. instrumental
changes. This has been discussed in detail by Gaffen
(1994) and Gaffen et al. (2000). In the mid-1990s, US
controlled stations began replacing VIZ by Vaisala ra-
diosondes. Figure 9 shows as a preliminary result that
this replacement for two stations in the tropical Pacific
in December 1995 results in a ~0.5 K cooling of the
radiosonde compared to the collocated MSU tempera-
ture. This may be responsible for a spurious cooling in
the NCEP time series.

4.2.5 Changes in the stability of the lower troposphere
There is evidence for changes in the vertical stability

of the lower troposphere on decadal time scales. As

Lower tropospheric T anomalies w.r.t. 1979-1998
Collocated MSU and radiosondes at Koror and Chuuk
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Fig. 9 Time series of the difference (K) of collocated MSU and
radiosonde temperature anomalies (T, 1) with respect to 1979-1998
for Koror (7°21'N, 134°29°E) and Chuuk (7°27'N, 151°51’E)
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demonstrated by Hurrell (1995, 1996), the North At-
lantic oscillation (NAO), which modulates wintertime
temperatures over large parts of Eurasia, has shown an
upward trend (i.e. toward high index values) in the last
three decades. A similar trend was recently also found
for the Arctic Oscillation (Thompson and Wallace
1998). Such conditions are related to a more pronounced
westerly flow at temperate and high latitudes, leading to
markedly warmer conditions in the boundary layer (e.g.
due to the destruction of wintertime inversions). Near-
surface warming exceeding that in the lower troposphere
has been reported for the NH, in particular Russia and
Canada (Ross et al. 1996) and for the tropical oceanic
regions (Christy et al. 2000a). For the polar regions,
Fig. 10 corroborates this finding for the NCEP reanal-
ysis, showing quite large changes of lower tropospheric
temperature gradients in particular over the Arctic,
where the near-surface temperature has risen consider-
ably with respect to the 700 hPa temperature (trend for
1949-1999: +0.29 K/decade). Although the standard
error, accounting for autocorrelation of the time series,
is quite large (0.3 K/decade), this indicates that the
temperature profile of the lowest 2-3 km of the atmo-
sphere has almost reversed since the 1950s. A similar
trend, although smaller in magnitude, is also found in
austral winter over Antarctica. For other seasons, the
decadal changes are much smaller.

A warming in surface observations compared to both
reanalyses is also found over tropical land (Fig. 7). A
possible explanation for this might be land-use changes,
as recently suggested by Pielke et al. (1999). Apart from
the decadal trend in the temperature difference between
observed and reanalyzed near-surface temperature
anomalies already mentioned, an annual cycle with a
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Fig. 10 Time series of lower tropospheric (1000 hPa minus 700 hPa)
temperature gradients (K) from the NCEP reanalysis for (upper panel)
the Arctic (75°N-90°N) in boreal winter (DJF 1950-1999; the year
refers to the January of the respective winter) and (lower panel)
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winter and spring maximum over the NH land masses,
in particular Canada and Russia (not shown), is ap-
parent from Figs. 2 and 4. This annual cycle clearly
demonstrates that both reanalyses are flawed with re-
spect to the parametrization of the boundary layer. For
NCEDP, this may be caused by the improper treatment of
snow-cover mentioned already.

The vertical distribution of reduced upper- and mid-
dle-tropospheric warming due to the decrease of
stratospheric ozone may also be a possible cause for
differences in temperature trends further below, as first
demonstrated by Santer et al. (1996) and Tett et al.
(1996). Recently, Bengtsson et al. (1999) demonstrated
in an ensemble simulation that the observed warming of
the surface relative to the lower troposphere may partly
be explained by the combined forcing by well-mixed
greenhouse gases, tropospheric ozone and sulfate aero-
sol as well as stratospheric ozone depletion and sulfate
aerosol from the eruption of Mt. Pinatubo.

The period 1979-1998 witnessed two of the three
largest volcanic eruptions and two of the three strongest
ENSOs of the twentieth century. The lower troposphere
responds to such forcing with greater amplitude and
later timing of anomalies than the surface (Christy and
McNider 1994; Jones 1994). This may also contribute to
the difference between near-surface and lower tropo-
spheric trends.

One may furthermore speculate that effects due to
changed cloud cover and subsequent changes in the
hydrological cycle may also contribute to the difference
between near-surface and tropospheric temperatures.
However, much more research needs to be done before
quantitative comments can be made.

5 Conclusions

The major findings of this investigation can be summa-
rized as follows.

1. The estimation of recent temperature trends from
surface measurements, radiosondes, satellite observa-
tions or reanalyses is subject to a considerable degree
of uncertainty. In the data-rich regions of the NH,
temperature anomalies obtained from MSUs, radio-
sondes and from both ECMWF and NCEP reanalyses
agree reasonably. For regions without conventional
observations from radiosondes, large differences are
found between the MSU and either reanalysis. Since
the MSU is calibrated globally, this implies that in
data-sparse regions (and thus the globe) tropospheric
temperature trends cannot reliably be estimated from
reanalyses, corroborating earlier findings by Santer et
al. (1999).

2. Both reanalyses are sensitive to changes in satellite
data availability. There are a number of specific prob-
lems with the treatment of satellite data in both of the
reanalyses. NCEP employs NESDIS retrievals based on
raw radiances using algorithms that have undergone
alterations over time. Thus, intersatellite biases are not
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specifically calculated, and the product is very sensitive
to changes in the algorithms (e.g. August 1992, Fig. 3).
ERA uses only cloud cleared radiances and performs a
“one-dimensional variational analysis”. The results of
such an analysis have to be bias-corrected, which
introduces an error when the satellite relative to which
the correction is calculated is biased itself or when ra-
diances change on a time scale longer than a couple of
months, e.g. due to orbit decay. ERA inhomogeneities
are visible in April 1985, October/November 1986 and
April 1989.

3. After accounting for the uncertainties with tem-
perature trends calculated from reanalyses, residual
negative trends remain in the reanalyses compared to
both SST and land surface temperature. While trends in
the in situ SST may be introduced by inhomogeneities in
the observing system (degradation of the number and,
probably, also quality, of ship measurements during the
last decade, replacement of ship observations by buoy
measurements), there are no indications of inhomoge-
neities in land surface temperature trends. Near-surface
temperatures in both reanalyses have biases, particularly
in winter, indicating problems with the parametrization
of the boundary layer, presumably due to the incorrect
treatment of snow-cover. There is evidence for a slight
increase of the tropospheric lapse rate over the last two
decades, which may be caused by a combination of
several factors, including recent circulation changes,
stratospheric ozone decrease and volcanic effects.
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