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Multidecadal Changes in the
Vertical Temperature Structure
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Trends in global lower tropospheric temperature derived from satellite observations since 1979 show less warming than trends based on surface meteorological observations. Independent radiosonde observations of surface and
tropospheric temperatures confirm that, since 1979, there has been greater
warming at the surface than aloft in the tropics. Associated lapse-rate changes
show a decrease in the static stability of the atmosphere, which exceeds
unforced static stability variations in climate simulations with state-of-the-art
coupled ocean-atmosphere models. The differential temperature trends and
lapse-rate changes seen during the satellite era are not sustained back to 1960.
Satellite observations of global atmospheric
temperatures by the microwave sounding unit
(MSU) (1) exhibit little or no trend (or a slight
cooling) in deep-layer mean tropospheric temperature during 1979 –97 (2). Over the same
period, conventional, in situ meteorological
observations suggest that globally averaged
surface air temperature increased at a rate of
⬃0.1 to 0.2 K decade⫺1 (3, 4). This difference has been attributed to problems with the
satellite record (5–7), biases in the surface
observations (3, 8), or the large statistical
uncertainty of the two linear trend estimates
based on short data records (9 –11). Recent
adjustments to the MSU data (2, 6) only
partially resolve the discrepancy by removing
an artificial cooling trend, attributable to decreases in satellite orbital heights, in the lower tropospheric temperature estimates (MSU
2LT) relative to both the mid troposphere
[MSU channel 2 (MSU 2)] and the surface
(12).
Another possible explanation for the different trends is that surface and lower tropospheric
temperatures may respond differently to changes in a suite of natural and human-induced
climate forcings, including well-mixed greenhouse gases, stratospheric and tropospheric
ozone, tropospheric aerosols, and stratospheric volcanic aerosols (7, 13–15). The debate
regarding interpretation of temperature-trend
differences between MSU 2LT and surface
data has focused on the tropical belt, where
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the discrepancy is largest (2, 5, 16). Here, we
investigate the existence and possible interpretation of differential temperature trends.
We present a third, independent set of observations, from radiosondes (weather balloons)
(17), supporting the finding of greater tropical warming near the surface than in the
lower troposphere during the MSU period.
The data also yield direct estimates of changes in both the vertical temperature profile (or
lapse rate) and the height of the freezing level
of the tropical atmosphere, both of which
corroborate the differential temperature trends.
In addition, they show the multidecadal variability of temperature, freezing level, and
lapse rate since 1960 (18).
Radiosondes offer a distinct advantage over
MSU data in assessing changes in the vertical
structure of atmospheric temperature, because they measure continuously as they ascend from the surface to the lower stratosphere. Each sounding is produced by a new
instrument, so spurious trends due to longterm instrumental drift are not a concern.
Instrument changes over time could introduce
artificial trends. Quantifying these effects is
difficult, but the problem is much less serious
in the lower troposphere than at higher alti-

tudes (19). Soundings include temperature
observations at the surface and at the 700and 500-hPa levels (⬃3200 and 5800 m
above the surface in the tropics). These correspond closely to the levels of peak signal in
the MSU deep-layer mean temperature retrievals; MSU 2LT and MSU 2 vertical
weighting functions peak at 740 and 590 hPa,
respectively (20).
Using quality-controlled daily or twice-daily observations from 58 long-term tropical
(30°N to 30°S latitude) radiosonde stations
(shown in Fig. 1), we computed temperature
trends (21) at the surface and in the lower
troposphere for both the 19-year period 1979 –
97 (covering that of the MSU observations)
and the 38-year period beginning in 1960.
During the longer period, monthly mean surface temperatures increased ⬃0.05 to 0.21 K
decade⫺1. [Here and below we give the range
of the combined 95% confidence intervals for
the 0000 and 1200 UTC estimates (Fig. 2A).]
The tropical lower and mid troposphere experienced greater warming (0.11 to 0.26 K
decade⫺1 at 700 hPa and 0.12 to 0.26 K
decade⫺1 at 500 hPa), a pattern consistent
with model projections of the vertical structure of tropospheric warming associated with
increasing concentrations of well-mixed atmospheric greenhouse gases (13, 22). However, although the surface warmed (0.05 to
0.28 K decade⫺1) during 1979 –97, lower
tropospheric temperatures experienced a
small, and at many locations not statistically
significant, decrease (⫺0.22 to ⫹0.08 K decade⫺1 at 700 hPa and ⫺0.26 to ⫹0.08 K
decade⫺1 at 500 hPa), as shown in Fig. 2A.
Thus, these tropical radiosonde temperature
data show the same pattern of surface warming and tropospheric cooling since 1979 as
the independent surface and MSU observations. The difference is statistically significant despite relatively large confidence intervals on the trends at different levels (10).
As further evidence of different tropospheric temperature trends during the MSU period
and the longer period, Fig. 2B shows trends in
the height of the tropical freezing level based on
the same radiosonde data set used above. The

Fig. 1. Tropical radiosonde station network and 1979 –97 lapse-rate trends. Sign and statistical
significance of trends (21) in surface-to-700-hPa lapse-rate anomalies (29) at individual radiosonde
stations during 1979 –97. Trends based on 0000 and 1200 UTC observations, in red and blue,
respectively, show the different spatial sampling at the two standard observation times, which
results from many stations making only one observation daily, usually during daylight. Triangles
with apex up or down indicate increases or decreases in lapse rate, respectively; solid triangles
indicate trends that are significantly different from zero at the 95% confidence level (10).
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freezing level is typically at 4.5 to 5.0 km, or
550 to 600 hPa. Using radiosonde data similar
to those used here, Diaz and Graham (23) noted
significant upward trends in the tropical freezing level during 1970 – 86. They linked the
retreat of tropical mountain glaciers to these
trends and, on the basis of close agreement
between observed trends and those simulated
by versions of the European Centre/Hamburg
(ECHAM) (24) atmospheric general circulation
model, further suggested that the freezing-level
trends were driven by an enhanced hydrologic
cycle and increasing tropical sea surface temperatures (SSTs).
Interannual variations in freezing level are
far better correlated with mid tropospheric temperature than with surface air temperature (25),
so it is not surprising that the freezing level rose
⬃30 m decade⫺1 during 1960 –97 but lowered
during the MSU period (Figs. 2B and 3C),
despite comparable surface warming during the
two periods (Fig. 2A). This difference in the
freezing-level trend during the two periods is
partly due to an upward shift in the late 1970s,
before the launch of the MSU in 1979, followed
by a more gradual lowering during the MSU
period.
Tropical glaciers at 5- to 7-km elevation
have rapidly retreated during the 1980s and
1990s (26), while freezing levels have lowered.

This apparent incongruity might be related to (i)
differences between temperature and temperature trends at these high elevations and those in
the free atmosphere (27); (ii) changes in hydrology (26), rather than temperature, dominating glacial retreat; or (iii) lag in the response of
glaciers to temperature changes.
In the troposphere, temperature generally
decreases upward from the surface. The rate
of temperature decrease with height, or lapse
rate, is a measure of the static stability of the
atmosphere: larger lapse rates are associated
with convectively unstable situations, whereas isothermal layers (lapse rate equal to zero)
and inversions (negative lapse rates) are highly stable. Average lapse rates in the tropics
tend toward the moist-adiabatic value, which
varies with atmospheric temperature (28); we
find typical lapse-rate values of ⬃5.5 K
km⫺1 for both the surface-to-700-hPa and the
700-to-500-hPa layers (29).
Lower and mid tropospheric lapse rates involve differences in temperature between two
levels with similar interannual variations.
Therefore, the interannual variability of lapse
rates is much smaller than that of temperature at
a single level, facilitating identification of small
trends in the presence of large year-to-year
variability of temperature that is common to
both levels (10). Lapse rates in the surface-to-

700-hPa layer show highly statistically significant increases (Fig. 2C), of ⬃0.04 to 0.13 K
km–1 decade–1 during 1979 –97, that are of
consistent sign over most of the tropical domain
(30) (Fig. 1). We find similar trends toward
slightly greater instability (31) using both 0000
UTC (trend ⫽ 0.064 ⫾ 0.028 K km⫺1 decade⫺1) and 1200 UTC observations (trend ⫽
0.084 ⫾ 0.038 K km⫺1 decade⫺1) (Fig. 3A)
with different spatial sampling (Fig. 1).
We have examined lapse-rate trends based
not only on monthly mean data but also on
monthly extremes [25th- and 75th-percentile
values (29)] and find that, although both extremes are becoming more unstable during the
satellite era, trends in the more stable days (25th
percentile) are larger than trends in the less
stable days (75th percentile) (Fig. 2C). This
small nonuniform shift in the frequency distribution of tropical static stability is not surprising because less stable lapse rates are more
likely to lead to convective overturning (28).
Positive trends in 700-to-500-hPa lapse
rates suggest a warming of the 700-hPa level
relative to the 500-hPa level during the MSU
period, although the trends are not significantly
different from zero (Fig. 2C). This would be
consistent with MSU 2LT trends exceeding
MSU 2 trends, but the MSU data in the tropical
belt show the opposite (2), indicating some
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(17) were applied separately for each period of record, resulting in
different station networks for the two periods. Spatial averages for
lapse-rate trends and suggest that the latter are dominated by changes
1960 –97 are based on 29 stations (25 for 0000 UTC and 13 for 1200
in temperature differences rather than changes in layer thickness. UnUTC), and average daily sampling for the network was 86%. Averages for
forced model results (shown in green) are from the sampling distribu1979 –97 are based on 58 stations (41 for 0000 UTC and 34 for 1200
tions of 19- and 38-year trends from a 300-year simulation of three
UTC), and average daily sampling was 90%. (B) Trends in tropical average
coupled ocean-atmosphere climate models (34) with no climate forcings.
height of the freezing level for the same periods as in (A). The height of
The SST-forced trends are based on the average of a 10-member
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ensemble of simulated time series from the ECHAM3 model (23, 24) for
levels, was identified in each sounding, as in (23). Trends in freezing-level
the same years as the observations. All model results are based on
pressure (not shown) are consistent with height trends. (C) Trends in
sampling at the locations of the radiosonde stations that we used for
tropical average monthly lapse-rate anomalies for the same periods as in
each observational data period.
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remaining observational uncertainty, perhaps
related to the stratospheric influence on MSU 2.
Stratospheric warming following the Mount Pinatubo eruption in 1991 may have contributed
to warming in MSU 2 data relative to the
500-hPa radiosonde data used here.
These lapse-rate trends are not sustained
back in time. Both surface-to-700-hPa and 700to-500-hPa lapse rates decreased during the
longer data period 1960 –97 (Fig. 2C), with
most of the decrease occurring during the first
half of this period (Fig. 3, A and B). The
decrease is larger for the most unstable days
(75th percentile) than for the most stable days
(Fig. 2C). Thus, temperature and lapse-rate
trends during the MSU period are qualitatively
different from the preceding two decades.
Contemporary coupled ocean-atmosphere
global climate models have been used to
simulate the unforced variability of the climate system (5, 32). Analysis of three stateof-the art models by Santer et al. (33) suggests that simulated global surface temperature trends over 20-year periods never exceed
lower tropospheric trends by as much as the
observed 0.1 K decade⫺1 for 1979 –98. Neither are such trend differences simulated in
these models when forced by changing atmospheric greenhouse gas and sulfate aerosol concentrations. Including the effects of stratospheric ozone depletion and the injection of aerosols into the stratosphere by the 1991 eruption of Mount Pinatubo brings the simulated
trend differences closer to, but still smaller
than, those observed (14, 15, 33).

0.2

Extending the Santer et al. (33) analysis to
tropical lapse-rate changes, we have computed the distributions of 19- and 38-year trends
in tropical lapse rates from unforced 300-year
simulations by three climate models (34).
The range of trends varies slightly among the
models, but the observed 1979 –97 lapse-rate
trend is well above each of the modeled
19-year trend ranges (Fig. 2C). The modeled
38-year trend ranges overlap the confidence
interval of the observed 1960 –97 trend for
1200 UTC but not for 0000 UTC (Fig. 2C).
If these models are accurately characterizing
the unforced decadal variability of tropical tropospheric lapse rates, then we can conclude that
the observed trends for 1979 –97 are likely associated with external forcings of the climate
system that result in different surface and lower
tropospheric temperature changes. An ensemble of simulations with the ECHAM3 atmospheric model (24), forced by observed SSTs,
yields decreases in tropical lapse rates for both
1979 –97 and 1960 –97 (Fig. 3C). This result
suggests that SST changes alone (which may
reflect internal climate variability and external forcing) cannot adequately explain the
vertical structure of atmospheric temperature
trends seen during the MSU period and that
the richer three-dimensional structure of natural and anthropogenic climate forcings may
be required for more realistic simulations. Given uncertainties in the observations, in reconstructing the historical climate forcings (14),
and in the climate system’s response to those
forcings, we may never have a complete un-
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Fig. 3. Tropical average lapse-rate and freezing-level changes. (A) Tropical mean monthly anomalies of
surface-to-700-hPa lapse rate at 0000 and 1200 UTC, shown in red and blue, respectively, for two
periods of record. Different station networks for each period (31 stations for 1960 –78 and 58 stations
for 1979 –97) maximize spatial sampling using a consistent set of data requirements (17). (B) Same as
(A), but with the same 29 stations (25 for 0000 UTC and 13 for 1200 UTC) for the complete period
1960 –97. (C) Tropical mean monthly anomalies of freezing-level height at 0000 and 1200 UTC, shown
in red and blue, respectively, with the same 29 stations as in (B). The vertical axis is inverted to facilitate
comparison with (A) and (B).
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derstanding of the complex behavior of tropical tropospheric temperatures, lapse rates,
and freezing levels during the past few decades. Nevertheless, the radiosonde results
presented here serve to confirm, at least for
the tropical regions, enhanced warming of the
surface relative to the lower troposphere, as
seen in satellite and surface temperature data.
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Self-Assembling Amphiphilic
Siderophores from Marine
Bacteria
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Most aerobic bacteria secrete siderophores to facilitate iron acquisition. Two
families of siderophores were isolated from strains belonging to two different
genera of marine bacteria. The aquachelins, from Halomonas aquamarina strain
DS40M3, and the marinobactins, from Marinobacter sp. strains DS40M6 and
DS40M8, each contain a unique peptidic head group that coordinates iron(III)
and an appendage of one of a series of fatty acid moieties. These siderophores
have low critical micelle concentrations (CMCs). In the absence of iron, the
marinobactins are present as micelles at concentrations exceeding their CMC;
upon addition of iron(III), the micelles undergo a spontaneous phase change to
form vesicles. These observations suggest that unique iron acquisition mechanisms may have evolved in marine bacteria.
Low iron concentrations in surface seawater
[typically from 20 pM to 1 nM (1)] limit primary production by phytoplankton in regions characterized by high concentrations of nitrate and
other nutrients but low concentrations of chlorophyll (HNLC, high nitrate low chlorophyll)
(2). In addition to phytoplankton and cyanobacteria, heterotrophic bacteria make up an important class of microorganisms in the ocean that
are also limited by low iron levels in HNLC
regions (3–5). Heterotrophic bacteria constitute
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up to half of the total particulate organic carbon
in ocean waters (4), and in some regions, such
as the subarctic Pacific, heterotrophic bacteria
can even contain higher cellular concentrations
of iron than phytoplankton (5). Heterotrophic
bacteria thus compete successfully for iron
against phytoplankton and cyanophytes and
play a substantial role in the biogeochemical
cycling of iron in the ocean. However, little is
known about the molecular mechanisms used
by marine bacteria, in particular, and other marine microorganisms, in general, to sequester
iron. Marine bacteria are known to produce
siderophores (6–8), which are low–molecular
weight compounds secreted to scavenge Fe(III)
from the environment and to facilitate its uptake
into microbial cells. We report herein the structures and properties of a class of self-assembling
amphiphilic siderophores produced by marine
bacteria. Two families of siderophores, produced by two different genera of bacteria, each
contain a unique peptidic head group that coor-
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shows the ranges, encompassing 95% of the distribution. Monthly layer mean lapse rates were computed in the same manner as the observations, but
with monthly mean temperatures and heights at 700
hPa, 2-m (surface) air temperature, and the models’
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dinates Fe(III) and one of a series of fatty acid
tails.
Three strains, designated DS40M3,
DS40M6, and DS40M8, were isolated from the
same sample of ocean water, which had been
collected at a depth of 40 m over the continental
slope in the eastern equatorial Atlantic (7). The
aquachelin siderophores (Fig. 1), produced by
Halomonas aquamarina DS40M3 (Fig. 2), and
the marinobactin siderophores (Fig. 1), produced by Marinobacter species strains DS40M6
and DS40M8 (Fig. 2), were isolated and purified from the supernatant of bacterial cultures,
as previously described (7). The amino acid
composition of the aquachelins and marinobactins, including the enantiomeric configuration,
was determined with Marfey’s reagent [N-a(2,4-dinitro-5-fluorophenyl)-L-alaninamide] (9).
The amino acid sequence was established by
tandem mass spectrometry (Fig. 1) and confirmed by nuclear magnetic resonance (NMR)
spectroscopy (10). The position of the D- and
L-amino acids was determined from amino acid
analysis of partially hydrolyzed peptide fragments generated from the native siderophore
(11). Elucidation of the fatty acid moieties involved gas chromatography–mass spectrometry
comparison to standard methyl ester derivatives,
ozonolysis to establish the position of the double
bond, and NMR to elucidate the configuration
of the double bond (10). The connectivity of
diaminobutyric acid and ␤-hydroxyaspartic acid
in the marinobactin ring was determined by
NMR (10).
The only terrestrial siderophores that bear a
structural resemblance to marinobactins and
aquachelins are the mycobactins and exochelins
produced by mycobacteria, such as Mycobacterium tuberculosis, which also usually contain
a fatty acid tail (12, 13). The exochelins and
mycobactins share a common hydrophilic core
that coordinates Fe(III), but they differ in the
substitution and chain length of the fatty acid.
The hydrophilic exochelins, which are secreted
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