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[1] The hydroxyl free radical (OH) is the major oxidizing
chemical in the atmosphere, destroying about 3.7 petagrams
(Pg) of trace gases each year, including many gases
involved in ozone depletion, the greenhouse effect and
urban air pollution. Measurements of 1,1,1-trichloroethane
(methyl chloroform, CH3CCl3), which reacts with OH,
provide the most accurate method currently utilized for
determining the global behavior of OH. We report that
CH3CCl3 levels rose steadily from 1978 to reach a
maximum in 1992 and have since decreased rapidly to
levels in 2004 about 30% of the levels when measurements
began in 1978. Analysis of these observations shows that
global average OH levels had a small maximum around
1989 and a larger minimum around 1998, with OH
concentrations in 2003 being comparable to those in
1979. This post-1998 recovery of OH reported here
contrasts with the situation 4 years ago when reported OH
was decreasing. The 1997–1999 OH minimum coincides
with, and is likely caused by, major global wildfires and an
intense El Nino event at this time. Citation: Prinn, R. G.,

et al. (2005), Evidence for variability of atmospheric hydroxyl

radicals over the past quarter century, Geophys. Res. Lett., 32,

L07809, doi:10.1029/2004GL022228.

1. Introduction

[2] The hydroxyl free radical is measurable directly at the
local scale, but presently cannot be measured directly at the
regional to global scale [Ehhalt, 1999]. Large-scale OH
concentrations and trends can however be inferred indirectly
from long-term global measurements and emission estimates
of CH3CCl3, since OH is the major destruction mechanism
for this chemical [Prinn et al., 1992, 2001; Krol and
Lelieveld, 2003; Montzka et al., 2000]. The potentials for
global warming and stratospheric ozone depletion of a large
number of chemicals can then be estimated from the derived
OH concentrations [Montzka et al., 2003].

[3] CH3CCl3 has been measured continuously from
July 1978 to present in three sequential experiments: the
Atmospheric Lifetime Experiment (ALE), the Global
Atmospheric Gases Experiment (GAGE) and the Advanced
Global Atmospheric Gases Experiment (AGAGE) [Prinn et
al., 2000, 2001]. Figure 1 shows monthly-mean dry-air
mole fractions (c) and standard deviations (s) computed
from the approximately 120 (ALE), 360 (GAGE), and 1080
(AGAGE) measurements made each month at each station
in a five-station network. The observed variations in c are
caused by the early increase and later decrease in CH3CCl3
emissions which result from the United Nations Montreal
Protocol [Prinn et al., 2001; Montzka et al., 2003]. They are
also influenced by the varying distances from the mainly
Northern Hemisphere midlatitude sources, the rate and
seasonal variations in global circulation, and the seasonal
oscillations in the rate of the reaction of OH with CH3CCl3
which has a local summer maximum [Prinn et al., 1992].

2. Emissions

[4] Emission estimates for CH3CCl3 have been deter-
mined traditionally from global and regional sales and
end-use data from industry and, more recently, from con-
sumption data collected under the United Nations Montreal
Protocol [McCulloch and Midgley, 2001]. We combine
these estimates with independent emission estimates based
on recent measurements of polluted air in industrial regions
to define a ‘‘reference’’ emission scenario. The 2000–2003
emissions for Europe have been estimated using concurrent
observations from Switzerland and Ireland (AGAGE)
[Reimann et al., 2005], suggesting that about 2.0, 2.3,
1.4 and 1.2 Gg year�1 respectively need to be added over
this 4-year period to the above industry/United Nations
estimates for Europe. Estimates of European emissions in
2000 exceeding 20 Gg [Krol et al., 2003] based on aircraft
data are not evident from the above extensive surface station
data [Reimann et al., 2005], and are not therefore considered
in our reference emissions. Emissions per person estimated
for the east coast U.S.A. using Massachusetts observations
[Barnes et al., 2003] are about 1.8 times greater than
those estimated for the west coast U.S.A. using AGAGE
California observations (J. Li et al., Halocarbon emissions
estimated from AGAGE measured pollution events at
Trinidad Head, CA, submitted to Journal of Geophysical
Research, 2005) (see auxiliary material1). Combining these
east and west coast estimates, multiplying by the U.S.A.

1 Auxil iary mater ia l  is  avai lable  a t  f tp: / /agu.org/apend/gl /
2004GL022228.
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population, and then subtracting industry/United Nations
estimates, implies that 1996–1998 U.S. emissions may be
underestimated by industry/United Nations data by on
average about 9.0 Gg year�1 over this 3-year period. Millet
and Goldstein [2004] use east and west coast observations
to infer 2002 U.S.A. emissions of about 3 Gg year�1 (their
larger emission estimates in earlier years are based only on
the Barnes et al. [2003] east coast study). East Asian
emissions deduced from aircraft data in 2001 are about
1.7 Gg above industry/United Nations data [Palmer et al.,
2003]. In contrast, recent Australian emissions are negligi-
ble [Prinn et al., 2001], and Russian emissions in 2001 were
undetectable [Hurst et al., 2004].
[5] We could explain approximately these additional

regional emissions in the stated years (and presumed similar
additional emissions in nearby years and other countries) by
placing 5% of annual CH3CCl3 sales into a category where
it is emitted at a constant rate over the subsequent 10 years.
This provides additional emissions of 18.8, 18.3, 15.4, 12.3,
8.9, 6.4, and 3.6 Gg/year in 1996–2002. Alternatively, we
could attribute these additional European, East Asian and
U.S. emissions to illegal imports from legal producers and
consumers elsewhere in the Northern Hemisphere who
report their production and consumption under the Montreal
Protocol. In this case the industry/United Nations estimates
would not change for our global OH estimates. Therefore,
we use the average of the industry/United Nations emissions
and ‘‘5% delayed’’ industry emissions as our reference and
increase the (1s) industry-based error bars [McCulloch and
Midgley, 2001] to include both the industry and 5%-delayed
industry estimates where necessary (see auxiliary material).

3. Inverse Method

[6] A recursive weighted least squares (Kalman) filter
and a 2-dimensional (2D) global model are used to deduce
CH3CCl3 lifetimes (t) and OH concentrations and trends
[Prinn et al., 2001] (see auxiliary material). The 2D model
is very flexible and computationally efficient compared to
three-dimensional (3D) models. This enables multiple runs
to examine the effects of model transport and chemistry
errors on our OH determinations [Prinn et al., 2001]. Tests
with a high-resolution 3D model with interannually varying
and observationally constrained meteorology confirm that
the c and s values at a particular station define well the
large volume averages corresponding to the above 2D
model (see auxiliary material). The 2D model includes a
small oceanic CH3CCl3 sink [Yvon-Lewis and Butler, 2002].
It simulates well the magnitude of the stratospheric sink for
CH3CCl3 [Montzka et al., 2003], and shows the expected
changes in this sink over time [Krol and Lelieveld, 2003]
(see auxiliary material).
[7] The basic approach is to multiply the ‘‘reference’’ OH

concentrations in the 8 lower atmospheric boxes in the
2D model by a dimensionless factor (f) which is either
held constant during each of the twenty-five 1-year inter-
vals, twelve 2-year (plus one 1-year), or eight 3-year (plus
one 2-year) intervals between 1979 and 2003, or expressed
as a polynomial fp = a + bNP1(t) + c(N2/3)P2(t) + d(N3/15)
P3(t) + e(N4/105)P4(t). Here Pn is a Legendre polynomial
of order n, and t is dimensionless time normalized to
N and measured from the mid-point of the 2N-year-long
1979–2003 interval. The 9–25 f values, or the 5 unknown

fp coefficients are then optimally estimated using each
month’s observations. We chose 2-year and 3-year as well
as 1-year f averages to decrease possible errors due to
the use of annually repeating circulation in our 2D model
[Krol and Lelieveld, 2003]. The estimated f values are used
finally to correct the prescribed ‘‘reference’’ OH values in
the model.

4. Results

[8] Figure 2 shows the derived temporal variations in OH
concentrations. Taking into account all measurement, cali-
bration, emission and modeling errors, the anharmonic
variation in the global trend is only marginally significant
(the d and e values in fp are borderline statistically nonzero;
see auxiliary material). Figure 2 also shows the results of
using the McCulloch and Midgley [2001] emissions instead
of the reference emissions. As expected, the OH estimates
are higher in the early years and lower in the later years,
but the interannual variations remain. Using these OH
estimates, the derived time-averaged CH3CCl3 lifetimes
(atmospheric content divided by loss rate) in years are
4.9 ± 0.3 (total loss), 6.0�0.4

+0.5 (loss via tropospheric OH),
38�11

+15 (stratospheric loss), and 94�11
+51 (oceanic loss). The

derived CH4 lifetimes are 9.3�0.6
+0.7 (total loss), 10.2�0.7

+0.9

(tropospheric OH loss), and 110 (stratospheric loss) years
respectively (see auxiliary material).
[9] Wennberg et al. [2004] have proposed that the

polar oceans may have stored methyl chloroform during
the pre-1992 years when its atmospheric levels were rising,
but began re-emitting it in the subsequent years, thus
lessening the overall oceanic sink [see also Krol and

Figure 1. ALE/GAGE/AGAGE monthly mean dry-air
mole fractions (dots) and standard deviations (error bars)
for CH3CCl3 expressed as parts in 1012 (parts per trillion,
ppt) from the five indicated stations. The measurements are
on the Scripps Institution of Oceanography SIO-1998
absolute calibration scale [Prinn et al., 2000] (see auxiliary
material). Significant intramonthly variations include
elevated CH3CCl3 levels in polluted air from nearby
industrial regions [Prinn et al., 1992, 2000]. To help ensure
that c and s represent semi-hemispheric scales, periods of
obvious pollution are omitted from their calculation [Prinn
et al., 2000]. Also shown (solid curves) are the mole
fractions computed using the optimally estimated 1-year
average OH concentrations in the 2D model. The time
coordinate refers to the beginning of each year in all figures.
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Lelieveld, 2003]. When we replaced our oceanic removal
parameterization [Yvon-Lewis and Butler, 2002] with their
computed latitude-varying oceanic fluxes, we estimated
higher OH concentrations after 1994 but the interannual
changes remain (see Figure 2).
[10] To test the influence of any one station on our

conclusions about multi-year OH variations, we repeated
our estimations with and without the use of each station’s
data, especially Samoa which is sensitive to ENSO before
1997 when the north-south CH3CCl3 gradient was large

[Prinn et al., 1992, 2000]. We find that the above variations
are not determined by any single station.
[11] For comparison to our assumed emissions, we also

determined those emissions which would be consistent
with a zero trend in OH, by equating the [OH] values at
the model grids to their optimally estimated 1978–2004
average values (see auxiliary material). At the times of our
inferred OH maxima and minima (Figure 2), the differences
between emissions deduced from CH3CCl3 observations
with constant OH and our reference emissions are outside
the range defined by our estimated errors in these emissions
(see Figure 3 and auxiliary material).

5. Discussion

[12] The specific variations in OH estimated here are not
evident in current theoretical models. To explain the 6%
drop in OH in 1997–1999, which is the largest change
between successive 3-year estimates inferred here, we
examined measured changes in quantities that should affect
the production or removal rates of OH. Measurements of
carbon monoxide (CO), the major OH sink, indicate anom-
alously high mole fractions over 1997 to 1999 which have
been attributed to massive Indonesian, Russian and North
American forest fires at these times [Novelli et al., 2003;
Duncan et al., 2003; Dlugokencky et al., 2003; Langenfelds
et al., 2002]. The CO and aerosol emissions during the 1997
Indonesian fires alone have been estimated to have lowered
global late-1997 OH levels by 6% [Duncan et al., 2003].
Utilizing results from a 3D model [Spivakovsky et al.,
2000], we conclude that the above CO increases should
have produced a similar OH decrease in 1998. Expected
enhancements in (unmeasured) non-methane hydrocarbons
due to these fires could amplify these OH decreases, while
increases in (unmeasured) NOx could lower them. Global
concentrations of the second major OH sink, CH4, were also
anomalously high in mid - 1997 to mid - 2000 [Prather and
Ehhalt, 2001; Dlugokencky et al., 2003; Langenfelds et al.,
2002]. These positive anomalies in CO and CH4 may, in

Figure 2. One-, two- and three-year weighted-average
estimated OH concentrations with 1s error boxes (exclud-
ing rate constant errors). These absolute concentrations, but
not the relative OH variations, depend on the weighting and
model used (see auxiliary material). Errors (e) due to
random measurement (instrumental, and model grid -
measurement site mismatch) errors (s) are automatically
calculated in the Kalman Filter. Errors due to uncertainties in
model transport, model chemical parameters, emissions and
absolute calibration, have been calculated using 10,000-run
Monte Carlo approaches and are subsequently added to
e [Prinn et al., 2001; McCulloch and Midgley, 2001]
(see auxiliary material). Also shown is the OH defined using
fp with optimally-estimated coefficients (solid line; this line
is not intended for forecasting), and the results when the
reference emissions are replaced by the McCulloch and
Midgley [2001] industry emissions (dotted lines), and when
the oceanic sink based on Yvon-Lewis and Butler [2002] is
replaced by the computed fluxes of Wennberg et al. [2004]
(dashed lines).

Figure 3. Adjustments (solid lines, 2-year averages) to the
‘‘reference’’ emission estimates (see auxiliary material)
needed to yield zero OH trend using AGAGE data. Also
shown for comparison are the 2-year averages of the
assumed (1s) error bars on the reference emissions (vertical
bars), the Wennberg et al. [2004] minus the Yvon-Lewis and
Butler [2002] ocean fluxes (dashed lines), and the
McCulloch and Midgley [2001] industry-based emissions
minus our reference emissions (dotted lines).
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combination, help explain our inferred anomalously low
global OH concentrations from 1997–1999. Note also that
lowering OH by itself leads to positive trends in CO and
CH4 and vice versa [Thompson, 1992]. Large fires also
occurred in 1994–1995 and produced about 48% of the CO
in the 1997–1998 fires [Novelli et al., 2003; Langenfelds et
al., 2002], coinciding approximately with the second largest
decrease in successive 3-year OH concentrations reported
here (Figure 2). Finally, Yurganov et al. [2004] have
reported CO anomalies in 2002 and 2003 that are about
80% of those in 1997–1998 presumably due to large boreal
wildfires. However, we see only a slight decrease in our
annual-average OH estimates from 2001 to 2003 (Figure 2).
This may be due to the CO being emitted more at boreal
latitudes where it has less influence on the tropical-weighted
OH estimated here, or to the fact that 2002–2003 was not a
strong ENSO period.
[13] The ENSO phenomenon could affect both OH pro-

duction (through water vapor and cloud changes) and OH
loss (through temperature changes). As we showed previ-
ously [Prinn et al., 2001], at the global level there is
tentative evidence for a positive correlation between warm,
cloudy El Nino events and low global OH perturbations.
Since there was a strong El Nino in 1998, this could have
added to the effects of enhanced CO and CH4 levels to
further help explain the 1997–1999 OH low.
[14] The OH concentration in 2003–2004 is indistin-

guishable (�0.18�9
+13 %) from that in 1979–1981. Our small

derived OH linear trend (0.2�0.4
+0.8 % year�1) is consistent

with interpretation of the observed decelerating 1984–2002
CH4 trend as an approach to steady-state with a nearly-
constant CH4 lifetime [Dlugokencky et al., 2003]. Our
results support the hypothesis that global fires can affect
OH chemistry [Duncan et al., 2003], but further studies are
needed to test this and identify other possible causes for our
reported OH behavior.

[15] Acknowledgments. The ALE/GAGE/AGAGE projects involved
contributions from many people beyond the authors [see Prinn et al., 2000,
2001]. AGAGE support comes from the National Aeronautics and Space
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Kingdom), Commonwealth Scientific and Industrial Research Organisation
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1.  ALE-GAGE-AGAGE Measurements

The ALE-GAGE-AGAGE stations occupy coastal sites around the world chosen

to provide accurate measurements of trace gases whose lifetimes are long compared to

global atmospheric circulation times. The stations are: (a)  Ireland: first at Adrigole,

52°N, 10°W (1978-1983), then at Mace Head, 53°N, 10°W (1987 to present);  (b)  U.S.

west coast:  first at Cape Meares, Oregon, 45°N, 124°W (1979-1989), then at Trinidad

Head, California, 41°N, 124°W (1995 to present); (c)  Ragged Point, Barbados, 13°N,

59°W, (1978 to present);  (d)  Cape Matatula, American Samoa, 14°S, 171°W (1978 to

present);  (e)  Cape Grim, Tasmania, 41°S, 145°E  (1978 to present).

Computer-controlled gas chromatographs with packed columns and electron-

capture detectors provide air measurements in near real-time (Prinn et al., 2000). To

calibrate the data, an on-site cylinder of air that is calibrated relative to off-site parent

standards before and after its use at each station, is analyzed between each air

measurement (Prinn et al., 2000). The units for all CH3CCl3 measurements reported here

are dry-air mole fractions expressed as parts in 1012 (parts per trillion, ppt), and are on the

Scripps Institution of Oceanography SIO-1998 absolute calibration scale which has an

estimated systematic uncertainty of ± 1.5% (Prinn et al., 2000). To match the rapidly

decreasing atmospheric mole fractions, the primary standards have recently been

extended from 70 ppt and above in the SIO-1998 calibration scale down to 20 ppt with an

error in the latter of 0.3% or less. However, we increase the uncertainty in absolute

calibration of the actual measurements to ± 2.5% to take account of possible errors in

transferring the calibration to the earlier periods in the measurement record, and possible

past non-linearity errors. This assumed uncertainty also spans the small differences

between AGAGE and other networks (Montzka et al., 2003).

2.  Kalman Filter Methods

Estimates of unknowns contained in a vector x and their errors ε contained in a

matrix Ρ are updated with each new month of data using



x(+) = x(-)+K(y0-y) (2)

P(+) = (I-KH)P(-) (3)

where the (gain) matrix K is given by

K= P(-)HT(HP (-)HT+R) -1 (4)

The postscripts (-) and (+) denote values of Ρ and x before and after use of each month’s

data. The matrix H (and its transpose HT) contains the partial derivatives of the elements

of the model-calculated values for χ (contained in vector y) with respect to the elements

of x. H is computed as a function of time using the same model used to calculate y. The

matrix R is diagonal with its elements being the variances (σ2
k) associated with the

observed χ values at station k (contained in vector y0) augmented by an additional

variance to account for model error (Prinn et al., 1995; Prinn, 2000; Huang, 1999;

Cunnold and Prinn, 1991). The diagonal elements of Ρ are the squares of the estimated

errors εi in the elements xi of the state vector x. The Kalman filter uses σk
  rather than the

smaller instrumental precision error in defining R in order to take account of the inability

of the point measurements at the station to determine exactly the regional average

CH3CCl3 concentrations for comparison with the 2D model, sometimes called mismatch

error (Prinn, 2000).

3.  2D Model

The model has horizontal divisions at 90°N, 30°N, 0°, 30°S and 90°S and vertical

divisions at 1000, 500, 200 and 0 hPa (Prinn et al., 2001). The method uses “reference”

transport parameters between all regions and “reference” OH concentrations in the eight

lower regions and considers probable errors in all these quantities in the model error

analysis (Prinn et al., 1995; 2001; Huang, 1999). The industry-derived estimates of

CH3CCl3 emissions and their uncertainties, after adjusting to account for recent CH3CCl3



observations in polluted air, are used in the model (McCulloch and Midgley, 2001;

Midgley and McCulloch, 1995) (see Emissions section in main text, and Section 4 here).

Besides reaction with OH, there are two other sinks for CH3CCl3 included in the model.

Methyl chloroform is destroyed photochemically in the four upper atmospheric regions at

loss frequencies and uncertainties specified from three different stratospheric models

(Prinn et al., 2001). Also, loss to the ocean occurs in the four lowest atmospheric regions

at loss frequencies and uncertainties obtained from observations (Yvon-Lewis et al.,

2002). Since these upper atmospheric and oceanic loss frequencies and uncertainties are

considered known they are not included in the state vector x. Possible heterogeneous

degradation of CH3CCl3 on terrestrial clay minerals is not considered, due to lack of

quantitative estimates (Kutsuna et al, 2000). Advective and eddy-diffusive transport rates

between model boxes vary with latitude, altitude and season. They are based upon

observed mean winds (advection) and wind variances (diffusion) and optimized to

simulate global chlorofluorocarbon distributions. The reference OH concentrations and

their uncertainties in each of the 8 lower atmospheric regions are available (Prinn et al.,

2001), and are equated to the average and standard deviations of OH concentrations from

six atmospheric models (Spivakovsky et al., 2000; Golombek and Prinn, 1993; Douglass

et al., 1989; Jackman et al., 1990; Ko et al., 1991; Lawrence et al., 1999; Wang et al.,

1998). A latitude-varying, solar-driven annual cycle in OH is included. To compute

CH3CCl3 loss rates from these OH concentrations the measured second order rate

constant and its uncertainty are used (Sander et al., 2002). The assumed loss frequencies

and their uncertainties in the four upper atmospheric (0-200 hPa) regions are available

(Prinn et al., 2001), and are defined from three models (Golombek and Prinn, 1993;

Douglass et al., 1989; Jackman et al., 1990; Ko et al., 1991). The assumed global lifetime

for oceanic loss (global amount divided by loss rate to ocean) is time variable with an

assumed average of 94 years (Yvon-Lewis et al., 2002), and the loss rate is distributed in

proportion to the oceanic area in each box. These results are not significantly sensitive to

alternative non-uniform distributions of this loss accounting for variations in surface

temperature and exchange rates (Prinn et al., 2001).



Our prescribed 2D model troposphere-stratosphere transport rates and

stratospheric destruction frequencies provide a realistic simulation of the inverse loss

lifetime of tropospheric CH3CCl3 due to net flow into the stratosphere (i.e. flux into the

stratosphere divided by tropospheric content). In particular, Figure A1(a) shows the

expected decreases in this inverse loss lifetime over time (Krol and Lelieveld, 2003). This

decrease has previously been claimed to require a 3D model (Krol and Lelieveld, 2003).

Note that because the stratospheric loss frequency is less than that in the troposphere, the

stratosphere becomes a small source to the troposphere in the reference case beginning in

1999 (when the inverse loss lifetime in Figure A1(a) changes sign), rising to 3.3 Gg year-1

in 2003, after which this source begins to decrease to zero. Our model also shows the

expected decreases in the loss lifetime of total CH3CCl3 over time due to stratospheric

chemical destruction (Figure A1(b). This latter lifetime temporarily achieved its steady-

state value when atmospheric CH3CCl3 reached a plateau in the 1992 time frame, and

from Figure A1(b) its value at that time frame is in excellent agreement with recently

recommended values (Prather et al., 2001; Montzka et al., 2003). Results from a version

of our model which simulates the stratospheric loss behavior of the Krol and Lelieveld

(2003) model, are also shown in Figures A1(a) and A1(b). Also, the model shows the

expected (and observed) larger CH3CCl3 concentrations at Cape Grim than at Samoa in

recent years, due to the combined effects of rapidly decreasing emissions and the tropical

maximum in CH3CCl3 destruction rate (Prinn et al., 2000; Montzka et al., 2003;

Spivakovsky et al., 2000).

We have also tested our general approach, involving removal of pollution events

from observations and then equating these observations to predictions from our 2D

model, using 1978-2002 runs of the 3D high resolution (1.8°x1.8°x28 vertical levels)

MATCH model. This model uses interannually varying National Center for

Environmental Prediction (NCEP) analyzed observed meteorology (Lawrence et al.,

1999; Chen, 2003). We show in Figure 2 the difference in the 3D model between the

average CH3CCl3 concentration in the four 500-1000 hPa semi-hemispheres used in our

2D model and the actual values computed at the relevant AGAGE sites. This difference

can be compared to the difference between the observed values at the stations with



pollution removed (which we use to compare to predictions in our 2D model boxes) and

the actual observed value at the station (including pollution). These differences generally

agree within a few ppt and well within the monthly standard deviations in the

observations which are used as the measurement uncertainties in our Kalman Filter. The

largest differences are for Barbados but even in this case the bias is still inside the lσ

error bars and we have shown that even a lσ bias does not affect the conclusions in this

paper (see Section 6).

Modeling and related error estimates are deliberately very conservative and

considered for model parameters, chemical rate constants, emissions, and measurement

absolute calibration (Table A1) (Prinn et al., 1995; Huang, 1999; Prinn et al., 2001;

Kurylo and Orkin, 2003; Sander et al., 2002). Previously we assumed an absolute

calibration error of ± 5%, but this was overly conservative given our own analysis and the

current small differences between AGAGE and other groups (Prinn et al., 2000; Montzka

et al., 2003). Due to the 25 years of measurements used in determining fp coefficients, the

contribution of εi to the fp total error is very small compared to the contribution of εi to

the total errors in the various multi-year average OH estimates.

Alternative approaches to ours using a 3D model yield qualitatively similar results

provided similar emissions are assumed. Specifically, for identical emissions, our

analysis of 1978-1994 CH3CCl3 data gives an OH trend of 0.3% per year, while that using

an alternative approach (Krol et al., 1998) yields 0.46% per year. This difference lies well

within the calculated uncertainty in the trends reported here. Possible reasons for this

remaining difference have been discussed (Prinn and Huang, 2001). Also, using the same

AGAGE 1978-2000 data and identical emissions, a recent alternative analysis (Krol and

Lelieveld, 2003) confirms qualitatively our earlier result (Prinn et al., 2001) that OH rose

in the 1980’s and declined in the 1990s.

4.  Emissions



According to published industry/United Nations data, global emissions rose from

0.1 +
−

0 0
0 1
.
.  Gg year-1 in 1951 to a maximum of 718 ±17.1 in 1990 and then dropped to

19.7 +
−

0 6
0 7
.
.  in 2000 (McCulloch and Midgley, 2001; Midgley and McCulloch, 1995; UNEP,

1996). Emissions in 2001-2004 from industry data are 12.6, 12.9, 12.9 and 12.9 Gg year-1

(A. McCulloch, private comm., 2004). Uncertainty in these emissions results from errors

in production, sales, end-use assignments, and delay times for emissions after sales

(McCulloch and Midgley, 2001). As one possible response to observational evidence for

larger emissions in recent years in Europe (Reimann et al., 2005), U.S.A. (east coast

(Barnes et al., 2003), west coast (Li et al., 2005)), and East Asia (Palmer et al., 2003)

than in the above industry-based estimates, we have added an additional end-use category

in which x% of annual sales enter long-term storage which is released in equal amounts

over the subsequent ten years. This slow release could be due to either storage of the

chemical in drums for later consumption or to leakage from waste dumps. However, this

chemical degrades sufficiently after 2 years of storage to limit its long-term viability for

many solvent applications. The remaining (100-x)% of sales is treated as before

(McCulloch and Midgley, 2001; Midgley and McCulloch, 1995). Through numerical

experimentation, we find x=5% provides an approximate simulation of the required larger

emissions plus a generous allowance for additional emissions in other countries and other

years. For the west coast U.S.A, the Li et al. (2005) estimates of emissions/person/year

use AGAGE Trinidad Head observations along with 3D back trajectories and population

densities. Their estimates in 1996-1998 are 0.094 (1996), 0.047 (1997) and 0.011 (1998)

kg/person/year. These were combined with east coast U.S.A estimates of 0.122 (1996),

0.074 (1997) and 0.044 (1998) kg/person/year (Barnes et al., 2003), then multiplied by

the U.S.A. population to obtain total emissions, from which we subtract the

industry/United Nations estimates (McCulloch and Midgley, 2001) to obtain the needed

corrections. The observation-based emission corrections could also be explained by

(possibly illegal) imports from legal producers and consumers already included in the

industry/United Nations estimates (i.e. x= 0%). Therefore, we define our reference

emissions as the average of the x = 0% and x = 5% emission scenarios.



We adopt the error bars on the above industry/United Nations estimates but

expand them where necessary to allow the error bars on the reference emissions to

include both the 0% and 5% cases. The resultant emissions with their uncertainties are

given in Table A2. After 1996 we assumed global emissions are distributed among the

four lowest model boxes in the proportions 71, 22, 2 and 5% (N to S) respectively (Prinn

et al., 2001). We also considered an alternative distribution of 80, 18, 0 and 2% suggested

by recent UNEP data (UNEP, 1996). The results are dependent on the trend in (as well as

the magnitude of) the emissions, so emissions for 1978 to 2003 are varied, to include the

maximum and minimum trends in this time period consistent with their 2σ random errors

(Prinn et al., 1995; 2001; Huang, 1999). Claimed European emissions exceeding 20 Gg in

2000 (Krol et al., 2003) which are not corroborated by extensive ground-based

measurements (Reimann et al., 2005), and possible small emissions from biomass

burning, vegetation and soils are not included in the reference emission scenario (Prinn et

al., 2001; Rudolph et al., 2000). From Figure 3 in the main text, European emissions of

20 Gg year-1 or more above our reference values (which already account for the above

surface station data (Reimann et al., 2005)) would need to have occurred for several years

before 2000 in order to remove our inferred low OH concentrations in 1997-1999. Global

measurements imply a biomass burning source of about 5 Gg year-1 (Rudolph et al.,

2000). Assuming CH3CCl3 is inert in firn ice, Butler et al. (1999) deduce pre-industrial

CH3CCl3 levels were <1.5 ppt. Similar firn measurements by Sturrock et al. (2002)

suggest pre-industrial levels <1.9 ppt. Assuming a steady-state and a 4.9-year lifetime

these levels imply natural emissions <10 Gg year-1 which lie within the reference 1σ

emission error bars in Table A2 for 1978-1998 but possibly not after that (Prinn et al.,

2001).

5.  OH Determination - Results

The estimated global weighted-average OH concentration for 1978-2004,

[10.9 +
−

0 8
0 9

.

. ] x 105 radicals cm–3, differs from that derived by us earlier (Prinn et al., 2001)

from 1978-2000 observations ([9.4 ± 1.3] x 105 radicals cm–3 including rate constant

error) largely due to lower temperatures used in the 2D model (Table A3). We caution



that these absolute global OH averages depend on the choices of both weighting and

model and are useful principally for qualitative considerations of global trace gas budgets

(Spivakovsky et al., 2000; Lawrence et al., 2001). The above error bars refer to our

chosen weighting and model and do not include effects of other weighting or model

choices.  By expressing OH variations in Table A3 and in the main paper as percentages,

we avoid sensitivity to the exact definition of the average OH. The time-average OH

trend (0.2 +
−

0 8
0 4

.

. % year-1) also differs from that reported earlier (Prinn et al., 2001) for 1978-

2000 (-0.64 ± 0.60% year-1). This results from the significant estimated positive trend in

OH between 1998 and 2003 which is sufficient to remove the previous average negative

trend and trend accelerations (these trend results are not affected by changes in the 2D

model temperatures but are affected by the additional CH3CCl3 data and the new

reference emissions scenario). For the 1-, 2-, and 3-year average f estimation method, we

use 12-month running means for χ from both observations and model. The residuals

between observed and predicted CH3CCl3 mole fractions in the variable OH (1-year

average) and constant OH cases are shown in Figure A3. The constant OH case yields a

much poorer fit to the observations than the variable OH case.

The specific variations in OH estimated here are not evident in current theoretical

models. One study concluded that OH has a positive trend in 1980-1996 due to increases

in air pollutant emissions (Karlsdottir and Isaksen, 2000). A later study estimated a

smaller positive trend driven by water vapor changes (Dentener et al., 2003). Another

study concludes that current models may be overestimating present-day global NOx and

O3 levels derived from urban pollution, and hence overestimating OH increases resulting

from these pollutants (Mayer et al., 2000). Other studies have concluded that OH has a

negative trend between pre-industrial and present times (Thompson, 1992; Wang and

Jacob, 1998).

6.  Unmodeled Nonlinearity and Emission Errors

A number of additional numerical exercises were performed to test these results.

The absolute CH3CCl3 calibration and trends measured by AGAGE and NOAA differ

(Prinn et al., 2000; 2001; Montzka et al., 2000; 2003). The effects of the calibration



differences are already considered in our assessment of calibration uncertainty. Note that

a dependence of the trend on calibration is theoretically expected (Prinn et al., 1992;

1995). To assess the effects of the CH3CCl3 trend differences, we replace our 1994-2004

χ values with average values from the NOAA stations in the four semi-hemispheres.

Since the NOAA flask data are too infrequent to define intramonthly variations, the

standard deviations from the AGAGE stations in the same semi-hemisphere are used.

Using the content method, the OH concentration = 10.87 x 105 cm-3, trend = 0.45% year-1,

d = 0.06% year-3 and e = 0.01% year-4, which are all similar to those in Table A3.

After removal of pollution, the 30°N-90°N AGAGE stations are measuring

background air and may therefore be underestimating CH3CCl3 levels at these latitudes

(e.g. by the typical 3 ppt interstation differences and σ values at these latitudes) whenever

continental emissions are large. As the CH3CCl3 gradients, and hence the σ values,

decreased in recent times the magnitude of this underestimate would decrease. Therefore,

30°N-90°N CH3CCl3 values were augmented by 3 ppt (multiplied by σ and divided by the

maximum value of σ in the time series) to assess this effect. We conclude that the OH

concentration = 10.87 x 105cm-3, trend = 0.25% year-1, d = 0.05% year-3 and e = 0.02%

year-4, which again are not different from the Table A3 values. Similarly, to check the

effects of the possible bias (Section 3, Figure A2) in unpolluted measurements at

Barbados relative to its semi-hemispheric mean we added the monthly standard

deviations to the monthly means at this site and repeated the inversion and obtained

average, trend, trend acceleration and polynomial d and e coefficients which differ

negligibly from the optimal run.

To assess the effects of different trends in stratospheric loss in our reference

model and a published 3D model (Krol and Lelieveld, 2003), we have estimated OH

using a specific version of our model that simulates the loss trends in their 3D model (see

Section 3). The estimated OH variations remain, and the results lie close to or within our

1σ error bars in Figure 2 (Main text). The use of an alternative distribution for emissions

by latitude (see Section 4), also yielded results (OH concentration = 10.88 × 105cm-3,

trend = 0.26% year-1, d = 0.05% year-3, and e = 0.02% year-4) very consistent with Table



A3. Finally, analyses of air trapped in Antarctic firn ice (see Section 4), set a strict upper

limit on the total natural background sources of CH3CCl3 of 10 Gg year-1. The estimated

OH trends and accelerations do not change significantly when a constant 10 Gg year-1

emissions are added over 1951-2003. We have no information on possible trends in

natural emissions in recent decades and further work is needed on this topic. Temporally-

resolved analyses of preindustrial ice cores could help here.
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Introduction

This auxiliary material contains the following seven files:

(1) 2004GL022228-Methods.txt contains seven sections covering measurements,

Kalman filter methods, 2D model information, emissions, OH determination, and

unmodeled errors, followed by references.

(2) 2004GL022228-TableA1.txt.

Uncertainties (1σ) in 2D model diffusion times (LT = lower troposphere, UT = upper

troposphere, S = stratosphere, NH = northern hemisphere, SH = southern



hemisphere), temperatures, inverse destruction times in stratosphere andocean, rate

constant, OH distribution (footnote a), measurement calibration, annual emissions and

emission trends (footnote b). These uncertainties define probability distributions used

in our Monte Carlo error analysis (footnote c). Also shown are percentage

contributions to the variance in the estimated OH concentrations and trends from each

of these uncertainties based on our sensitivity analysis (Huang, 1999; Prinn et al.,

2001).

Footnotes:
(a)  From north to south, the OH uncertainties (%) in the four 500-1000 hPa then the

four 200-500 hPa tropospheric boxes are: 45.8, 22.2, 11.2, 20.5, 36.1, 53.9, 53.5 and

42.5.

(b)  McCulloch and Midgley (McCulloch and Midgley, 2001; Midgley and

McCulloch, 1995) augmented in 30°N-90°N to allow for possible unaccounted

emissions (see Section 4).

(c) Each iteration of the Monte Carlo analysis randomly chooses a specific value for

each uncertain parameter which is then used for the inversion of the entire

database. The exceptions are the annual emissions which have errors randomly

chosen each year around the particular emission trend for that run, and the rate

constant error which is a systematic error applying to all the Monte Carlo

iterations and not therefore included.

(3) 2004GL022228-TableA2.txt

Reference emissions (E, Gg/year) for 1951-2002 and their 1σ uncertainties estimated

by combining information from industry/United Nations data and observations of

polluted air (see text). Emissions for 2003 and 2004 are assumed to be identical to

2002. The last column (∆Ε) shows the difference between the reference emissions

and the industry/United Nations emissions (McCulloch and Midgley, 2001). These

differences are intended to explain the discrepancies suggested by the recent

observationally-based emission estimates when they are interpreted as due equally to

delayed industry emissions and illegal imports from legal producers, but the 1σ

uncertainties include the possibilities that they are due totally to one or the other (see



text). For example, adding the ∆Ε and +σ columns together is considered adequate to

account for the recent discrepancies if they are due totally to delayed emissions.

(4) 2004GL022228-TableA3.eps

Optimal estimates of global weighted average tropospheric OH concentrations (105

radical cm-3), OH trends (% year -1), OH trend accelerations (% year-2) and

coefficients for the third (d, % year-3) and fourth (e, % year-4) Legendre polynomials

in fp derived by combining with equal weighting the results from the 1-year, 2-year

and 3-year averages, and polynomial expressions for f. The “total” lifetime of

CH3CCl3, defined as its total mass in the atmosphere divided by its total rate of

destruction, is computed using the estimated OH concentrations. Three “process”

lifetimes defined as the total atmospheric mass of CH3CCl3 divided by its rates of

destruction due separately to OH in the lower atmosphere (troposphere),

photochemical reactions in the upper atmosphere (stratosphere), and oceanic uptake

are also computed. The inverse of the “total” lifetime equals the sum of the inverses

of these three “process” lifetimes. Also shown are similarly defined lifetimes for CH4.

Uncertainties are all 1 standard deviation. Quoted errors are the average of the

sensitivity and Monte Carlo error estimation methods (Prinn et al., 2001) (see Figure

2 in main text and section 3 in Auxiliary Material).

Footnotes:

*  Global averages weighted by air mass in each tropospheric model box.  Averages

weighted by CH3CCl3 mass differ slightly from these. Absolute OH concentrations

differ from those reported earlier (Prinn et al., 2001) due to the additional years of

CH3CCl3 data, and to the fact that the OH-weighted temperatures in our 2D model

have been scaled to be equivalent to an effective global temperature of 272°K

(Spivakovsky et al., 2000) compared to 277°K previously (Spivakovsky et al., 1990).

We caution that these global average tropospheric OH estimates are dependent on the

weighting and the model used (especially the model spatial distribution of OH

relative to temperature; see section 3 in Auxiliary Material).



**  Quoted values and uncertainties in these lifetimes are based on stratospheric

modeling for loss frequencies and troposphere-stratosphere mixing rates (Prinn et al.,

2001), and on oceanic studies for ocean uptake (Yvon-Lewis and Butler, 2002).

***  The small change of CH4 total lifetime from that reported earlier (9.27 years)

(Prinn et al, 2001) is due to the offsetting effects of different 2D model temperatures

(see footnote above), updated concentrations of OH, and updated rate constants used

here (Kurylo and Orkin, 2003; Montzka et al., 2003).  Note that the similar

temperature dependences of the rate constants for reaction of CH3CCl3 and CH4 with

OH, means that the estimated lifetime for reaction of CH4 with OH does not change

significantly if the equivalent CH3CCl3 lifetime does not change significantly (as is

the case here).

**** The total atmospheric lifetime for CH3CCl3 is not statistically different from our

previous estimate of 4.9 +
−

0 6
0 3
.
.  years (Prinn, 2001).

(5) 2004GL022228-FigureA1.eps

(a)  Inverse lifetime (years-1) for loss of tropospheric CH3CCl3 to the stratosphere

(troposphere to stratosphere transport rate divided by tropospheric content; solid line

with dashed lines for 1 sigma uncertainties). The values reported by Krol and

Lelieveld (2003) (black dots) generally lie close to or between the 1 sigma lines but

have a different slope than our reference version.  We have chosen stratospheric loss

frequencies (reference + 1σ) and troposphere-stratosphere exchange times (reference

+ 1σ) in our 2D model to provide a version that simulates approximately the Krol and

Lelieveld  (2003) numbers (dash-dot line). This version has then been used in an

inversion and produces OH results that lie close to or within the 1σ error bars on our

best-estimates (see main Text, Figure 2). This version is well represented in the

10,000 versions used in our Monte Carlo error analysis.  (b)  Lifetime for

stratospheric chemical destruction of total CH3CCl3 (atmospheric content divided by

stratospheric destruction rate; solid line with dashed lines for 1 sigma limits), in the

2D model. Recommended steady state lifetime for stratospheric chemical destruction

in the most recent international assessment (Montzka et al., 2003) (black dot with

error bar) is shown at approximately the time a steady state was achieved, and agrees



very well with our reference value (solid line) at that time. Similar good agreement is

seen for our simulation of the stratospheric sink in the Krol and Lelieveld model

(Krol and Lelieveld, 2003) (dash-dot line).

(6) 2004GL022228-FigureA2.eps

Differences (ppt; thick solid lines with 1 sigma standard deviations) between AGAGE

observed monthly mean CH3CCl3 mole fractions at actual stations with and without

pollution removed. These are compared to the supposed equivalent in the 3D

MATCH model runs which is the difference (thin solid lines, except for thin dashed

line for Oregon which preceded California) between the 500-1000 hPa, semi-

hemispheric volume average model mole fractions, and the mole fraction at the

modeled station. Our 2D model procedures for equating the above volume averages

to the observed station values with pollution removed, are supported by the fact that

the 3D model (thin solid lines) generally lies within one (pollution-removed) standard

deviation of the observations (thick solid lines).

(7) 2004GL022228-FigureA3.eps

Time variations in differences (residuals, ppt) between CH3CCl3 observations and: (a)

model predictions using the optimally estimated annual time-varying OH values

(thick solid lines), and (b) model predictions using the time invariant optimally

estimated OH values from a run in which we estimate only the coefficient a in fp

(dashed lines). Also shown (as vertical bars) are the monthly standard deviations (σ)

in the observed monthly means (χ).
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Introduction
This auxiliary material contains the following seven files:
(1) 2004GL022228-Methods.txt contains seven sections covering measurements, Kalman filter methods, 2D model
information, emissions, OH determination, and unmodeled errors, followed by references.

(2) 2004GL022228-TableA1.txt.  
Uncertainties (1s) in 2D model diffusion times (LT = lower troposphere, UT = upper troposphere, S = 
stratosphere, NH = northern hemisphere, SH = southern hemisphere), temperatures, inverse destruction times 
in stratosphere andocean, rate constant, OH distribution (footnote a), measurement calibration, annual 
emissions and emission trends (footnote b). These uncertainties define probability distributions used in 
our Monte Carlo error analysis (footnote c). Also shown are percentage contributions to the variance in the
estimated OH concentrations and trends from each of these uncertainties based on our sensitivity analysis 
(Huang, 1999; Prinn et al., 2001).

Footnotes:
(a)  From north to south, the OH uncertainties (%) in the four 500-1000 hPa then the four 200-500 hPa 
tropospheric boxes are: 45.8, 22.2, 11.2, 20.5, 36.1, 53.9, 53.5 and 42.5.
(b)  McCulloch and Midgley (McCulloch and Midgley, 2001; Midgley and McCulloch, 1995) augmented in 30､-90
､ to allow for possible unaccounted emissions (see Section 4).
(c) Each iteration of the Monte Carlo analysis randomly chooses a specific value for each uncertain 
parameter which is then used for the inversion of the entire database. The exceptions are the annual 
emissions which have errors randomly chosen each year around the particular emission trend for that run, 
and the rate constant error which is a systematic error applying to all the Monte Carlo iterations and not 
therefore included.

(3) 2004GL022228-TableA2.txt
Reference emissions (E, Gg/year) for 1951-2002 and their 1s uncertainties estimated by combining 
information from industry/United Nations data and observations of polluted air (see text). Emissions for 
2003 and 2004 are assumed to be identical to 2002. The last column (DE) shows the difference between the 
reference emissions and the industry/United Nations emissions (McCulloch and Midgley, 2001). These 
differences are intended to explain the discrepancies suggested by the recent observationally-based 
emission estimates when they are interpreted as due equally to delayed industry emissions and illegal 
imports from legal producers, but the 1s uncertainties include the possibilities that they are due totally 
to one or the other (see text). For example, adding the DE and +s columns together is considered adequate 
to account for the recent discrepancies if they are due totally to delayed emissions.

(4) 2004GL022228-TableA3.txt
Optimal estimates of global weighted average tropospheric OH concentrations (105 radical cm-3), OH trends 
(% year -1), OH trend accelerations (% year-2) and coefficients for the third (d, % year-3) and fourth (e, 
% year-4) Legendre polynomials in fp derived by combining with equal weighting the results from the 1-year,
2-year and 3-year averages, and polynomial expressions for f. The 烠otal?lifetime of CH3CCl3, defined as 
its total mass in the atmosphere divided by its total rate of destruction, is computed using the estimated 
OH concentrations. Three 烢rocess?lifetimes defined as the total atmospheric mass of CH3CCl3 divided by its
rates of destruction due separately to OH in the lower atmosphere (troposphere), photochemical reactions in
the upper atmosphere (stratosphere), and oceanic uptake are also computed. The inverse of the 烠
otal?lifetime equals the sum of the inverses of these three 烢rocess?lifetimes. Also shown are similarly 
defined lifetimes for CH4. Uncertainties are all 1 standard deviation. Quoted errors are the average of the
sensitivity and Monte Carlo error estimation methods (Prinn et al., 2001) (see Figure 2 in main text and 
section 3 in Auxiliary Material).
Footnotes:
*  Global averages weighted by air mass in each tropospheric model box.  Averages weighted by CH3CCl3 mass 
differ slightly from these. Absolute OH concentrations differ from those reported earlier (Prinn et al., 
2001) due to the additional years of CH3CCl3 data, and to the fact that the OH-weighted temperatures in our
2D model have been scaled to be equivalent to an effective global temperature of 272… (Spivakovsky et al.,
2000) compared to 277… previously (Spivakovsky et al., 1990). We caution that these global average 
tropospheric OH estimates are dependent on the weighting and the model used (especially the model spatial 
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distribution of OH relative to temperature; see section 3 in Auxiliary Material).
**  Quoted values and uncertainties in these lifetimes are based on stratospheric modeling for loss 
frequencies and troposphere-stratosphere mixing rates (Prinn et al., 2001), and on oceanic studies for 
ocean uptake (Yvon-Lewis and Butler, 2002).
***  The small change of CH4 total lifetime from that reported earlier (9.27 years) (Prinn et al, 2001) is 
due to the offsetting effects of different 2D model temperatures (see footnote above), updated 
concentrations of OH, and updated rate constants used here (Kurylo and Orkin, 2003; Montzka et al., 2003). 
Note that the similar temperature dependences of the rate constants for reaction of CH3CCl3 and CH4 with 
OH, means that the estimated lifetime for reaction of CH4 with OH does not change significantly if the 
equivalent CH3CCl3 lifetime does not change significantly (as is the case here).
**** The total atmospheric lifetime for CH3CCl3 is not statistically different from our previous estimate 
of 4.9  years (Prinn, 2001).

(5) 2004GL022228-FigureA1.eps
(a)  Inverse lifetime (years-1) for loss of tropospheric CH3CCl3 to the stratosphere (troposphere to 
stratosphere transport rate divided by tropospheric content; solid line with dashed lines for 1 sigma 
uncertainties). The values reported by Krol and Lelieveld (2003) (black dots) generally lie close to or 
between the 1 sigma lines but have a different slope than our reference version.  We have chosen 
stratospheric loss frequencies (reference + 1s) and troposphere-stratosphere exchange times (reference + 
1s) in our 2D model to provide a version that simulates approximately the Krol and Lelieveld  (2003) 
numbers (dash-dot line). This version has then been used in an inversion and produces OH results that lie 
close to or within the 1s error bars on our best-estimates (see main Text, Figure 2). This version is well 
represented in the 10,000 versions used in our Monte Carlo error analysis.  (b)  Lifetime for stratospheric
chemical destruction of total CH3CCl3 (atmospheric content divided by stratospheric destruction rate; solid
line with dashed lines for 1 sigma limits), in the 2D model. Recommended steady state lifetime for 
stratospheric chemical destruction in the most recent international assessment (Montzka et al., 2003) 
(black dot with error bar) is shown at approximately the time a steady state was achieved, and agrees very 
well with our reference value (solid line) at that time. Similar good agreement is seen for our simulation 
of the stratospheric sink in the Krol and Lelieveld model (Krol and Lelieveld, 2003) (dash-dot line).

(6) 2004GL022228-FigureA2.eps
Differences (ppt; thick solid lines with 1 sigma standard deviations) between AGAGE observed monthly mean 
CH3CCl3 mole fractions at actual stations with and without pollution removed. These are compared to the 
supposed equivalent in the 3D MATCH model runs which is the difference (thin solid lines, except for thin 
dashed line for Oregon which preceded California) between the 500-1000 hPa, semi-hemispheric volume average
model mole fractions, and the mole fraction at the modeled station. Our 2D model procedures for equating 
the above volume averages to the observed station values with pollution removed, are supported by the fact 
that the 3D model (thin solid lines) generally lies within one (pollution-removed) standard deviation of 
the observations (thick solid lines).

(7) 2004GL022228-FigureA3.eps
Time variations in differences (residuals, ppt) between CH3CCl3 observations and: (a) model predictions 
using the optimally estimated annual time-varying OH values (thick solid lines), and (b) model predictions 
using the time invariant optimally estimated OH values from a run in which we estimate only the coefficient
a in fp (dashed lines). Also shown (as vertical bars) are the monthly standard deviations (s) in the 
observed monthly means (c).
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Table A1

Contribution (%) to VarianceParameter Uncertainty

Concentration Trend

UT-S diffusion time +100%, -50% 0.46 3.86

NH-SH (UT) diffusion time 30%

NH-SH (LT) diffusion time 30% 0.20 0.47

Diffusion times within NH, SH 30% 0.04 0.34

Inverse lifetimes in S 34% 5.86 7.15

Temperature 1 K 0.89 0.0

Oceanic inverse lifetime +12%, -35% 0.63 0.0

Rate constant (OH) 15% @ 298 K 62.21 0.0

Calibration (CH3CCl3) 2.5% 1.15 1.92

OH horizontal gradient (a) 0.28 0.0

OH vertical gradient (a) 25.63 0.32

Annual emissions (b) 2.65 9.02

Emission trend (b) 0.00 76.91



Table A2

Year        Ε  +σ  -σ   ∆Ε Year Ε +σ -σ ∆Ε

1951 0.05 0.02 -0.02 0.00
1952 0.10 0.00 0.00 0.00

1953 0.39 0.05 -0.05 -0.01
1954 1.19 0.14 -0.15 -0.03

1955 3.44 0.44 -0.45 -0.07
1956 6.10 0.68 -0.70 -0.12

1957 9.28 1.00 -1.01 -0.18
1958 10.58 1.10 -1.06 -0.18

1959 14.46 1.52 -1.53 -0.24
1960 18.05 1.85 -1.89 -0.28

1961 19.78 1.99 -2.00 -0.28
1962 27.79 2.91 -2.91 -0.40

1963 31.03 3.14 -3.18 -0.41
1964 35.73 3.62 -3.64 -0.43

1965 47.45 4.96 -4.92 -0.61
1966 68.53 7.29 -7.30 -0.98

1967 92.70 9.77 -9.74 -1.37
1968 113.07 11.65 -11.62 -1.61

1969 132.97 13.53 -13.55 -1.80
1970 139.67 6.27 -6.29 -1.55

1971 168.44 4.51 -4.51 -1.56
1972 211.78 7.08 -7.08 -2.22

1973 263.05 8.85 -8.85 -2.95
1974 301.96 8.83 -8.83 -3.29

1975 305.96 7.46 -7.46 -2.79
1976 378.16 12.08 -12.08 -3.84

1977 456.81 14.67 -14.67 -4.94
1978 507.74 13.96 -13.96 -5.26
1979 506.17 12.15 -12.15 -4.33

1980 533.51 12.95 -12.95 -3.99
1981 545.76 12.87 -12.87 -3.25

1982 521.10 12.45 -12.45 -1.90
1983 534.15 12.59 -12.59 -1.60

1984 582.83 14.75 -14.75 -2.17
1985 591.59 14.09 -14.09 -1.66

1986 600.81 14.09 -14.09 -1.44
1987 621.45 14.66 -14.66 -1.55

1988 663.74 16.29 -16.29 -2.26
1989 688.33 16.52 -16.52 -2.42

1990 715.08 17.06 -17.06 -2.67
1991 634.54 17.49 -17.49 -0.46

1992 594.08 14.75 -14.75 0.83
1993 385.80 29.29 -29.29 5.80

1994 290.51 21.97 -21.97 7.51
1995 241.86 9.78 -9.78 7.61

1996 102.88 10.58 -21.78 9.41
1997 48.63 16.63 -14.96 9.14

1998 31.89 15.36 -7.70 7.70
1999 27.53 6.14 -6.14 6.14

2000 24.12 4.46 -4.46 4.46
2001 15.84 3.20 -3.20 3.20
2002 14.70 1.82 -1.82 1.82
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