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understand these mechanisms in detail, time-dependent SEC curves
of the it-PMMA prepared by the st-PMAA host were obtained
(Fig. 3). The curve with a single and narrow peak width shifted to a
higher molecular weight, thereby supporting the latter mechanism,
which is similar to living radical polymerization rather than
conventional free-radical polymerization. We also suggest that the
growing polymer chain migrates along the complementary template
chain until the prepared nanospace is full. Although the curve was
bimodal after 4 h, this is possibly due to the binding of terminal
radicals in the film. As we stopped the polymerization of MMA after
3 h by opening the reaction vessel to the air, the radical terminals,
which had been present in the films for at least 3 h, seemed to react
with oxygen. The molecular weight of the st-PMMA prepared was
similarly shifted, and a similar mechanism was supported.
This is, to our knowledge, the first report of an artificially
constructed polymerization template and subsequent polymerization with the efficient transfer of structural information, similar to
that seen in biosynthetic processes. Porous polymer matrices
provided a reaction mould for stereoregular polymerization of
methacrylates. It- and st-polymers with high stereoregularity and
with a narrow molecular weight distribution were successfully prepared. Because particles coated with functional ultrathin films are
readily handled and reusable (the porous films were reused at least 3
times), we expect large-scale synthesis of the stereoregular polymers
to be achieved in the near future. Easier synthesis of stereoregular
polymers of methacrylates potentiates their applications in technological and biomedical fields. Regulated nanospaces prepared in
synthetic polymer assemblies should open the way to a new field of
macromolecular recognition and synthesis.
A

Methods
Assembly
The 9-MHz QCM with polished gold electrodes (R a ¼ 1.8 nm) was alternately immersed
into the DMF solution of it-PMMA (1.7 mg ml21) and the DMF/water (2/3, v/v) solution
of st-PMAA (1.5 mg ml21) for 5 min at 25 8C. After each immersion step, the QCM was
gently rinsed with the same solvent, dried with nitrogen gas, and the frequency shift then
measured. The shift was converted to the assembly amount by applying Sauerbrey’s
equation8–11. The assembly was initiated with it-PMMA in all cases.

Characterization
The QCM electrode with a refractive surface was used directly to observe the ATR spectra.
The interferograms were co-added 50 times, and Fourier transformed at a resolution of
4 cm21. The film thickness was analysed by the scratching mode of an atomic force
microscope (AFM). The roughness was also analysed by AFM. 400-MHz NMR (chloroform
solvent) was used to analyse stereoregularity, in which m and r indicate the it and st-diads of
meso and racemo, respectively. The triad (mm, mr and rr) and the tetrad (for example,
mmmm) are represented similarly. SEC (THF solvent) was performed by PMMA standard.
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From 1979 to 2001, temperatures observed globally by the midtropospheric channel of the satellite-borne Microwave Sounding
Unit (MSU channel 2), as well as the inferred temperatures in the
lower troposphere, show only small warming trends of less than
0.1 K per decade (refs 1–3). Surface temperatures based on in situ
observations however, exhibit a larger warming of ,0.17 K per
decade (refs 4, 5), and global climate models forced by combined
anthropogenic and natural factors project an increase in tropospheric temperatures that is somewhat larger than the surface
temperature increase6–8. Here we show that trends in MSU
channel 2 temperatures are weak because the instrument partly
records stratospheric temperatures whose large cooling trend9
offsets the contributions of tropospheric warming. We quantify
the stratospheric contribution to MSU channel 2 temperatures
using MSU channel 4, which records only stratospheric temperatures. The resulting trend of reconstructed tropospheric temperatures from satellite data is physically consistent with the
observed surface temperature trend. For the tropics, the tropospheric warming is ,1.6 times the surface warming, as expected
for a moist adiabatic lapse rate.
The inconsistency between the trends at the surface and in the
troposphere, traceable to the pioneering work of ref. 10, has raised
questions about the ability of current global climate models
(GCMs) to predict climate changes, the reliability of the observational data used to derive temperature trends, and the reality of
human-induced climate change4,11–15. It is generally agreed that the
warming trend in global-mean surface temperature observations
during the past 20 years is real and at least partly of anthropogenic
origin4,12. This increase of temperature is supported by observations
of a reduction of snow cover and sea ice, thawing of permafrost,
changes in freeze/thaw dates of lake and river ice, ocean warming
and sea-level rise, and other related environmental changes4. However, the situation is less clear for tropospheric temperatures.
Balloon-borne radiosondes have been the principal tool for atmospheric profiling. From 1979 to 2001, the trends of troposphericlayer temperature between 850 and 300 hPa, as derived from
different radiosonde data sets3, range from 20.03 to þ0.04 K per
decade. The radiosondes have limited spatial coverage, particularly
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over large parts of the oceans, and are subject to a host of
complications, including changing instrument types and observation practices16,17, which confound analyses of climate trends.
The MSU, since 1979, and its successor, the Advanced MSU
(AMSU), from 1998, provide a global measure of temperature for
several atmospheric layers from NOAA polar-orbiting satellites.
Although the original purpose of MSU measurements was to
improve weather forecasts, a continuing data-analysis effort has
been made to satisfy climate research requirements of homogeneity
and calibration1,2,10,18–24. Several important non-climatic influences
have been identified and removed, including diurnal temperature
biases related to local sampling times of the satellite and their
changes over its lifetime, errors in the MSU calibration, and biases
due to decay of the satellite orbits. Recent analyses of MSU channel 2
(most sensitive to the mid-troposphere) by the University of
Alabama at Huntsville (UAH) and the Remote Sensing Systems
(RSS) teams find temperature trends of 0.01 K per decade1 and 0.1 K
per decade2, respectively, during 1979–2001. This trend difference is
mainly due to differences in data adjustments related to instrument
calibration and diurnal drift correction2. The purpose of this Letter
is not to reconcile the trend differences between these two research
teams, but to address the question of whether the MSU data really
imply small or negligible tropospheric warming over the past two
decades. We argue that the trends reported by both teams for the
‘mid-tropospheric’ channel are substantially smaller than the actual
trend of the mid-tropospheric temperature.
To infer the temperature of the mid-troposphere, we use two
microwave channels: MSU channels 2 and 4 (or AMSU channels
5 and 9). Their weighting functions are shown in Fig. 1a. The
weighting function for MSU channel 2 (or AMSU channel 5) peaks
at ,550 hPa (,4.5 km). Thus the MSU Channel 2 brightness
temperatures (T 2) have often been used to represent mid-tropospheric temperatures1,2,3,8,15,22,24. The MSU channel 4 (or AMSU
channel 9), whose weighting function peaks at ,85 hPa (,18 km),
has been used to represent stratospheric temperatures1,3,8,15.
As ,85% of the signal for T 2 comes from the troposphere and
surface, it is not a bad approximation to say that the seasonal and
interannual variations of mean deep-layer temperature in the
troposphere can be well represented by T 2. However, this might
not be the case for trends. Figure lb shows simulated changes of T2
owing to changes of tropospheric and stratospheric temperatures,
and indicates that T 2 remains constant when the changes in tropospheric and stratospheric temperatures have a ratio of about 21/5.
This is because the vertical integral of the weighting function from
the surface to tropopause, near 200 hPa, is about 5 times the integral
above the tropopause. For example, if the tropospheric temperature
trend were 0.15 K per decade and the stratospheric trend were 20.8 K
per decade, the trend of T 2 would be close to zero. Intriguingly, this
scenario resembles what may actually be the case in the atmosphere.
The temperature trend in the lower stratosphere (15 to 23 km), as
obtained from radiosondes and satellite observations, is about 20.5
to 20.9 K per decade for the last 20 years1,3,4,9. Therefore, because of
the combined influence of stratospheric and tropospheric changes,
T 2 trends are not an ideal indicator of global climate change. To
derive the tropospheric temperature trends, the effects of stratospheric cooling on T 2 must be taken into account.
Although a stratospheric influence on the T 2 trend has long been
recognized20,25,26, it has never been well quantified. The UAH team
created a synthetic channel called T2LT, where LTmeans ‘low-middle
troposphere’1,19,25, by subtracting signals at different view-angles of
MSU channel 2. However, this approach amplifies noises, increases
satellite inter-calibration biases, and may introduce other complications involving effects of changes in surface emissivity and of
mountainous terrain2,19,20,24–28. For these reasons, the T 2LT record
is now receiving less attention than the better-calibrated T2
record2,15,22,24. Here we develop an alternative method to remove
the stratospheric contribution, which should be free of the compli56

Figure 1 Atmospheric weighting functions and brightness temperature responses.
a, Weighting function profiles for MSU channels 2 and 4 over ocean1,2. The boundary
between the troposphere and the stratosphere (the tropopause) is shown at 200 hPa. The
satellite-observed brightness temperature, Tb , can be expressed in the form:
ð1
T b ¼ T s W s þ T ðz ÞW ðz Þdz
0

where Ts is the surface temperature, Ws the surface contribution factor, T(z ) the
atmospheric temperature profile, and W(z) the weighting function. Thus the weighting
function describes the relative contributions of atmospheric temperatures at different
heights to the brightness temperatures observed by the satellite. b, Responses of MSU
channel 2 brightness temperature to changes in stratospheric and tropospheric
temperatures assuming a US Standard Atmosphere and a surface emissivity of 0.5.
Contours and axes are both labelled in K. c, Same as b but for MSU channel 4.

cations afflicting T2LT, by making use of data from MSU channel 4.
The MSU channel 4 brightness temperature (T4) is sensitive
mainly to stratospheric temperature changes (Fig. lc), so it can be
used to remove the contribution of the stratosphere to T2. We define
the free-tropospheric temperature as the mean temperature between
850 and 300 hPa (T 850-300; ref. 3). We derive this temperature from
the measured brightness temperatures of MSU channels 2 and 4, as:
T 8502300 ¼ a0 þ a2 T2 þ a4 T4

ð1Þ

To obtain these three coefficients, we use global-, hemispheric- and
tropical-average monthly temperature anomaly profiles from radiosonde observations at 87 stations, for the period 1958–97 (ref. 17).
The radiosonde data at the surface and at 15 pressure levels between
1,000 and 10 hPa are used to derive temperature anomalies for the
850–300-hPa layer as well as for MSU channels 2 and 4 (ref. 3). The
coefficients in equation (1) are then obtained by least-squares
regression (see Supplementary Table 1 for the values). For globalaverage anomalies, a 2 is 1.156 and a 4 is 20.153. The effective vertical
weighting function for T 850-300 (that is, a 2W 2 þ a 4W 4 , where W 2,4
are the physical weighting functions for T 2,4) peaks at the same level
as T2 but is 15% larger. In the stratosphere it is negative above
,100 hPa and positive below, so that the integrated contribution of
the stratosphere becomes near-zero. The effective weighting function
may have a negative part25; this is different from the physical
weighting function, which must be positive everywhere.
The success of equation (1) in predicting T 850-300 from T 2 and T 4
is shown in Supplementary Fig. 1. The global-average anomalies of
850–300-hPa layer temperature, as derived from the radiosondesimulated T2 and T4, closely follow those directly observed by
radiosondes for the period 1958–79. The correlation coefficient is
0.984, with a root-mean-square error of 0.065 K. The trend differences are only about 0.001 K per decade. The T4 time series can
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Figure 2 Time series of monthly mean, global-average temperature anomalies. Shown
are the MSU channel 2 brightness temperature (T2), MSU channel 4 brightness
temperature (T4) and MSU-derived 850–300-hPa layer temperature (T850-300), based on
the MSU data as analysed by the RSS team. All data are expressed as anomalies relative to
climatological monthly means over 1985–94.

therefore be used to remove nearly all of the contribution of the
stratosphere to T2 in the trend analyses. This is because temperature
variations in the stratosphere are vertically coherent and well
correlated with T4.
We now apply equation (1) to satellite-observed time series of T2
and T4 from 1979 to 2001, as reported by UAH1 and RSS2, to derive
T850-300. The global anomaly time series of T850-300 using RSS data is
shown in Fig. 2, along with those of T2 and T4. It is evident that the
T850-300 trend is more positive than the T2 trend. (Similar results are
obtained using UAH data, not shown here.)
Figure 3 shows the trends for T2 (Fig. 3a) and MSU-derived
T850-300 (Fig. 3b) for the globe, Northern Hemisphere, Southern
Hemisphere, and tropics (308 N–308 S) using both the UAH and
RSS datasets, as well as surface temperature trends based on in situ
observations4,5. The trends of 0.01 K per decade (UAH) and 0.1 K
per decade (RSS) for global mean T2 are substantially smaller than
the surface temperature trend of 0.17 K per decade. In the Southern
Hemisphere, the T2 trend from UAH is actually negative. However, as
shown in Fig. 3b, the global trends of T850-300 are 0.09 K per decade
(UAH) and 0.18 K per decade (RSS), which are about 0.08 K per
decade larger than the corresponding T2 trends. The trend difference
between T850-300 and T2 for the tropics is smaller (,0.05 K per
decade) because there the tropopause is higher and the stratospheric
cooling is smaller, so the stratospheric influence is smaller.
Our analysis of the RSS data set suggests that over the past 22
years the global free troposphere has warmed at close to the same
rate as the surface. The ratio of free-tropospheric temperature trend
to surface temperature trend is ,1.1 for the globe and 1.6 for the
tropics. In the tropics where the temperature follows the moist
adiabatic lapse rate29, this ratio should be larger than unity14,28,30.
GCM studies have predicted a global ratio of ,1.2 (ref. 8) and a
tropical ratio of ,1.54 (ref. 14). Note that the RSS T2 trend is also
statistically consistent with a GCM prediction of T2 (ref. 15).
Applying the stratospheric corrections to the UAH data set also
enhances the mid-tropospheric temperature trends, but they are
still smaller than the surface warming rate, particularly over the
Southern Hemisphere (Fig. 3b). In addition, the UAH-reported
T 2LT (bulk temperatures for the low–middle troposphere) seems to
be inconsistent with the T850-300 obtained from the UAH data. For
example, over the period from 1979 to 2001, the UAH-reported T2LT
trend in the tropics is 20.01 K per decade, which is substantially
smaller than the T 850-300 trend of 0.08 K per decade. (The
trend of the difference time series between T850-300 and T2LT (that
is, T850-300 2 T2LT), which is 0.09 ^ 0.05 K per decade (the 95%
NATURE | VOL 429 | 6 MAY 2004 | www.nature.com/nature

Figure 3 Trends in monthly mean temperature anomalies. a, MSU channel 2 brightness
temperature trend and b, MSU-derived 850–300-hPa layer temperature trend for the
globe, Northern Hemisphere (NH), Southern Hemisphere (SH) and tropics (308 N–308 S).
The results using both UAH (version 5) and RSS data sets are shown. See Supplementary
Table 2 for these trend values and their error estimates. The surface temperature trends
are also shown for comparison. The surface temperature trends for the globe, Northern
Hemisphere and Southern Hemisphere are from ref. 5; the surface trend for the tropical
region is from ref. 4.

confidence interval), is significantly different from zero at less
than 0.1% significance level.) Also note that in the tropics the
UAH T 2LT is cooling at 20.04 k per decade relative to the UAH T 2.
This apparent inconsistency may be attributed to complications
involving the T2LT retrieval, as well as to the techniques used by UAH
to analyse the MSU channel 2 data, which could also explain the lack
of agreement between GCM simulations8 and UAH results for the
trend differences of either Ts 2 T2LT, where T s is the surface
temperature, or Ts 2 T2, despite their agreement for T2 trends8.
In an independent analysis of MSU data, Vinnikov and Grody24
found a large positive global trend of 0.22–0.26 K per decade for T2,
which they used to represent the tropospheric temperature. But
irrespective of the techniques used to analyse the data, T2 is subject
to the effects of stratospheric cooling. Assuming a stratospheric
temperature trend of 20.5 K per decade1,3,4, the Vinnikov–Grody T 2
trend translates to a T850-300 trend of ,0.33–0.37 K per decade. This
value is about twice as large as the surface warming globally. It also
suggests a ratio of ,3 between tropospheric and surface temperature trends for the tropical region. These ratios seem large, and
suggest that the technique Vinnikov and Grody used to analyse the
satellite data may require further scrutiny.
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Partitioning of oxygen during core
formation on the Earth and Mars
David C. Rubie, Christine K. Gessmann* & Daniel J. Frost

mass fraction of the martian core5–7. Here we explain these
differences as a consequence of the solubility of oxygen in liquid
iron-alloy increasing with increasing temperature. We assume
that the Earth and Mars both accreted from oxidized chondritic
material. In a terrestrial magma ocean, 1,200–2,000 km deep,
high temperatures resulted in the extraction of FeO from the
silicate magma ocean owing to high solubility of oxygen in the
metal. Lower temperatures of a martian magma ocean resulted in
little or no extraction of FeO from the mantle, which thus
remains FeO-rich. The FeO extracted from the Earth’s magma
ocean may have contributed to chemical heterogeneities in the
lowermost mantle8, a FeO-rich D 00 layer9 and the light element
budget of the core10,11.
The most significant differentiation event in the history of the
Earth and other terrestrial planets was the separation of metal and
silicate to form a metallic Fe-rich core and a silicate mantle. The
geochemical consequences of this process have been studied extensively in recent years to explain the geochemistry of the Earth’s
mantle and the physical mechanisms of core formation and accretion. Extensive melting of the Earth and the formation of a deep
magma ocean as a consequence of one or more giant impacts
probably facilitated metal–silicate separation12,13. The content of
moderately siderophile (metal-loving) elements, such as Ni and Co,
in the Earth’s mantle can be explained by the separation of liquid
metal and silicate in a magma ocean at least 700 km deep1–3. This
conclusion is based on experimental studies of the partitioning of
siderophile elements between liquid metal and liquid silicate at high
pressure. Here we consider the partitioning of oxygen between
metal and silicate in a magma ocean with the aim of understanding
how the FeO content and oxidation state of planetary mantles are
affected by core formation.
We studied the solubility of oxygen in liquid Fe-Ni alloy at 9 and
18 GPa, 2,173–2,673 K and oxygen fugacities (f O2) 1.1 to 3.6 log
units below the iron-wüstite buffer by equilibrating the samples
with magnesiowüstite in a multianvil apparatus. Details of the
starting materials and experimental and analytical methods have
been described previously14. Over the range of experimental conditions, the solubility varies from below detection limit to 1.28 wt%
(Fig. 1a, Table 1). The results show that oxygen solubility increases
with increasing temperature and oxygen fugacity (Fig. 1a). To
determine the effects of pressure and temperature independently
of f O2, we calculate the distribution coefficient, K d, for the partitioning of oxygen between liquid Fe-alloy and magnesiowüstite:
Kd ¼

Core formation on the Earth and Mars involved the physical
separation of metal and silicate, most probably in deep magma
oceans1–4. Although core-formation models explain many aspects
of mantle geochemistry, they have not accounted for the large
differences observed between the compositions of the mantles of
the Earth (,8 wt% FeO) and Mars (,18 wt% FeO) or the smaller
58

ð1Þ

met
mw
where X met
O ; X Fe and X FeO are the mole fractions of oxygen in metal,
Fe in metal and FeO in magnesiowüstite respectively. As shown in
Fig. 1b, the distribution coefficient, and therefore the oxygen
solubility at constant f O2, decreases with increasing pressure.
These trends are consistent with previous results obtained at 5–
25 GPa and 2,073–2,773 K but over a relatively restricted f O2 range15.
Note that the results are contrary to early predictions that the
solubility of oxygen in liquid Fe should increase with increasing
pressure16.
To extrapolate the oxygen solubility data as a function of pressure
(P) and temperature (T), we use:

RTlnK d ¼ 2DH þ TDS 2 PDV
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where DH, DS and DV are the changes in enthalpy, entropy and
volume, respectively, for the oxygen exchange reaction and R is the
gas constant. We fitted equation (2) to the data, including five
experimental results obtained up to 25 GPa by ref. 15. Results of the
fit, shown in Fig. 1a and b, give DH ¼ 153,000 (^29,000) J mol21,
DS ¼ 50.9 (^12.4) J K21 mol21 and DV ¼ 1,448 (^440) J GPa21
(1.448 ^ 0.44 cm3 mol21).
Extrapolations of the solubility results to higher pressures and
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