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bright in the initial stage and then its intensity gradually decreases.
This is because the concentration of the ground-state DPA is very
high near the electrode and generates a higher concentration of
excited-state DPA than that in the steady state. The temporal change
in peak intensity at 435 nm is shown in the inset. The decay time was
0.071 s. This long decay, resulting from the continuous supply of dye
molecules, depended on the ¯ow rate and applied voltage.

In the low-intensity spectrum (trace c in Fig. 5), the peaks at 405
and 435 nm are almost the same height. However, in the high-
intensity spectrum (trace b in Fig. 5), the peak at 435 nm is greatly
ampli®ed compared with the peak at 405 nm. The linewidth (full-
width at half-maximum) of the peak at 435 nm decreased ,25%.
The peak at 405 nm merged with the peak at 435 nm when the
intensity increased further (trace a in Fig. 5). The merged peak still
shows line narrowing with increasing ECL intensity. For example,
the FWHM of the peak at the highest intensity (at 200-ms in the
inset) is ,32% narrower than that at lower intensity (300 ms).
These spectrum changes as a function of intensity clearly indicate a
stimulated emission.

The results shown in Figs 3±5 indicate that the lasing was achieved
by an electrochemical reaction. This is supported by another
experiment in which fringe patterns were observed when the half-
mirror was replaced with an interdigitated array electrode which
functioned as a grating. Much clearer lasing could be observed by
either decreasing the distance between the electrodes of the ¯ow cell
to the order of a wavelength, or increasing their re¯ectivity. M
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Figure 5 The change of ECL spectrum with time after application of 30V to the

cell. A solution of 25 mM DPA in DMF was introduced with a ¯ow rate of

20 mlmin-1. The spectra were sequentially measured with a 50-ms exposure time

from just before the application of 30 V. The actual cavity length was 1.9 mm. Inset,

the time decay of the peak height located at ,435 nm. The time origin is the last

time at which the ECL signal was within the noise level. The labels correspond to

those on the ECL spectra.
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The 17-year lower-tropospheric temperature record derived from
the satellite Microwave Sounding Unit (MSU)1±3 shows a global
cooling trend, from 1979 to 1995, of -0.05 K per decade at an
altitude of about 3.5 km (refs 4, 5). Air temperatures measured at
the Earth's surface, in contrast, have risen by approximately
+0.13 K per decade over the same period4,6. The two temperature
records are derived from measurements of different physical
parameters, and thus are not directly comparable. In fact, the
lower stratosphere is cooling substantially (by about -0.5 K per
decade)5, so the warming trend seen at the surface is expected to
diminish with altitude and change into a cooling trend at some
point in the troposphere. Even so, it has been suggested that the
cooling trend seen in the satellite data is excessive4,7,8. The
dif®culty in reconciling the information from these different
sources has sparked a debate in the climate community about
possible instrumental problems and the existence of global
warming4,7,9. Here we identify an arti®cial cooling trend in the
satellite-derived temperature series caused by previously
neglected orbital-decay effects. We ®nd a new, corrected estimate
of +0.07 K per decade for the MSU-based temperature trend,
which is in closer agreement with surface temperatures. We also
®nd that the reported7 cooling of the lower troposphere, relative
to the middle troposphere, is another artefact caused by uncor-
rected orbital-decay effects.

The debate within the climate community4,7,9 about differences
between the global temperature trends determined from in situ
surface records and from lower-tropospheric MSU satellite data has
centred on two fundamental issues: physical differences between the
two measurements and possible instrumental artefacts. MSU
middle tropospheric temperature measurements (MSU2) represent
a vertically weighted air temperature centred at an altitude of
,7 km, while the MSU lower-tropospheric temperature (MSU2R)
weighting function peaks around 3.5 km. MSU2, MSU2R and in situ
surface temperatures are therefore not directly comparable, and
their decadal trends are thus not expected to be identical, particu-
larly as the lower stratosphere is known to be cooling substantially5.
However, the large difference between global surface and MSU2R
temperature trends (+0.13 K per decade and -0.05 K per decade,
respectively4±6) is dif®cult to explain. In the tropics the difference is
even more pronounced, with sea surface temperatures rising by
+0.10 K per decade and MSU2R falling by -0.11 K per decade7. The
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magnitude of these differences has led to the suggestion4,7,8 that the
reported MSU2R cooling trend, particularly in the tropics, is
excessive.

In addition to the concern over excessive cooling of MSU2R
compared to in situ data, there is another more obvious problem:
MSU2R, centred at around 3.5 km altitude, is cooling at -0.17 K per
decade relative to MSU2, centred at around 7 km (ref. 7). This
strong relative cooling disagrees with radiosonde data that show
little relative difference in the temperature trends observed at 850,
700 and 500 mbar levels10 (corresponding to altitudes of 1.4, 3.0 and
5.6 km). Recent radiosonde results derived for the MSU time period
con®rm this observation: the temperature trends of -0.01, -0.07
and -0.05 K per decade for 850, 700 and 500 mbar levels, respec-
tively (D. Parker, personal communication) are fairly similar. These
values indicate that the lower troposphere (850±700 mbar) is
slightly warming relative to the middle troposphere (700±
500 mbar), which disagrees with the very large cooling of MSU2R
relative to MSU2. The discrepancy between the relative trends in the
satellite and radiosonde data is particularly dif®cult to explain,
considering that 20% of the MSU2R signal comes from the surface
(discussed below), which is warming, while a substantial fraction of
the MSU2 signal comes from the lower stratosphere, which is
cooling. This seemingly unphysical cooling of MSU2R relative to
MSU2 led us to examine closely the derivation of the two para-
meters, thereby uncovering a subtle effect related to orbital decay
that signi®cantly affects MSU2R but not MSU2.

MSU tropospheric temperatures are derived from measurements
of Earth's radiance at 53.74 GHz (MSU channel 2). The MSU sensor
scans perpendicular to the satellite subtrack, with 11 footprints
extending over a range of incidence angles from 08 to 558. The
MSU2 middle-tropospheric temperature is found from a limb-
corrected average of the central 9 footprints. MSU2 has a broad

vertical weighting function centred at ,7 km but retaining appreci-
able weight from the surface well into the stratosphere. To retrieve
an air temperature that is more indicative of the lower troposphere,
a deconvolution is performed, making use of the fact that the
weighting function for the near-limb observations (448 to 558)
peaks somewhat higher in altitude than for the near-nadir observa-
tions (228 to 338). The MSU2R lower-troposphere temperature T2R

is calculated from the following equation2:

T2R � 4TN 2 3TL �1�

where TN and TL are the near-nadir and near-limb observations,
respectively. In principle, this linear combination of TN and TL leads
to an effective weighting function centred near 3.5 km.

Our investigation reveals that the unphysical cooling of MSU2R
relative to MSU2 is a direct result of TL warming relative to TN. In
the tropics from 1979 to 1995, TN and TL increased by +0.05 K per
decade and +0.10 K per decade, respectively, resulting in an MSU2R
trend of -0.11 K per decade. Thus, although TN and TL are both
warming, MSU2R exhibits a cooling trend arising from the extra-
polation to the lower troposphere. The question then becomes: why
is TL warming by +0.05 K per decade relative to TN?

All of the NOAA polar orbiting platforms carrying the MSU
instruments lose altitude after launch. In constructing the MSU
time series, the satellites are sequentially intercalibrated, so the effect
of altitude decrease of one satellite is added onto the next. Figure 1
shows the altitude changes of NOAA-6 to NOAA-14 referenced to a
common baseline (NOAA-8 is excluded because it was not used in
the MSU time series). Absolute orbital altitudes found from two-
line orbital element data provided by NORAD are plotted in Fig. 1
inset. Immediately apparent in the ®gure is the presence of two
intervals, 1979±83 and 1989±92, with dramatically steeper slopes.
These intervals correspond to periods during which solar activity
was at a maximum11. Higher levels of solar ultraviolet radiation
during these periods heat the upper atmosphere and increase the
drag on the spacecraft. Over intervals of high solar activity, the
observed orbital decay rate is ,2 km yr-1, while periods of low solar
activity show a smaller rate of 0.3 km yr-1. Over the entire 17-year
record there is a net drop of 20 km, equivalent to an average rate of
1.2 km yr-1.

This decrease in altitude is signi®cant because it leads to a
corresponding decrease in the Earth incidence angle due to the
sphericity of the Earth's surface. For the near-nadir observations, the
incidence angle decreases by 0.00498 yr-1 on average, while the near-
limb angle changes by more than twice as much (0.01208 yr-1).
Radiative transfer calculations12 show that these changes in inci-
dence angle increase TN and TL by +0.008 K per decade and +0.052 K
per decade, respectively. Thus the orbital decay causes TL to warm
relative to TN at a rate of 0.044 K per decade, in close agreement with
the anomalous trend mentioned above. Calculations were per-
formed for several atmospheric pro®les (high latitudes, mid-lati-
tudes and tropics) and for both land and ocean surfaces. The land
emissivity was ®xed at 0.85, and the ocean emissivity comes from a
microwave ocean model12. Atmospheric absorption due to oxygen
and water vapour is based on a standard microwave propagation
model13. The orbital decay correction is insensitive (60.007 K per
decade) to latitude, surface type, and the details of the radiative
transfer model. Considering the error in specifying the altitude
decay and the small variability due to surface type and latitude, the
error in specifying the orbital decay correction is 60.01 K per
decade at a 95% con®dence level.

Removing the effect of orbital decay, we ®nd that the corrected TN

and TL are both warming at nearly the same rate. In view of their
very broad weighting functions, with centroids differing by only
1 km, it seems quite reasonable that the two should have similar
trends. Substituting the corrected values of TN and TL in equation
(1) results in a +0.12 K per decade global correction to MSU2R for
the 1979±95 period. Adding this correction to the previously

Figure 1 Cumulative orbital decays for NOAA satellites from 1979 to 1996. Data for

all satellites used in the MSU lower-tropospheric temperature series are plotted,

shifted by constant offsets to correct for differences in orbital altitude. An

empirical nonlinear regression to the data is shown by the grey curve. Absolute

altitudes are shown in the inset. (Data shown in this ®gure are available at http://

www.grove.net/,tkelso/NORAD/archives)
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reported trends (-0.11 K per decade in the tropics and -0.05 K per
decade globally) results in new trends of +0.01 K per decade in the
tropics and +0.07 K per decade globally.

The decay correction varies from year to year, being greatest
during periods of maximum solar activity. Figure 2 shows the effect
of orbit decay on trends in MSU2R tropical average (208 S±208 N)
anomaly time series7. Horizontal bars at the top of the ®gure
indicate the periods of high solar activity. To calculate the decay
correction, plotted in Fig. 2c, the altitude data for NOAA-6 and
NOAA-10, which taken together span the entire 17-year period,
were merged at the beginning of 1987. The resulting curve was
regressed to an empirical function (the broad grey line in Fig. 1) and
used to compute the geometrical correction to MSU2R. Figure 2a
shows the time series for the uncorrected MSU2R temperature
anomalies (dashed), with its downward trend of -0.11 K per decade.
The corrected MSU2R time series is plotted as the solid line. Figure
2b shows the difference between MSU2R and MSU2 temperature
anomalies, with and without the correction for orbital decay (solid
and dashed lines, respectively). MSU2 is much less sensitive to the
effect of orbit decay, serving as a reference for evaluating this effect
on MSU2R. Clearly evident in this ®gure is the cooling of the
uncorrected MSU2R relative to MSU2 that occurs during the two
periods of high solar activity, and correspondingly large orbital
decay. The correlation coef®cient between the uncorrected
MSU2R±MSU2 difference and the decrease in satellite altitude is
0.91. To compute this correlation, the MSU2R±MSU difference is
®rst smoothed with a gaussian smoothing function with a 180-day
standard deviation. The high correlation is strong evidence that the
cooling of MSU2R during 1979±83 and 1989±92 is due to orbital
decay.

Although orbital decay affects other satellite instruments, it is the
unavoidable noise ampli®cation associated with the MSU2R decon-
volution procedure and the very small decadal trends being sought
which makes this particular data set so sensitive. Other satellite-
measured parameters will probably be much less affected. For
example, the net spurious warming introduced into MSU2 is only
+0.008 K per decade. Nevertheless, the effect is easily computed and
should be accounted for in future analyses of satellite data.

Despite the much improved consistency between MSU2 and
MSU2R and the closer agreement of the MSU2R record with surface
temperature data, there remain some questions which are not
entirely resolved by our correction. The main issue is the reported9

good agreement between the MSU2R (before correction) and
radiosonde measurements. Both data sets implied a lower-tropo-
spheric temperature trend of about -0.05 K per decade. However,

these comparisons did not account for surface effects. MSU2R is not
simply a measure of the lower-troposphere temperature, but also
contains an Earth surface emission component. This sensitivity of
MSU2R to surface emissions results from the factor of 4 applied to
TN in equation (1). We use the radiative transfer model to simulate
this sensitivity. The model assumes the Earth's surface temperature
changes by 1 K while the temperature at an altitude of 1.5 km
(850 mbar) remains constant. Between the surface and 850 mbar,
the change linearly decreases to 0 K. The increase of 1 K in the near-
surface temperature produces increases of 0.25 K and 0.17 K in the
MSU2R-derived temperature (T2R) for land and ocean surfaces,
respectively, even though the lower-tropospheric temperature
remains constant. Thus, on average, ,20% of the observed trends
of T2R will be due to near-surface trends, and the remainder will be
due to trends in the lower and middle troposphere (850±300 mbar).
The MSU2 product, which approximately equals TN, is much less
sensitive to surface effects because of the absence of the factor of 4 in
equation (1). Therefore, to directly compare MSU2R with radio-
sondes, a surface temperature layer is added to the radiosonde
layers, and a vertical integration over all layers is done to compute an
effective MSU2R trend of -0.02 K per decade (D. Parker, personal
communication), which is in closer agreement with the observed
+0.07 K per decade trend.

In interpreting these results it is important to consider the
uncertainties in estimating decadal trends from MSU and radio-
sondes. The error in the MSU2R trend is estimated to be 60.05 K
per decade at a con®dence level of 80% (J. Christy, personal
communication). This error was determined by comparing the
results of using different combinations of satellites and by recon-
structing the time series with random variations of inter-satellite
biases. There is a good deal of subjectivity in the MSU error analysis,
and, as we show here, there is the possibility that the true error bar is
larger due to other, yet to be discovered, effects. The MSU error
estimate does not include the 60.01 K per decade uncertainty in
specifying the orbit decay correction. This uncertainty must be
added to the overall error bar. The error in the radiosonde trend is 6
0.10 K per decade at a 95% con®dence level (D. Parker, personal
communication). In this case, the error bars are based on standard
least-squares theory but take account of the autocorrelation of the
residuals from the linear trend. The error estimates do not allow for
systematic biases in the data or for the geographical sparsity of
sampling14. So again, there is the possibility that the true error is
larger. Thus, considering the size and uncertainty of the error bars,
the disagreement of 0.09 K per decade between MSU2R and radio-
sondes may not be too signi®cant.
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Figure 2 Effect of correction for orbital decay on MSU2R lower-tropospheric

temperature anomalies. a, Time series for tropical average (208 S±208 N) MSU2R

lower-tropospheric temperature anomalies with (solid line) and without (dashed

line) the correction for orbital decay. b, Differences between the lower-(MSU2R)

and mid-(MSU2) tropospheric temperatures, plotted as in a. c, The orbital

correction to MSU2R based on the data in Fig.1 (data in this ®gure adapted from

Fig.1 of ref. 7).
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The orbit decay correction of +0.12 K per decade is a relatively
simple, though easily overlooked, geometric effect resulting from
decreasing satellite altitude. This correction eliminates the spurious
cooling of MSU2R during 1979±83 and 1989±92 as well as the
spurious cooling of the lower troposphere relative to the middle
troposphere. The correction also leads to an overall global warming
trend of +0.07 K per decade for the 1979±95 period, which is in
closer agreement with surface temperatures. However, considering
the size and uncertainty of the MSU2R error bars, we advise caution
with respect to the signi®cance placed on the absolute trend of
+0.07 K per decade. The derivation of trends from multiple satellites
is a complex process, particularly considering the fact that MSU2R
is an extrapolation from the middle to lower troposphere: subtle,
unmodelled effects can signi®cantly alter the trend estimate. The
MSU data set needs to be more closely examined, and a more
rigorous error analysis should be done.

Although the MSU and radiosondes have provided an extremely
valuable air-temperature record for the past few decades, they were
originally designed with meteorological objectives in mind, and
their ability to measure very small climate variations is limited.
There is a need for future climate-monitoring systems that are more
accurate and robust. M
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Determining the presence of solar argon, krypton and xenon in
the Earth's mantle is important for understanding the source,
incorporation mechanism and transport of noble gases in the
Earth, as well as the evolutionary history of the Earth's atmos-
phere. There are strong indications in the mid-ocean ridge basalt
database that solar helium and neon are indeed present1±3, and
modelling exercises indicate that the compositions of all ®ve noble
gases in the Earth's primordial inventory were solar-like3±5. But
solar isotopic signatures of the heavier noble gases argon and
xenon, which differ signi®cantly from atmospheric compositions,

have appeared only subtly if at all in analyses of mantle-derived
samples6Ðtheir non-radiogenic isotope ratios are generally found
to be indistinguishable or only slightly different from those in the
atmosphere2,7±10. The ®rst promising isotopic evidence for a solar-
like argon component in the Earth's mantle appeared in a recent
analysis of basalt glasses from the Hawaiian Loihi seamount11. Here
I show that recent measurements12 of neon and argon isotopes in a
suite of mid-ocean ridge basalt samples from the southern East
Paci®c Rise greatly strengthen the case for the presence of solar
argon, and by inference krypton and xenon, in the Earth's mantle.

Three recent publications bear directly on the issue of a solar
component in ocean basalt source reservoirs. Burnard et al.13 used
data from a volatile-rich mid-ocean ridge basalt (MORB) glass
(`popping rock' 2pD43, so named for the audible pops of exploding
gas-®lled vesicles immediately after it was dredged from the deep
Mid-Atlantic Ridge) together with modelling arguments to infer a
qualitatively solar-like elemental abundance pattern for all ®ve
noble gases in the mantle. They suggested that observation of
38Ar/36Ar ratios between the atmospheric value of 0.1880 and the
lower solar ratio would con®rm their proposition of the presence of
solar Ar, but were pessimistic about the chances for resolving this
signature from pervasive atmospheric contamination. Soon there-
after, however, Valbracht et al.11 reported just such a ®nding in Loihi
glasses, with 38Ar/36Ar as low as 0:1848 6 0:0012 in one stepwise
degassing fraction, and further showed that sample-to-sample
variations in 38Ar/36Ar and 20Ne/22Ne were correlated in ways
highly suggestive of mixing between atmospheric and solar-like
endpoint compositions. The third publication, by Niedermann et
al.12 on He, Ne and Ar distributions in MORB glasses from the East
Paci®c Rise (EPR), appeared shortly before the Loihi study. These
EPR samples also have low 38Ar/36Ar ratios, here down to
0:1845 6 0:0018 (1j) in a total extraction and 0:1814 6 0:0019 in
a thermal release fraction from the same sample (G184D). Nieder-
mann and co-workers noted the presence of these sub-atmospheric
values in their data set12 but did not discuss them further. I have
examined the EPR data on a 38Ar/36Ar versus 20Ne/22Ne diagram,
and ®nd that they de®ne a remarkably coherent mixing curve
between air-derived Ne and Ar and a second component isotopi-
cally consistent with current estimates for the solar wind.

The Ne and Ar compositions obtained by Niedermann et al.12 are
listed in Table 1 and plotted against each other in Fig. 1. The solar-
wind 38Ar/36Ar range of ,0.1786±0.1724 is based on recent
analyses14,15 which indicate substantially lower values for this ratio
than an earlier estimate16, also shown, of 0.1825. In the following
two-component modelling of the Fig. 1 distribution, I take the non-
atmospheric component to be solar-wind Ne and Ar within their
isotopic uncertainty ranges, and call this `solar' with the assumption
that the wind correctly represents the composition of the source
supplying these gases to the early Earth. Isotope ratios along an
air , solar (a , () mixing trajectory may be shown to be

�
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where R � �22Ne�(=�22Ne�a is the Ne mixing ratio of the two
components. Fa

36 and F(
36 are de®ned and discussed below.

Elemental and isotopic ratios for the two end-point compositions
in these equations are listed in Table 1. The factor F(

36 �

�36Ar=22Ne�mantle=�
36Ar=22Ne�( is included to represent possible ele-

mental fractionation of the solar component before, or accompany-
ing, initial incorporation into its primordial mantle reservoir, or


