
are much smaller, but a preliminary analysis 
of a larger data set suggests that this result is 
not representative (18). There is a discrepan- 
cy between the anisotropy factors (i.e., the 

Tmax/min ratios): The fast-moving (19, 20) 
Australian plate has a small anisotropy factor 
of 2.7, whereas the slow-moving North Eu- 
ropean plate exhibits maximum anisotropy 
factors of 35 to 100 under Fennoscandia. This 
result is surprising, because geodynamic 
models suggest that the greater the strain 
imparted on the mantle by an overriding tec- 
tonic plate, the greater the expected degree of 
alignment of olivine crystals in the direction 
of plate motion. Therefore, a greater degree 
of alignment should be expected below the 
Australian plate than below the Fennoscan- 
dian plate if electrical anisotropy is linked to 
present-day plate motion. In both target areas, 
the high-conductance directions coincide 
with seismic fast directions (7, 9). We sug- 
gest that the anisotropy detected in the mantle 
below the Fennoscandian plate is either a 
relic of paleoflow in the mantle, induced at a 
time when the mantle in this region was 
subjected to a larger strain, or is indicative of 
sublithospheric convection dominating man- 
tle flow (16). If the alignment is preserved 
over geological time scales, this would imply 
that the relaxation time of the mantle is more 
than 107 years and longer than hitherto be- 
lieved, providing a useful constraint on geo- 
dynamic models for convective flow (21) and 
the evolution of lattice-preferred orientation 
in olivine aggregates. 
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penetration depth p, both the real (Re) and imaginary 
(Im) parts of the Schmucker-Weidelt transfer func- 
tion C(o) at this frequency are polynomials in wOoiTp 
(10), where p0 is free space permeability. For con- 
ductances T that are so large that wpo,rp >> 1, the 
magnetotelluric phase ~ is linked to the model pa- 
rameters by 

Re C 
tan(~ ) = - I--C = L0oTh 

Here, h is estimated after solving the static shift 
problem of magnetotellurics (e.g., by extension to 
long periods) or by a comparison to a reference 
model. If h is known, then T can be computed from 4 
for periods short enough to ensure that wpo.Th >> 1 
but long enough to ensure that Re C > h (10). If the 
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A Microphysical Connection 

Among Biomass Burning, 
Cumulus Clouds, and 

Stratospheric Moisture 
Steven Sherwood 

A likely causal chain is established here that connects humidity in the strato- 
sphere, relative humidity near the tropical tropopause, ice crystal size in tow- 
ering cumulus clouds, and aerosols associated with tropical biomass burning. 
The connections are revealed in satellite-observed fluctuations of each quantity 
on monthly to yearly time scales. More aerosols lead to smaller ice crystals and 
more water vapor entering the stratosphere. The connections are consistent 
with physical reasoning, probably hold on longer time scales, and may help to 
explain why stratospheric water vapor appears to have been increasing for the 
past five decades. 
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Data collected during the last half-century 
appear to indicate an approximate doubling 
of stratospheric water vapor during this peri- 
od, of which approximately half can be ac- 
counted for by increases in stratospheric pro- 
duction of water vapor by methane oxidation 
(1). The other half presumably results from 
increases in the moisture content of air enter- 
ing the stratosphere through the tropical 
tropopause. However, temperatures near this 
entry point, which were thought to regulate 
stratospheric moisture levels, have not in- 
creased during recent decades (2, 3). This 
implies that either relative humidity near the 
tropopause has substantially increased, or 
other pathways exist whereby moisture can 
enter the stratosphere. The importance of this 
problem is underscored by recent findings 
that stratospheric moisture increases may be a 
significant contributor to global temperature 
trends (4) and may also interfere with the 
recovery of polar ozone by exacerbating de- 
struction mechanisms (5). 

I show that fluctuations in stratospheric 
humidity can indeed be caused by fluctua- 
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tions in relative humidity just below the trop- 
ical tropopause, which in turn are governed 
by the sizes of ice crystals lofted in deep 
convective updrafts. The moisture content of 
air entering the stratosphere is thought to be 
controlled by condensation of vapor to the ice 
phase in transient lifting events outside of 
convective cells and/or phase changes within 
intense convective cells themselves (6). The 
relative importance of these two controlling 
factors is unknown. Convective moistening 
or drying should depend not only on temper- 
ature but also on the propensity of lofted ice 
to evaporate at a level high enough (>14 to 
15 km) so that the vapor will enter the strato- 
sphere rather than subsiding back into the 
troposphere (7, 8). It has been widely as- 
sumed that condensation outside of convec- 
tion resets the water vapor to a lower value 
independent of convective influence, but the 
evidence presented here argues against this 
assumption. 

This study uses data acquired from 1992 to 
1998. Ice crystal "effective diameter" De was 
retrieved near the tops of deep cumulonimbus 
clouds (Cb) using the ISCCP (International Sat- 
ellite Cloud Climatology Project) B3 archive of 
radiance observations by the AVHRR (Ad- 
vanced Very High Resolution Radiometer) on 
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board the NOAA (National Oceanic and Atmo- 
spheric Administration) polar orbiter series (9, 
10). Cb were defined as clouds whose 1l1-uLm 
brightness temperatures were less than 210 K, 
indicating tops in the region above 14 km 
where the air is slowly rising toward the strato- 
sphere (6). Water vapor observations came 
from HALOE (Halogen Occultation Experi- 
ment) (11); available vertical profiles from each 
month were interpolated to surfaces of constant 
potential temperature 0 and averaged over a 
tropical belt. Temperature fields near the trop- 
ical tropopause were obtained by applying a 
specially designed analysis method to radio- 
sonde temperature data at 100 hPa (12). On the 
time and space scales considered here, temper- 
ature anomalies at 100 hPa are expected to be 
representative of those at other levels near the 
tropopause (13, 14). 

The large (-5 to 10 K peak-to-peak) annual 
cycles in tropopause temperature, T, and satu- 
ration water vapor mixing ratio with respect to 
ice, qs (a function of T), cause a corresponding 
annual cycle in water vapor mixing ratio, q, of 
similar size and phase to that of q, (15, 16). 
Because changes in q not caused by tempera- 
ture are sought, however, the relative humidity 
q/q, is considered. Strict thermodynamic con- 
trol of water vapor would imply constant rela- 
tive humidity. Because vapor concentrations 
can relax toward thermodynamic equilibrium 
only where condensed phases are present, the 
tropical (q,(t)) was computed here using a 
weighted mean with horizontal weighting pro- 
portional to the observed monthly mean 100- 
hPa frequency of cloud occurrence (17). An 
unweighted computation was also performed 
for comparison. 

The results of this analysis are summa- 
rized in Fig. 1 (18). The quantity RH*o(t) 
used to show humidity is defined as q[0, + 

to0/(q,(t )), where q is the mean mixing ratio 
observed by HALOE within a tropical belt 
(here, 20?S to 20?N) at the target level 0, and 
5to is the time required for air to rise from just 
below the tropopause (370 K) to 0 (19). Thus, 
RH* gives the ratio of an air layer's eventual 
humidity (after it has slowly lofted to 0) to its 
initial saturation humidity at time t when the 

Fig. 1. Effective ice radius De in 
Cb clouds and observed RH*o 
(plotted versus 370 K crossing 
time) at 0 = 370 K and 0 = 450 
K (see text for definition). Gap in 
observations is due to excessive 
orbit decay of NOAA-11. Scale 
for De at right decreases toward 
the top. Measures of statistical 
association are given in Table 1. 

layer is just below the tropopause. The pre- 
cise mean value of RH* is not very meaning- 
ful because it depends on the vertical weight- 
ing of the HALOE retrieval and the exact 
vertical matching of the temperature and 
moisture data. The important feature in Fig. 1 
is RH fluctuations of -30%, which occur on 
a variety of time scales, notably semiannual. 

It takes several months or longer for air to 
rise the -4 km from the 370 K level to the 
450 K level. During this time, q at a given 
height often changes substantially. Nonethe- 
less, RH* fluctuations are remarkably similar 
at the two levels. This "tape recorder" effect 
(16) is well known for seasonal thermody- 
namic changes but reappears here more gen- 
erally. The 450 K level is above all signifi- 
cant dehydration. Moisture variations reach- 
ing this level enter what is known as the 
"tropical pipe" region (20) where they must 
ultimately affect the entire stratosphere. De- 
hydration or mixing on the way from 370 K 
to 450 K removed about 30% of the moisture 
regardless of the initial value, preserving 
moisture variations below the tropopause 
rather than erasing or clipping them. 

Fluctuations of the observed mean effec- 
tive diameter De of Cb ice crystals are also 
tightly correlated with those of RH* at both 
levels (Fig. 1). The correlations are highly 
significant regardless of the range of latitudes 
used in computing q or (qi) (Table 1), strong- 
ly supporting a physical connection between 
De and RH. This is also true if Cb weighting 
of the temperature field is not implemented, 
although the correlation drops significantly 
(21); this result supports the contention that 
only temperatures in the presence of clouds 
affect ambient vapor amounts. 

The significance of the correlations, togeth- 
er with the lack of any common instrument 
between the observations of De and those of 
RH, enables us to reject the possibility of acci- 
dental association due to instrument sampling 
or accuracy issues (22). The only worry is if 
some atmospheric constituent happens to be 
contaminating both the ISCCP and HALOE 
retrievals in a similar, systematic manner. The 
only likely contaminants would be aerosols 
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near the tropopause or stratospheric moisture 
itself (23). Aerosol is measured by the CLAES 
(Cryogenic Limb Array Etalon Spectrometer) 
instrument flying together with HALOE (24); 
examination of CLAES aerosol time series (25) 
showed essentially zero correlation with the 
traces in Fig. 1, ruling out aerosols as a spurious 
source of correlation. Radiative effects of 
stratospheric moisture cannot account for the 
magnitude or sign of the correlation (23). Thus, 
we cannot explain the data other than by ac- 
cepting the De-RH relationship as physical. 

Two straightforward interpretations of 
this relationship are possible. First, smaller 
ice crystals may increase RH; second, higher 
RH may reduce crystal size. These possibil- 
ities may be distinguished observationally: 
Any influence of RH on Do would have to 
operate locally and would cause instanta- 
neous spatial covariability of the two quanti- 
ties as a result of the short lifetimes (-1 
hour) of Cb, whereas influences of De on RH 
(thus q) would not appear locally because of 
the long lifetime (>> 1 day at these altitudes) 
over which q variations can spread out hori- 
zontally. The data show that the global rela- 
tionship does not exist locally (Fig. 2), ruling 
out the second interpretation. Before accept- 
ing that De controls RH, however, we must 
ensure that the observed sensitivity is physi- 
cally reasonable. 

Observations of cumulus clouds indicate a 
distribution of particle sizes that usually 
drops off steeply below 10 Jim and above 30 
to 40 jim, with varying proportions within 
this range and occasional bimodality (26). 
The simplest way of treating this situation is 
to assume the presence of two size modes, 
taken here to be D = 10 jim and D2 = 30 
Axm. The populations of these two modes may 
be affected by variations in the number of 
particles nucleated at lower levels. In the 
deepest Cb, however, the total water content 
(ND3, where N is the number of crystals) of 
rising parcels should be unaffected by such 

Table 1. Linear correlation coefficients r between 
monthly tropical means of RH* and De, with P 
values for each correlation. The P value indicates 
the probability that the observed correlation could 
have occurred by chance, assuming 20 degrees of 
freedom in the data (36). The standard case refers 
to RH*370 computed using HALOE data from 20?N 
to 20?S, with Cb weighting of qs as described in 
the text. Also listed are results at 450 K, results 
using HALOE data within different latitude limits, 
and results obtained without Cb weighting of qs 
(i.e., with uniform weighting). The standard and 
450 K cases are those graphed in Fig. 1. 

Conditions r P 

Standard case 0.70 0.0003 
450 K level 0.62 0.0020 
HALOE (10?N to 10?S) 0.66 0.0008 
HALOE (25?N to 25?S) 0.70 0.0003 
qs unweighted 0.53 0.0012 

www.sciencemag.org SCIENCE VOL 295 15 FEBRUARY 2002 1273 



REPORTS 

influences because it is strongly regulated in 
Cb by cloud-dynamical factors. This assump- 
tion implies 

8N - - 27sN2 (1) 

for microphysical variations. 
Smaller ice crystals should evaporate 

much more rapidly than larger ones and 
should settle more slowly, thus leaving vapor 
closer to the tropopause. If we treat the crys- 
tals as ice spheres, then Stokes flow applies at 
these sizes and their terminal fall speed scales 
as D2. Sublimation for these sizes is governed 
primarily by diffusion with only minor ef- 
fects due to ventilation (27), so it will be 
approximately proportional to surface area 
ND2. Therefore, the amount of vapor q' sub- 
limated into a thin layer near the top of the 
outflow by a unit mass of ice scales simply as 

q'-- N = N, + N2 (2) 

If we consider an increase E = 8N1IN in the 
proportion of small particles, then Eqs. 1 and 
2 imply an increase in sublimation rate of 
8q'lq' = 0.96e. To relate variations of the 
source q' to those of the ambient amount q, it 
is reasonable to assume that q = aq', where a 
is a constant (28). The effective diameter 

N,DO + N,Do NID3 + N2D3 
De ND-2 +N2D (3) 

decreases for positive E by an amount that 
depends on the population ratio N5/N2. For 
N1 = N2, De changes from 28 pxm to (28 - 
3.7e) pjm. 

Putting these results together, we obtain 
an estimated 26% increase in q per 1.0-pLm 
decrease in De (independent of a). This esti- 
mate is well within a factor of 2 of the 
empirical ratio in Fig. 1. The estimate can be 
altered by roughly a factor of 2, either by 
changing the mode population ratio by a fac- 
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Fig. 2. Mean De versus RH. Plotted points were 
obtained by binning all retrievals in 1-month x 
5? latitude x 10? longitude boxes and averag- 
ing boxes by RH*37o. Land results include only 
boxes that are mostly land; ocean results in- 
clude only boxes that are mostly ocean. The 
dashed lines show the regression slope from 
the comparison in Fig. 1. 

tor of 10 or by changing the size distribution 
to a very wide or unimodal one. Although our 
calculation is a crude one, it shows that the 
interpretation of Fig. 1 as control of q by De 
is physically reasonable. 

Can this effect explain the observed in- 
creases in stratospheric moisture over time? 
For this to be so, mean De would have to 
show a decrease of - 1 pm over the past 50 
years. Unfortunately, trends in tropical-mean 
De cannot be verified using AVHRR at this 
time because of the lack of an adequate ab- 
solute solar reflectivity calibration. However, 
indirect evidence for them does exist. 

Aerosols are capable of nucleating new 
droplets in cumulus clouds, giving them the 
potential to increase ice particle numbers and 
reduce their sizes (29). A recent examination 
of De in Cb (9) found that spatial and tem- 
poral variations in De on interannual and 
longer time scales were closely associated 
with variations in smoke and/or dust gener- 
ated in biomass burning regions. The semi- 
annual variation of De in Fig. 1 is in phase 
with the semiannual variation in biomass 
burning, which occurs predominantly in the 
spring of both hemispheres. A variety of re- 
gional trends in De, apparently due to aerosol, 
were found in different continental regions 
and spanned a range of - 1.5 Jm/decade. The 
trends lack absolute calibration, but if only a 
small majority of them were toward smaller 
De (more aerosol), their overall average could 
easily match the -0.2 gm/decade needed to 
explain the stratospheric moisture increase. 

Estimation of the global mean trend in De 
may be attempted by multiplying its empiri- 
cal sensitivity to aerosol by the estimated 
trend in biomass burning. According to one 
estimate, tropical biomass burning has in- 
creased by 50% since the middle of the 19th 
century, with most of the increase occurring 
in the last 50 years (30). For this to explain 
the stratospheric moisture trend (assuming 
linear sensitivity) would require AZDe, the re- 
duction in tropical-mean De brought about by 
all present-day burning, to be 2 to 3 p.m. This 
would be moderate compared to observed 
climatological De variations. However, quan- 
tifying ADe accurately is very difficult with- 
out more extensive aerosol information, be- 
cause it is impossible to tell what De would 
be in the absence of burning sources, espe- 
cially over oceans. Half of Cb occur over 
oceans, and most continental Cb occur after 
the local burning season, so AiDe would def- 
initely fall short of the required 2 to 3 (m 
unless aerosol sources were currently affect- 
ing clouds at considerable distances. Howev- 
er, this may actually be the case if clouds in 
unpolluted regimes (such as over oceans) are 
highly susceptible to small inputs of smoke, 
as suggested by some observations (31). Nor 
is biomass burning the only potential source 
of aerosol; airborne dust may also have in- 

creased as a result of land-use impacts or 
circulation changes (32). 

Further studies with more capable instru- 
mentation will be vital to a better understanding 
of how aerosols and water vapor may be con- 
nected by cloud mechanisms. A finely calibrat- 
ed, long-term record may prove necessary be- 
fore we can draw more definitive conclusions 
concerning stratospheric moisture trends. 
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increases. 

The Southern Ocean plays a critical role in 
global climate. With no continental barriers, 
it serves as a conduit to transmit climatic 
signals between the Pacific, Atlantic, and In- 
dian Oceans. The predominant current of the 
Southern Ocean, the fast-flowing Antarctic 
Circumpolar Current (ACC), is characterized 
by strongly tilting isopycnals. Because water 
mixes preferentially along constant density 
surfaces, tilting isopycnals bring mid-depth 
water into contact with the ocean surface and 
serve as a barrier to southward transport, 
possibly helping to isolate the Antarctic con- 
tinent from mid-latitude climate variability 
(1). 

Recent examinations of global ocean tem- 
perature changes have shown substantial 
warming in the upper 1000 m, averaging 
about 0.1?C between 1955 and 1995 (2). 
Southern Hemisphere ocean warming also 
averages about 0.1?C over the same time 
period, but detailed study of the Southern 
Ocean has been hampered by the limited 
number of shipboard observations available 
south of 30?S (3-5). This study makes use of 
the large number of mid-depth temperature 
observations collected during the 1990s by 
Autonomous Lagrangian Circulation Explor- 
er (ALACE) floats to characterize modem- 
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day temperatures in the Southern Ocean and 
compares these temperature measurements 
with historic shipboard measurements. 

ALACE floats were deployed from re- 
search ships throughout the 1990s as part of 
the World Ocean Circulation Experiment 
(WOCE). The floats sink to a predetermined 
pressure and follow mid-depth ocean currents 
for a fixed time interval of 10 to 25 days. 
They then rise to the surface and relay their 
positions and the mean temperatures recorded 
at depth to the Argos communications satel- 
lite system (6). (Newer floats also measure 
vertical temperature profiles as they rise to 
the surface; because only a fraction of the 
1990s ALACE floats did this, no float profile 
data was included in this analysis.) A typical 
float provided about 50 cycles of data over 
2.5 years for this study; many of the floats 
continue to gather data today. In the region of 
the world's ocean south of 30?S between 700 
and 1100 m depth, 12,659 mean temperature 
observations were collected between 1990 
and 2000 (7). Because the floats drift with the 
ocean currents, the geographic distribution of 
data spans the entire Southern Ocean, as in- 
dicated in Fig. 1A. ALACE observations 
have been used to study global and regional 
ocean circulation in a variety of ways (8-10), 
but have not previously been used to study 
long-term climatic variability in the ocean. 

Thermistors on ALACE floats are cali- 
brated with an accuracy of 0.001? to 0.003?C, 
and the sensor calibration is expected to de- 
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grade by less than 0.001?C per year. Numer- 
ical truncation required to transmit tempera- 
tures via satellite (11) effectively adds noise 
but no bias to the data, and this noise is small 
compared with small-scale ocean variability. 
Salinities were not routinely measured by 
ALACE floats, so compensating changes in 
temperature and salinity cannot be examined 
using these observations. 

ALACE temperature observations were 
compared with temperature profiles collected 
from research ships since the 1930s. In that 
time period, techniques used by ships to col- 
lect ocean temperatures have evolved sub- 
stantially. Before the 1970s, temperatures 
were derived from pressure-protected revers- 
ing thermometers, which were accurate to 
0.02?C (12). More recent observations are 
from electronic conductivity-temperature- 
depth (CTD) and expendable bathythermo- 
graph (XBT) sensors, with accuracies of 
0.001?C and 0.05?C (13), respectively. There 
are no known biases between different tem- 
perature measurement techniques. Shipboard 
temperatures were drawn from two separate 
data archives. The first, the Southern Ocean 
Database (SODB), includes approximately 
17,724 profiles from reversing thermometer 
and CTD data collected between 1930 and 
1990 and between 70? and 30?S (14). The 
second, the World Ocean Database 1998 
(WODB), gathers a total of 35,102 Southern 
Ocean temperature profiles from reversing 
thermometer, CTD, and XBT data that extend 
deeper than 700 m (15, 16). Both data sets 
are archived at standard depths, approximate- 
ly every 100 m in the depth range considered 
here (17). The databases were merged, and 
duplicate stations that appeared in both were 
removed. 

For this study, ALACE temperature ob- 
servations were paired with geographically 
nearby temperature profiles. In total, 439,851 
ALACE/temperature profile pairs were with- 
in 220 km of each other, and 112,103 were 
within 110 km. Figure 1B shows the distri- 
bution of stations used in this study as a 
function of decade. Temperature profile data 
were then linearly interpolated to match the 
depth of the ALACE observations. All pairs 
of float and hydrography point measurements 
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Autonomous Lagrangian Circulation Explorer floats recorded temperatures in 
depths between 700 and 1100 meters in the Southern Ocean throughout the 
1990s. These temperature records are systematically warmer than earlier hy- 
drographic temperature measurements from the region, suggesting that mid- 
depth Southern Ocean temperatures have risen 0.17?C between the 1950s and 
the 1980s. This warming is faster than that of the global ocean and is con- 
centrated within the Antarctic Circumpolar Current, where temperature rates 
of change are comparable to Southern Ocean atmospheric temperature 
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