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45. A. T. Brünger et al., Acta Crystallogr. D 54, 905
(1998).

46. For assistance at beamlines 1-5, 7-1, 9-1, and 9-2
of the Stanford Synchrotron Radiation Laboratory
(SSRL), we thank H. Bellamy, A. Cohen, P. Ellis, P.
Kuhn, T. McPhillips, M. Soltis, and the other mem-
bers of the SSRL user support staff. This research is
based in part on work done at SSRL, which is
funded by the U.S. Department of Energy (DOE)
Office of Basic Energy Sciences. The structural
biology program is supported by the NIH National
Center for Research Resources Biomedical Technol-
ogy Program and the DOE Office of Biological and
Environmental Research. We thank COMPAQ for

providing a Unix workstation. We thank N. Thomp-
son and R. Burgess for generously providing anti-
body for protein purification. We thank J. Puglisi
and members of the Kornberg laboratory for com-
ments on the manuscript. The contribution of
A.L.G. was sponsored by USAMRMC Breast Cancer
Initiative, DAMD17-97-7099, and does not neces-
sarily reflect the policy of the government. P.C. was
supported by a postdoctoral fellowship of the
Deutsche Forschungsgemeinschaft (DFG). D.A.B.
was supported by postdoctoral fellowship PF-00-
014-01-GMC from the American Cancer Society.
This research was supported by NIH grant
GM49985 to R.D.K. Coordinates have been depos-
ited at the Protein Data Bank (accession code
1I6H).

1 February 2001; accepted 28 March 2001
Published online 19 April 2001;
10.1126/science.1059495
Include this information when citing this paper.

Evidence for Substantial
Variations of Atmospheric

Hydroxyl Radicals in the Past
Two Decades

R. G. Prinn,1 J. Huang,1 R. F. Weiss,2 D. M. Cunnold,3 P. J. Fraser,4

P. G. Simmonds,5 A. McCulloch,5 C. Harth,2 P. Salameh,2

S. O’Doherty,5 R. H. J. Wang,3 L. Porter,6 B. R. Miller2

The hydroxyl radical (OH) is the dominant oxidizing chemical in the atmo-
sphere. It destroys most air pollutants and many gases involved in ozone
depletion and the greenhouse effect. Global measurements of 1,1,1-trichloro-
ethane (CH3CCl3, methyl chloroform) provide an accurate method for deter-
mining the global and hemispheric behavior of OH. Measurements show that
CH3CCl3 levels rose steadily from 1978 to reach a maximum in 1992 and then
decreased rapidly to levels in 2000 that were lower than the levels when
measurements began in 1978. Analysis of these observations shows that global
OH levels were growing between 1978 and 1988, but the growth rate was
decreasing at a rate of 0.23 6 0.18% year22, so that OH levels began declining
after 1988. Overall, the global average OH trend between 1978 and 2000 was
20.64 6 0.60% year21. These variations imply important and unexpected gaps
in current understanding of the capability of the atmosphere to cleanse itself.

The hydroxyl radical (OH) is the major oxidiz-
ing chemical in the lower atmosphere. The
mole fractions and temporal trends of this very
short-lived (;1 s) free radical are measurable at
the local scale, but cannot presently be mea-
sured at the regional to global scale directly by
in situ or remote sensing techniques. These

large-scale average mole fractions and trends
can, however, be inferred indirectly from long-
term global measurements of the trace gas
1,1,1-trichloroethane (CH3CCl3, methyl chloro-
form) because OH is the major destruction
mechanism for this gas (1–5). Mole fractions of
CH3CCl3 have been measured continuously at
several globally distributed stations from July
1978 to June 2000 in three sequential experi-
ments: the Atmospheric Lifetime Experiment
(ALE), the Global Atmospheric Gases Experi-
ment (GAGE), and the Advanced Global At-
mospheric Gases Experiment (AGAGE) (2, 6).
These measurements can be combined with
estimates of the emissions of CH3CCl3 to de-
termine concentrations and trends of OH after
accounting for minor CH3CCl3 removal mech-
anisms not involving OH (2). The derived OH
concentrations then provide estimates of the

potentials for global warming and ozone deple-
tion of a large number of anthropogenic chem-
icals (7–9).

ALE, GAGE, and AGAGE Measurements
The ALE, GAGE, and AGAGE stations are
located around the world at coastal sites that
are generally remote from densely inhabited
areas (10). Their locations were chosen to
provide accurate measurements of the distri-
butions and trends of trace gases whose life-
times are long in comparison with global
atmospheric circulation times. The air mea-
surements are made in real-time with com-
puter-controlled gas chromatographs that
have packed columns and electron-capture
detectors (6 ). Calibration is achieved by anal-
ysis (between air measurements) of an on-site
cylinder of air that is calibrated in relation to
parent standards before and after its use at
each station (6 ).

The CH3CCl3 mole fractions reported here
are on the Scripps Institution of Oceanography
SIO-1998 absolute calibration scale, which dif-
fers nonlinearly but slightly from the SIO-1993
scale used in our previous analysis (2, 5, 6).
The scale has an estimated systematic accuracy
of 62% (6). To account for possible errors in
transferring the calibration to the earlier periods
in the measurement record and possible past
nonlinearity errors, we increased the uncertain-
ty in absolute calibration of the actual measure-
ments to 65% (2). The units for all CH3CCl3
measurements reported here are dry-air mole
fractions expressed as parts in 1012 [parts per
trillion (ppt)].

Monthly mean mole fractions (x) and stan-
dard deviations (s) computed from the ;120
(ALE), 360 (GAGE), and 1080 (AGAGE) mea-
surements made each month are shown in Fig.
1. Within each month, the actual high-frequency
measurements reveal important short-term vari-
ations in mole fractions, including polluted air
from nearby industrial regions (1, 5, 6). We
omitted periods of obvious pollution in the cal-
culation of x and s to help ensure that they
represent semi-hemispheric scales (5, 6).
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Atmospheric Sciences, Georgia Institute of Technolo-
gy, Atlanta, GA 30332, USA. 4Atmospheric Research,
Commonwealth Scientific and Industrial Research
Organization, Aspendale, Victoria 3195, Australia.
5School of Chemistry, University of Bristol, Bristol 8S8
1TH, UK. 6Cape Grim Baseline Air Pollution Station,
Bureau of Meteorology, Smithton, Tasmania 7330,
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The observed magnitudes and recent de-
crease in the north-to-south differences and
the annual cycles in x (Fig. 1) can be ex-
plained in terms of time variations and dis-
tances from sources (mainly Northern Hemi-
sphere mid-latitude), the rate and seasonal
variations in global circulation, and the sea-
sonal variations in the rate of the major
CH3CCl3 destruction reaction

CH3CCl3 1 OH3 CH2CCl3 1 H2O (1)

which has a local summer maximum (1). In
addition, values of x at the Samoa station are
sensitive to the El Niño–Southern Oscillation
(ENSO) (1, 6).

The collapse of the north-south gradient in
x is particularly dramatic following the time
of maximum x values around 1992 (Fig. 1).
This collapse (and of course the overall de-
creases in x) is explained by the rapid de-
crease in CH3CCl3 emissions in recent years
caused by the regulation of this gas under the
Montreal Protocol (6, 11).

OH Determination—Method
To deduce lifetimes (t) and OH concentra-
tions and trends, we use a recursive weight-
ed least squares (Kalman) filter and a two-
dimensional global model (2, 12). Esti-
mates of unknowns contained in a (state)
vector x and their errors ε contained in a
(covariance) matrix P are updated with

each new month of data using

x(1) 5 x(2) 1 K( y02y) (2)

P(1) 5 (1 2 KH)P(2) (3)

where the (gain) matrix K is given by

K 5 P(2)HT[HP(2)HT 1 R] (4)

Here, H (and its transpose HT) is a matrix
containing the partial derivatives of the ele-
ments of the model-calculated values for x
(contained in vector y) with respect to the ele-
ments of x. H is computed as a function of time
with the same model used to calculate y. The
measurement (covariance) matrix R is diago-
nal, with its elements being the variances (s2

k)
associated with the observed x values at station
k (contained in vector y0) augmented by an
additional variance to account for model error
(2, 12–15). The diagonal elements of the esti-
mation error (covariance) matrix P are the
squares of the estimated errors εi in the ele-
ments xi of the state vector x. The postscripts
(2) and (1) denote values of P and x before
and after use of each month’s data.

Our global atmospheric model has 12 re-
gions, with horizontal divisions at 90°N, 30°N,
0°, 30°S, and 90°S and vertical divisions at
1000, 500, 200, and 0 hPa (5). We define
“reference” OH concentrations in the eight low-
er regions (16–24). The current best estimates
of industrial CH3CCl3 emissions and their un-
certainties are input into the model (25–27).

Because our results are dependent on the trend
in (as well as the magnitude of ) the emissions,
we also considered emissions for 1978 to 2000,
which possess the maximum and minimum
trends in this time period consistent with their
2s random errors (2). We did not include pos-
sible small emissions from biomass burning,
vegetation, and soils in our best estimate emis-
sion scenario (5, 28, 29), but we do consider
these emissions in our later error analysis.

We estimate OH concentrations and trends
by multiplying the reference OH concentrations
in the eight lower atmospheric boxes in our
model by a dimensionless factor f 5 a 1
bP1(t) 1 cP2(t) to be determined. Here, Pn is a
Legendre polynomial of order n; t is time in
years, measured from the midpoint (in 1989) of
the 1978–2000 interval; and the unknown
coefficients a, b, and c are contained in the
state vector x and are optimally estimated
with Eqs. 2 to 4 and each month’s observa-
tions sequentially.

There are two other sinks for CH3CCl3 in-
cluded in the model besides reaction 1 in the
eight lower atmospheric regions. Photochemi-
cal destruction of CH3CCl3 occurs in the four
upper atmospheric regions at rates specified
from three stratospheric models (30). Also, loss
to the ocean occurs in the four lowest atmo-
spheric regions at rates obtained from oceanic
observations (31, 32). These upper atmospheric
and oceanic loss rates are considered known

Fig. 1. ALE, GAGE, and
AGAGE monthly mean
mole fractions (dots)
and standard devia-
tions (error bars) for
CH3CCl3 from the five
indicated stations. Also
shown (solid curves)
are the mole fractions
computed in the mod-
el, with the optimally
estimated OH distri-
butions, and trends in
both hemispheres,
with the annualized
content method. The
time coordinate refers
to the beginning of
each year in this and in
subsequent figures.
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and are therefore not included in the state vector
x. Because of a lack of quantitative estimates,
we did not consider possible heterogeneous
degradation of CH3CCl3 on terrestrial clay min-
erals (33).

We determined a, b, and c using three meth-
ods (2). The first method (content) estimates a,
b, and c and, because it assumes that the cali-
bration is exact, it is sensitive to calibration
error. The second method (annualized content)
estimates f for each year’s data individually.

These annual f values are then fit to the function
a* 1 b*P1(t) 1 c*P2(t) for comparison with the
first method. The third method (trend) includes
(along with a, b, and c) a dimensionless cali-
bration coefficient g of order unity in the state
vector, which multiples all x values and makes
this method insensitive to absolute calibration
errors, but sensitive to errors in percentage
trends in x. All three methods are sensitive to
emission and modeling errors.

Besides estimating a global value of f,

we also estimated separate values of f for
the Southern and Northern Hemispheres in
the first two methods. Using these f values
(global or hemispheric), we then calculated
the time-averaged f (and hence time-aver-
aged OH concentration), the time-averaged
trend [(d ln f )/dt 5 b/a year21] in f (and
hence in OH), and the time-averaged accel-
eration in the trend [(d 2 ln f )/dt 2 5 c/a
year22] in f (and hence in OH). We also
used the estimated f values to correct the
“reference” OH values in the model.

Given the environmental relevance of the
absolute concentrations and trends in OH, the
uncertainties in our OH estimates are very
important. Errors (εi) in these estimates due
to random measurement (instrumental and
mismatch) errors (sk) were automatically cal-
culated in the inverse method as discussed
earlier. Errors due to uncertainties in model
parameters, emissions, and absolute calibra-
tion (34 ) were subsequently added to εi and
have been calculated with both sensitivity
and Monte Carlo approaches (5).

OH Determination—Results
The optimally estimated time-averaged (1978–
2000) OH concentrations, trends, and accelera-
tions in these trends are summarized in Tables 1
and 2. The global weighted-average OH con-
centration, [9.4 6 1.3] 3 105 radicals cm23,
does not vary statistically from that derived by
us earlier (2) from 1978–94 observations
([9.7 6 1.3] 3 105 cm23, including rate con-
stant error). The time-averaged OH trend
(20.64 6 0.60% year21) does, however, differ
from that reported earlier (2) for 1978–94
(0.0 6 0.2% year21) for three reasons. First, we
are using improved estimates of emissions,
which by themselves increase the estimated
trend to ;0.3% year21 for 1978–94 (25–27,
35, 36). Second, we see that the significant
acceleration in the OH trend (20.23 6 0.18%
year22) is negative over the full 1978–2000
time period, which means that the added data
for 1994–2000 make the average trend much
lower. Third, the small increase in the CH3CCl3

Table 1. Optimal estimates of global and hemispheric weighted average OH concentrations (conc) (105

radicals cm23), OH trends (trend) (% year21), and acceleration in OH trends (accel) (% year22). Results
are shown for the content (CON), annualized content (ACON), and trend (TREND) methods and for
average concentrations, trends, and accelerations computed by combining two or three of these methods
with equal weighting. The best estimates are considered to be a combination of the content and
annualized content methods (39) (Table 2). The time-averaged total and process lifetimes (years) of
CH3CCl3 (using a combination of content and annualized content OH concentrations) are shown. Also
shown are similarly defined lifetimes for CH4. All uncertainties are 1s. Quoted errors are the average of
the sensitivity and Monte Carlo error estimation methods (5, 34).

Parameter Global
Northern

Hemisphere
Southern

Hemisphere

OH conc (CON)* 9.43 6 1.30 8.98 6 2.02 9.93 6 2.02
OH trend (CON) 20.66 6 0.57 20.51 6 1.26 20.91 6 1.03

OH accel (CON) 20.23 6 0.18 20.62 60.38 10.13 6 0.12

OH conc (ACON)* 9.44 6 1.25 8.88 6 1.96 10.08 6 1.98

OH trend (ACON) 20.61 6 0.56 20.40 6 1.28 20.93 6 1.01

OH accel (ACON) 20.22 6 0.17 20.56 6 0.35 10.13 6 0.10

OH conc (TREND)* 8.83 6 1.11 7.96 6 1.92 9.75 6 1.70

OH conc (CON 1 ACON 1 TREND)* 9.2321.51
11.50 8.6122.57

12.39 9.9222.01
12.14

OH conc (CON 1 ACON)* 9.4421.31
11.30 8.9322.01

11.91 10.0522.10
12.06

OH trend (CON 1 ACON) 20.6420.60
10.59 20.4621.32

11.34 20.9221.02
11.04

OH accel (CON 1 ACON) 20.23 6 0.18 20.5920.41
10.38 10.13 6 0.12

CH3CCI3 lifetime (total) 4.9020.49
10.62 5.1920.77

11.17 4.5820.65
10.94

CH3CCI3 lifetime (tropospheric OH) 5.9920.71
10.95 6.3221.10

11.81 5.6120.93
11.45

CH3CCl3 lifetime (stratosphere)† 38.8720.32
10.34 41.0320.32

10.36 36.5220.69
10.75

CH3CCl3 lifetime (ocean)† 89.0120.27
10.27 99.7920.23

10.21 79.1720.41
10.39

CH4 lifetime (total)‡ 9.2721.04
11.35 9.7821.60

12.53 8.7121.38
12.07

CH4 lifetime (troposheric OH) 10.1221.17
11.68 10.7321.84

13.11 9.4821.61
12.51

CH3 lifetime (stratosphere) 109.6 111.4 107.8

*Global and hemispheric averages weighted by air mass in each tropospheric model box. Averages weighted by CH3CCl3
mass differ slightly from these [e.g., 9.32 3 105 cm23 (CON), 9.35 3 105 cm23 (ACON), 8.76 3 105 cm23 (TREND),
and 9.14 3 105 cm23 (CON 1 ACON 1 TREND) for the global case)]. †Quoted uncertainties in these lifetimes are
due only to differing CH3CCl3 concentrations associated with differing OH concentrations. ‡The change of CH4 total
lifetime from that reported earlier (2) is due to the different mass distributions of CH4, different distributions of OH,
and different rate constants used here.

Fig. 2. Annual global (A) and hemispheric (B) OH concentrations estimated
from the annualized content method with 1s error bars (thick for «i, thin for
total) estimated from the Kalman filter and Monte Carlo method (5, 34). For
2000, only six monthly running-mean observations are available, so «i

is larger. Also shown are polynomial fits to these annual concentrations
(solid lines) and, for comparison, the best estimate polynomials determined
with the content method (dashed lines). Trend accelerations represented by
these polynomials are significantly nonzero (Table 1).
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mole fractions due to the new calibration makes
the trend slightly more positive (1).

On the average, over the 1978–2000 time
period, the estimated Southern Hemispheric
OH concentrations are ;14 6 35% higher
than the Northern Hemispheric values (Ta-
bles 1 and 2). This north-south asymmetry
agrees qualitatively with some previous esti-
mates, but not with others (2, 4, 5, 17–23, 37,
38). Related to this overall asymmetry are the
OH trend accelerations, which are more neg-
ative in the Northern Hemisphere than in the
Southern Hemisphere (Table 1).

In Fig. 2, we show the temporal varia-
tions in OH concentrations using the esti-
mated a, b, and c values (content method)
and a*, b*, and c* values (annualized con-
tent method) for the globe and Northern
and Southern Hemispheres. We also show
the actual year-by-year estimates of OH for
the annualized content method. For this
purpose, we use 12-month running means
for x from both observations and model.
The results with and without this smoothing
are similar for a*, b*, and c*, but the
annual OH estimates without the smoothing
are more variable, as expected. The excel-
lent agreement between the content (a, b,
and c) and annualized content (a*, b*, and
c*) methods for the global variations and
the reasonable agreement for the hemi-
spheric variations add credence to these

results (39). The global OH trend was pos-
itive from 1978 until about 1988 and then
became increasingly negative after that.
From Fig. 2, this global behavior is being
substantially determined by the Northern
Hemispheric behavior. There is a tendency
for global OH levels to be lower in El Niño
years, which may be real (e.g., associated
with lowered ultraviolet fluxes due to in-
creased equatorial cloud cover) or an arti-
fact from the use of circulation paramet-
ers that do not account for the ENSO
phenomenon.

To illustrate the overall uncertainty in our
estimates, we show in Fig. 3 the probability
distribution functions for these estimates calcu-
lated with the sensitivity and Monte Carlo
methods (5). At the global level, the negative
average linear trend is statistically significant
and largely driven by the negative trend in OH
in the Southern Hemisphere. The negative av-
erage acceleration in the global trend is also
statistically significant, but is driven largely by
the negative acceleration in the Northern Hemi-
sphere (and opposed by the smaller positive
acceleration in the Southern Hemisphere).

Using the estimated OH concentrations
(Table 2), we also computed the “total” life-
time of CH3CCl3, defined as its total mass in
the atmosphere divided by its total rate of
destruction. We also computed three “pro-
cess” lifetimes, defined as the total atmo-

spheric mass of CH3CCl3 divided by its rates
of destruction due separately to OH in the
lower atmosphere, photochemical reactions
in the upper atmosphere (stratosphere), and
oceanic uptake (Table 1). The sum of the
inverses of these three process lifetimes
equals the inverse of the total lifetime.

These OH and lifetime results have im-
portant implications for a large number of
chemically and radiatively important trace
gases, including methane (CH4). The lifetime
for CH4 calculated here (Table 1) is not
statistically different from that computed by
us earlier [8.921.1

11.4 years (2), including rate
constant errors]. However, our estimated OH
trends imply a time-varying lifetime for CH4,
which was decreasing up to 1988 and increas-
ing substantially since then.

Unmodeled Nonlinearity and
Calibration Errors
To test these results, we performed a number of
additional numerical experiments. Because the
post-1997 measured mole fractions are below
the lowest SIO-1998 AGAGE primary calibra-
tion standard (69 ppt), it is possible that the
post-1997 extrapolations of these calibrations
have introduced an uncorrected nonlinearity,
producing a possible error of 10.3% or 10.15
ppt in 2000 (5). For comparison, we calculated
the differences between the observed 12-month
running mean CH3CCl3 x values and the x

Fig. 3. Histograms
showing probability
distribution functions
(pdf’s) for global,
Northern Hemispheric
(NH), and Southern
Hemispheric (SH) esti-
mates of global aver-
age [OH] (105 cm23),
100b/â (OH trend in
%/year), and 100c/â
(acceleration in OH
trend in % year22),
computed with the
content and Monte
Carlo (10,000 samples)
methods. Here, â is the
best estimate of a.
Shown for comparison
(as solid lines) are the
probability distribution
functions computed
from the standard de-
viations estimated
with the sensitivity
method, assuming
normal (Gaussian) dis-
tributions. We empha-
size that the three
variables shown for
the global case and the
six variables shown for
the Southern and
Northern Hemispheric
cases are related be-
cause each variable corresponds to a particular Monte Carlo model run.
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values that would be required to yield time-
invariant OH values (Fig. 4). These differences
are much larger (e.g., up to 14 ppt or 110% in
mid-2000) than could be explained by an un-
corrected nonlinearity. To further address the
possibility of nonlinearity in the recent
AGAGE data, we repeated our OH estimations
using the content method, but omitting the post-
1997 data. We obtain [OH] 5 9.59 3 105

cm23, trend 5 –0.34% year21, and trend ac-
celeration 5 –0.23% year22, which do not
differ significantly from their values in Table 1.

There are also differences in the absolute
CH3CCl3 calibration and trends measured by
AGAGE and the National Oceanic and Atmo-
spheric Administration (NOAA) (4–6). To ex-
amine the calibration differences, we simply
adjusted our data to the NOAA absolute calibra-
tion scale (dividing by 0.945). Using the content
method, we deduced [OH] 5 8.9 3 105cm23,
trend 5 –0.20% year21, and trend accelera-
tion 5 –0.20% year22, which are well within
the ranges in Table 1. This dependence of the
trend on calibration is theoretically expected (1,

2). To examine CH3CCl3 trend differences, we
replaced our 1994–2000 x values with average
values from the NOAA stations in the four
semi-hemispheres (after multiplying them by
0.945 to place them on the AGAGE calibration
scale). However, we retained the standard devi-
ations from AGAGE because the NOAA flask
data are too infrequent to define intramonthly
variations. Using the content method, we ob-
tained [OH] 5 9.46 3 105 cm23, trend 5
–0.59% per year, and trend acceleration 5
–0.22% year22, which are all very similar to
those values in Table 1.

Finally, after the removal of pollution from
the data, our 30° to 90°N station data refer to
background marine air and may therefore be
underestimating CH3CCl3 levels in this region
whenever continental emissions are large. The
magnitude of this underestimate would de-
crease as the CH3CCl3 gradients, and hence the
sk values, decreased in recent times. To assess
this effect, we augmented the 30° to 90°N
CH3CCl3 values by 3 ppt multiplied by sk and
divided by the maximum value of sk in the time

series. We obtained [OH] 5 9.51 3 105 cm23,
trend 5 –0.64% year21, and acceleration 5
–0.24% year22, using the content method;
again, these values are not significantly differ-
ent from the values in Table 1.

Emissions for Zero Trend
Given the above results, it is of interest to de-
termine optimally those emissions that would be
consistent with a zero trend in OH for compar-
ison to our assumed industry emissions. This
alternative inverse problem has been solved by
including the annual emissions in the state vec-
tor x and by specifying [OH] to be constant at its
time-averaged values in Table 2. The average
ratio of these estimated emissions to the industry
emissions for 1979–95 is 0.99 6 0.04 (or an
absolute difference of –9.8 6 25.4 Gg year21),
with the actual ratio ranging from 0.92 in 1989
to 1.06 in 1994. The 1989 value is outside the
range defined by the estimated errors in emis-
sions (5, 25–27). Even more telling, for the
years 1996–2000, the ratios become 1.2, 2.0,
2.2, 1.7, and 1.7, respectively (or absolute dif-
ferences of 117, 141, 129, 116, and 114 Gg
year21, respectively). If these differences are
correct, then the phaseout of CH3CCl3 con-
sumption reported by the parties to the Montreal
Protocol must be incorrect (11). These recent
substantial differences are, however, far too
large to be explained by estimates of emission
errors (5, 25–27) or by our neglect of biomass
burning and other nonindustrial emissions (5,
28, 29). Also, the biomass burning emissions
are expected to be fairly uniform over time
and not concentrated in 1996–2000. A strict
upper limit on the total natural background
sources of CH3CCl3 of 10 Gg year21 is set
from analyses of air trapped in Antarctic firn
ice (40–42). The simple addition of a con-
stant 10 Gg year21 emissions over 1951–2000
does not change the estimated OH trends and
accelerations significantly. Also, the near ces-
sation of significantly elevated CH3CCl3 lev-
els in polluted air sampled at the Tasmania,
California, and Ireland stations (6 ) implies
that total anthropogenic CH3CCl3 emissions
in 1999 from Australia, western North Amer-
ica, and Europe are less than a few gigagrams
(5, 43). We therefore conclude that the emis-
sions necessary to yield a zero trend in OH are
unacceptable, particularly in the 1996–2000
time frame.

Conclusions
Theoretical analysis of the CH3CCl3 data
from ALE, GAGE, and AGAGE indicates a
weighted global average 1978–2000 OH con-
centration of [9.4 6 1.3] 3 105 radicals cm23

with concentrations that are 14 6 35% lower
in the Northern Hemisphere than in the
Southern Hemisphere. These estimated OH
concentrations are averages for 1978–2000
and are weighted toward the tropical lower
troposphere (2). The total atmospheric life-

Fig. 4. Time variations in differences (residuals, in ppt) between CH3CCl3 observations and (i)
model predictions with the optimally estimated time-varying OH values in each hemisphere from
the annualized content method (thick lines) and (ii) model predictions with the time-invariant
optimally estimated OH values from a run of the content method, in which we estimate only the
coefficient a in each hemisphere (thin lines). Vertical bars represent the monthly standard
deviations (s) in the observed monthly means (x).

Table 2. Optimal estimates of time-averaged (1978–2000) OH concentrations (105 radicals cm23) in the
lower atmosphere using the average of the content and annualized content methods with separate
estimations for the Northern and Southern Hemispheres.

Division 90° to 30°S 30°S to 0° 0° to 30°N 30° to 90°N

200 to 500 hPa 5.7221.20
11.17 13.2322.76

12.71 11.3222.55
12.43 5.2021.17

11.11

500 to 1000 hPa 5.4721.14
11.12 15.3223.20

13.14 12.8722.90
12.75 5.7921.30

11.24
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time for CH3CCl3 is 4.920.5
10.6 years, which is

not statistically different from our previous
estimate of 4.8 6 0.3 years (2).

From the annualized content method,
global average OH levels rose 15 6 22% be-
tween 1979 and 1989 and then subsequently
decreased to levels in 2000 about 10 6 24%
below the 1979 values. From the content and
annualized content methods (Table 1), nega-
tive acceleration in the global OH trend is
dominated by changes in the Northern Hemi-
sphere and suggests an anthropogenic cause
for the major OH variations. The significance
of the OH variations over time calculated
here is amply demonstrated by the much
better fit to the observations obtained in a
model run with the time-varying OH from the
annualized content method, as compared to a
model run with constant OH (Fig. 4). A
recent theoretical model study has concluded
that OH should have a positive trend because
of increases in air pollutant emissions (44 ).
However, another recent study, which in-
cludes detailed consideration of the process-
ing of these pollutant emissions at the urban
scale, indicates that current models may be
overestimating global NOx and O3 levels
from urban pollution and hence overestimat-
ing OH increases resulting from these pollut-
ants (45). Several other model studies have
concluded that OH has a negative trend be-
tween preindustrial and present times (23,
46–48). The recent negative OH trends re-
ported here are not simply explained by the
measured trends in trace gases involved in
OH chemistry. There is no clear negative (or
positive) global-scale trend in the major OH
precursor gases, O3 and NO, between 1978
and 1999 (7–9). Levels of the dominant OH
sink, CO, decreased rather than increased in
the Northern Hemisphere between 1987 and
1998 (7–9). At the same time, concentrations
of another important OH sink, CH4, have
risen significantly in the 1978–99 period (7–
9). Perhaps increases in anthropogenic emis-
sions in tropical and subtropical countries of
short-lived trace gases, which react with OH
(e.g., hydrocarbons and SO2), are involved.
Also, a growth in levels of anthropogenic
aerosols could increase heterogeneous OH
destruction. Aerosol increases could also de-
crease OH production by lowering ultraviolet
radiation fluxes through direct and indirect
(via clouds) reflection and absorption. Ne-
glect of these aerosols and urban-scale effects
(45) in current models may also help to ex-
plain why OH levels are higher in the South-
ern Hemisphere than in the Northern Hemi-
sphere, as deduced here. However, the iden-
tification of the exact cause of our reported
OH variations will require further study. In
this respect, the lack of long-term global-
covering measurements of O3, NOx, SO2,
abundant hydrocarbons, and aerosols is a
very substantial impediment to understanding

these changes in OH. If our current analysis is
correct, it implies that the present understand-
ing of OH chemistry, and hence of the capac-
ity of the atmosphere to remove many anthro-
pogenically and naturally produced trace gas-
es, is incomplete. This has important impli-
cations for the mitigation of air pollution and
climate change.
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New Ages for the Last
Australian Megafauna:

Continent-Wide Extinction
About 46,000 Years Ago

Richard G. Roberts,1* Timothy F. Flannery,2 Linda K. Ayliffe,3†
Hiroyuki Yoshida,1 Jon M. Olley,4 Gavin J. Prideaux,5

Geoff M. Laslett,6 Alexander Baynes,7 M. A. Smith,8 Rhys Jones,9

Barton L. Smith10

All Australian land mammals, reptiles, and birds weighing more than 100
kilograms, and six of the seven genera with a body mass of 45 to 100 kilograms,
perished in the late Quaternary. The timing and causes of these extinctions
remain uncertain. We report burial ages for megafauna from 28 sites and infer
extinction across the continent around 46,400 years ago (95% confidence
interval, 51,200 to 39,800 years ago). Our results rule out extreme aridity at
the Last Glacial Maximum as the cause of extinction, but not other climatic
impacts; a “blitzkrieg” model of human-induced extinction; or an extended
period of anthropogenic ecosystem disruption.

Twenty-three of the 24 genera of Australian
land animals weighing more than 45 kg
(which, along with a few smaller species,
constituted the “megafauna”) were extinct by
the late Quaternary (1–3). The timing and
causes of this environmental catastrophe have
been debated for more than a century (4, 5),
with megafaunal extirpation being attributed

to the impact of the first human colonizers (1,
5–8), who arrived 56 6 4 thousand years ago
(ka) (9–13), or climate change (4 ) [in partic-

ular, increased aridity at the Last Glacial
Maximum (19 to 23 ka) (14 )]. A resolution to
this debate has been thwarted by the lack of
reliable ages for megafaunal remains and for
the deposits containing these fossils. The dis-
appearance of one species of giant bird (Ge-
nyornis newtoni) from the arid and semi-arid
regions of southeastern Australia has been
dated to 50 6 5 ka, on the basis of .700
samples of eggshell (8), but no secure ages
for extinction have been reported for the giant
marsupials or reptiles, which constitute 22 of
the 23 extinct genera of megafauna weighing
.45 kg. Here we present burial ages, ob-
tained using optical and 230Th/234U dating
methods, for the remains of several megafau-
nal taxa (mostly giant marsupials; see Table
1) discovered at sites located in the humid
coastal fringe and drier continental interior of
Australia and in the montane forest of West
Papua (Fig. 1), which was joined to Australia
by a land bridge at times of lowered global
sea level.

Most major biogeographic and climatic
regions, and all five main groups of fossil
sites (14 ), are represented in our survey.
Most of the sites in southwestern Australia
are caves that have acted as pitfall traps,
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Fig. 1. Map of the Australian region
showing the megafauna sites dated in
this study. Site numbers: 1, Ned’s Gully;
2, Mooki River; 3, Cox’s Creek (Bando); 4,
Cox’s Creek (Kenloi); 5, Tambar Springs; 6,
Cuddie Springs; 7, Lake Menindee (Sunset
Strip); 8, Willow Point; 9, Lake Victoria
(site 50); 10, Lake Victoria (site 51); 11,
Lake Victoria (site 73); 12, Montford’s
Beach; 13, Lake Weering; 14, Lake Cor-
angamite; 15, Lake Weeranganuk; 16,
Lake Colongulac; 17, Warrnambool; 18,
Victoria Fossil Cave (Grant Hall); 19, Vic-
toria Fossil Cave (Fossil Chamber); 20,
Wood Point; 21, Lake Callabonna; 22,
Devil’s Lair; 23, Kudjal Yolgah Cave; 24,
Mammoth Cave; 25, Moondyne Cave; 26,
Tight Entrance Cave; 27, Du Boulay Creek;
28, Kelangurr Cave. The bold dashed line
crossing the continent indicates the ap-
proximate present-day boundary be-
tween the zones dominated by summer
rainfall from monsoonal activity (north of
the line) and winter rainfall from westerly
storm tracks (south of the line). The stippled area indicates the zone that receives less than 500 mm
rainfall per year and where potential evapotranspiration exceeds mean monthly evapotranspiration
year-round with negligible runoff. Climatic data are from (24, 38) and references therein.
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