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Abstract. The trends and spreads of tropospheric and strato-
spheric temperature are discussed in terms of three groups
of datasets in 1979–2008. These datasets include (a) three
satellite observations of Microwave Sounding Units (MSU)
measurements, (b) five radiosonde observations and (c) five
reanalysis products. The equivalent tropospheric and strato-
spheric temperature from radiosonde and reanalyses are cal-
culated based on the vertical weighting function of the MSU
channel 2 (CH2) and channel 4 (CH4) measurements, re-
spectively. The results show that both cooling in the strato-
sphere and warming in troposphere significantly depends on
the datasets and latitudes.

1 Introduction

Except that the radiosonde observations are currently used
in the estimates of climate change, the satellite observations
from the Microwave Sounding Units (MSUs) and Advanced
Microwave Sounding Units (AMSUs) have become one of
the important data sources for climate analysis (Santer et al.,
1999; Fu et al., 2004). Satellite instruments not only pro-
vide data up to the upper stratosphere (50 km), but also cover
the ocean and polar areas. Satellite observations overcome to
some extent the shortcoming in the radiosonde observations.
Unfortunately, similar to the shortcoming in the radiosonde
observations, the number of satellite instruments and changes
in design impact observational practices and the application
of the data. For example, the MSU data come from 12 differ-
ent satellites and the data quality is significantly affected by
intersatellite biases, uncertainties in each instrument’s cali-
bration coefficients, changes in instrument body temperature,
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drift in sampling of the diurnal cycle, roll biases and decay
of orbital altitude (Christy and Spencer, 2000; Zou et al.,
2008). Many previous studies (Santers et al., 1999; Seidel
et al., 2004; Xu and Powell, 2010; and many others) show
that climate analysis depends critically on the selection and
implementation of the data sources. The radiosonde datasets
exhibit stratospheric cooling trends significantly larger than
that in the satellite data (Seidel et al., 2004 ).

The satellite datasets are available since end of 1978 and
have been implemented in the reanalysis data assimilation
system. The reanalysis products (such as, NCEP-NCAR,
NCEP-DOE, ERA-40, MERRA, JRA25, NCEP-CFSR) gen-
erally reproduced the global climate variability although with
pronounced uncertainty among different reanalyses (Yan et
al., 2011), such as EL Nino-Southern Oscillation associated
physical processes (Kumar and Hu, 2011, and references
therein). These reanalysis products have also been using in
climate prediction as initial condition and in its validation
as observations. However, the products exhibit a number of
uncertainties and limitations. Several deficiencies have been
found in the reanalysis datasets (Trenberth, 2001 and many
others). In order to quantify the uncertainties in the estimates
of the temperature trend for the various data source, an ap-
proach (Xu and Powell, 2010) was introduced to address the
ensemble spread that discussed the temperature trend and
spread in the five radiosonde datasets and seven reanalysis
products beginning in 1989. The results show that the spread
increases significantly with atmospheric height. The spread
in the reanalysis datasets is much larger than the radiosondes
in the stratosphere. In contrast, the spread in both reanalysis
and radiosonde datasets is very small and shows the trend in
better agreement with each other in the troposphere.

Different from the previous study (Xu and Powell, 2010),
this study attempts to examine quantitatively the uncertainty
in estimates of the temperature trends changing with latitudes
among the MSU, radiosonde and reanalysis since 1979 based
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on the measurement of the ensemble spread. Section 2 de-
scribes the datasets used in this study, Sects. 3 and 4 presents
the trends and spreads as a function of latitude in the strato-
sphere and troposphere, respectively. Section 5 provides a
final summary.

2 Data and calculation

To understand the change of temperature trends in the strato-
sphere and troposphere, the data used in this study include
three MSU measurements, five radiosonde observations and
five reanalysis products. All datasets spanned the period
1979 through 2008. In order to be consistent with the ra-
diosonde data sets location, the annual data is then processed
by zonal-mean for land coverage only. The ERA-40 and
ERA-interim used in our previous study (Xu and Powell,
2010) were not employed because of their mismatch with the
coverage period.

2.1 Satellite MSU datasets

UAH MSU. The first MSU temperature dataset (Christy
et al., 2000) was created by Christy’s group at the
University of Alabama in Huntsville (UAH) based on
12 different satellites. The data used in this study in-
cludes the UAH MSU data for the lower stratosphere
(MSU channel 4: CH4) and troposphere (MSU chan-
nel 2: CH2). The updated version 5.1 includes AMSU
data, and incorporates a different (nonlinear rather than
linear) correction for time-varying sampling of the di-
urnal cycle by the MSU instruments due to drift in the
local equatorial crossing time of the satellite orbits.

RSS MSU.The second MSU temperature dataset (Mears
et al., 2003) was created by Remote Sensing Systems,
Inc. (RSS) using different corrections and merging pro-
cedures than those used by UAH. This monthly, grid-
ded, global temperature anomaly dataset covers the
lower stratosphere (MSU channel 4), and troposphere
(MSU2) for this study.

STAR MSU.The third MSU temperature dataset (Zou
et al., 2008) was created by Zou’s group at Center for
Satellite Applications and Research (STAR) in NOAA.
In order to reduce the biases in the intersatellite MSU
instruments, Zou et al. (2008) developed an intercali-
bration method based on the simultaneous nadir over-
pass (SNO) matchups. Due to orbital geometry, the
SNO matchups are confined to the polar region where
the brightness temperature range is slightly smaller than
the global range.

2.2 Reanalysis datasets

The five reanalysis products used in this study include
NCEP-NCAR, NCEP-DOE, NCEP-CFSR, JRA-25 and

MERRA. More information about these reanalysis products
can be found in authors’ previous publication (Xu and Pow-
ell, 2010).

2.3 Radiosonde datasets

The five radiosonde datasets used in this study include Ha-
dAT2, RATPAC, IUK, RAOBCORE and RICH. More infor-
mation about these radiosonde products can be also found in
authors’ previous publication (Xu and Powell, 2010).

2.4 Trend and spread calculation

For each individual monthly dataset listed above, annually-
averaged data is first computed. The annual data is then pro-
cessed by zonal-mean. Finally, annual zonal-mean data is
interpolated with the same resolution for 10 latitudes.

Generally, the MSU CH4 monitors atmospheric mi-
crowave emissions from 150 hPa to 30 hPa with peak at
87 hPa in lower stratosphere, and the MSU CH2 represents
the middle tropospheric temperature from 850 hPa to 250 hPa
with peak at 600 hPa. To facilitate inter-comparison, the
pressure-level radiosonde and reanalysis data are processed
based on the vertical weighting function of the MSU mea-
surements.

The trend is calculated by the fitting of linear least squares.
The ensemble spread is defined by the standard deviation
based on the three MSU measurements, five radiosondes and
five reanalysis datasets. The t-test analysis was employed
to calculate the statistical significance of the temperature
trends.

3 Stratosphere

Figure 1a and b shows the stratospheric temperature (TCH4)

trend changes with latitude in the MSU, radiosonde and re-
analysis datasets in 1979–2008. To best understand the dif-
ferent trends in the multiple data sources, the same results
are plotted by two ways: a latitude profile for each individual
dataset (Fig. 1a) and as a latitude section to facilitate com-
paring regions between the datasets (Fig. 1b). The results
indicate that the linear trends are highly sensitive to the data
sources and the latitudes of interest. All exhibit predomi-
nant cooling in the stratosphere, except for the JRA-25 in the
southern middle latitudes. There is a strong cooling trend in
all datasets over the tropics and subtropics (40◦ S–40◦ N).

For the satellite MSU (RSS, UAH and STAR in Fig. 1)
CH4 datasets, the trend in the UAH MSU data shows dif-
ferent features from RSS and STAR. Over the tropics, the
trends (−0.4 K decade−1) in the three MSU datasets match
quite well. However, the magnitude of cooling of approxi-
mately−0.5 K decade−1 in UAH is lower than the value in
RSS and STAR over both southern and northern middle lati-
tudes. Over the Arctic, the cooling trend is−0.3 K decade−1

in UAH, while the trends are−0.03 K decade−1 in STAR and
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Fig. 1  Inter‐comparison of stratospheric temperature (TCH4 ) trends (K/Decade) for the MSU (RSS, UAH, 
STAR), Radiosonde (RATPAC, HADAT2, UK, RAOBCORE, RICH) and Reanalysis (JRA25, MERRA, NCEP‐
CFSR, NCEP‐NCAR, NCEP‐DOE) products for the period of 1979‐2008. (a) Trend changes with latitude
for  each individual dataset; (b)Latitude sections by data source for the trends ‐‐ the shaded
areas indicated the statistical significance t‐test at the 99%.  

Fig. 1. Inter-comparison of stratospheric temperature (TCH4) trends
(K decade−1) for the MSU (RSS, UAH, STAR), Radiosonde (RAT-
PAC, HADAT2, UK, RAOBCORE, RICH) and Reanalysis (JRA25,
MERRA, NCEP- CFSR, NCEP-NCAR, NCEP-DOE) products for
the period of 1979–2008.(a) Trend changes with latitude for each
individual dataset;(b) latitude sections by data source for the trends
– the shaded areas indicated the statistical significance t-test at the
99 %.

−0.14 K decade−1 in RSS. Over Antarctica, the strongest
cooling trend of−0.62 K decade−1 is found in UAH, while
cooling is observed around 0.48 K decade−1 in RSS and
−0.35 K decade−1 in STAR.

For the radiosonde (RATAPC, HADAT2, IUK, RAOB-
CORE, RICH) datasets, the trend in RATAPC, HADAT2,
IUK is approximately−0.2 K decade−1 cooler than its coun-
terpart in MSU observations in the tropics. The strongest
cooling of −0.93 K decade−1 is observed at 20◦ S in IUK,
which is consistent with previous results (Seidel et al., 2004).
The trends in RAOBCORE and RICH show a similar mag-
nitude as the MSU measurements, except for the RICH
which shows a slightly cooler trend at 10◦ S. Over the Arc-
tic, weak cooling is found in all five radiosonde observa-
tions. Over the Antarctic, the available data shows a trend
from −0.4 K decade−1 in RAOBCORE to−0.8 K decade−1

in IUK. Note that the temperature trends in the Antarctic
need be considered carefully because of infrequent observa-
tions. In addition, trends in Antarctica below approximately
600 hPa reflect adiabatic extrapolation to higher pressure lev-
els since the elevations are above 3000 m.

Fig. 2  Stratospheric temperature (TCH4 ) trends (K/Decade)  (a)  Each group mean;  (b) Spread for each
group .  Note that the “total” is MSU + Radiosonde + reanalysis;  the “mean” is the global average 
for all thirteen datasets.

(b)

(a)

Fig. 2. Stratospheric temperature (TCH4) trends (K decade−1)
(a) each group mean;(b) spread for each group . Note that the
“total” is MSU + Radiosonde + reanalysis; the “mean” is the global
average for all thirteen datasets.

For the reanalysis (JRA25, MERRA, NCEP-CFSR,
NCEP-NCAR, NCEP-DOE ) datasets, the JRA25 shows
an exceptional feature where a very weak cooling trend
is observed in most latitudes, with a weak warming trend
over 50–60◦ S. Over the tropics, the trends in both NCEP-
NCAR and NCEP-DOE reanalysis are much cooler than
the other eleven datasets. The strongest cooling exceeds
−1 K decade−1 at 20◦ S in the NCEP-DOE. A cooling trend
of −0.6 K decade−1 in the NCEP new reanalysis (NCEP-
CFSR) is close to the radiosonde observation in RATAPC,
but it is −0.2 K decade−1 cooler than the trends in the three
MSU datasets. In contrast, the trend of−0.4 K decade−1 in
MERRA is pretty similar to the cooling in the MSU obser-
vation. Over the Arctic, there is a similar cooling in the four
reanalysis datasets except for the JRA25. Over Antarctica, a
slightly stronger cooling is observed in the NCEP-CFSR and
MERRA, which equals the trend in the MSU RSS and UAH.
However, a weak cooling is found in the NCEP-NCAR and
NCEP-DOE datasets. The shaded areas with t value of 2.5
denote (Fig. 1b) statistically significant cooling trend above
the 99 % level in tropics and middle latitudes except for the
JRA25 reanalysis, but the large stratospheric cooling trend in
both polar areas are not statistically significant.

Figure 2a and b shows the temperature trend and spread
changes with latitude for the thirteen datasets. The trends
demonstrate a pronounced difference between low- and high-
latitude (Fig. 2a). The total-mean trend changes from
strongest cooling (−0.6 K decade−1) at the southern sub-
tropics (∼30◦S) to weakest cooling (∼ −0.2 K decade−1) at
the Arctic. Over the tropics-subtropics (40◦ S–40◦ N), the
trend is lower than the magnitude of global mean trend
(−0.44 K decade−1). The mean trend in the five reanalyses
are−0.1 K decade−1 cooler than the magnitude in the five
radiosonde datasets, while it is−0.2 K decade−1 cooler than
that in the three MSU datasets. Over both middle-high lat-
itudes, except for the Antarctic, the cooling trend is higher
than the global mean, and the trends agree very well with the
three groups of datasets.
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Fig. 3  Similar to the Fig. 1 except for the Tropospheric Temperature (TCH2) Trends. The shaded areas in  
(b) The shaded areas indicated the statistical significance t‐test at the 99%

Fig. 3. Similar to the Fig. 1 except for the tropospheric temperature
(TCH2) trends.

Consistent with the distribution of trends, the spread of
all the MSU, radiosonde and reanalysis datasets change sub-
stantially with latitude from∼0.1 K decade−1 in the northern
high-latitude to∼0.25 K decade−1 in the tropics (Fig. 2b).
The spread in the five reanalysis gets up to 0.35 K decade−1,
and the value is much higher than its counterpart in both the
radiosonde and MSU datasets in the tropics-subtropics. The
spread for the three group datasets shows a similar rate of
0.1 K decade−1 in the northern middle-high latitudes. In con-
trast, there are some remarkable differences among the MSU,
reanalysis and radiosonde datasets in the southern middle-
high latitudes. It is worth noting that the spread in MSU
datasets shows a smaller value in all latitudes when compared
to the other two groups of datasets. The larger spread in the
reanalyses reflects the influence of different data assimilation
systems. It is clear that the cooling trends of the stratospheric
temperature markedly changes with latitude, the largest mag-
nitude in both trend and spread is found in the tropics-
subtropics (40◦ S–40◦ N). The spread in the southern middle-
high latitudes is 0.1 K decade−1 larger than that in the north-
ern middle-high latitudes. The trend and spread significantly
depends on data sources, assimilation techniques, and the
models used. The JRA25 shows a very weak cooling trend
over most latitudes. The NCEP-DOE and NCEP-NCAR
has the coldest trend on the order of−1.0 K decade−1, and
the magnitude exceeds a doubling of the global mean trend
(−0.44 K decade−1). Both the coldest trend and the largest

Fig.4   Similar to the Fig. 2 except for the Tropospheric Temperature (TCH2) Trends. 

(a)

(b)

Fig. 4. Similar to the Fig. 2 except for the tropospheric temperature
(TCH2) trends.

spread are found in the reanalysis datasets. The MSU obser-
vations have the smallest trend and spread of the three groups
of datasets.

4 Troposphere

Based on the tropospheric temperature (TCH2), in contrast,
all the datasets indicate (Fig. 3) a significant warming in the
troposphere, except for the Antarctic. Trends in the Arctic
are substantially different from the Antarctic. The warming
trend increased with latitude from the South to North.

For the satellite MSU CH2 datasets (Fig. 3a and b),
UAH shows a different trend from RSS and STAR. Over
the tropics, the warming trend from UAH is approximately
0.1 K decade−1 lower than the other two MSU datasets.
Over Antarctica, the cooling trend is−0.15 K decade−1 in
UAH, while the trends are−0.09 K decade−1 in STAR and
−0.07 K decade−1 in RSS. Over the Arctic, the strongest
warming in the rate of 0.3 K decade−1 is found in STAR,
while warming is observed around 0.25 K decade−1 in RSS
and 0.15 K decade−1 in UAH.

For the radiosonde datasets, a remarkable warming center
appears in the Arctic with the strongest magnitude on the or-
der of 0.5 K decade−1 in RAOBCORE. The warming trend
is approximately 0.1–0.2 K decade−1 higher than its counter-
part in the MSU observations over all latitudes.

For the reanalysis datasets, a pronounced change is ob-
served where a slightly stronger warming appears in the
MERRA and NCEP-CFSR in the tropics. The maximum
warming trend exceeds 0.3 K decade−1 in NCEP-CFSR.
Over Antarctica, JRA-25, MERRA and NCEP-CFSR repeat
the cooling trend observed in the three MSU observations,
with the strongest cooling trend getting up−0.2 K decade−1

in JRA-25. The other two NCEP reanalyses show opposite
trends. Over the Arctic, there is a similar warming in the
five reanalysis datasets. The warming trend magnitude is be-
tween the radiosonde and MSU observations.
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The statistically significant test shows that the warming
trends exceed the confidence at the 99 % level over the north-
ern middle-high latitudes in all datasets. In contrast, all
trends over the southern middle-high latitudes are not sta-
tistically significant. Over the tropics, there are trends in
the RSS, STAR of the MSU, the RAOBCORE of the ra-
diosonde and the MERRA, NCEP-CFSR of the reanalysis
going through the significant test at the 99 % level.

Compared to its counterparts in the stratosphere, the trend
and spread show a noticeable different characteristic in tro-
posphere (Fig. 2a and b vs. Fig. 4a and b). The three group
datasets show a similar warming trend increasing with lat-
itude from south to north (Fig. 4a). The magnitude of the
warming trend is higher than the global mean (dished line
in Fig. 4a) northward of 20◦ N, while the trend is lower than
the global mean southward of 30◦ S, the Antarctic appears
to have a cooling trend. Generally, the trend in the reanal-
ysis is higher than the MSU measurements and lower than
the radiosonde observations. The coherent spread exhibits
(Fig. 4b) a larger difference in the reanalysis in the tropical
and Southern Hemisphere, especially, where the maximum
value gets up to 0.25 K decade−1 over Antarctica. The spread
in the radiosondes is the smallest one of the three groups of
datasets in the tropics, while the smallest spread is observed
in the reanalysis in the northern high-latitudes.

To summarize, a common feature was found where the
warming trend increases with latitude from south to north
in the troposphere. The warmest trend appears over the Arc-
tic with the spread increasing in the opposite direction and
the largest spread emerging over the Antarctic. In addition,
the magnitude of the trends and spreads depend significantly
on the data sources. Over Antarctica, the cooling trends are
observed in MSU measurements and JRA-25, MERRA and
NCEP-CFSR reanalyses. The smallest spread is found in
the MSU observations. Over the tropics, the warmest trend
is observed in the NCEP-CFSR reanalysis and the smallest
spread appears in the radiosonde datasets. Over the Arctic,
the RAOBCORE has the warmest trend, and the reanalysis
products show the smallest spread.

5 Conclusions

Based on the three groups of datasets including (a) three sets
of satellite Microwave Sounding Unit measurements, (b) five
sets of radiosonde observations and (c) five reanalysis prod-
ucts in 1979–2008, the tropospheric and stratospheric tem-
perature trend and spread are discussed. The results are indi-
cated as follows:

1. In the stratosphere, a pronounced cooling trend was
found with a larger spread appearing over the tropics-
subtropics (40◦ S–40◦ N). This is a very consistent for
all datasets over the northern middle-high latitudes.
However, the trend and spread shows a remarkably
different feature in the three groups of datasets. The

radiosonde has a larger magnitude cooling trend and
spread than the MSU data, while it is smaller than
the reanalysis. The NCEP-DOE and NCEP-NCAR
datasets with a rate of−1.0 K decade−1 have a much
colder trend than any other products with a range
from −0.3 to −0.7 K decade−1 over the tropics. The
spread in the reanalysis datasets (0.35 K decade−1) is
around seven times greater than the value in the MSU
(0.05 K decade−1). The JRA25 shows a noticeable in-
consistency compared to the other twelve datasets.

2. In the troposphere, a common feature is found where
the warming trend increases with latitude from south
to north and the spread increases in the opposite direc-
tion with the largest spread emerging over the Antarc-
tic. In addition, the magnitude of the trend and spread
significantly depends on the data sources. Over Antarc-
tica, cooling trends are observed in MSU measurements
and JRA-25, MERRA and NCEP-CFSR reanalysis with
the smallest spread found in the three MSU measure-
ments. Over the tropics, the warmest trend is observed
in the NCEP-CFSR reanalysis and the smallest spread
appears in the radiosonde datasets. Over the Arctic, the
RAOBCORE has the warmest trend and the five reanal-
ysis products show the smallest spread.

In general, greater consistency is needed between the vari-
ous data sets before a climate trend can be established in any
region that would provide the reliability expected of a trusted
authoritative source.
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