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Abstract. The recent global tropospheric temperature trend can be reproduced by climate models 
that are forced only by observed sea surface temperature (SST) anomalies. In this study, simulations 
with the Hamburg climate model (ECHAM) are compared to temperatures from microwave sound- 
ing units (MSU) and to reanalyses from the European Centre for Medium-Range Weather Fore- 
casts. There is overall agreement of observed and simulated tropospheric temperature anomalies in 
many regions• in particular in the tropics and over the oceans, which lack conventional observing 
systems. This provides the opportunity to link physically different quantities, such as surface obser- 
vations or analyses (SST) and satellite soundings (MSU) by means of a general circulation model. 
The proposed method can indicate inconsistencies between MSU temperatures and SSTs and has 
apparently done so. Differences between observed and simulated tropospheric temperature anoma- 
lies can partly be attributed to stratospheric aerosol variations due to major volcanic eruptions. 

1. Introduction 

Human activities are changing the composition of the atmo- 
sphere. The concentration of CO 2 has increased 28% (with a cur- 
rent annual trend of +0.5%) from the preindustrial level. Together 
with the other absorbing gases: methane, nitrous oxide, chloroflu- 
orocarbons (CFCs), etc., the total greenhouse effect can be 
expressed as an increase in the longwave forcing by -2.7 W m -2 
from the beginning of industrialization to the present [Intergov- 
ernmental Panel on Climate Change (IPCC), 1996]. 

Temperature above the surface layer is particularly important in 
the current global change discussion, since from the Clausius-Cla- 
pcyron equation it follows that in a warm atmosphere a moist adi- 
abate will slope less with height than in a cold one, leading, with 
enhanced greenhouse effect, to a greater temperature rise in the 
middle troposphere than at the surface [Manabe et al., 1991; Boer 
et al., 1992]. This is known as the lapse-rate feedback. A large 
part of the uncertainty related to the detection of the anthropo- 
genic climate signal arises from the fact that longer-term climate 
records are generally confined to the land surfaces of the extratro- 
pics, mostly in the northern hemisphere. Observational data for 
the troposphere and stratosphere are particularly problematic, with 
reliable global records only since 1979, though radiosonde mea- 
surements at various sites go back to the 1940s. 

A comprehensive set of global temperatures comes from polar- 
orbiting satellites, having the advantage of global data coverage, 
and giving an estimate, in integral form, of the temperature of the 
whole troposphere and the lower stratosphere. Spencer and Chri- 
sta' [1992a, b] have introduced a method to monitor the tempera- 
ture of the atmosphere in which the intensity of upwelling 
microwave radiation as measured by the National Oceanic and 
Atmospheric Administration (NOAA) polar-orbiting satellites is 
converted into temperature. Oxygen molecules act as blackbody 
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radiators near the 60-GHz frequency, and their emissions are 
recorded by the microwave sounding units (MSUs) on board the 
satellites. Chris.ty [1995] has undertaken a comprehensive valida- 
tion of comparing them with two sets of radiosonde observations 
for deep layers compiled by Angell [1988] and Oort and Liu 
[1993]. He showed that the MSU data, when averaged in space 
and time, are comparable in accuracy to radiosonde observations 
(see Table 1 )• 

In order to predict climate system changes, general circulation 
models (GCMs) have been employed. However, the various parts 
of the climatic system have vastly different equilibrium times, 
ranging from hours to millennia, and are coupled by numerous 
nonlinear feedback mechamsms• Nevertheless, GCMs. when 

forced only with observed sea surface temperature (SST), are able 
to reproduce the global temperature record [Graham, 1995], and 
they can render the observed large-scale response patterns due to 
E1 Nifio and La Nifia realistically [e.g., Lau, 1985; Hoerling et al., 
1992], since the tropical circulation is strongly determined by the 
equatorial Pacific SST anomaly pattern and the interactions with 
the atmosphere are essentially linear. 

In the extratropics the atmospheric circulation is modulated 
more weakly by both tropical and midlatitude SST anomalies, 
owing to the nonlinear character of the in{eractions. On the basis 
of the work by Bjerknes [1964], who showed that interannual SST 
variability in the North Atlantic is connected to the response of the 
ocean mixed layer to local ocean-atmosphere heat exchange, sev- 
eral studies point out that interannual SST fluctuations are forced 
by changing wintertime atmospheric circulation patterns [e.g., 
Wallace et al., 1990; Cayan, 1992a, b]o There is empirical evi- 
dence [Kushnir, 1994] that atmospheric anomalies in the North 
Atlantic region precede ocean anomalies on an interannual time- 
scale [see also Pedersen et al., 1990]. 

Owing to the nonlinearity of the circulation in the extratropics, 
ensemble experiments that differ only in their initial conditions 
provide not only some insight •nto the governing physical pro- 
cesses, but also can show limits for potential predictability. 
Recently, Bengtsson et al. [1996] made such an investigation for 
basic meteorological quantities in various regions of the Earth. In 
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Table 1. Correlations Between Global Anomalies of 

Tropospheric and Stratospheric Temperatures 

Annual Average Seasonal Average 

Oort and Liu [1993] 

Troposphere (T2R) 0.95 0.91 
Stratosphere (T 4) 0.97 0.93 

Angell [ 1988] 
Troposphere (T2R) 0.94 0.80 
Stratosphdre (T 4) 0.90 0.88 

T2R and T 4 refer to microwave sounding unit (MSU) brightness 
te•nperatures, and Oort and Liu [1993] and Angell [ ! 988] to two 
sets of radiosonde observations. Periods of comparison are 
MSU / Oort and Liu: 1979-1989, and MSU / Angell: 
1979-1994. From Christy [ 1995]• 

this study, however, comparisons are not conducted on distinct 
levels (as in the work of Bengtsson et al., [1996]), but rather, the 
average temperature of the whole troposphere will be investigated. 
An ensemble of five forecasts with identical SST as lower bound- 

ary forcing, but different atmospheric initial conditions, will be 
investigated. An attempt is made to combine information from 
both the MSU temperatures and the SST distribution to study the 
climate variations of the past 2 decades. Although these are differ- 
ent physical quantities, it is possible to compare them via the 
model, as will be shown. The results are verified against European 
Centre for Medium-Range Weather Forecasts (ECMWF) reanaly- 
ses for the period 1979 to 1993. 

E1 Nifio-Southern Oscillation (ENSO) events are not the only 
phenomenon that modulate atmospheric temperatures on an inter- 
annual scale. Part of the observed temperature changes may also 
be due to aerosols from large volcanic events that reduce solar 
heating of the Earth's surface by reflecting sunlight into space, as 
was recognized more than 200 years ago [Franklin, 1784]. Major 
volcanic eruptions inject large amounts of particles including sul- 
late aerosol into the stratosphere. Owing to trapping of the outgo- 
ing thermal radiation from the Earth's surface and increased 
shortwave absorption, the stratosphere warms. Two volcanic 
events occurred since 1979 that have had global impact, the erup- 
tion of the Mexican volcano El Chich6n (17øN, 93øW) in April 
1982 and the eruption of Mount Pinatubo on the Philippine 
Islands (15øN, 120øE) in June 1991, the latter being the largest 
such event in this century, as judged from both the amount of 
ejecta and the plume height [e.g., Labitzke and McCormick, 
1992]. Accordingly, the lower stratospheric brightness tempera- 
ture is dominated by marked warmings due to the eruptions of 
these volcanoes [see Christy, 1995]. Since there is no stratospheric 
aerosol in the model version used here, the model stratospheric 
temperature is unable to reproduce this curve, and thus will not be 
discussed further. In addition to ENSO and volcanoes, there may 
be other factors contributing to interannual temperature variations, 
both internal (due to complex interactions between the climate 
system's components) and external, such as by solar variability 
changes. 

The structure of this paper is as follows. In section 2 the char- 
acteristics of temperature retrieval by means of the MSU are sum- 
marized. Section 3 describes the design of the experiment. An 
investigation of the model response to forcing by SST anomalies 
follows in section 4. The potential of regional predictability is 
addressed in section 5, and a discussion of the results follows in 

section 6. Finally, some conclusions are drawn. 

2. Retrieving Tropospheric Temperatures With 
Microwave Sounding Units 

In the past, monitoring the Earth's temperature was almost 
exclusively restricted to the surface and to the extratropical land 
masses of the northern hemisphere. Radiosondes and pilot bal- 
loons have been available since the 1940s. However, it was not 

until 1979 that reliable quantitative satellite observations of tem- 
perature covering the whole globe became available. 

Satellite upper air temperature is retrieved operationally by 
NOAA polar-orbiting satellites carrying microwave sounding 
units that measure the intensity of the upwelling microwave radia- 
tion. There are tour channels in the MSU, centered near 60 GHz 

(about 5 mm wavelength), recording the emission of molecular 
oxygen from deep vertical layers. Since oxygen is an abundant, 
uniformly mixed gas whose concentration is constant in time, it 
serves as a good temperature tracer for climate purposes. Emis- 
sions from the whole depth of the atmosphere reach the MSU, but 
by selecting the spectral intervals near 60 GHz, the level of maxi- 
mum emission can be chosen. Lower stratospheric temperatures 
can be obtained by MSU channel 4 (57.95 GHz), whose weight- 
ing function peaks at 70 hPa, and tropospheric temperatures by 
channel 2 (53.74 GHz). Since part of the radiation in channel 2 
also emanates from the lower stratosphere, a synthetic channel 2R 
temperature, T2R, composed of eight view angles of channel 2, is 
used instead [3)9encer and Christy, 1992b]. With a maximum 
weighting function near 700 hPa, MSU 2R generally represents 
the temperature of the lower troposphere. 

Since 1979, approximately 24000 observations per day have 
been available, usually from two satellites in operation at the same 
time [Christy. et al., 1995]. The diurnal cycle is removed by con- 
structing anomalies from an annual cycle, taking into account the 
equator-crossing time of the satellite [Spencer and Christy, 1992a, 
b, 1993]. A detailed description of how the final time series is 
obtained from the satellites in use since 1979 is given by Christy 
et al. [1995]. For the derivations of temperature trends the inter- 
satellite stability of the MS U data plays a key role. Global 
monthly mean temperatures are reproducible within 0.02 K in the 
stratosphere [Spencer and Christy, 1993; Christy and Drouilhet, 
1994] and 0.04 K in the lower troposphere [Christy et al., 1995]. 
However, problems occurred due to sensor drift of the sounders on 
board NOAA 11 and NOAA 12. The correction is discussed in 

detail by Christy [1995]. 
A potential problem is the part of the signal that is due to non- 

oxygen emission. Possible sources of contamination of the signal 
include the following. (1) The influence of precipitation-size ice 
particles in deep convection (above 400 hPa) can yield cold biases 
of several degrees, but they play only a minor role for channel 2 
[Prabhakara et al., 1996b] and can be screened out due to their 
isolated nature [Spencer et al., 1990]. (2) The effect of surface 
emissions can have noticeably large values in mountainous 
regions but can be eliminated if this effect is systematic [Spencer 
and Christy, 1992a]. This might be not the case in some regions, 
and such signals will contaminate the MSU record, especially 
over land. Owing to the method by which the MSU T2R data are 
obtained, they are noisier than the raw MSU T 2 record. Modifica- 
tions in surface emissivity due to local changes in vegetation, soil 
moisture, wind speed, etc., will therefore be reflected more in the 
T2R than in the T 2 record and make the MSU 2R less reproducible 
between different satellites [Spencer and Christy, 1992b]. In par- 
ticular, horizontal gradients are weakened by the computation pro- 
cedure. (3) Cloud water and water vapor may have an effect in 
tropical regions [Prabhakara et al., 1995, 1996a, b], but they are 
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estimated to be generally small [Christy, 1995; Spencer et al., 
1996]. (4) Oceanic surface wind variations are another possible 
source. 

The problem of missing MSU data is mainly confined to the 
period prior to September 19810 Brightness temperatures for a 
specific location are generally obtained twice daily, but there are 
missing MSU observations in November 1979 and April and 
August 1981. Since there are 15 consecutive days missing in 
March and April 1981, this may lead to some aliasing of the 
annual cycle in the extratropics. With the exception of the periods 
February ! 980 to January 1981 (NOAA 6), April 1983 to Decem- 
ber 1984 (NOAA 7), and April 1987 to September 1988 (NOAA 
10), there were two satellites available to construct the brightness 
temperatures. However, a global data coverage is granted even 
with only one satellite. 

The MSU data sets have been extensively compared to conven- 
tional observations. In the troposphere there is a high correlation 
between MSU brightness temperatures and vertically weighted 
radiosonde temperature profiles for both seasonal and annual aver- 
ages (see Table 1). The correlation coefficient of the MSU data for 
the data set compiled by Oort and Liu [1993] is slightly larger 
(0.91 on a seasonal basis, 0.95 tOr annual means) than that from 
Angell's [1988] investigation (0.80 and 0.94, respectively). This is 
probably due to the fact that there is insufficient regional coverage 
in the latter data set [Christ),, 1995]. The rms differences of 
monthly MSU anomalies and individual vertically weighted radio- 
sonde temperature profiles range from 0.1 K in the tropics to 
0.2 K at high latitudes [Hurrell and Trenberth, 1992]. It must, 
however, be kept in mind that radiosonde observations and MSU 
data cannot be strictly compared for large area averages, owing to 
the small number of upper air observations over large parts of the 
tropics and the southern hemisphere. 

Trenberth et al. [1992] compare tropospheric MSU T 2 tempera- 
tures with a near-global monthly mean surface temperature data 
set used by the IPCC [1992, 1996]. Although the microwave 
sounders measure a different physical quantity than observed at 
the surface and changes in data coverage contribute to noise in the 
surface data set, the correlation between both is in excess of 0.8 

over large parts of the Earth for monthly means. Moderate correla- 
tions (-0.5) are found over the tropical and subtropical land areas, 
while there is only poor correlation over parts of the southern 
oceans and the tropical western Pacific. The low correlations can 
be attributed to the vertical structure of temperature anomalies, 
since pervasive inversions like the tropical trade wind inversion 
effectively decouple the boundary layer from the free atmosphere. 
On the other hand, circulation anomalies in high- and middle-lati- 
tude land areas are found to have a quasi-barotropic vertical struc- 
ture in the monthly averaged atmosphere. so that anomalies are 
highly coherent, despite the shallow inversions that are often 
lbund in winter. 

One way to overcome the difficulties that arise from different 
data coverage and from physical differences between surface tem- 
peratures and upper air temperatures is to compare the MS U 
brightness temperatures to meteorological analyses. However, 
operational analyses are not well suited for this purpose, since 
they have been more or less by-products of the operational 
weather forecasts and suffer from the running improvements in 
model representation, analysis scheme, and variability in data 
sources that result in inconsistencies. It has therefore been sug- 
gested that global atmospheric data should be analyzed with a fro- 
zen data assimilation scheme [Bengtsson and Shukla, 1988], and 
several weather services have recently carried out such reanalyses. 
Data from the ECMWF reanalysis for the period 1979 to 1993 are 

included in this investigation. The ECMWF reanalyses are not 
independent of the MS U brightness temperatureso Raw radiances 
are not directly incorporated into the analysis system, but MSU 
data are included in clear and partly cloudy retrievals, while in 
cloudy regions the retrievals depend entirely on MSU data [Hur- 
tell and Trenberth• 1992] for regions lacking radiosonde measure- 
ments. The MSU and reanalysis are, in fact, most independent 
over well-observed continental areas, where the radiosonde data 

supply the upper atmospheric information for the reanalyses. 
Operational "satellite data" utilized over the oceans in the reanaly- 
sis are a combination of many infrared and MSU channels and do 
not follow the strict intercalibration procedure of the Spencer, 
Christy [1992a, b; 1993] MSU data. Therefore it is entirely possi- 
ble to lind greater differences between the MSU data and reanaly- 
sis data over the oceans, where satellite data are employed, than 
over other regions, where only radiosonde data are utilized. 

In summary, MSU brightness temperatures appear to be a suit- 
able tool IOr monitoring temperature variations on a global basis. 
With the exception of some missing periods in the first years they 
are available for the period from 1979 until the present. 

3. Experimental Setup 

This study has been conducted with ECHAM3, the third-gener- 
ation atmospheric GCM at the Max Planck Institute for Meteoro- 
logy [Roeckner eta!., 1992], which is based on the ECMWF 
numerical prediction model. The dynamic fields are represented in 
terms of spherical harmonics with triangular truncation at a speci- 
fied wavenumber. For the purpose of this study a truncation of T42 
with 19 vertical hybrid levels was chosen, making the spatial scale 
comparable to that of the MSU data (2.5 ø x 2.5ø). The time step is 
24 min. 

The atmospheric response to the evolution of SST from 1979 to 
1993 is studied. This period is a suitable test period, since there 
were three fully developed warm events (El Nifio) in 1982 / 83, 
1986 / 87 and in 1991 / 92 and two cold events (La Nifia) in 1985 
and 1989. For the period 1979 to 1988, the Atmospheric Model 
Intercomparison Project (AMIP) data set [Gates, 1992] was used, 
which was created for the intercomparison of atmospheric models 

Table 2. Normalized MSU T2R Weighting Coefficients for 
ECHAM With a Surface Pressure of 1000 hPa 

Pressure Level, hPa Weighting Coefficient 

10 0.000 

30 0.000 

50 0.000 

70 -0.002 

100 -0.003 

150 0.000 

2OO O.OO8 

250 0.021 

300 0.040 

400 0.080 

500 0. ! 27 

700 0.159 

85O 0.151 

900 0.147 

950 0.140 

Surface 0.132 

ECHAM is the Hamburg general circulation model, 
which is based on the numerical prediction model of 
the European Centre for Medium-Range Weather 
Forecasts (ECMWF). 
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under reproducible conditions. From 1989 to 1993, the SST was 
obtained from the National Meteorological Center / Climate Anal- 
ysis Center (NMC / CAC) [Reynolds, 1988]. An ensemble of five 
different integrations with ECHAM3 was performed that are 
forced with identical monthly means of SST from these data sets, 
but with slightly different initial atmospheric conditions that were 
obtained from the control run of the model, which was forced by a 
climatological mean SST. Results are shown for the individual 
realizations as well as for the ensemble-averaged response. This 
allows for an assessment of the internal variability of the model. 
The results are compared to both the independently obtained MSU 
brightness temperatures and ECMWF reanalyses for the period 
1979 to 1993. 

4. The Model Response to SST Anomalies 

In order to be comparable to the MSU measurements, the 
model temperatures are subject to the inversion of the appropriate 
MSU channel-weighting functions. However, Spencer and Christy 
[1992a] pointed out that because the temperature dependence of 
variations in both oxygen and water vapor absorption is small, a 
static weighting function for the U.S. Standard Atmosphere can be 
applied to obtain a vertically weighted brightness temperature 
estimate instead of solving the full radiative transfer equation. The 
temperature anomalies obtained this way differ by less than 
0.02 K from the exact values. (Calculation of the absolute bright- 
ness temperatures requires the full radiation model, as substantial 
biases can be created from the neglect of surface emissions in the 
simple weighting function profile, as pointed out by Shah and 
Rind [1995].) The authors therefore recommend this simple 
method for quantitative comparisons to multiple-layer data sets, 
such as the model output. Upwelling radiation from the ground 
accounts for part of the radiation received in T2R (less than 10% 
over ocean, up to 20% over land), so that 80% to 90% of the T2R 
signal stems from the troposphere (see Table 2)• 

Table 3 shows a regional statistical analysis between MSU T2R 
and the average of the five ECHAM simulations. The areas were 
chosen according to Christ), [1995]. The correlation for annual 
means is near or above 0.8 for large pans of the globe. with largest 

values in .the tropical east Pacific. For periods undisturbed by vol- 
canic aerosol (see discussion below), the correlations are near 

90% throughout the tropics, and high values are also found over 
the extratropical ocean basins. Owing to the larger variability, cor- 
relations based on monthly means are smaller in the extratropics, 
especially over the Eurasian and North American land masses. 
This means that for large parts of the globe, correlations are com- 
parable in magnitude to those from other measuring systems (as 
discussed above: see Table 1). 

The correlation of MSU temperatures and ECHAM simula- 
tions from the control run, using climatological SST, is practically 
zero in the tropics (not shown), indicating the importance of the 
SST anomaly patterns for the state of the atmosphere in this 
region. SST anomalies play a less important role in the European- 
Atlantic sector, as shown by Bengtsson et al. [1996]. 

These findings suggest that the main signal for global tempera- 
ture anomalies comes from the tropical Pacific SST While this is 
well known for observations [e.g., Newell and Weare, 1976a, b; 
Pan and Oort, 1983; Angell. 1990], the ability of ECHAM to 
reproduce this pattern is investigated in detail by a simulation that 
uses observed SST anomalies in the tropical Pacific only and cli- 
matological SST elsewhere. The results are displayed in the last 
four columns of Table 3. We find that the model temperature dis- 
tribution in the tropics is, to a large extent, dominated by tropical 
Pacific SST anomaly forcing, but there are also extratropical 
regions, in particular North America, where a relatively large part 
of the temperature variance can be explained by SST anomalies in 
the tropical Pacific. Bengtsson et al. [1996] give a possible expla- 
nation for the mechanism. 

The stratospheric temperature record (not shown) is dominated 
by marked warmings after the eruptions of El Chich6n and Mount 
Pinatubo. Aerosol particles, e.g., from volcanic origin, not only 
warm the stratosphere, but also scatter sunlight, so that less solar 
radiation reaches the troposphere. The global tropospheric tem- 
perature anomaly pattern (T2R, Figure 1) is influenced by both the 
ENSO and volcanic signal. In times of undisturbed atmospheric 
conditions (i.e.• in the absence of volcanic aerosol) the tempera- 
ture difference between the model (forced with observed SSTs) 
and satellite data does not exceed 0. l Ko However, ECHAM tem- 

Table 3. Statistical Regional CompmSsons of Temperature Anomalies Between MSU T2R and ECHAM3 model simulations. 

Boundm'ies 

Area S N W E 

Correlation 
rms, K Explained Variance, % ECHAM3 / MSU2R 

Annual Average Monthly Average Annual Monthly Annual Average Monthly Average 
1979- 1983- 1979- 1983- Average 1979- 1983- 1979- 1983- 
1993 1991 1993 1991 1993 1991 1993 1991 

Globe 

Land -90 90 -180 180 

Ocean 

Northern Hemisphere 0 90 - 180 180 
Southern Hemisphere -90 0 -180 180 
Tropics 
Tropical continents -30 30 -180 180 
Tropical oceans 
Nifio 3 -4 4 -150 -90 

North Pacific 30 50 150 230 

North Atlantic 20 50 -60 -20 

North America 30 70 -125 -75 

Eurasia 40 70 -10 140 

0.77 0.98 0.61 0.77 0.08 0.14 50 65 26 34 

0.51 0.87 0.30 0.48 0.15 0.27 18 20 7 7 

0.78 0.95 0•61 0.76 0.08 0.14 66 83 43 52 

0ø80 0.94 0.55 0067 0.09 0•17 18 19 9 10 

0.63 0.95 0•46 0.66 0.11 0.17 67 80 38 48 

0.77 0.97 0.66 0.83 0.10 0.16 48 53 27 35 

0.69 0.96 0.48 0.66 0.13 0.24 17 22 4 6 

0.79 0.97 0.68 0.85 0.10 0.15 56 61 57 45 

0ø90 0.98 0.82 0.91 0.26 0.53 97 97 89 91 
0.81 0.83 045 0.56 0.22 0.44 11 4 4 6 

0.69 0.70 0.30 0.40 0.12 0.36 10 19 2 3 

0.43 0.37 0.16 0.10 0.31 0.89 7 21 3 4 

0.39 0.61 0.14 0.19 0.31 0.72 0 l I 0 0 

Average correlations (1979-1993) are of MSU2a and Atmospheric Model Intercomparison Project observed sea surface te•nperature 
(SST) runs. Explained variance is average percentage of variance explained by tropical Pacific SST anomalies. Also given are annual 
and •nonthly average nns differences between ECHAM3 and MSU2Ro 



STENDEL AND BENGTSSON: MONITORING TROPOSPHERIC TEMPERATURE 29,783 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

-0.3 

1979 19'80 19'81 19'82 19'83 19'84 19'85 19'86 19'87 19'88 19'89 19'90 19'91 19'92 19'93 

Figure 1. Low-pass-filtered global temperature anomalies of microwave sounding unit (MSU) T2R (solid curve), 
European Centre for Medium Range Weather Forecasts (ECMWF) reanalyses •,stippled wave) and the Hamburg 
climate model (ECHAM) ensemble simulations. The mean value obtained from the five ECHAM simulations is 

denoted by the dark gray curve, whereas the shaded area represents this value plus and minus ! standard deviation of 
the individual simulations. respectively. Deviations (in Kelvins) are from mean of 1979 - 1992. 

peratures are found to remain above the corresponding MS U 
brightness temperatures for several months after the eruptions of 
E1 Chich6n and Mount Pinatubo. Since there is no stratospheric 
aerosol in the model, the question arises as to how these aerosols 
act on the model troposphere's temperature. This effect will be 
twofold, indirect and direct. The indirect effect is due to the atten- 

uation of insolation, which will eventually lead to lower SSTs. 
The strong correlation of SST anomalies and lower tropospheric 
temperatures will then force a temperature decrease in the model 
lower troposphere. Besides this indirect (oceanic) effect there is 
also a direct (atmospheric) effect in response to reduced irradia- 
tion. A comparison of model and MSU temperatures is meaning- 
ful only in the absence of volcanic aerosol. Therefore the further 
comparison focuses on the period July 1983 (when the E1Chich6n 
aerosol had greatly diminished [see Christy and McNider, 1994] 
to May 1991, which was just before Mount Pinatubo's eruption. 
This period can be regarded as undisturbed by stratospheric aero- 
sol. 

There were no large volcanic events prior to the eruption of E1 
Chich6n in April 1982. However, Figure 1 shows less agreement 
between the anomalies of ECHAM and MSU in 1979 and 1980, 

the MSU temperatures being systematically higher than those 
from the model or from surface observations [Hurrell and Trem 
berth, 1996]. In several, but not all regions of the Earth the MSU 
temperature anomalies are also too warm compared with the 
ECMWF reanalyses. A closer examination shows that the signal 
comes mainly from the tropical oceans. It is much weaker in the 
extratropics and even negative in the North Pacific basin. Possible 
causes include missing MSU data (such as March 1981) and sam- 
pling errors, since NOAA 6 was the only active satellite during 
most of the time in 1980 and 1981. Furthermore, it was suggested 
by Hansen et al. [1995] that the decrease of stratospheric ozone 
has greater impact on the troposphere than on the surface. Hence it 
can be expected that the difference between MSU T2R and surface 
observations was larger in the early years of the record, when rela- 
tively high ozone values were observed. Another cause is the diffi- 
culty of creating consistent SST and sea ice data sets, which is 
discussed in detail, e.g., by Nomura [1995]. Grid points with sea 
ice have to be excluded from the calculation of the anomalies, and 

temperature differences between the data sets are larger for the 
earlier years of the period, so that part of the difference between 
MSU brightness temperatures and model temperatures can be 
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attributed to uncertainties in the SST fields. Furthermore, 1979 

and 1980 had only weak tropical forcing, as indicated by the 
larger deviations of the individual model runs from the average. 

5. Assessment of Regional Predictability 

Ensemble integrations allow an estimation of the internal vari- 
ability of the model and the reproducibility of the results. Predic- 
tive skill is limited by the ability of signal reproduction. In this 
section, different regions of the Earth are investigated by consider- 
ing the individual experiments. 

In Figures 2 and 3, regions of the Earth with high and low pre- 
dictability, respectively, are presented. Over the tropical land 
masses (Figure 2), the T2R time series is dominated by large tem- 
perature variations connected to ENSO events as well as pro- 
nounced temperature drops after the two volcanic eruptions (that 
both took place in tropical regions). A strong signal is visible dur- 
ing the warm ENSO events, as revealed by the small variations 
among the five simulations. The reproducibility of the signal is 
considerably weaker during the cold events, and differences to the 
ECMWF reanalyses are larger during these periods. 

In contrast, Figure 3 shows clearly the different response to 
boundary forcing in high latitudes compared with the tropics. 
Whereas the five simulations hardly exhibit any differences in the 
Nifio 3 region (not shown), there are large variations over the 
extratropical continents, especially over western Europeø While 
there is a small variation in the average of the five simulations, the 

variability for each individual member of the ensemble is close to 
that from the MSU and from the ECMWF reanalysis. There is 
clearly astounding agreement between the reanalyses and the 
MSU 2R, though in this region the two data sets are virtually inde- 
pendent. 

The North Pacific and the North Atlantic as extratropical 
regions with high correlations between ECHAM and MSU are of 
particular interest. There is a distinct cold signal in the Pacific dur- 
ing the ENSO events of 1982 / 1983 and 1987 and probably also 
1992 (Figure 4), though the latter temperature curve is influenced 
by the Mount Pinatubo cooling. A small increase in the MSU tem- 
perature record compared with the ECMWF reanalyses can be 
seen. This trend is absent in the Atlantic, and only a weak, unsta- 
ble ENSO signal can be identified (not shown). 

6. Discussion 

Recently, Christy and McNider [1994] and Graham [1995] 
stated from observational data that the global average tropospheric 
temperature is determined by observed ocean surface tempera- 
tures, to a large extent, and with an accuracy that is rather close to 
that achieved by available observing systems like radiosondes. As 
shown by Spencer and Christy [1992a, b, 1993], the correlation of 
MSU data and conventional observing systems is generally very 
good. By comparing MS U brightness temperatures with simulated 
values 1¾om the model, one can corroborate and extend these find- 

ings which are that in the absence of volcanic aerosol, ECHAM is 
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Figure 2. Same as Figure 1, except for tropical land masses (30øS - 30øN). 
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able to reproduce the atmospheric response to SST anomalies with 
a high degree of confidence for those regions of the troposphere 
where the weighting function contributes substantially, i.e., 
between the surface and -500 hPa. 

Bengtsson et al. [1996] show that ECHAM is able to reproduce 
the tropical atmospheric response to SST anomalies quite well. 
The atmospheric circulation in the extratropics is determined, to a 
great degree, by the large-scale dynamical circulation. Since small 
differences in the initial state can result in quite different realiza- 
tions of the atmospheric circulation, the reproducibility of the 
model integration is expected to be smaller. Nevertheless, there 
are extratropical regions with a large correlation of T2R and 
ECHAM3 temperatures, suggesting that SST anomalies play an 
important role also in parts of the middle and high latitudes and 
that the model is able to reasonably reproduce large, regional 
mean tropospheric temperature anomaly patterns forced by these 
anomalies. 

This conclusion gives rise to a number of inferences. The geo- 
graphical distribution of the correlations suggests that the main 
SST signal comes from the tropics, as can be seen from the exper- 
iment with observed SST forcing only in the tropical Pacific. Only 
minor differences are found between simulations with observed 

SST in all tropical oceans (not shown) or just in the Pacific, estab- 
lishing the well-known finding that it is the tropical Pacific tem- 
peratures that determine the global temperature anomalies, to a 
large extent. Of particular interest is the fact that the correlation 
over the tropical land masses is of comparable magnitude to that 
of the oceans, although land surface temperatures are calculated 
rather than prescribed. It can therefore be expected that a quality 

improvement of the SST observations in the tropical Pacific (e.g., 
an increase of the number of observations) will be beneficial for 

estimating the global atmospheric temperature and quantifying its 
uncertainties. 

The high degree of agreement for the recent decade allows, in 
principle, for an attempt to monitor tropospheric temperatures for 
periods where observed SSTs (with as much global coverage as 
possible) are available• Owing to long records of ship observa- 
tic)ns, this is the case for a period much longer than upper air tem- 
perature measurements exist. To assess the effect of different SST 
data sets, an integration was made using the Meteorological Office 
Global Sea Ice and Sea Surface Temperature Data Set (GISST) 
data set of monthly mean observed SST from 1949 on [Parker et 
al., 1994] with ECHAM3. There is reasonable agreement between 
the two model simulations with different SSTs from 1982 on (Fig- 
ure 5). Prior to 1982, larger temperature differences were found. A 
detailed investigation shows that, to a large extent, these differ- 
ences are caused by corresponding inconsistencies in the different 
SST data sets prior to October 1981 (not shown), with differences 
typically -0.1 K in the tropical oceans. In limited areas, much 
larger differences can be found in high latitudes, which are mainly 
caused by different sea ice cover estimates [see Nomura, 1995]. 

The above considerations allow the possibility of linking phys- 
ically different quantities, such as surface observations (SST) and 
satellite soundings (MSU) in relation to each another by means of 
judging their usefulness as initial conditions for the GCM. Taking 
into account uncertainties in the historical SST series due to ran- 

dom errors, local sampling errors, and instrumental biases [Parker 
et al., 1994, 1995], it is possible to simulate the vertically inte- 



29,786 STENDEL AND BENGTSSON: MONITORING TROPOSPHERIC TEMPERATURE 

0.8 

0.6 

0.4 

0.0 

-0.2 

-0.4 

-0.6 

-0.8 I 
1979 19'80 19'81 19'82 I lg• '19'84 19'85 19'86 19'87 19•88 1989 19'90 19'91 19'92 19'93 

Figure 4. Same as Figure 1, for the North Pacific (30øN - 50øN, 150øE - 130øW). 

grated tropospheric temperature with an accuracy of-0.2 K, as 
judged from the model response to the different SST series. Going 
back in time, the SSTs appear to be of only limited use, owing to 
inadequate data coverage. 

Taking GISST as the best given estimate for historic SSTs, the 
linear least squares global, lower tropospheric temperature trend 
for the period 1949 to 1993 is +0.08 K/decade. For the tropical 
belt alone the trend is +0.12 K/decade. Them is, however, evi- 

dence for an enhanced temperature rise since the mid-1970s (see 
Flohn et al., 1990). 

From Figures 1 and 2 it can be seen that ECHAM and the 
ECMWF reanalyses are relatively colder compared with the MSU 
in 1980 and 1981 but warmer after 1990 / 1991. This effect is vis- 

ible in the tropics, where the agreement of the ECMWF reanalyses 
with ECHAM and with the MSU record is of comparable magni- 
tude, but not (see Figures 3 and 4) in the extratropics, where there 
is a close agreement of the MSU and the temperatures from the 
manalysis. The causes for this discrepancy are not clear. Hansen et 
a[. [1995] and Hurrel! and Trenberth [1996] discuss possible rea- 
sons for the small negative temperature trend in the MSU that is 
observed, contrary to the surface observations, since 1979. A com- 
bination of sampling problems, unresolved sensor drift, and strato- 
spheric ozone decrease effects may be responsible for differences 
between MSU and ECHAM. However, Figures 3 and 4 show good 
agreement between the reanalyses and the MS U (although these 
are not strictly independent, as discussed above). This might point 
as well toward a possible systematic trend in the SST data set, 
which would be visible mainly in the tropics. 

Answers to this fundamental question may be expected from 
further investigations, taking carefully into account other sources 
of global temperature data that could help to minimize uncertain- 
ties in the model response. Radiosonde observations are available 
with reasonable quality for-30 years; they are highly correlated to 
MSU temperatures (Table 1). Other sources of interest includ• the 
reanalyses from the National Center for Environmental Prediction 
(NCEP), currently available from 1982 to 1993 but intended to 
cover the period from the mid-1950s to the present and from 
NASA's Goddard Space Flight Center, currently available for the 
period 1985 to 1990. However, preliminary investigations [Arpe 
and Stendel, 1995: Stendel and Arpe, 1996] show also discrepan- 
cies between the three reanalyses; but, since these only partially 
cover the same period, this issue must be left to a detailed exami- 
nation. 

The information in Figures 3 and 4 points to another possibility 
for the discrepancy between reanalysis and MSU data. As men- 
tioned earlier, the MSU 2R data are carefully intercalibrated from 
one spaceci-aft to the next so that a homogeneous time series is 
generated. No outside data (i.e., radiosondes) are used in the con- 
struction of the MSU products. However, the operational satellite 
data, utilized in reanalysis primarily over oceanic regions, have 
not been subjected to these precise intercalibrations. Therefore it 
is possible that biases between satellite instrumentation remain in 
the operational products because they are small, of the order of 
only a few tenths of a degree. However, for global mean quantities 
and decadal trends these small biases are actually larger than the 
variations being sought. Therefore, for large-scale mean quantities 
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and trends, the reanalyses may still contain small but important 
errors over regions that rely primarily on operational satellite 
soundings. Evidence for such a finding is shown in the relatively 
large differences between reanalysis and MSU in Figure 2, an oce- 
anic region, and the very small differences in Figure 3, which is a 
region of dense radiosonde coverage. 

7. Conclusions 

Interannual tropospheric temperature variations are deter- 
mined, to a large extent, by the SST distribution. The ECHAM 
model is able to reproduce the globally averaged temperatures of 
the troposphere with a high degree of accuracy. Largest agreement 
with MSU brightness temperatures is found in the tropics and gen- 
erally in areas where the temperature variance is small, i.e., over a 
large part of the world ocean. In general, these are regions that 
lack traditional observing systems such as radiosondes. Therefore 
GCMs like ECHAM can be valuable for monitoring the tempera- 
ture of the lower troposphere with an accuracy comparable to that 
of available observation systems for basin-averaged quantities. 
This provides the ability to discern anthropogenic climate modifi- 
cation with a greater degree of confidence, since there is evidence 
that climatic response to greenhouse gas increases will be largest 
in the tropics and in the upper troposphere, where only a limited 

number of traditional observations is available [Flohn et al., 

1990]. With the discussed restrictions concerning the quality of 
SST records, the model can be used to gain information about the 
temperature trends in greenhouse-gas-relevant levels. 

Moreover, the method described in this paper allows one to 
judge the quality of physically different variables in relation to 
each another by considering them as initial conditions for the 
GCM. This allows statements, e.g., about the quality of SST and 
sea ice estimations. We have shown that there is an inconsistency 
between the SST and MSU temperatures. Taking into account 
additional data sets, like radiosonde observations or reanalyses, in 
the described way would enable us to obtain a more comprehen- 
sive and consistent view of tropospheric temperature trends. 

Large regional differences are visible, indicating that tempera- 
ture variability is due to different reasons. In the tropics, coupling 
between different scales is essentially linear and strongly driven 
by the release of latent heat. The ECHAM model is able to repre- 
sent this kind of temperature variation with a great degree of accu- 
racy. In contrast, dynamical instability is common to the 
extratropical circulation, so that the effect of SST on tropospheric 
temperatures is essentially nonlinear [Bengtsson et aL, 1996]. The 
incorporation of an ensemble of climate simulations, using 
slightly different initial states, will add a measure of confidence 
also in the monitoring of extratropical temperatures, although an 
ensemble of more than five experiments may have to be chosen. 
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