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ABSTRACT
This report illustrates and quantifies the unanticipated large uncertainty and differences in tropospheric temperature
analyses within current global operational forecast systems and historical re-analysis products. Results reveal that
regional patterns of uncertainty in seasonally averaged and daily atmospheric upper-air temperature analyses are related
to the irregular distribution of in situ and satellite observations. There is less uncertainty in analysed temperature where
in situ radiosonde observations are plentiful, primarily over developed nations in the Northern Hemisphere, and more
uncertainty over regions that are observed primarily by satellites with fewer in situ temperature observations, including

oceanic areas, the cryosphere, and developing nations. The results suggest that operational weather forecasting and
climate monitoring would benefit from an improved global observing network, including additional in situ components.
There is also a need for progress in data assimilation to extract more information from the wealth of current and future

satellite observations.

1. Introduction

Accurate observation and analysis of atmospheric temperature
is essential for numerical weather prediction (NWP) and the
monitoring of regional and global climate change. Multivari-
ate atmospheric models provide the background forecasts and
dynamical context in which analyses of atmospheric tempera-
tures, winds, and other variables are produced. The observations
ingested by data assimilation procedures supply new informa-
tion that is needed to continuously adjust the model trajectory
toward a new analysis, which is an estimate of the true atmo-
spheric state. Many factors affect the quality of atmospheric
temperature analyses, including the variable quality of satellite
observations (Christy et al., 2003; Santer et al., 2003a), the ir-
regular distribution of important observation types, including
radiosondes (Lanzante et al., 2003) and limitations of data as-
similation procedures (Rabier, 2005).

For NWP, multivariate atmospheric analyses provide initial
conditions and verification for deterministic and probabilistic
forecasts over the global domain. To the extent that the means
and covariances of forecast and observation errors are accurately
specified in the data assimilation systems used to produce anal-
yses, these analyses represent state estimates with minimum er-
ror variance or maximum likelihood—depending on the type of
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scheme employed (Daley, 1991). However, because the data as-
similation schemes and models used to produce high-resolution
estimates of the atmospheric state are constantly evolving and
do not typically provide estimates of their own uncertainty,
analyses have not found much use in the detection of climate
change.

Instead, climate temperature trends have more typically been
inferred from the observational record. This has limited such
studies to regions (or vertical levels) where observations are
sufficient in number and accuracy to provide good estimates of
the ‘true temperature.” Traditionally, the network of radiosonde
upper air observations (Fig. 1) and in situ surface observations
have provided the best foundation for such evaluation of climate
trends. Limitations of radiosonde observation quality in the con-
text of climate studies are discussed by Sherwood et al. (2005),
Randel and Wu (2006) and Trenberth et al. (2007).

However, over much of the globe, in situ temperature obser-
vations are sparse, and satellite-based instruments provide the
majority of surface and upper-air temperature observations, pri-
marily from microwave and infrared radiometers and sounders
aboard polar-orbiting and geostationary platforms. An important
issue is that with satellite-derived temperature observations, the
problems of bias correction, observation error and quality con-
trol are generally more complex than with in situ temperature
observations such as those provided by radiosondes.

Bias in satellite-derived observations can vary with time (di-
urnally and seasonally), geographic location, the underlying sur-
face (land, sea or ice) and scan position of the satellite (Auligné
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et al., 2007). Also, bias in satellite data cannot generally be
assumed as constant over time due to orbital decay, drift, and
other issues (Christy et al., 2003; Trenberth et al., 2006). In
most cases, satellite observations, including radiances, include a
dependence on background information from the model, which
is a source of additional bias (Dee, 2005). Current multivari-
ate operational data assimilation schemes utilize sophisticated
statistical techniques to identify and reject suspect observations
and to detect and correct satellite observation bias (Harris and
Kelly, 2001).

It is a stated objective that future climate studies should use
atmospheric temperature reanalyses (Folland et al., 2006). Re-
analysis data sets do not contain spurious trends due to changes
in forecast models or data assimilation technique, because these
remain the same for the entire re-analysis period. However, re-
analysis products can include biases caused by changes in the
global observing system over time, which can reduce the relia-
bility of inferred climate trends (Bengtsson et al., 2004; Santer
et al., 2004; Sterl, 2004; Trenberth and Smith, 2006). A disad-
vantage of state estimates provided by reanalyses is that they
are produced at coarser horizontal and vertical resolution than
analyses produced for short to medium-range NWP. In this re-
port, we examine the differences and uncertainty that exist in
temperature analyses from several operational and re-analysis
products.

2. Comparison of operational temperature
analyses

How much uncertainty exists in current operational analyses
of upper-air temperature? We can investigate this question by
comparing the analyses of temperature produced by indepen-
dent numerical weather prediction centres, including the Na-
tional Centers for Environmental Prediction (NCEP), the United
Kingdom Meteorological Office (UKMO), and the Fleet Numer-
ical Meteorology and Oceanography Center (FNMOC). These
centres generate atmospheric analyses several times each day
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and maintain state-of-the-art data assimilation procedures and
high-resolution forecast models.

Each forecast centre assimilates several million or more sur-
face and upper-air observations (including satellite radiances)
every day to produce the analyses, which are used to initialize
their respective deterministic and ensemble forecast systems,
and are used as a primary tool for model verification. The tem-
perature analyses produced by each assimilation and forecast
system are independent estimates of the ‘true temperature.” We
do not expect these various temperature analyses to be identical,
because of differences in data assimilation methods and in the
forecast models that provide the background for the analyses.
Each forecast centre also uses somewhat different procedures
for observation quality control, bias correction, and assimilates
a somewhat different selection of observation types.

In Figure 2A we illustrate the difference of the 6-month mean
(DM) analysed 500 hPa temperature produced by the FNMOC
Navy Operational Global Atmospheric Prediction System (NO-
GAPS) and the NCEP Global Forecast System (GFS). These
results are based on daily analyses at 0000 UTC and 1200
UTC from January 1 to June 30, 2007. The root mean of the
squared daily differences (RMSD) in analysed 500 hPa temper-
ature from NOGAPS and GFS is shown in Fig. 2B. The RMSD
indicates day-to-day variance between the two temperature anal-
yses. Where the RMSD is large, there is greater uncertainty in
our ability to quantify the ‘true temperature.’

From comparison of Figs. 2A and B with Fig. 1, it is clear
that differences in analysed temperatures (e.g. the uncertainties
in our knowledge of the ‘true temperature’) are closely related
to the distribution of radiosonde observations. Thus, the uncer-
tainty in temperature analyses is significantly less over Northern
Hemispheric continental regions, Australia, and various island
locations, such as Hawaii and New Zealand where radiosonde
observations are plentiful. For example, the RMSD of mean
analysed 500 hPa temperature (Fig. 2B) is less than 0.9 K over
most of North America, Europe and northern Asia, but is gener-
ally more than 1.3 K (and in places as large as 2.5 K) over the
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Fig. 2. (A) Difference (DM) of 6-month mean analysed 500 hPa
temperature, K (B) root mean square difference (RMSD) of daily
500 hPa temperature, K (C) RMSD of daily 200-500 thickness (m). All
panels based on analyses at 0000 UTC and 1200 UTC from January 1
to June 30, 2007.

Pacific and Atlantic oceans and polar regions where satellite ob-
servations are the primary source of temperature observations.
Temperature analyses over most developing nations, including
those in South America and Africa, are generally more uncer-
tain than those over developed nations in Europe, Asia and North
America.

Figure 2C illustrates the RMSD of the analysed thickness
between the 200 and 500 hPa pressure levels in the UKMET
global model and the GFS. This quantity is relevant for studies
of tropopause height as discussed, for example, by Santer et al.
(2003b). Again, we see that the two analyses are in much closer
agreement over regions with radiosonde coverage. Differences
between the two analyses are much larger over the southern
hemisphere, and in mid-Atlantic and mid-Pacific.

3. Comparison of temperature reanalyses

It is also instructive to examine differences in temperature anal-
yses provided by re-analysis products, including the ‘second-
generation’ Japanese 25-yr Re-analysis Project (JRA-25, Onogi
et al,, 2007), and the European Center for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40, Uppala
et al., 2005). Re-analysis products, similar to those produced
by operational center data assimilation systems, require a se-
quence of short-range forecasts (usually 6-12 h) to generate
background information, which is combined with new observa-
tions to generate an analysis. Because they are produced outside
the constraints of operational NWP, reanalyses generally include
a somewhat larger number of observations than the routine daily
analyses. However, the same concerns related to correction of
bias in satellite observations that apply in operational NWP also
affect the quality of re-analysis products.

Figure 3 illustrates the RMSD of analysed temperatures dur-
ing calendar year 2001 (the ERA-40 data ends in August 2002),
on the standard pressure levels of (a) 500 hPa, (b) 300 hPa and
(c) 100 hPa. It is evident from Fig. 3 that re-analysis tempera-
tures also have substantially larger uncertainty in regions with-
out plentiful radiosonde observations, as was shown in Fig. 2 for
operational temperature analyses. For example, the RMSD of
analysed temperature at 300 hPa (Fig. 3B) over parts of Antarc-
tica is as large as 3.5 K, more than three times larger than val-
ues typical over North America, Europe, Australia and eastern
Asia.

It is important to consider the uncertainty of analysed temper-
atures at different levels in the atmosphere, since differences in
tropospheric and stratospheric temperature trends may be a fin-
gerprint of anthropogenic climate change (Santer et al., 2004).
Vertical profiles of the RMSD of analysed temperature at six
selected global locations are shown in Fig. 4, using the JRA-25,
ERA-40 and NCEP/NCAR (National Center for Atmospheric
Research) re-analysis products. Note that for these reanalyses,
the ERA40 and JRA-25 assimilated satellite radiances, while
NCEP/NCAR used retrievals of satellite brightness temperature.

Comparatively small uncertainty in analysed temperature,
about 0.5 K through most of the troposphere, is found at Berlin
(Fig. 4A), which is representative of regions with dense ra-
diosonde and aircraft observations (Fig. 1). In locations that
have sparse radiosonde or other in situ observations, there is sub-
stantially more uncertainty in analysed temperature throughout
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Fig. 3. Root mean square differences of analysed temperatures from
the JRA25 and ERA40 reanalyses. (A) 500 hPa, (B) 300 hPa and (C)
100 hPa. All panels based on analyses at 0000 UTC and 1200 UTC for
year-2001.

the atmospheric column. For example, the RMSD of lower-
tropospheric temperature at a location in northeastern Africa
(Fig. 4B) is about 1K, or twice that found at Berlin, and even
larger below 700 hPa. At typical ocean locations, there are few
or no radiosondes, and the uncertainty of analysed tropospheric
temperature at two selected locations (Figs. 4C and D) is 1.5—
2.0 K through most of the troposphere. Two profiles are included
to illustrate uncertainty in analysed temperature at Antarctic lo-
cations: one is an interior location without a radiosonde station
(Fig. 4E, note extension of the temperature scale in this panel)
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and the other colocated with a radiosonde (Fig. 4F). The RMSD
is 2-3 K at the interior location (Fig. 4E) and 1-1.5 K at the lo-
cation near a radiosonde (Fig. 4F). Thus substantial differences
in the uncertainty of upper-air temperature analyses are found
over various regions of Antarctica.

4. Discussion

The goal of this report is to illustrate several issues related to
analyses of atmospheric temperature, which may be used to ver-
ify operational weather forecasts or in climate change research.
Each analysis is an independent estimate of the ‘true tempera-
ture’, and it is assumed that each forecast or re-analysis centre
produces temperature analyses that are equally likely represen-
tations of the ‘true temperature’. There is no definitive way to
determine which analysis is closer to the truth, or to construct
an analysis of the ‘true temperature’, because we do not have
exact information about observation or analysis error. The actual
uncertainty in current temperature analyses is likely to be even
larger than the differences among available atmospheric tem-
perature analyses shown here, because the various operational
forecast centres use shared sets of observations, and the data
assimilation procedures are based on similar methods.

We have documented statistics of differences between temper-
ature analyses, since these differences provide estimates of the
uncertainty in our knowledge of the ‘true temperature’. Based
upon examination of several well-known products, we find that
uncertainty in current analyses of atmospheric temperature has
substantial regional variability. The least reliable temperature
analyses are generally located over regions which have fewer
radiosonde observations, including polar areas, oceanic regions,
and developing nations, where accurate temperature monitoring
is critical to quantify the effects of climate change. These results
are consistent with Swanson and Roebber (2008), who found that
differences in NCEP and ECMWEF re-analysis 500 hPa heights
are relatively large over the North Pacific Ocean, with effects on
forecast skill into the medium-range.

In a global context, satellite-based observations now provide
the majority of information for tropospheric and stratospheric
temperature. There are no regions of the globe that can today be
considered ‘data-void’ or even ‘data-sparse.” While there is no
question that satellite observations have improved the quality of
atmospheric analyses over previously data-sparse regions, it is
evident that greater uncertainty in upper-air temperature analyses
exists where satellite observations predominate, compared to
regions with plentiful radiosonde observations.

In regions where accurate in situ temperature observations are
not available, efforts to quantify fingerprints of climate change
should rely on the best available estimates of the ‘true temper-
ature,” which are likely to be analyses produced by state-of-
the-art data multivariate data assimilation systems. However, in
some regions, the uncertainty in these analyses may be too large
to permit the detection of relatively small temperature signals
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associated with climate change. It is problematic to assume that
sets of satellite observations can be adequately analysed for use
in climate studies outside the context of these multivariate data
assimilation procedures. For example, accurate temperature data
may not necessarily be obtained by simple averaging of millions
of raw satellite observations (Wentz and Schabel, 2000) because
this will not optimally account for observation bias and quality
control.

The results also illustrate the need for an improved global
atmospheric observing system, as suggested by Trenberth et al.
(2002) and Seidel et al. (2004). The future global observing
system should include an optimal mix of in situ and satellite ob-
servations, and support the needs of routine numerical weather
prediction as well as the monitoring of climate change. Addi-
tional resources should also be directed towards more optimal
use of current and future satellite observations and improvements
in data assimilation procedures.
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6. Appendix

A.1. Sources of temperature analyses

The NCEP-GFS temperature analyses were obtained from
NOAA at: nomad5.ncep.noaa.gov/. The FNMOC-NOGAPS
temperature analyses were obtained from the Naval Research
Laboratory (the corresponding author can be contacted for addi-
tional information). The temperatures have been interpolated
from the original model grids to surfaces of constant pres-
sure and 1° latitude—longitude output grids, at 0000 UTC and
1200 UTC. Information about forecast systems and data as-
similation procedures is available at: www.emc.ncep.noaa.gov/
modelinfo/ (NCEP-GFS), and www.nrlmry.navy.mil/nogaps_
his.htm (FNMOC-NOGAPS). The temperatures used to pro-
duce Figs. 3 and 4 were obtained from the NCAR mass stor-
age system: dss.ucar.edu/datasets/ (NCEP/NCAR, ERA-40) and
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the Japanese 25-yr Re-analysis Project archive: www.jreap.
org/indexe.html (JRA-25) on constant pressure surfaces and 2.5°
latitude—longitude grids.

A.2. Statistical procedures

The DM is the difference of mean temperatures, defined as:
%(Z T, — ZTZ), where T; and T, are analysed tempera-
tures provided on a discrete grid from two different assim-
ilation/forecast systems, and n is the number of analyses in
the summation. The RMSD is the root mean of the sum
of the squared differences between two temperatures, defined

as:,/% (T — Tz)z, where T) and T, are analysed tempera-
tures from two different assimilation/forecast systems and # is
the number of analyses in the summation.
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