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Three-dimensional climatological distribution of 

tropospheric OH' Update and evaluation 

C. M. Spivakovsky, 1 J. A. Logan, 1 S. A. Montzka, 2 Y. J. Balkanski, 1'3 
M. Foreman-Fowler, TM D. B. A. Jones, 1 L. W. Horowitz 1,• A C Fusco, 1 
C. A.M. Brenninkmeijer, e M. J. Prather, 7 S.C. Wofsy, • and M. B. McElroy • 

Abstract. A global climatological distribution of tropospheric OH is com- 
puted using observed distributions of 03, H20, NOt (NO2+NO+2N2Os+NO3 
+HNO2+HNO4), CO, hydrocarbons, temperature, and cloud optical depth. Globa.1 
annual mean OH is 1.16 x 10 • molecules crn -3 (integrated with respect to mass of 
air up to 100 hPa within 4-32 ø latitude and up to 200 hPa outside that region). 
Mean hemispheric concentrations of OH are nearly equal. While global mean OH 
increased by 33% compared to that from Spivakovsky et al. [1990], mean loss 
frequencies of CH3CCi3 and CH4 increased by only 23% because a lower fraction of 
total OH resides in the lower troposphere in the present distribution. The value for 

temperature used for determining lifetimes of hydrochlorofiuorocarbons (HCFCs) 
by scaling r•te constants [Prather and Spivakovsky, 1990] is revised from 277 K to 
272 K. The present distribution of OH is consistent within a few percent with the 
current budgets of CH3CC13 and HCFC-22. For CH3CC13, it results in a lifetime 
of 4.6 years, including stratospheric and ocean sinks with atmospheric lifetimes of 
43 and 80 years, respectively. For HCFC-22, the lifetime is 11.4 years, allowing 
for the stratospheric sink with an atmospheric lifetime of 229 years. Corrections 
suggested by observed levels of CH2C12 (•nnu•l means) depend strongly on the 
rate of interhemispheric mixing in the model. An increase in OH in the Northern 
Hemisphere by 20% combined with a decrease in the southern tropics by 25% is 
suggested if this rate is at its upper limit consistent with observations of CFCs 
•nd SSKr. For the lower limit, observations of CH2C12 imply •n increase in OH in 
the Northern Hemisphere by 35% combi'ned with a decrease in OH in the southern 
tropics by 60%. However, such large corrections are inconsistent with observations 
for 14CO in the tropics and for the interhemispheric gradient of CH3CC13. Industrial 
sources of CH2C12 are sufficient for balancing its budget. The available tests do 
not establish significant errors in OH except for a possible underestimate in winter 
in the northern and southern tropics by 15-20% and 10-15%, respectively, and an 
overestimate in southern extratropics by ,-•25%. Observations of seasonal variations 
of CH3CC13, CH2C12, 14CO, and C2H6 offer no evidence for higher levels of OH in 
the southern than in the northern extratropics. It is expected that in the next few 
years the latitudinal distribution and •nnu•l cycle of CH3CC13 will be determined 
primarily by its loss frequency, allowing for additional constraints for OH on scales 
smaller than global. 

1. Introduction 

Ever since Levy [1971] presented a model of tropo- 
spheric chemistry with the hydroxyl radical as the key 

species, efforts have continued to estimate accurately 

its concentration in the troposphere [e.g., McConnell 
et al., 1971; Weinstock and Niki, 1972; Warneck, 1974; 

Wofsy, 1976; Singh, 1977a, b; Lovelock, 1977; Crutzen 

and Fishman, 1977; Fishman et al., 1979; Makide and 
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Rowland, 1981; Logan et al., 1981; Chameides and Tan, 

1981; Volz et al., 1981; Crutzen and Gidel, 1983; Prinn 

et al., 1983, 1987, 1992, 1995; I(halil and Rasmussen, 

1984; Fraser et al., 1986; Thompson and Cicerone, 

1986a, b; $pivakovsky et al., 1990; Thompson et al., 

1990; Crutzen and Zimmermann, 1991; Brenninkmei- 

jet et al., 1992; Maket al., 1992, 1994; Krol et al. 

1998]. The abundance of OH determines lifetimes for 
CH4, CO, and a variety of industrial pollutants, but the 

quest for accuracy has roots beyond the need to esti- 

mate the lifetimes of these gases. The chemistry of OH 

comprises tightly coupled, mutually compensating re- 
actions which in effect provide a buffer against changes 
in precursors and rate constants. Decades apart, Levg 

[1971], Logan et al. [1981], and Spivakovskg et al. [1990] 
derived similar estimates for the abundance of OH in 

the troposphere despite considerable evolution in the 

understanding of both the chemical mechanism and the 
characterization of precursors. Errors of 15-25% in the 

global mean concentration of OH may signify major 
misconceptions about the chemistry or the abundance 

of precursors of OH in the troposphere. At the same 

time, testing global models for OH has been associated 

with uncertainties of a similar or larger magnitude in- 

trinsic to deriving an estimate indirectly from budgets 
of species for which reaction with OH provides the dom- 
inant sink and the sources are believed to be known: 

CHaCCla [e.g., $ingh, 1977a, b; Lovelock, 1977; Makide 
and Rowland, 1981; Logan et al., 1981; Chameides and 

Tan, 1981; I•'halil and Rasmussen, 1984; Fraser et al., 

1986; Prinn et al., 1983, 1987, 1992, 1995] and •4CO 
[e.g., Weinstock and Niki, 1972; Volz et al., 1981; Bren- 

ninkmeijer et al., 1992; Mak et al., 1992, 1994] (see 
Thompson [1994] for a review of studies of tropospheric 
OH through the early 1990s). 

Significant recent developments have affected both di- 

rect and indirect methods for estimating the abundance 

of OH in the troposphere. Most notably, the budget of 
CHaCCla was modified by an 18% decrease in the cal- 

ibration of CHaCCla [Prinn et al., 1995], a decrease in 
the recommended rate constant for reaction with OH 

(by ,•15% at 277 K) [Talukdar et al., 1992] and the 
discovery of an ocean sink [Butler et al., 1991]. Obser- 
vations of Brenninkmeijer et al. [1992], Brenninkmeijer 
[1993] and Mak et al. [1992, 1994], together with ear- 
lier measurements of Volz et al. [1981], provided for 
the first time a comprehensive description of the tro- 

pospheric distribution of •4CO. Initial interpretation of 
these measurements indicated significantly higher con- 

centrations of OH than those predicted by models or 

inferred from the budget of CHaCCla at the time [Mak 
et al., 1992]. In addition, lower concentrations of 

in the Southern Hemisphere (SH) than in the North- 
ern Hemisphere (NH) led to the suggestion that con- 
centrations of OH are significantly lower in northern 

than in southern midlatitudes [Brenninkmeijer et al., 
1992], whereas most models predicted slightly higher 
concentrations of OH in the north [e.g., $pivakovskg et 

al., 1990, Crutzen and Zimmermann, 1991]. Increas- 
ingly, however, it has been recognized that concentra- 

tions of •4CO are as sensitive to rates of transport in 
the atmosphere as to the abundance of OH and that 

the initial interpretations of observations of •4CO must 
be revised [$pivakovskg and Balkanski, 1994; Maket 
al., 1994; Brenninkmeijer et al., 1999; P. Quay 

(Atmospheric •4CO: A tracer of OH concentration and 
mixing rates, submitted to Journal of Geophgsical Re- 

search, 1999)]. 

Recent developments affecting the computation of 
tropospheric OH include the suggestion by Michelsen et 

al. [1994] of a nonnegligible quantum yield for O(•D) 
at wavelengths between 312 to 320 nm, confirmed by 

laboratory measurements [Talukdar et al., 1998]. There 
have been changes in recommendations for other key 

rate constants [DeMote et al., 1994, 1997], in particular, 
a decrease in the rate for reaction of OH with methane 

(19% at 277 K). New observational data afford a bet- 
ter definition of precursors for OH, such as 03, NOt 

(defined as NO2 + NO + 2N205 +NOa + HNO2 + 
HNO4), CO, and H20. Reactions with nonmethane hy- 
drocarbons (NMHC), omitted in earlier studies because 
of lack of observations, can now be included. The distri- 

bution of cloud cover, highly uncertain in the past, can 

now be constrained by a global climatology afforded by 
satellite observations, International Satellite Cloud Cli- 

matology Project (ISCCP) [Rossow and $chiffer, 1991]. 
Remarkable advances have been made in measuring 

concentrations of OH [e.g., Eisele et al., 1997; Mount et 
al., 1997; Tanner et al., 19971; Mather et al., 1997; Mc- 

t{een et al., 1997; Wennberg et al., 1994, 1998; Brune et 

al., 1998]. Calculations of OH during the Tropospheric 
OH Photochemistry Experiment, constrained by con- 

current measurements of precursors, yielded estimates 

in agreement with observed values within 30% for clean 

air conditions [McI(een et al., 1997]. While these efforts 
lessen uncertainties in the current chemical mechanism 

and lead to its improvement, one has to rely on models 

to provide an integrated measure of the oxidative ca- 

pacity of the atmosphere over large regions because of 
the extreme variability of OH in time and space. 

The goal of this paper is to present an up-to-date 

global distribution of tropospheric OH (essentially an 

update of that provided by $pivakovsky et al. [1990], 
hereinafter referred to as S90) and to evaluate the com- 
puted distribution using available observations of trac- 
ers. Unlike studies that compute the distribution of 

OH as a byproduct of a fully coupled simulation of 

On, NOx (NO + NO•), CO, and hydrocarbons [e.g., 
Muller and Brasseur, 1995; Roelofs and Lelieveld, 1995; 
Wang et al., 1998a, b, c; Hauglustaine et al., 1998], 
which may suffer from imperfections in various aspects 
of the model, such as transport, deposition, and emis- 
sions, this study specifies distributions of precursors for 

OH based on observations, that is, according to our best 
present knowledge. The crudeness of the specified dis- 
tributions is an inevitable disadvantage of our approach. 
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However, by relying on observations, we avoided corre- 

lation of errors expected in a fully coupled chemical 

tracer model (CTM) (e.g., an underestimate of NOx re- 
sulting in an underestimate of Oa and overestimate of 

CO). In some regions, as discussed below, lack of obser- 
vations hinders equally efforts either to evaluate CTMs 

or to determine typical values for specification of pre- 
cursors. 

The distribution of OH, archived monthly with a res- 

olution of 10 ø longitude, 80 latitude, and seven pressure 

levels (nine in the tropics), can be obtained in electronic 
form from the authors. This archive also includes con- 

centrations of precursors for OH as well as computed 

distributions of key intermediate species and J values. 

We begin by characterizing distributions of precur- 

sors for OH in section 2, describing the photochemical 

model in section 3 and presenting computed concen- 

trations of OH in section 4. The sensitivity of OH to 

uncertainties in the specification of various precursors is 

discussed in section 5. In section 6 we update the proce- 

dure for estimating lifetimes by reference to known life- 

times of other species [Prather and •Cpivakovsky, 1990]. 
In section 7 we briefly describe the CTM used for simu- 

lations of CH3CC13, CHF2C1 (HCFC-22), •4CO, C2H6, 
CuC14, and CHuClu in the context of constraints ob- 

servations of these gases pose for the computed distri- 

bution of OH. In section 8, observations of CH3CC13 

and HCFC-22 are used to test the global annual mean 

concentration of OH. We show that the present distri- 

bution of OH is consistent within a few percent with 

current budgets of these gases. In section 9 we con- 

tinue to explore means to test computed distributions 

of tropospheric OH on scales smaller than global [e.g., 
S90; Brenninkmeijer et al., 1992; Mak et al., 1992, 

1994; $pivakovsky and Balkanski, 1994; Goldstein et al., 

1995a] using observations of CH3CC13, C2H6, C2C14, 
and CH2C12. The utility and limitations of observa- 

tions of •4CO for evaluating concentrations of OH are 
discussed in section 10. In section 11 we delineate the 

unique opportunities to test OH that may arise in the 

next few years due to phasing out emissions of CH3CC13 

[S90; Ravishankara and Albritton, 1995]. Section 12 
summarizes the main conclusions. 

2. Distributions of Precursors for OH 

2.1. Ozone 

We replaced zonal mean column densities of 03 from 

Total Ozone Mapping Spectrometer (TOMS) Version 5 
used in S90 with a two-dimensional (2-D) climatology 
derived from TOMS Version 7 for 1978-1992. Zonal 

means for the new values are 3% lower at midlatitudes. 

The consequent impact on global mean OH is less than 
1%. 

The global distribution of tropospheric 03 was spec- 
ified using the climatology developed by Logan [1999] 
for 1980-1993, incorporating ozonesonde data, tropo- 

spheric 03 columns ("tropospheric residual") [Fishman 
et al., 1990; Fishman and Brackett, 1997], and surface 
observations. The main improvement in the specifica- 

tion of 03 (as compared to S90) is the resolution of 
longitudinal gradients in the tropics. The revised clima- 
tology reflects a prominent feature of the tropospheric 
residual, high concentrations of 03 over a large area 
of the southern tropics during the biomass burning pe- 
riod. There is no indication in the observational data 

for a comparable increase in 03 in the northern trop- 

ics, despite the fact that similar amounts of biomass 
are believed to be burned in the two regions [Hao et 

al., 1990]. The sparseness of measurements for 03 in 
the tropics does not allow for confirmation of the tro- 

pospheric column derived from the satellite data for the 

northern tropics [Logan, 1999]. The new climatology of 
03 results in an increase of 3% in mean tropospheric 

OH, as compared to S90. 

2.2. Water Vapor 

The distribution of water vapor was specified using 

monthly means from the European Centre for Medium- 

Range Weather Forecasts (ECMWF) archived at the 
National Center for Atmospheric Research (NCAR), av- 
eraged over 1986-1989[Trenberth, 1992]. The ECMWF 
moisture fields for that period have undergone extensive 

comparisons with observations. Liu and Tang [1992] 
used radiosonde soundings from a global network, in- 

cluding 52 tropical stations, to evaluate the surface and 
column-integrated specific humidity. In addition, they 

compared the latter over oceans with 25 months of satel- 

lite observations from Special Sensor Microwave Imager 
(SSM/I) and found good agreement over most of the 
area. The mean and standard deviation of differences 

between the ECMWF and radiosonde data sets were 

0.04 and 0.36 gcm -2, respectively (the range of mea- 
surements was 0.5-7 g cm-2). Significantly, the mean 
and standard deviation of differences between satellite 

and radiosonde data were similar in magnitude: -0.02 
and 0.37 gcm -u Large discrepancies appear to be 
confined to relatively small areas off the west coast of 

continents, where the ECMWF values are higher than 
observational data by up to a factor of 2. 

The column-integrated mean humidity reflects mainly 

the amount of water vapor in the lower troposphere. 

$oden and Bretherto• [1994] evaluated ECMWF rela- 
tive humidity fields integrated from 500 to 200 hPa us- 

ing satellite observations from GOES for 60øS - 60øN 

and 150øW - 0 ø (the 6.7-ym channel spectral measure- 
ments attribute highest weight to values between 400 

and 250 hPa). They report relative differences between 
the ECMWF values and those from GOES of "roughly 
23% to 45% in the regions of subtropical subsidence, 0% 
to 23% over the northern and southern midlatitudes, 
and -23% to -45% over areas of deep tropical con- 

vection" [Soden and Bretherton, 1994, p. 1,206]. As 
discussed in section 5, concentrations of OH above 300 

hPa depend little on specific humidity. 
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In comparison to this study, tropical humidity in S90 

was too low below 800 hPa by 10-25% and too high 

by 20-30% at 700 hPa over the oceans. The change in 
global mean OH due solely to the revisions adopted for 

water vapor was small, however (,-- 3% increase). 

2.3. Nitrogen Oxides 

The distribution of NOt (Table 1) was based on an 
analysis of aircraft, shipboard and surface data for NO 

and NOs. [e.g., Torres and Thompson, 1993; Carroll and 
Thompson, 1995; Emroohs et al., 1997; Bradshaw et al., 

2000]. Profiles for NOt in Table 1 were obtained using 
observations of NO, that is, by ensuring that the peri- 

odic solution of the system of kinetic equations repre- 

senting the full chemical mechanism (with a period of 24 
hours) provides NO values in agreement with daytime 
observations for NO. In the continental boundary layer 

in some regions, as described below, values for NOt de- 

rived in this manner were replaced using observations 
of NOx. 

In deriving vertical profiles for NO, we used the anal- 

ysis of Bradshaw et al. [2000] who gridded data from 

the NASA Global Tropospheric Experiment (GTE) and 
Airborne Arctic Stratospheric Experiment (AASE) air- 
craft campaigns, supplemented by measurements from 
other campaigns [e.g., Drummond et al., 1988; ICondo 
et al., 1993; Rohrer et al., 1997]. Although these data 
are not sufficient in spatial or temporal extent to define 

a climatology for NO, they provide a series of "snap- 
shots" that show some consistent patterns; for example, 

concentrations of NO in the marine boundary layer are 

low, a few parts per trillion by volume (pptv), those 
from 4 to 6 km tend to be in the range 10-40 pptv over 

both oceans and continents, while values for 10-12 km 

are generally in the range 10 to 150 pptv. Over the 
polluted continents, boundary layer concentrations are 

Table la. Distribution of NOt 

90øS-30øN 30øN-90øN 

Pressure, hPa Ocean Land Ocean Land 

1000 11 67 23 184 

900 13 65 28 155 

800 13 57 25 117 

700 22 47 34 83 

500 31 33 53 56 

300 93 94 172 176 

200 135 137 224 247 

150 129 131 - - 

100 132 133 - - 

Except (1) for the continental boundary layer over indus- 
trial regions of Europe, North America and South-East Asia 
where i ppbv of NOt was assumed in summer and 2 ppbv 
in winter, and (2) for tropical regions affected by biomass 
burning where Table lb applies. Concentrations of NOt are 
in pptv. 

Table lb. NOt in Biomass Burning Regions 

Pressure, hPa Ocean • Land b 

1000 12 219 

900 33 223 

800 45 213 

700 55 125 

500 70 70 

300 219 220 

200 275 276 

150 262 260 

100 260 257 

Concentrations of NOt are in pptv. 

•Over Atlantic (0ø-24øS) in July-October. 
hover Africa and South America (0ø-24øS) in July-Octo- 

ber and over Africa (0ø-16øN) in November-March. 

from 100 pptv to several parts per billion by volume 

(ppbv), and the profiles are C shaped [e.g., Drummond 
et al., 1958], while in remote areas, such as the Ama- 
zon, concentrations are much lower, 10-40 pptv [Torres 
and Buchan, 1988]. Boundary layer concentrations in 
remote regions affected by biomass burning are elevated 
compared to those removed from such influence. Based 

on the features seen in the observations, we allowed for 

different profiles for NO over land and ocean, south and 

north of 30øN, and for a region in the southern tropics 

(0 ø - 24øS, 60øW- 45øE), with higher concentrations 
over the latter region in austral winter-spring using ob- 
servations from the Transport and Atmospheric Chem- 

istry Near the Equator-Atlantic (TRACE-A) mission. 
The standard "land" and "ocean" profiles are identical 
above 6 km. 

The profiles selected for NO are compared in Figure 

1 to observations in various parts of the world [Brad- 
shaw et al., 2000; GTE data archives, 1998]. In addi- 
tion to the data shown in the figure (from which the 
selected profiles were largely derived), the ocean pro- 
file for 30ø-90øN agrees well with measurements from 

Stratospheric Ozone Experiment (STRATOZ) III from 
the east coast of North America and the west coast 

of Europe in June 1984 [Ehhalt and Drummond, 1988; 
Drummond et al., 1988]; mean NO values for 20ø-70øN 
were only 20% larger than the standard profile in Figure 
la for 3-8 km, and were about a factor of 2 larger for 

10-12 km. Measurements from the Tropospheric Ozone 

Experiment (TROPOZ) II in January 1991 [Rohrer et 
al., 1997] close to Europe-(not shown) were within a fa.c- 
tot of 2 or less of the standard profile in Figure l a, but 

downwind of North America were much higher, 100-300 

pptv for 2-6 km. For 30øN-90øN over land (Figure lb), 
in addition to the data included in the figure, Ridleg et 

al. [1994] observed values for NO as low as 20 pptv at 
4-6 km over New Mexico in summer, similar to those 

over the oceans, while values above 6 km were factors 

of 2-3 higher than those in Figures la and lb, because 

of the bias in sampling near convective storms. 
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Figure 1. Vertical profiles of NO. The heavy solid lines show the profiles adopted for three 
regions, land and ocean: 30øN-90øN, 90øS-30øN (based on data from 30øN-35øS), and the South 
Atlantic region affected by biomass burning for 24øS-0øS, between 60øW and 45øE in August- 
October. These are compared with observations for 30øN-90øN, (a) ocean and (b) land; for the 
tropics, 35øS-30øN, (c, d, and e) ocean and (f) land; for the South Atlantic region, (g) ocean 
and (h) land; (i) for southern midlatitudes (the same profile as adopted for 35øS-30øN, ocean). 
Profiles compiled from observations for subregions are taken from Wang et al. [1998b], where the 
regions are defined, with the addition of data from PEM-Tropics [Bradshaw et al., 2000; GTE 
data archives, 1998] for which the data were averaged over the following areas: tropical South 
Pacific (region 26, 5øN-15øS, 170øE-130øW); subtropical South Pacific (region 27, 10øS-35øS, 
170øE-145øW); Easter Island (region 28, 10øS-35øS, 120øW-105øW); New Zealand (region 29, 
35øS-55øS, 170øE-170øW); Antarctic (region 30, 55øS-75øS, 170øE-170øW); South Easter Island 
(region 31, 35øS-55øS, 115øW-105øW). The profiles from the subregions are averages over all NO 
points obtained with solar zenith angle of less than 700 
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The standard ocean profile of NO adopted for 30øN - 

35øS is similar to or higher than NO observed in the 
vicinity of Hawaii, in the western Pacific, and in the 

southern Pacific in September/October (Figures lc and 
ld), while observations from the western Pacific in win- 
ter are somewhat higher than the standard profile (ex- 
cept in the middle troposphere). NO values reported for 
flights from Japan to Indonesia at 4.5 km (not shown) 
were about 20 pptv in continental plumes in winter and 

summer, but only 7 pptv in marine air near the equa- 

tor [Kondo et al., 1993]. The standard ocean profile 
for 30øN-35øS is similar to mean profiles for these lat- 

itudes derived from measurements made as part of Pa- 

cific Exploratory Mission (PEM)-Tropics [Bradshaw et 
al., 1999] (Figure le). The NO profile selected for land 
in the tropics is based on longitudinal transects from 

Arctic Boundary Layer Expedition (ABLE) 2A over 
much of the Amazon [Torres and Buchan, 1988], while 
observations in Figure if are for the area around Man- 
aus only. Mean values for NO from TROPOZ II data 

are 20-60 pptv for 4-8 km between 30øS and 30øN over 

the Americas, higher than the standard profiles (not 
shown). The NO profiles selected for tropical regions 
affected by biomass burning are based on limited data 
available from TRACE-A (Figure lg for the Atlantic 

Ocean, and Figure lh for the adjoining continents). 
The land profile for NO for regions of Africa and South 
America affected by biomass burning in June - Octo- 
ber was used over sub-Saharan Africa for the biomass 

burning season in November- March. 

We chose to use the NO profile for 35øS to 30øN for 

southern midlatitudes prior to the availability of data 
from PEM-Tropics A and TROPOZ II. The measure- 
ments from PEM-Tropics A south of 35øS tend to show 

lower concentrations of NO than the standard profile, 
by about a factor of 2 below 5 kin, and by as much 

as a factor of 2-6 at 8 km and above (Figure li). How- 
ever, the TROPOZ II data from the west coast of South 

America tend to be higher than the selected profile 
for southern midlatitudes, by up to a factor of 3 (not 
shown). These differences may reflect seasonality in 
sources of NO•:, but data are insufficient to resolve this 

uncertainty. 

Below 300 hPa, NOt is present primarily as NOx, ex- 
cept in winter at temperate latitudes. Concentrations 

of NO•: (and NO) are highly variable in surface air over 
the northern continents. The NO value near the sur- 

face selected for the standard profile in Figure lb cor- 
responds to about 180 pptv of NO•:. Concentrations of 
NO•: reported for remote locations in the United States 

and Nova Scotia are --•100-300 pptv, while median val- 
ues at more polluted rural sites in the eastern U.S. and 

Canada are 1-2 ppbv in summer, with somewhat higher 
values in winter; mean values are higher than median 
values [Carroll and Thompson, 1995; Emroohs ½t al., 
1997; Munger et al., 1998]. In the boundary layer over 
industrial regions of Europe and North America we as- 

sumed 1 ppbv of NOt in summer and 2 ppbv in winter. 

Concentrations of NOt adopted for this study are 
higher than in S90 by factors of 2-5 in the tropics over 
regions affected by biomass burning and over industrial 
regions at northern midlatitudes. In addition, concen- 
trations of NOt below 800 hPa over oceans are higher 
in the present work, by factors ranging from 1.5 to 2. 
The changes in the distribution of NOt resulted in an 

increase of--•7% in mean OH as compared to S90. 

2.4. Carbon Monoxide 

For CO we took an approach different from that for 
03 and NOt. There was no published 3-D climatol- 
ogy for CO as was the case for 03, and in contrast 
to NOt, for CO there was a wealth of surface observa- 

tions and, in some locations, column observations. We 
used the CTM as an interpolator to obtain a smooth 
distribution of CO consistent with observations. For 

this purpose the inventory of emissions presented by 
Wang et al. [1998a] was adjusted to provide satisfactory 
agreement with observations of CO from NOAA Cli- 

mate Monitoring and Diagnostics Laboratory (CMDL) 
and other surface sites [Novelli et al., 1998; W. Munger, 
personal communication, 1997; Schcel et al., 1990], and 
where available, with observations of the CO column 

[Dvorgashina et al., 1984; Zander et al., 1989; Rinsland 
et al., 1998] (using the distribution of OH from S90). 
The agreement between observations and the distribu- 

tion of CO specified in the present calculation of OH is 

illustrated in Figures 2a, 2b and 2c for surface, column, 
and aircraft data, respectively. 

Specified values for CO are consistent with GTE air- 

craft observations over the tropical Pacific and Atlantic, 
as well as off the west coast of South Africa and east 

coast of Southern Brazil (Figure 2c). Model levels are 
also in agreement with observations over Kansas and 

Maine. Good agreement was also found at southern 

middle and high latitudes over the Pacific in Septem- 
ber, but values over New Zealand are too low above 

500 hPa. Over the Hawaiian region, specified values 
are higher than observations by 20-35% in January but 
are in agreement in August. Over the West Coast of the 

United States both in winter and summer (not shown) 
as well as off the coast of Japan and China specified 
values are too high. 

We also compared the adopted distribution of CO 
with satellite observations, Measurement of Air Pol- 

lution from Satellites (MAPS), which give the major 
weight to the region between 500 and 250 hPa, for 
10 days in April and October (not shown). In April, 
model levels are consistent with observations, except 
at southern midlatitudes where the former are too low 

by as much as 35%. In October, the same discrepancy 
is evident at southern midlatitudes, and in addition, 
she biomass burning plumes in the SH are much less 

pronounced in the model than in MAPS observations, 
consistent with the underestimation of the column data 

of Rinsland et al. [1998] for October (Figure 2b) at 
Lauder. 
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Figure 2. Comparison of model results (lines) used to specify the global distribution of CO with 
observations at selected sites (a) at the surface, (b) for the column, and (c) using aircraft data 
from GTE campaigns. For the surface, open circles, solid circles, and squares denote observations 
of Novelli et al. [1998], Scheel et al. [1990], and W. munger (personal communication, 1997, 
averages over 1990-1994), respectively. For the column, squares, triangles and diamonds refer 
to observations of Dvoryashina et al. [1984], Zander et al. [1989], and Rinsland et al. [1998], 
respectively. For the aircraft data, profiles where compiled using GTE data archives for regions 
defined in caption for Figure 1, with the exception of Hawaii, region 32, 15øN-25øN, 155øW - 
165øW, from the Stratospheric Tracers of Atmospheric Transport (STRAT) mission; Kansas, 
region 35, 35øN-40øN, 94øW-101øW, from Subsonic Aircraft Contrail and Cloud Effects Special 
Study; Maine coast, region 36, 41øN-50øN, 55øW-72øW; and Ireland, region 37, 49øN-54øN, 
3øW-13øW from Subsonic Assessment (SASS) Ozone and Nitrogen Oxide Experiment (SONEX). 
Means are denoted by asterisks, medians are shown as vertical lines inside boxes, 25% and 75% 
quantties are represented by boxes, and 10% and 90% quantties are marked by dots. 
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Concentrations of CO used in this study are about 
20% lower in the SH and in the northern tropics as 
compared to S90 [cf. Manning et al., 1997], resulting 
in an increase of--•7% in global mean OH. It is possi- 
ble, however, that an underestimate of CO at southern 

midlatitudes suggested by the MAPS data contributed 

to an overestimate of OH in that region discussed in 
section 9. 

2.5. Hydrocarbons 

The methane field was assumed uniform in each semi- 

hemisphere with values from south to north of 1645, 
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Figure 3. Concentration of OH (10 s molecules cm -3) 
at the surface at 15øS versus concentration of isoprene 

in January, with NOt at 67 pptv (solid line) and in July, 
with NOt a,t 219 pptv (dashed line). NO.• constitutes 
more than 99.% of NOt. 

1655, 1715, and 1770 ppm, respectively [Dlugokcnck•l 
½t al., 1994, 1995] (for the present resolution, actual 
divisions are at 32øS, the equator and 32øN). 

Isoprene provides a major sink for OH near the sur- 
face over land in the tropics and at midlatitudes in sum- 

mer [e.g., Greenberg ½t al., 1985; Zimmerman ½t al., 
1988; Jacob and Wofs9, 1988]. Concentrations of iso- 
prene, however, are highly variable in space and time, 
and measurements are few. We specified the distribu- 

tion of isoprene simulated using the model of Horou•itz 
and Jacob [1999]. Emissions of isoprene were reduced 
for tropical forests and grassland by factors of 2 and 3, 
respectively, and increased for "snowy mixed" forests 
(terminology from Guenther et al. [1995]) by a factor 
of 3. In these modifications we were guided by com- 

parisons of model results with observations for vertical 
profiles of isoprene [t•asmusscn and I(halil, 1988; Jacob 
and Wofsy, 1988; Ayers and Gilett, 1988; Andronache 
et al., 1994; Guenther et al., 1996; Helmig et al., 1998; 
GTE data archives, 1998]. For tropical forests, such a 
decrease in emissions is also supported by direct esti- 

mates of Jacob and Wofsy [1988, 1990] and Ii'lin9er et 
al. [1998]. In addition, emissions for "dry taiga" were 
reduced by a factor of 3 (A. Guenther, personal com- 

munication, 1998). 

Over large regions, however, concentrations of iso- 
prene are highly uncertain. Nevertheless, for isoprene 
above .-•250 pptv, OH is depleted by more than a factor 
of 2, as shown in Figure 3, and therefore uncertain- 
ties in concentrations of isoprene above that level do 

not contribute significantly to those in the tropospheric 

column of OH. At concentrations of isoprene above 500 

pptv, the sensitivity of OH to isoprene is greatly di- 

minished because production of OH is dominated by 

photolysis of products of isoprene oxidation, such as 

CH20 and organic peroxides. As a result, a larger un- 

certainty in OH is associated with the spatial extent 

of concentrations of isoprene in excess of 50-100 pptv 

than with the accuracy of the specified values above 

500 pptv. The lifetime of isoprene away from imme- 

diate sources is counted typically in hours. Little er- 

ror is expected to result therefore from uncertainties in 

the horizontal transport in the CTM. However, verti- 

cal transport within the boundary layer may be more 

rapid than chemical loss, and therefore the vertical ex- 

tent of significant levels of isoprene is sensitive to errors 

in the height of the boundary layer and the frequency of 

convection in the CTM [Horowitz and Jacob, 1999]. An 
additional uncertainty in OH is associated with the spa- 

tial extent of significant concentrations of longer-lived 
intermediate products of isoprene oxidation, for exam- 

ple, methacrolein and methylvinylketone, since our cal- 

culation of OH neglects the effect of transport of these 

compounds by forcing their concentrations to a peri- 

odic steady s•ate. Model results for isoprene with the 

40 by 50 resolution on •r surfaces were adopted for the 

80 by 100 resolution on standard pressure levels using 

linear interpolation in the logarithm of isoprene because 

of the highly nonlinear dependence of OH on isoprene. 
Concentrations of isoprene were specified with the time 

resolution of a month, with averaging in time conducted 

also for the logarithm of isoprene. Inclusion of isoprene 

decreased global tropospheric OH by 3%. For the dis- 
tribution of isoprene obtained using standard emissions 

from Horowitz and Jacob [1999] rather than reduced 
emissions, and with interpolation and averaging con- 

ducted for concentration (rather than for logarithm of 
concentration), global tropospheric OH decreased by 
9%. 

Apart from isoprene and methane, we considered 

12 hydrocarbons: alkanes (C2H6, C3H8, C4Hlo, and 
can•2), alkenes (Cull4 and c3n6), aromatics (c6n6, 
C7H8, and CaHlo), and oxygenated species (re_ethanol, 
ethanol, and acetone). Using observations, we devel- 
oped concentration profiles for four latitude regions, two 
seasons, and for land and ocean, and determined which 

species needed to be included in the calculation of global 
OH with a series of sensitivity studies. 

Measurements of hydrocarbons are most abundant 
for northern midlatitudes. Values selected for the conti- 

nental boundary layer were based primarily on the data 
from surface sites shown in Table 2 and were chosen 

to represent background conditions; values above the 

boundary layer in summer were based on data obtained 

near North Bay, Canada. Median vertical profiles were 

calculated for each hydrocarbon species for selected ge- 

ographic regions, using the GTE data merges provided 

by Bradshaw ½t al. [2000]. The marine profiles were 
based on data from the Arctic, near Goose Bay, Canada, 
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Table 2. Data for Alkenes and Alkanes at Northern Midlatitudes 

C2H4 C3Ho C2Ho C3H8 C4H10 CsHla C4+Cs Ce Ref. 

Averages for JJA, Surface Stations 
Kejimkujik • 160-190 70-90 1080 243 153 170 323 200 1 
Lac la Flamme • 120-210 50-60 1030 140 60 73 133 150 1 

Egbert • 170-300 50-70 1130 300 233 217 450 200 1 
Saturna • 220-260 60 970 310 273 233 406 170 1 

Fraserdale • ND ND 820 78 22 8 ND 2 

Rorvik, Sweden 213 34 817 215 381 243 624 ND 3 

Harvard Forest b 485/179 119/55 1537/959 663/265 419/116 533/153 952/269 107/40 4 

Averages for JJA, Aircraft Data 
ABLE-3A ND ND 820 49 8 (n-C4) 5 
ABLE-3B c 78/51 21/10 853/703 92/79 49/35 LOD/LOD 6 

PEM-A d 64/89 17/21 1021/1601 153/540 88 33 124/487 7(n-C6) 7 
PEM-A e 29/30 14/8 632/1019 57/154 20 13 34/101 LOD 7 

Selected for Northern Midlatitudes, JJA 
160 60 1000 250 300 40 

Averages for D JF, Surface Stations 
Kejimkujik • 300-530 60-170 2230 1350 1040 523 1560 340 1 
Lac la Flamme • 300 30-60 2370 1310 930 450 1380 280 1 

Egbert • 460-1230 60-160 3130 2080 1790 840 2630 370 1 
Saturna • 1000 60-210 2130 1160 1730 790 2520 42 1 

Fraserdale • ND ND 2450 1140 930 490 ND 2 

Rorvik, Sweden 995 172 2620 1316 1360 942 2310 ND 3 

Harvard Forest b 1112/402 181/45 3420/2290 1980/1170 1510/734 849/405 2358/1139 192/95 4 
Atlantic 2200 850 600 320 920 100 8 

(nC6+C7) 
PEM-B f 86/90 7/7 2258/2283 877/900 34 553/580 37/40 9 

400 45 
Selected for Northern Midlatitudes, DJF 

2200 1150 1150 100 

For PEM-West A and B, the first number shows the median of all measurements below 1 km for the selected region, 
and the second number shows the median for C• • 750 pptv (PEM-A) and for C•H6 • 1000 pptv (PEM-B). ND, no data. 
LOD, below detection limit. JJA, June, July, August; DJF, December, January, February. References are 1, Bottenheim 
and Shepherd [1995]; 2, Jobson et al. [1994]; 3, Lindskog and Moldanova, [1994]; 4, Goldstein et al. [1995b]; 5, Blake et 
al. [1992]; 6, Blake et al. [1994]; 7, Blake et al. [1996b]; 8, Penkerr et al. [1993]; 9, Blake et al. [1997]. Concentrations of 
hydrocarbons are in pptv. 

• Canadian stations. 

bThe first and second number correspond to a mean and a 10th percentfie, respectively. 
CThe first and second number correspond to values at North and Goose Bay, respectively. 
dNear the coast, north of 23øN. 
eEast of 143øE, north of 23øN. 
f North of 2 IøN. 

from the western Atlantic [Penkett ½t al., 1993], and 
from the eastern Pacific north of 21øN (PEM-West A); 
for PEM-West A a filter of C2H6 > 750 pptv was used 
to select midlatitude air. 

Winter profiles were selected for northern midlati- 

tudes in the same manner as for summer, but the air- 
craft data were limited to the western Atlantic and the 

eastern Pacific (PEM-West B), and a few profiles mea- 
sured in the vicinity of California [$ingh ½t al., 1988]. 
We used a filter of C2H6 > 1000 pptv to select midlat- 

itude values from PEM-West B (for latitudes > 21øN) 
and used these values above 3 kin for land and for the 

entire profile for ocean; this resulted in profiles similar 

to those reported by $ingh et al. [1988] and Rudolph 

[1995] for the alkanes. Concentrations of alkenes in the 
marine boundary layer, which are short lived even in 

winter, were taken from Rudolph and Jobhen [1990]. 
Vertical profiles for the tropics were derived largely 

from PEM-West A (10øN-22øN) and B (7.5øN-21øN) 
in the eastern Pacific, TRACE-A in the South Atlantic, 
Brazil, and Africa, three cruises in the Atlantic [$ingh et 
al., 1988; Rudolph and Jobhen, 1990; Koppmann et al., 
1992], two in the Pacific [$ingh et al., 1988; Donahue 
and Prinn et al., 1993], and continental measurements 
in Africa and Brazil [e.g., Zimmerman et al., 1988; 
Rudolph et al., 19923]. Profiles above the boundary 
layer in the northern tropics were based almost exclu- 

sively on the PEM data, supplemented by limited mea- 
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surements on TRACE-A transit flights; in the southern 

tropics, they were based on TRACE-A data for Octo- 
ber, and on PEM-West B data near the equator for 
February. Continental data were lacking for the north- 
ern tropics, so the southern data were used to estimate 
concentrations in the wet and dry season. The conti- 
nental data are much cruder estimates of typical values 

as the measurements are for short time periods, usually 

a few weeks at most. Relatively few vertical profiles 
•ere measured over the continents during TRACE-A, 

and they appear reasonably consistent with the surface 
data from the dry season reviewed by Rudolph et al. 

Profiles derived for southern midlatitudes were based 

on measurements from cruises to ---30øS [Rudolph and 

Johnen, 1990; Koppmann et al., 1992] and vertical 
profiles from TRACE-A that sampled midlatitude air, 
based on backward trajectory calculations. These data 

gave lower concentrations of alkanes than surface data 
from 70øS reported by Rudolph et al. [1992b] but were 
thought to be more representative of middle latitudes. 

The concentration profiles for hydrocarbons are most 

reliable for alkanes, and the reliability decreases for 

aromatics and oxygenated species, simply because of 
the quantity of measurements; for short-lived hydrocar- 
bons, such as alkenes, the high spatial and temporal 
variability results in greater uncertainties. The profiles 
are better known for June to October than for Decem- 

ber to March, because of the timing of the aircraft cam- 

•paigns, and for northern midlatitudes compared with 
any other region, because of the availability of surface 
data, and of several sets of aircraft data. While the 

vertical profiles selected for the tropics are less defined 

than those for northern midlatitudes, there appears to 

be reasonable consistency among the tropical measure- 
ments as shown in Table 3 for alkenes. 

Surface measurements of benzene and toluene were 

available for only a few remote surface sites and cruises 

[Rasmussen and Khalil, 1983; Nutmagul and Cronn, 
1985; Dann and Wang, 1995], in addition to measure- 
ments from aircraft campaigns [Penkett et al., 1993; 
Blake et al., 1994, 1996a, b, 1997]. Concentrations of 
toluene and xylenes were often below detectable levels 

(2 pptv) in the SH [Blake ½t al., 1994, 1996a, b]. We 
found that at present levels reactions involving aromat- 

ics have an impact of less than 2% on computed concen- 

trations of OH over most of the globe. Given that in- 

clusion of aromatics adds significantly to computational 

cost, we chose to exclude them from our calculation [cf. 
Houweling et al., 1998]. 

Acetone was measured on the GTE campaigns in 

eastern Canada, the eastern Pacific (February-March), 
and the south tropical Atlantic, ethanol on the last two 

of these, and methanol in the eastern Pacific [Singh 
et al., 1994, 1995, 1996a]. Acetone concentrations for 
northern midlatitudes were about the same in sum- 

mer and winter, ---600 pptv. Methanol concentrations 

were also about 600 pptv in northern winter, but data 

for other seasons were lacking. Ethanol concentrations 
were smaller, 50-80 pptv in the NH and below the limit 

of detection (20 pptv) in the SH in October. 
Omission of isoprene and other NMHCs results in an 

increase in global tropospheric OH by 3% and 7%, re- 
spectively [cf. Donahue and Prinn et al., 1993; Houwel- 

Table 3. Near Surface Data for Alkenes 

Location Season C2H4 C3H6 Reference 

Northern Tropics 

Atlantic cruise Sep./Oct. 30 ND 1 
Pacific aircraft (10øN-22øN) Oct. 20 8 2 
Pacific aircraft (0ø-10øN) Oct. 24 8 2 
Atlantic cruise Mar./Apr. 70 15 3 
Pacific cruise (0ø-10øN) Feb./Mar. 60 50 4 
Pacific aircraft (7øN-21øN) Feb./Mar. 7 4 5 
Selected for Oct. 30 12 

Selected for Feb. 65 32 

Southern Tropics 

Atlantic cruise Sep./Oct. 22 ND 1 
Atlantic aircraft Oct. 13 4 6 

Atlantic cruise Mar./Apr. 25 10 3 
Pacific cruise Feb./Mar. 45 40 4 
Pacific aircraft Feb./Mar. 7 LOD 5 
Selected for Oct. 22 10 

Selected for Feb. 35 25 

Aircraft data are shown as median values from •300 m to 1000 m. References are 

1, Rudolph and Jobhen [1990]; 2, PEM-A, Blake et al. [1996b]; 3, Kopprnann et al. 
[1992]; 4, Donahue and Prinn [1993]; 5, PEM-B, Blake et al. [1997]; 6, TRACE-A, 
D. R. Blake, personal communication (1996). ND, no data; LOD, below detection limit. 
Concentrations of alkenes are in pptv. 
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ing ½t al., 1998]. Wang ½t al. [1998c] found that the 
global mean OH increased by 20% if emissions of all 
NMHCs were neglected, with about half of this effect 
associated with emissions of isoprene. However their re- 

sults account for higher emissions of isoprene, for trans- 

port of longer-lived products of isoprene, and for ensu- 

ing changes in 03, NOt and CO, whereas in our case 
the distributions of these species were fixed. 

Inclusion of NMHCs, accompanied by a decrease in 

CO over most of the area south of 30øN, led to a de- 

crease of about 10% in the fraction of OH residing below 
700 hPa as compared to S90, because of the increased 

importance of temperature-dependent loss processes. 

2.6. Temperature 

Temperature fields were specified using averages of 
ECMWF monthly means from 1986 to 1989 archived at 

NCAR [Trenberth, 1992]. The replacement of the fields 
from the general circulation model (GCM) II of the 
Goddard Institute for Space Studies (GISS) [Hansen et 
al., 1983], used in S90, had little effect on global mean 
OH. 

2.7. Clouds 

The radiation code used in the present work [Wofsy, 
1978; Logan et al., 1981] treats clouds as sets of N 100% 
reflective layers placed in the atmosphere one at a time; 

contributions of these layers to the total reflectivity of 

the cloud are utilized by first performing N calculations 

of photolysis frequencies and then computing an average 

of the results weighted by these contributions. 
The ISCCP cloud climatology provides the global 

distribution of the total optical depth of clouds com- 

bined with the height of cloud tops [Rossow and Schil- 
ler, 1991]. S90 used the distribution of cloud optical 
depth from the GISS GCM II [Hansen et al., 1983]. 
We analyzed ISCCP and GISS GCM II clouds using 

the radiative code of Prather [1974] and Jacob et al. 
[1989] with the Henyey-Greenstein phase function for 
g -- 0.87 [Chandrasekhar, 1960; $obolev, 1975], repre- 
sented by 20 quadrature terms, and assuming a black 

surface at the lower boundary. In the tropics, refiec- 
tivities of clouds from GISS GCM II were lower than 

those from ISCCP by almost a factor of 2. In addi- 

tion, model clouds (recorded as 5-day means) extended 
on average to lower altitudes and did not exhibit the 

observed correlations between the height of cloud tops 

and cloud albedo evident in the Stage C2 ISCCP data 

[Rossow and $chiffer, 1991]. We replaced GISS GCM 
II clouds with the ISCCP clouds. Unfortunately, the 

vertical distribution of optical depth for ISCCP is not 

available. We chose to distribute the ISCCP cloud opti- 

cal depth uniformly with height between the cloud top 
and 900 hPa; cloud layers were assumed to be bounded 
by the standard pressure levels at which concentrations 
of OH were computed (Table 1). 
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Figure 4. Vertical profiles of OH (105 molecules cm -3) 
averaged over 24 hours at the equator for the cloud with 
optical depth 5 extending to 700 hPa (dashed line) and 
to 300 hPa (solid line). The optical depth of the cloud is 
distributed uniformly with altitude from the cloud top 
to 900 hPa. 

Little error is expected to arise from uncertainties in 

the vertical distribution of optical depth for clouds with 

low tops, or for optically thin clouds. The largest er- 
ror is associated with cases involving a high thin cloud 
residing above a low thick cloud, masking its actual 
vertical extent. However, even in these cases, minor 
errors are expected above and below the cloud deck. 

For a severe case of misplacement, for example, when 
a cloud appears to extend to 300 hPa instead of 700 

hPa, concentrations of OH are underestimated between 

the assumed cloud top and 900 hPa, with the largest 
error occurring just above the actual cloud top (only 
errors arising from uncertainties in the vertical distri- 

bution of optical depth are discussed here, rather than 
those associated with representing clouds as a set of 
fully reflective layers). For a cloud with optical depth 
5 this error is •50%, and the resulting error in column 
OH is •25% (Figure 4). In addition, the fraction of 
the column abundance of OH below 700 hPa is under- 

estimated by 6%. As discussed below, on average that 
fraction for the present distribution is lower by •21% 
than in S90, and about half of this difference is associ- 

ated with the replacement of GISS GCM II clouds by 
ISCCP clouds. In principle, cases where clouds were 

extended erroneously to higher altitudes may have con- 
tributed to the upward shift in OH. However, only a 
small fraction of clouds with high tops appear optically 
thick. Of all the clouds extending above 600 hPa in the 
tropics, only •30% have daytime average refiectivities 
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Figure 5. Monthly and zonally averaged J values (including night hours) for January and July 
for (a) 03 -% OlD (10 -6 s -1) and (b) NO2 photolysis (10 -4 s-i). For O3 -% OlD, contours are 
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higher than 0.2 and only about 10% have reflectivities 
higher than 0.3; in the extratropics in summer the frac- 
tion of thick high clouds is even smaller. 

The current distribution of OH was computed using 

7-year averages of cloud reflectivkies derived from the 
Stage C2 data. The replacement of GISS GCM II clouds 
led to a decrease in concentrations of OH below 800 

hPa by $-10% and a similar increase above 700 hPa 

(except at high latitudes), resulting in an increase in 
global mean OH by 2%. 

3. Photochemical Model 

The 3-D distribution of tropospheric OH (averaged 
over 24 hours) was computed as a function of O3, CO, 
NOt, hydrocarbons, water vapor, temperature, cloud 

cover, and the density of the overhead ozone column, 

by forcing the system of kinetic equations to a periodic 

solution, with a period of 24 hours. The inorganic and 
methane photochemistry was taken from DeMote et al. 

[1997], modified by Telukder et el. [1998]; the chem- 
ical mechanism for NMHC was based on Atkinson et 

el. [1997] using Telukder et el. [1997a, b], except for 
isoprene chemistry which was based on Horowitz et el. 

[1998]. 

Photolysis frequencies (J values) were computed us- 
ing the Harvard six-stream radiative code [Wofsy, 1978; 
Logen et el., 1981]. The distribution of surface albedo 
(as "gray") was taken from the GISS GCM II [Hensen et 
el., 1983]. Zonally averaged frequencies of O3 -%O(1D) 
and NO2 photolysis for January and July are shown in 

Figure 5 (monthly means, including night hours). For 
NO2, most of the photolysis occurs in the visible, and 
the 24-hour-average J values are largest in the summer- 

pole region where the day is the longest. For O(•D), 
with most of the photolysis occurring in the ultravio- 

let, the effect of a longer day is overcome by that of a 
lower sun and thus the higher absorption by 03. While 

more photons are available at higher altitudes, the J 

values for 03 -% O(1D) decrease with height in the up- 
per troposphere in the tropics as a result of a decrease 

in the yield of O(1D) associated with the decrease in 
temperature. 

4. Three-Dimensional Distribution of 

Tropospheric OH 

Zonally averaged concentrations of OH for four sea- 
sons are shown in Figure 6; distributions at 700 hPa 

are presented for January and July in Figure 7. Global, 
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1 ooo 

hemispheric and semihemispheric averages are given in 
Table 4, and zonal means are given in Table 5. Con- 

sistent with previous studies, highest concentrations of 

OH arise in the tropics; strong seasonal variations are 

predicted for midlatitudes reflecting variations in sun- 

light and water vapor. The global tropospheric mean 

concentration of OH is 11.6 x l0 s molecules cm -3, that 
is, --•33% higher than in S90 as shown in Table 4 (in- 
tegrated over the year with respect to mass of air from 
the surface to 100 hPa between 32øS and 32øN and to 

200 hPa outside of this region). Changes in reaction 
rates, primarily in the 0(1D) quantum yield and in re- 
action of OH with CH4 [DeMote et al., 1997; Taluk- 
daret al., 1998] are responsible for a •19% increase 
in OH (with about two thirds of that due to the in- 
crease in the 0( 1 D) quantum yield). The remaining dif- 
ference results from competing effects of increases due 

to changes in distributions of precursors as described 

above (--•24%), offset by decreases due to inclusion of 
reactions involving isoprene and other NMHC, of about 

3% and 7%, respectively. 

As in S90, mean hemispheric concentrations of OH 

differ little from each other. Mean tropical concen- 

trations (within 320 latitude) are •5% lower in the 
north, while •14% more OH is predicted for the re- 

gion poleward of 320 in the north than in the south 

(see Table 4). In contrast to S90, the present distri- 
bution of OH reflects the influence of biomass burn- 

ing in the southern tropics between June and October 

over Africa, South America, and the Atlantic, and from 
November to March over sub-Saharan Africa. Account- 

ing for biomass burning resulted in higher concentra- 

tions of OH for these regions. 

The vertical distribution of OH differs significantly 

from earlier results as reflected in the shape of the global 

annual mean profile (Figure 8). In the present distri- 
bution, only 33% of tropospheric OH (integrated with 
respect to mass of air) resides below 700 hPa as com- 

pared to 42% in S90. In the lower troposphere, increases 
in OH caused by changes in reaction rates and in con- 

centrations of precursors (an increase for NOt and H20 
and a decrease for CO) were offset by decreases result- 
ing from inclusion of NMHC (destroyed more efficiently 
at higher temperatures) and from higher reflectivities of 
ISCCP clouds in the tropics than those for clouds used 

in S90. The latter change in addition enhanced produc- 

tion of OH above the clouds contributing to an increase 

in OH in the middle and upper troposphere. For gases 

with slower loss rates at lower temperatures, this up- 

ward shift in OH mitigates the effect of the increase in 

the mean abundance of OH. Thus tropospheric global 

mean loss frequencies of CH30C13 and CH4 increased 

by •23% (evaluated using current rate constants for 
both species) even though the global mean tropospheric 
abundance of OH increased by •33%. 

Concentrations of OH above 200 hPa in the tropics 

increased by 60-200%, with more than half of the ef- 

fect resulting from photolysis of acetone [Siagh et al., 
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1995]. We emphasize however that computed concen- 
trations of OH in the upper troposphere may need to 

be revised significantly because of uncertainties in the 
distributions of acetone and NOt. In addition, the as- 

sumption of a periodic steady state for H202, CH20, 
and CHaOOH may not be appropriate for the upper 
troposphere due to a significant influx of these species 

from the boundary layer associated with deep convec- 

tion [Prather and Jacob, 1997; Jaegle et al., 1997]. 
Global mean OH for the distribution presented here 

is higher than predicted by the fully coupled CTMs of 

Wang et al. [1998b] and Hauglustain½ et al. [1998], 
by 10-15%. The discrepancy is larger in January than 
in July, particularly in the southern tropics between 

Table 4. Mean Concentration of OH 

January July Annual 

This Study S90 This Study S90 This Study S90 

90øS-32øS 12.1 9.4 1.8 1.1 6.4 4.7 

32øS-0 ø 17.8 13.7 12.3 8.8 15.4 11.4 

0ø-32øN 10.6 8.2 17.9 13.1 14.7 10.9 

32øN-90øN 1.5 1.1 16.5 13.2 7.3 6.0 

Southern Hemisphere 15.3 11.8 8.0 5.8 11.6 8.6 
Northern Hemisphere 7.0 5.5 17.3 13.2 11.6 8.9 
Globe 11.3 8.8 12.7 9.6 11.6 8.7 

Results represent averages integrated with respect to mass of air from the surface to 
100 hPa within 320 latitude and to 200 hPa outside that region. Concentrations of OH 
are in 10 smolecules cm -3. 
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Table 5a. Zonally and Monthly Averaged Concentrations of OH for January 

1000 hPa 900 hPa 800 hPa 700 hPa 500 hPa 300 hPa 200 hPa 

90øN 

84øN 

76øN 

68øN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

60øN 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

52øN 0.4 0.4 0.8 0.6 0.6 0.7 0.8 

44øN 0.7 0.9 1.8 1.4 1.6 1.6 1.7 

36øN 1.7 2.1 3.6 3.3 3.7 3.5 3.5 

28øN 4.3 5.1 6.2 7.1 6.4 4.5 4.6 

20øN 7.3 9.2 11.4 12.2 10.0 6.4 5.9 

12øN 10.0 13.7 16.3 16.0 14.3 8.5 7.2 

4øN 7.0 11.2 15.4 18.5 20.7 11.2 9.2 

4øS 7.1 10.9 15.5 20.2 23.0 12.8 9.6 

12 o S 8.9 13.1 18.4 22.8 26.1 14.2 11.1 

20 ø S 10.2 16.0 24.5 26.6 25.6 14.6 11.2 

28 ø S 10.5 15.8 24.4 26.1 24.3 14.8 11.4 

36øS 9.6 13.8 18.4 21.1 21.1 14.7 11.8 

44øS 6.2 8.1 11.0 16.2 18.9 14.2 11.4 

52øS 4.1 5.1 7.4 12.5 15.5 12.7 10.2 

60øS 3.0 3.7 5.2 9.9 12.0 11.0 9.3 

68øS 4.5 7.2 7.3 8.6 8.9 9.6 9.0 

76øS 4.0 5.0 5.0 6.8 7.3 8.5 8.9 

84øS 4.7 5.0 5.0 6.4 6.6 7.9 8.9 

90øS 6.5 6.6 7.7 8.6 

Concentrations of OH are in l0 s molecules cm -3. 

Table 5b. Zonally and Monthly Averaged Concentrations of OH for April 

1000 hPa 900 hPa 800 hPa 700 hPa 500 hPa 300 hPa 200 hPa 

90 øN 0.4 0.6 0.8 1.0 

84 øN 0.3 0.5 0.6 0.8 

76 ON 0.5 0.7 0.9 1.4 

68 ON 3.9 3.5 3.4 3.2 

60 ON 3.8 4.1 5.0 4.4 

52 ON 4.9 5.3 7.1 6.0 

44 øN 7.8 8.7 11.0 8.8 

36 ON 9.0 11.9 13.8 12.7 

28 ON 12.4 14.8 17.1 18.1 

20 ON 15.1 18.9 21.4 23.7 

12 øN 14.3 19.4 22.1 23.5 

4 ON 7.7 14.1 18.8 22.4 

4 oS 7.1 13.4 16.0 20.8 

12 oS 7.3 13.6 15.9 19.1 

20 oS 8.7 12.8 16.8 18.4 

28 oS 7.9 10.4 12.9 14.1 

36 oS 5.8 6.8 8.0 9.6 

44 oS 2.7 3.1 3.9 5.5 

52 oS 1.1 1.4 1.7 2.8 

60 oS 0.4 0.5 0.7 1.3 

68 oS 0.2 0.3 0.3 0.5 

76 oS 0.1 0.1 0.1 0.1 

84 os 0.0 0.0 0.0 0.1 

90 oS 

0.8 

1.0 

1.4 

2.2 

3.5 

5.1 

7.7 

11.3 

14.8 

17.8 

20.4 

23.5 

22.3 

19.8 

16.7 

136 

105 

75 

43 

21 

07 

0.2 

0.1 

0.9 1.3 

1.1 1.5 

1.6 2.1 

2.3 2.7 

3.2 3.3 

4.2 4.0 

5.6 5.0 

7.5 6.4 

7.9 6.9 

9.6 8.0 

10.4 8.4 

12.3 10.0 

12.7 10.6 

12.0 10.7 

11.0 9.6 

9.7 8.6 

8.0 6.9 

6.1 5.6 

4.0 3.4 

2.1 1.8 

0.8 0.7 

0.1 0.2 

0.0 0.0 

Concentrations of OH are in l0 s molecules cm -3. 
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Table 5c. Zonally and Monthly Averaged Concentrations of OH for July 

1000 hPa 900 hPa 800 hPa 700 hPa 500 hPa 300 hPa 200 hPa 

90 øN 

84 øN 

76 øN 

68 øN 

60 øN 

52 øN 

44 øN 

36 øN 

28 øN 

20 øN 

12 ON 

4øN 

4øS 

12 oS 

20 os 

28 os 

36 oS 

44 os 

52 os 

60 os 

68 os 

76 os 

84 os 

90 os 

55 

38 

37 

74 

62 

62 

123 

149 

126 

130 

10.9 

10.3 

10.4 

9.9 

7.9 

4.5 

2.6 

0.9 

0.3 

0.1 

0.0 

7.4 8.3 

5.2 6.4 

5.1 6.9 

11.6 13.9 

10.6 16.2 

11.8 19.5 

23.1 26.9 

24.7 27.9 

17.9 22.7 

17.6 21.9 

16.4 20.1 

14.6 19.2 

15.4 20.4 

13.8 17.8 

10.9 12.7 

5.6 6.2 

2.8 3.2 

1.0 1.2 

0.3 0.4 

0.1 0.1 

0.0 0.0 

100 

86 

97 

154 

170 

194 

25 1 

280 

247 

265 

24.4 

22.3 

21.3 

17.8 

13.1 

7.1 

4.0 

1.9 

0.7 

0.2 

0.0 

9.7 6.9 8.8 

10.9 7.7 9.5 

11.5 7.6 8.4 

13.2 8.2 7.7 

15.3 9.2 8.0 

17.5 10.6 8.6 

22.1 12.6 10.0 

25.0 14.4 11.3 

23.3 12.3 8.8 

24.8 13.7 10.0 

24.8 13.6 10.0 

23.2 12.9 10.2 

20.1 12.4 10.9 

15.9 10.5 9.9 

11.3 8.6 7.8 

7.1 5.8 5.8 

4.6 3.7 3.3 

2.6 2.2 1.9 

1.1 1.0 0.9 

0.3 0.2 0.2 

0.0 0.0 0.0 

Concentrations of OH are in l0 s molecules cm -3 

Table 5d. Zonally and Monthly Averaged Concentrations of OH for October 

1000 hPa 900 hPa 800 hPa 700 hPa 500 hPa 300 hPa 200 hPa 

90 øN 

84 øN 0.0 '0.0 0.0 

76 øN 0.1 0.1 0.1 

68 øN 0.5 0.5 0.5 

60 ON 0.8 0.9 1.2 

52 ON 1.7 1.9 2.9 

44 ON 4.4 4.7 6.5 

36 ON 6.3 8.3 10.1 

28 ON 9.4 12.0 13.5 

20 øN 10.1 13.9 15.3 

12 ON 9.9 15.3 17.4 

4 ON 8.4 13.5 19.1 

4 os 11.4 18.5 24.5 

12 os 13.7 19.5 25.5 

20 os 13.1 19.5 23.8 

28 os 9.2 13.0 16.0 

36 os 8.0 9.4 11.0 

44 os 4.9 5.6 7.0 

52 os 3.0 3.5 4.5 

60 os 2.7 2.9 3.2 

68 os 2.7 3.4 3.3 

76 os 1.2 1.6 1.0 

84 os 0.0 0.9 0.9 

90 os 

0.0 

0.1 

0.6 

1.2 

2.6 

5.3 

9.2 

13.2 

16.0 

19.1 

23 7 

28 7 

29 6 

27 1 

193 

135 

10.2 

6.9 

4.5 

3.7 

1.7 

1.0 

0.8 

0.0 0.0 0.0 

0.1 0.1 0.1 

0.5 0.4 0.6 

1.5 1.3 1.5 

3.1 2.8 2.9 

5.7 4.9 5.1 

9.0 7.3 7.5 

11.3 7.0 6.5 

14.6 8.8 8.0 

20.1 10.6 8.8 

25.1 12.4 9.9 

28.0 14.3 11.2 

26.7 13.9 11.1 

22.2 13.6 10.4 

17.2 10.6 9.1 

13.4 8.9 7.4 

10.6 7.2 6.1 

7.5 6.0 5.3 

5.4 5.6 5.1 

3.6 5.3 5.2 

1.9 3.4 3.4 

1.3 2.3 2.2 

1.1 1.7 1.6 

Concentrations of OH are in l0 s molecules cm -3 
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tions of OH in 105 molecules cm -3 for the present distri- 
bution (solid line), for OH computed with no isoprene 
(dotted line), and for OH from S90 (dashed line). Con- 
centrations of OH were integrated with respect to mass 
of air. 

700 and 500 hPa: 25-30% and 30-40% as compared to 

Wang ½t al. [1998c] and Hauglustai•½ ct al. [1998], re- 
spectively. Part of the difference between our results for 
OH and those produced by fully coupled CTMs may be 
explained by neglect of transport of longer-lived prod- 
ucts of isoprene oxidation in our study. However, a 

significant part of the discrepancy can be attributed to 
differences in 03 and NOx. Zonal means for the distri- 
bution of O3 in the southern tropics in January used in 

our calculation are higher than predicted in the CTMs 
by 20-25%, accounting for a difference in OH of 10- 
15% (see section 5 for a discussion of sensitivity of OH 
to changes in precursors). Both CTM studies report un- 
derestimating O3 at 500 hPa as compared to ozonesonde 
data in the southern tropics. Concentrations of NOx 

adopted for this study appear to be higher by about a 
factor of 2 than in the CTMs in that region, accounting 

for a difference in OH by .-7%. Emissions of isoprene 

in the tropical forests used by Wang ½t al. [1998b] may 
be too high. The model of Horowitz and Jacob [1999], 
which differs from that of Wang ½t al. [1998b] mainly 

by an implementation of the chemical module (on-line 
solution of kinetic equations versus parameterization) 
and produces similar results, overestimates concentra- 
tions of isoprene over the Amazon region by factors 2-5. 
As described in section 2, we had to reduce emissions of 

isoprene in that model significantly (e.g., by a factor of 2 
in tropical forests) to achieve reasonable agreement with 
observations. Global emissions of isoprene were reduced 

from 580 to 350 TgC yr-•; the latter amount is close to 
the value for biogenic emissions given by Hauglustain½ 

½t al. [1998]. As discussed in section 10, observations of 
14CO in the tropics do not suggest that our results for 
OH are too high in that region. However, sparsity of ob- 
servational data for 03 and NO• in the tropics does not 

allow for either an unambiguous characterization of the 
distributions in our study or for a definitive evaluation 

of fully coupled CTMs. 

5. Sensitivity of OH to Uncertainties in 
Specification of Precursors 

The tropical troposphere plays a major role in oxida- 

tion of CH4, CO, and other industrial compounds [e.g., 

Logan et al., 1981]. With the distribution presented 
here, 74% of tropospheric OH and 78% of CH4 loss are 

between 32øS and 320 N, whereas 64% of OH and 79% of 

CH4 loss are below 500 hPa. Consequently, the chem- 

istry of OH in the tropics below 500 hPa is the focus 

of the discussion below. The sensitivity of OH to the 

specification of precursors is considered only for the cur- 

rent chemical mechanism and present levels of relevant 

species. The discussion in this section draws heavily 

on concepts and results from earlier studies [e.g., Liu, 
1977; Logan et al., 1981; Ehhalt et al., 1991; Kleinman, 

1994]. 
Table 6 summarizes changes in the global mean con- 

centration of OH resulting from a scaling (within -t-50%) 
of distributions of various precursors. The muted re- 

sponse to changes in tropospheric concentrations of O3, 
H•,O, CO, NOt, and CH4 can be understood best in the 

context of production, loss, and internal transforma- 

tions of the family of species, HO• (OH+HO•,+CH30•,+ 
H+CHaO+O•,CH•,OH), a subset of a larger family, odd 
H (HO• +2H•, O•,+2CH300H+HNO4 +HNO•,). 

5.1. Sensitivity to Changes in 03, H20, and 
NOt 

As illustrated in Figure 9, most of HO• and odd H 
below 500 hPa is produced in the form of OH: 

O( •/9) + H20 -• OH + OH. (1) 

Table 6. Relative Change in Global Mean OH due to 
a Uniform Scaling of Precursors by 4-25% and 4-50% 

-50% -25% 25% 50% 

H20 -24 -11 10 20 

03 -15 -8 8 17 

03 and H20 -31 -18 20 43 

NOt -17 -8 8 14 
CO 23 10 -8 -14 

CH4 14 6 -5 -10 

O3 column 71 26 -17 -28 

Relative change in OH is in percent. 
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Figure 9. Major chemical transformations affecting HOx and odd H in the lower and middle 
troposphere. 

Dominant loss processes for OH, such as reactions with 

CO, CH4, and NMHC, represent main routes for pro- 

duction of HO2, the key species for secondary produc- 

tion of OH through reactions 

HO2 + NO -• OH + NO2, (2) 

HO2 + 03 • OH + 202. (3) 

Major loss processes for HO2 occur through reactions 
with (•H302 as well as with itself and represent an effi- 

cient self-destruction of HOx (consuming two molecules 
of UO• per reaction). An alliance of two factors: (1) 
the second-order loss of HO• and (2) the significance 
of secondary production of OH, is at the root of the 

weaker-than-proportional dependence of concentrations 

of OH on the rate of its primary production through (1). 
As a result of the second-order loss of HOx, the role 

of secondary production of OH is higher at lower lev- 
els of HO•. Secondary production plays a more im- 

portant role therefore at higher latitudes where there 

is less O(•D) and water vapor (Figure 10). In the 
lower troposphere over tropical oceans (except during 
biomass burning), (2) and (3) play comparable roles 

in secondary production of OH, together amounting to 
less than half of primary production. In polluted re- 

gions affected by biomass burning or industrial emis- 

sions, (2) is not only more important than (3) but it 
exceeds primary production of OH. The sensitivity of 
OH to changes in 03 and H20 is vastly different for 

these two regimes of tropospheric chemistry character- 
ized by the role of secondary production and determined 

by the abundance of NOt. In the low-NOt regime (for 
NOt concentrations, see Table 1), a 50% change in con- 
centration of 03 or H20 leads to a 25-35% change in 
OH (Figures 11a and 11b). In contrast, the sensitivity 
of OH to changes in 03 or H20 (and thus in the rate of 
(1)) is diminished in the high-NOt regime (Figures 11e 
and 11f), for example, during the biomass burning sea- 
son over land below 700 hPa; under these conditions, 

the rate for secondary production of OH through (2) 
is higher by more than a factor of 4 than the rate for 

primary production by (1). Although relative changes 
in concentrations of 03 and H20 affect the rate of (1) 
roughly in the same way, on average the sensitivity of 
OH to changes in H20 is somewhat higher than to those 
in 03 (see Table 6). This difference is evident in the 
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high-NOt regime (Figures 11e and 11f); it arises from 
the particular roles that H_•O and O3 play in determin- 

ing the rate of (2). Higher concentrations of H20 lead 
to lower concentrations of HO• by enhancing the rate 

for an important branch of its self-reaction, whereas O3 

provides the main loss process for NO. In both cases, 
however, increases in primary production of OH result- 

ing from increases in O3 or H20 are mitigated by de- 
creases in the rate of (2). In the upper troposphere 

where (1) contributes little to production of OH (Fig- 
ure 10), concentrations of OH are lower at higher levels 
of O3 (Figures 113 and 11e); in the region of transition 
around 300-400 hPa, concentrations of OH are insensi- 

tive to changes in O3. 

On average, as shown in Figure 10, primary produc- 

tion of OH through (1) contributes 40-60% to the to- 
tal production of OH in the tropical troposphere be- 

low 500 hPa, with secondary production, through (2) 
and (3), accounting for a major part of the remainder. 
The loss processes for HOx result in production of the 

reservoir species for HOx, H2Ou and CHaOOH (Figure 
9). Photolysis of H2Ou provides most of the remaining 
production of OH in the lower troposphere (photoly- 
sis of CHaOOH contributes to production of HO2, via 

reaction of CH30 with 02). As in the case of HOx, 
odd H is removed mainly by processes destroying two 

molecules of odd H per reaction, such as reactions of 

HuOu, CHaOOH, and HO2 with OH, and deposition of 
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H202; these decrease further the sensitivity of OH to 

the rate of (1). 
The sensitivity of OH to the rate of (1) is also im- 

peded by a cascade production of species destroying 
OH, initiated by reactions of OH with CH4, NMHC, 

and CO. Reactions with such species, including CH20, 
CH3OOH, and H202, contribute more than 20% to the 

total loss of OH in the tropics below 500 hPa (Figure 
10). 

Of all the factors affecting OH, the greatest sensitiv- 

ity is associated with changes in column 03. A major 

part of production of O(•D) in the troposphere occurs 
around 305 nm [Jacob, 1999; DeMote et al., 1997], that 
is, in the region of the spectrum with a significant ab- 
sorption by 03. An 03 column of 250 Dobson units 

(DU) has an optical depth in the range 0.88-1.7 between 
302.5 and 307.5 nm. In that region, the exponential de- 
pendence of extinction on the optical path results in 
a significant amplification of relative changes in the J 

value for 03 '--+ O( 1 D) photolysis as compared to those 
in column 03, particularly for large negative perturba- 
tions. (If 1 + • is a scaling factor for the column and r is 
the optical path, the relative change in the transmitted 
flux is ½-•* - 1). We estimated that the documented re- 
duction of column 03 over 1979-1994 [McPeters et al., 

1996] may have resulted in an increase in global mean 
OH by 1.5-2% (neglecting the effect of ensuing changes 
in CO and hydrocarbons) [cf. Krol et al., 1998]; no 
significant trend in column 03 was found in the trop- 

ics and the reForted decrease for midlatitudes averaged 
4-6% per decade. 

As mentioned in section 3, a dependence of ground 

albedo on the wavelength [e.g., Blumthaler and Am- 
bach, 1988] was not taken into account. As a result, 
the J values for 03 -• O(•D) photolysis near the sur- 
face may be underestimated by •4% over the ocean and 
overestimated by 5-15% over the land with errors de- 

creasing with height. The ensuing errors in OH near 
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the surface are not expected to exceed -2% and +10% 
over the ocean and land, respectively. 

The results of Liu and Tang [1992] suggest that the 
concentrations assumed for water vapor in the lower 

troposphere should be accurate to -t-25% over most of 

the globe. Logan [1999] gives an estimate of 4-30% for 
the overall uncertainty associated with her climatology 

for 03. The error in global mean OH resulting from 
uncertainties in 03 and H20 is not expected to exceed 

4-25% (see Table 6) even if these errors conspire every- 
where to change concentrations of OH in one direction. 
However, since there is no reason for a systematic bias 

in specified distributions or for a correlation between er- 

rors in H20 and 03, the actual error in global mean OH 

is most likely smaller. It is clear that for higher accu- 

racy of computed OH it is more important to minimize 

uncertainties in H20 and 03 in the pristine tropical tro- 

posphere than for polluted regions. Unfortunately, it is 

for the tropical troposphere that our knowledge of 03 

is weakest [Logan, 1999]. Larger errors in H•_O above 
300 hPa discussed above are not expected to affect sig- 

nificantly local concentrations of OH because (1) con- 
tributes less than 20% to production of OH over much 

of that region (Figure 10). 
A relative change in the NOt distribution (within 

4-50%) results in a response in global mean OH that 
is about 3-3.5 times smaller (Table 6). In the high-NOt 
regime in the tropics below 800 hPa, as over land in the 

biomass burning season, a 50% change in NOt leads to 
a •25% change in OH in contrast to a 5% change in OH 

in pristine regions (Figures 11g and tic). As discussed 
in section 2, the climatology of tropospheric NOt is not 

well defined and errors may be larger than a factor of 
2. However, if concentrations of NOt for the biomass 

burning regions below 500 hPa (Table lb) are scaled by 
factors of 2 and 3, global mean OH increases by only 
2% and 3%, respectively. This lack of sensitivity arises 
from a relatively small volume of the troposphere af- 

fected on average by biomass burning as well as from 
a lesser dependence of OH on NOt once NOt levels ex- 

ceed •300 pptv [Logan ½t al., 1981] (despite the domi- 
nant contribution of (2) to production of OH). At these 
levels of NOt the rate for (2) is less sensitive to NOt 
since (2) becomes the major loss process for HOe. At 
still higher levels of NOt, concentrations of OH decrease 

as reaction of OH with NO2 contributes significantly to 

the removal of OH. Similarly, a decrease in OH with 

increasing concentrations of NOt in the upper tropo- 

sphere over polluted regions, as evident in Figure 11g, 

results from the increasing importance of reactions with 
NOj, HNO4, and NO as loss processes for OH; the first 

two reactions, in addition, result in loss of odd H. 

In our view, the largest errors in computed mean 

OH associated with specification of NOt may arise from 

uncertainties between 800 and 500 hPa (including the 
unpolluted regions), where particularly high concentra- 
tions of OH are predicted (see Figure 6). A factor of 2 
decrease in NOt at these altitudes results in at least a 

10% decrease in OH in the tropics (Figure tic) and 15% 
at midlatitudes (not shown). To ascertain further the 
uncertainties in OH due to those in NOt, we replaced 

the distribution of NOt used to compute standard OH 

(Table 1) by that simulated using the CTM of Horowitz 
and Jacob [1999] (similar to Wang et al. [t998b] as dis- 
cussed in section 4). The resulting global mean OH (in- 
tegrated with respect to mass of air) decreased by 6%, 
the hemispheric mean for the NH changed little, but the 

hemispheric mean for the SH decreased by 10% (•7% 
in the tropics and •22% in the extratropics). Concen- 
trations of NOt from the CTM simulation, as compared 

to values in Table t, are lower in the SH by a factor of 

2 over the oceans in the tropics and by a factor of 4-5 
at midlatitudes. The available observations of NO do 

not allow resolution of these differences. A significant 
underestimate of concentrations of 03 above 700 hPa in 

the southern tropics by Wang et al. [t998b] may be an 
indication of insufficient levels of NOx, in their model. 

At southern midlatitudes, however, high levels of NOt 

assumed in this work may be contributing to a possible 
overestimation of OH in this region suggested by the 
analysis of seasonal variations of CH3CC13 and CHjC12 

(section 9.3). 

5.2. Sensitivity to Changes in CO 

Reaction with CO accounts for 30-50% of the total 

loss of OH below 500 hPa in the tropics and 40-60% 

outside the tropics (Figure t0). Reaction with CH4 con- 
tributes 15-20% to the loss of OH south of 20øN in the 

lower troposphere, with a smaller effect to the north. 

The remaining loss processes, accounting for 30-50% of 
removal of OH below 500 hPa, include reactions with 

the products of methane oxidation, such as CH3OOH 

and CH20, reactions with other hydrocarbons and their 

products, with Hj, and with H202. The importance of 

loss processes unrelated to CO lessens the sensitivity 

of OH to changes in CO. A change in CO by 4-50% 
globally modifies global mean OH by -14% and +23% 

(Table 6). The asymmetry in sensitivity (increase ver- 
sus decrease) is characteristic of an inverse dependence. 
The sensitivity of OH to changes in CO increases with 

height (Figures lid and 11h) reflecting the increasing 
importance of CO in removal of OH (Figure 10): rates 
for reactions of OH with CH4 and other hydrocarbons, 

enhanced at higher temperatures, fall off more rapidly 

with height than the pressure-dependent rate for CO. 

5.3. Sensitivity to Changes in Hydrocarbons 

If concentrations of NMHC (other than isoprene) are 
increased by a factor of 4, mean OH decreases by less 

than 15%. An increase in concentration of acetone by a 
factor of 4 results in an increase in OH above 200 hPa 

in the tropics by •50%, with little effect on the global 
mean (<1%). Based on simulations using the fully cou- 
pled model of Horowitz and Jacob [1999], we estimate 
that uncertainties associated with the specification of 
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isoprene and with the neglect of transport of the inter- 
mediate products of isoprene oxidation are not likely to 
result in errors in mean OH exceeding 5%. Little un- 

certainty is associated with the distribution of methane, 
which is almost uniform and well known. However, the 

sensitivity of global mean OH to changes in CH4 is of 
interest because CH4 has doubled since preindustrial 

times and has been increasing until recently [e.g., Dlu- 

gok½•cky ½t al., 1998]. A 4-50% change in concentration 
of CH4 throughout the globe results in -10% and +14% 
change in OH (Table 6). 

6. Temperature Appropriate for 
Rescaling Tropospheric Lifetimes 

Atmospheric lifetimes of gases destroyed by OH in 
reactions with temperature-dependent rate constants, 

expressed as k- A½ -B/T for temperature T, are often 
estimated by relating their rate constants to that of a 
reference species, for example, CH3CC13. Prather and 

$pivakovsky [1990] showed, using the distribution of OH 
from S90, that this method is accurate to better than 
7% over a wide range of B (0-2500 K) if rate constants 
are evaluated at temperature T - 277 K. However, 
their result must be revised for the present distribu- 

tion of OH since a smaller fraction of tropospheric OH 

resides in the lower troposphere. As shown in Figure 

12, which is similar to the key figure from their work, 
T - 272 K provides a more appropriate choice for the 
present distribution resulting in a less than 5% error 
over the whole range of B. Alternatively, errors can be 
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Figure 12. Errors in lifetimes of gases with respect to 
destruction by tropospheric OH, with the rate constant 

expressed as Ae -B/T molecules -• cm 3 s -•, by scaling 
the rate coefficient to that for CH3CC13 [Prather and 
$pivakovsky, 1990] at 277 K (short-dashed line), at 272 
K (bold solid line), at 270 K (thin solid line) and at 
267 K (long-dashed line). These errors were computed 
assuming uniform mixing ratio of gases throughout the 
atmosphere and no OH in the stratosphere. Larger er- 
rors may be incurred for tracers with distributions dis- 
playing steep gradients (see text, section 6). 

made even smaller if temperatures 271 K and 277 K are 

used for the lower and higher part of the range, respec- 
tively. The error estimate assumes no stratospheric loss 

and uniform mixing ratios throughout the atmosphere 

[Prather and Spivakovsky, 1990]. 
We emphasize that this method is appropriate for 

long-lived species and that additional significant errors 

can arise for short-lived gases (with lifetimes of several 
months) because of large spatial gradients characteris- 
tic of their distributions. For example, simulations of 

C2C14 and CH.•Ci.• discussed in section 9, revealed that 

actual lifetimes of these gases are longer by 17% than 
those obtained by scaling the lifetime of CH3CC13. In 

this section and throughout this work we define mean 

lifetime (over a time period, over the whole atmosphere, 

or over a region) as a ratio of the mean abundance to 

the mean loss [cf. Prather, 1997]. 
Given the mean atmospheric lifetime of CH3CC13 

(with respect to reaction with tropospheric OH), one 
can obtain an estimate of mean OH averaged with re- 

spect to mass of air using the same approach, that 

is, by seeking to estimate a lifetime of a hypothetical 
species with the rate constant A½ -•/• at A - 1 cm 3 

molecules-•s -• and B - 0 K. It follows from Figure 
12 that for the present distribution the error in the 

mean global OH is negligible if the mean loss frequency 

of CH3CC13 is evaluated at 270 K (at 272 K the er- 
ror is--•4%). For example, assuming the mean atmo- 
spheric lifetime of CH3CC13 with respect to all losses 

is 4.6 years (section 8, this work), and with respect to 
the stratospheric and ocean sink, 34 years [Volk ct al., 
1997] and 80 years [Butler ct al., 1991], respectively, 
we compute the atmospheric lifetime of CH3CC13 with 

respect to reaction with tropospheric OH of 5.7 years 

(1/(1/4.6-1/80-1/34)), which corresponds to the atmo- 
spheric mean loss frequency of 5.56 x 10-9s -1 The 
rate constant for reaction of CH3CC13 with OH eval- 
uated at 270 K is 5.62 x 10- •5 molecules- • cm 3 s- • 

[Talukdar ct al., 1992]. Atmospheric mean OH (in- 
tegrated with respect to mass of air) would then be 
equal 5.56 x 10-9/5.62 x 10 -•5 molecules cm -3 that 
is, 9.89 x 105 molecules cm -3 This atmospheric mean 
accounts for OH residing in the troposphere and for 

zero OH in the stratosphere. It can be adjusted to 
represent mean OH over only the troposphere by tak- 

ing into account the fraction of atmospheric mass re- 

siding in the troposphere; for example, assuming this 
fraction is 85% leads to mean OH over the troposphere 
of 9.89 x 105/0.85 - 11.6 x 105 molecules cm -3. Al- 
though this estimate of mean OH is derived by scaling 
the lifetime of CH3CC13, the mean is not weighted by 
the frequency of reaction with CH3CC13. 

7. Chemical Tracer Model 

Simulations of CH3CC13, HCFC-22, •4CO, Cull6, 
C.vC14, and CH.•C12, discussed below in the context of 

constraints observations of these gases pose for the corn- 
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Figure 13. Deviations (percent) of computed OH h'om empirical OH (see text, section 8). Solid 
lines show uncertainties in estimating these deviations assuming that OH implied by observations 
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puted distribution of OH, were performed using the 
Harvard/GISS/University of California, Irvine CTM 
[e.g., Prather et al., 1987; Jacob et al., 1987; S90; Jacob 
and Prather, 1990; Balkanski and Jacob, 1990; Balkan- 

ski et al., 1992, 1993; Chin et al., 1996; Chin and Jacob, 

1996; I(och et al., 1996; Wang et al., 1998a, b, c]. The 

CTM uses the wind fields, surface pressures, tempera- 

tures and convective mass fluxes recorded every 4 hours 

for 1 year of the GISS GCM II simulation [Hansen et 
al., 1983], with a resolution of 50 longitude and 40 lat- 
itude; height is resolved in nine layers using rr coordi- 

nates, with seven to eight layers in the troposphere. The 
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present distribution of OH was archived with a courser 
horizontal resolution, at standard pressure levels. For 

the CTM simulations, we used linear interpolation of 

OH from pressure to • coordinates. Each 80 by 100 

grid box for OH comprises four grid boxes of the CTM; 

the same value for OH was assigned to these four adja- 
cent boxes. 

8. Constraints for Global Mean OH 

Imposed by the Budgets of CH3CCI3 
and HCFC-22 

In this section, as well as in sections 9 and 10, we will 

refer to Figure 13 summarizing results of the evalua- 
tion of the computed distribution of OH using observa- 

tions of various tracers. Figure 13 shows deviations of 
the computed mean OH from "empirical OH" implied 

by observations of tracers (crosses). Empirical OH is 
defined for each observational constraint independently 

assuming the most likely values for the magnitude of 
sources, absolute calibration, rate constant for reaction 

with OH, and strength of other sinks. Two kinds of un- 
certainties are specified. One is defined assuming that 

empirical OH is known exactly (solid lines); relevant un- 
certainties in simulated transport rates would belong to 

this category. The other is associated with determining 
empirical OH, including uncertainties in the magnitude 
of sources, in the absolute calibration, rate constant or 

strength of other sinks (dashed lines). Uncertainties 
associated with the variability in observations, while 

reflected in figures for individual constraints, are not 
included in this summary. Ranges for uncertainties are 

computed for the worst case scenario, that is, assuming 
that all errors may affect an estimate in one direction. 

8.1. Global Budget of CH3CC13 

Results of global simulations of CHaCC13 are com- 
pared with observations [?rinn et al., 1995] in Fig- 
ure 14. The history of emissions of CH3CC13 and 

their spatial distribution is from Midgl½!/and McCulloch 

[1995] and P. Midgley (personal communication, 1997). 
The rate constant for reaction with OH is from Taluk- 

dar et al. [1992]. Simulations were initialized using 
Atmospheric Lifetime Experiment/Global Atmospheric 

Gases Experiment (ALE/GAGE)observations [_P•inn 
et al., 1995] for January 1979. We assumed 80 years as 
a lifetime of CH3CC13 with respect to the ocean sink 

(i.e., the middle of the range estimated by B,tler ½t 
al. [1991]) and distributed the loss frequency uniformly 
over the surface of the ocean. The stratospheric loss fre- 

quencies (Table 7) were obtained in a manner described 
by Prather et al. [1987] and S90, using the 2-D model 
of H. R. Schneider et al. (Analysis of residual mean 

transport in the stratosphere, 1, Model description and 
comparison with satellite data, submitted to Journal 

of Geophysical Research, 1999.) The atmospheric life- 
time of CH3CC13 due solely to the stratospheric loss 

in the model is 43 years, somewhat longer than 34 + 7 

years estimated by Volk et al. [1997]. Solid lines in 
Figure 14 represent the simulation with the computed 

distribution of OH (referred to as standard OH below) 
and with the stratospheric and ocean sink. The mean 

atmospheric lifetime of CH3CC13 in this simulation is 

4.6 years. Dashed lines correspond to simulations with 

standard OH reduced and increased by 25% (mean at- 
mospheric lifetimes of CH3CC13 are 5.8 and 3.8 years, 

respectively). 
To facilitate the evaluation of the empirical and sim- 

ulated lifetime of CH3CC13, we compared with observa- 

tions the time evolution of the global mean of CH3CC13 

at the surface (bottom panel in Figure 14); for that 
purpose, we first approximated station data, for obser- 
vations and for model results, as a least squares poly- 

nomial of 4th degree (results of the evaluation are in- 
sensitive to the choice of the degree in the range 2-4). 
As can be seen in Figure 14, the global rate of growth 
of CH3CC13 in 1979-1993 is reproduced accurately in 
the simulation with standard OH, whereas the rate of 
decline in 1993-1995 is overestimated. We assume here 

that larger uncertainties may be associated with the 
magnitude of emissions during the latter transitional 
period and evaluate the accuracy of the simulation us- 

ing data for 1979-1993. We conclude that the simu- 
lation with standard OH (mean atmospheric lifetime 
of 4.6 years) gives the empirical lifetime of CH3CC13. 
If the comparison with observations is conducted using 

concentrations of CH3CC13 in the NH only (not shown), 
the computed lifetime appears to be longer by 1% than 
that implied by observations; the data for the SH imply 
a smaller error of the opposite sign. (The slightly dif- 
ferent rate of growth in the two hemispheres does not 
signify a hemispheric asymmetry in OH but rather a de- 
lay with which changes in emissions affect the SH. Small 
discrepancies with observations in reproducing the rate 

of change in each hemisphere are expected since the rate 
of emissions was represented as a step function constant 

within a year.) An additional 1% uncertainty in the 
simulated mean lifetime of CH3CC13 may be associated 

with the excessive rate of the stratosphere-troposphere 

exchange in the model (discussed below). 
If we adopt as true the estimate of Volk et al. [1997] 

(which was based on observational data, however lim- 
ited), the stratospheric loss amounts to •014% (4.6/34) 
of the total loss of CH3CC13 as compared to •011% 

(4.6/43) in the model; therefore the loss with respect 
to stratospheric sinks is underestimated by 3%. In to- 

tal, mean standard OH appears too high by 34-2% (as 
denoted in Figure 13 by a cross placed in the middle of 

this range). 
Assuming estimates for uncertainties in emissions 

from Midglcy and McCulloch [1995] (less than +5%), 
and those for the absolute calibration from Prinn et al. 

[1995] (less than 4-5%), we conclude that the estimate of 
the mean lifetime of CH3CCi3 implied by observations 

(4.6 years), with respect to all loss processes, is accu- 
rate to better than 4-10%. This uncertainty may be 
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Figure 14. Observed long-term trend in CHaCCla [Prinn et al., 1995] (circles) simulated us- 
ing standard OH (solid lines), and with standard OH reduced and increased by 25% (dashed 
lines) in Ireland (52-53øN, 10øW), Oregon (45øN, 124øW), Barbados (13øN, 59øW), Samoa 
(14øS, 171øW), and Tasmania (41øS, 145øE). The lowest panel (marked Globe)shows a mean 
of least squares polynomials of 4th degree fitted to observations and model results (Ire- 
land+Barbados+Samoa+Tasmania)/4. Data for Oregon were excluded because of a shorter 
record than for other stations. However, the conclusions from the comparison do not change if a 
shorter period, 1980-1989, is used for all stations, and northern midlatitudes are represented as 
a mean of the data for Ireland and Oregon (not shown). 

reduced significantly in the next several years, as emis- 
sions of CHaCCla are phased out in compliance with the 

Montreal Protocol [Ravishankara and Albritton, 1995], 
as discussed in section 11. 

The second tier of uncertainties in estimating the av- 

erage abundance of OH in the troposphere using the 

long-term trend in CH3CCla arises from determining 
the role of loss processes other than reaction with OH. 

The range of 59-128 years for the atmospheric lifetime 

of CH3CC13 with respect to the ocean sink corresponds 
to an uncertainty of +2% in global mean OH. The es- 
timate of Volk et al. [1997], 34 + 7 years, for the atmo- 
spheric lifetime with respect to the stratospheric loss, 
results in an uncertainty for global mean OH in the 
range q-3%, giving together with the ocean sink an un- 
certainty of +5%. 
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Table 7. Stratospheric Loss Frequencies 

0 ø 15 øN 30 ø N 45øN 60 øN 75 øN 

CH3 CCl3 , 10-70 hPa 
January 0.939 0.517 0.133 0.017 0.001 0.000 

April 1.174 1.104 0.631 0.261 0.073 0.013 
July 0.928 1.180 1.022 0.761 0.517 0.304 

October 1.145 0.970 0.531 0.183 0.039 0.009 

CH3 CCI3 , 70-150 hPa 
January 0.067 0.033 0.010 0.004 0.001 0.000 

April 0.093 0.096 0.047 0.017 0.008 0.005 
July 0.067 0.097 0.082 0.057 0.039 0.020 

October 0.093 0.076 0.039 0.017 0.009 0.004 

HCFC-22, 0-70 hPa 
January 0.087 0.073 0.052 0.027 0.004 0.000 

April 0.095 0.097 0.090 0.072 0.051 0.031 
July 0.089 0.103 0.113 0.113 0.113 0.133 

October 0.095 0.092 0.082 0.062 0.039 0.018 

HCFC-22, 70-150 hPa 
January 0.004 0.004 0.003 0.002 0.000 0.000 

April 0.004 0.005 0.006 0.006 0.004 0.003 
July 0.004 0.005 0.008 0.010 0.011 0.008 

October 0.005 0.005 0.007 0.006 0.004 0.002 

•4 CO, 10-70 hPa 
January 4.308 3.695 2.790 1.528 0.231 0.000 

April 4.415 4.792 4.665 3.807 2.806 1.611 
July 4.311 5.053 5.403 5.441 5.373 5.779 

October 4.534 4.516 4.123 3.326 2.263 1.047 

•4 CO, 70-150 hPa 
J anuar y 1.470 1.263 1.065 0.533 0.088 0.000 

April 1.587 1.663 1.897 1.322 0.913 0.625 
July 1.500 1.920 2.609 2.231 1.868 1.203 

Octo her 1.591 1.713 2.068 1.434 0.919 0.402 

Loss frequencies are in yr -• . 

The third source of uncertainty in the estimate of 

global tropospheric OH arises from uncertainty in the 
rate constant for reaction with CHaCCla, estimated in 

the range from - 10% to + 11% [ Telukder et el., 1992]. 
As shown in Figure 13, the combined uncertainty in the 

estimate for empirical tropospheric OH (weighted by 
the frequency of reaction with CHaCCla) is in the range 
-23% to +28%. Errors, however, are not expected to 

exceed +15%, since potential corrections (in absolute 
calibration, emissions, the rate constant, and non-OH 

sinks) are not expected to affect results in one direction. 

8.2. Global Budget of HCFC-22 

Results of global simulations of HCFC-22 for 1992- 

1996 are compared with observations [Montzke et el., 
1993, 1996; CMDL, 1998; Miller et el., 1998] in Figure 
15. The history of emissions is from Midgley and Mc- 

Culloch [1997] for 1992-1994, and from Alternative Flu- 
orocarbons Environmental Acceptability Study [1998] 
for 1995-1996. The unreported emissions, believed not 

to exceed 10% (P. Midgley, personal communication, 

1998), were not included. Simulations were initialized 
using observations [Montzke et el., 1993] for January 
1992. Stratospheric loss frequencies (Table 7) were com- 
puted in the same manner as for CHaCCla. Most of the 

stratospheric loss of HCFC-22, mainly through reac- 
tion with OH, occurs above 10 hPa, outside the domain 

of the CTM. The average loss frequency for 70-0 hPa 
was applied to the layer of the model from 70 to 10 

hPa. The mean atmospheric lifetime of HCFC-22 in 

the simulation with standard OH and stratospheric loss 

(solid lines) is 11.4 years [cf. Kenekidou et el., 1995; 
Miller et el., 1998]. Dotted lines represent simulations 
with standard OH modified by 4-25% (giving lifetimes 
of 15.0 and 9.3 years). A comparison with observations 
(bottom panel in Figure 15) was conducted in a man- 
ner described above for CHaCCla. The evolution of the 

simulated global mean concentration of HCFC-22 at the 

surface agrees closely with the observed. If the compari- 

son is conducted using sites only in one hemisphere (not 
shown), the global mean lifetime of HCFC-22 in the sim- 
ulation with standard OH appears to be too long or too 
short by --•5%, based on the NH and SH, respectively. 
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Figure 15. Observed long-term trend in HCFC-22 (circles [Montzka et al., 1993, 1996; CMDL, 
1998] and triangles [Miller ½t al., 1998])simulated using standard OH (solid lines), and with 
standard OH reduced and increased by 25% (dashed lines) at Alert (82øN, 63øW), Alaska (71øN, 
137øW), Niwot Ridge, Colorado (40øN, 106øW), Mauna Loa (20øN, 156øW), Samoa (14øS, 
171øW), Tasmania (41øS, 145øE), and South Pole (moøs, 102øE). The lowest panel (marked 
Globe) shows a mean of least squares polynomials of 4th degree fitted to observations and model 
results ((mlert+mlaska+Niwot Ridge+Mauna Loa)/d+(Samoa+Tasmania+South Pole)/3)/2. 

The relation of global mean OH presented here to em- 
pirical OH implied by observations of HCFC-22 depends 

on the accuracy of the stratospheric loss in our model, 

resulting in an atmospheric lifetime of 229 years, that 
is, accounting for •5% of the total loss of HCFC-22. 
Kanakiclou e! al. [1995] reported an atmospheric life- 
time of 214 years due to stratospheric loss of HCFC-22, 

and four out of six stratospheric models (NASA MM- 

II) give estimates in the range 197-223 years (the range 
for all six models is 135-309 years). In the absence 

of a standard, we assume here for simplicity that the 

stratospheric loss in our model is accurate (with an un- 
certainty 4-50%). 

Since the simulation with standard OH and with 

a correct stratospheric loss accurately reproduces the 

trend in HCFC-22, to 4-5%, we conclude that global 

mean OH presented here (weighted by the frequency of 
reaction with HCFC-22) is accurate to 4-5% as com- 
pared to empirical OH. The combined uncertainty in 

empirical OH, including that for the absolute calibra- 



SPIVAKOVSKY ET AL.- CLIMATOLOGICAL DISTRIBUTION OF TROPOSPHERIC OH 8959 

tion, +5% [Montzka ½t al., 1993], for the magnitude 
of emissions, +10% (P. Midgley, personal communica- 
tion, 1998), for the rate constant, from -13% to +15% 
[DeMote ½t al., 1997], and for the stratospheric loss, 
+2.5%, is in the range -20% to 36%. Although signifi- 
cant uncertainties are associated with determining em- 

pirical global mean OH using observed long-term trends 

of CH3CC13 and HCFC-22 (dashed lines in Figure 13), 
consistent results for two independent constraints afford 

a degree of confidence in these estimates. 

Two industrial compounds, C2C14 and CH2C12, with 

relatively short lifetimes with respect to reaction with 

OH (about 2 and 3.5 months in the tropics, respec- 
tively), have been added recently to the list of species 
with documented releases and observational constraints. 

Observations of both gases [CMDL, 1998] are compared 
with simulations in Figures 16 and 17. Only indus- 
trial sources and the OH sink are included in these 

simulations (unless noted). Estimates of emissions are 
from McCulloch and Midglcy [1996] for 1989-1992 and 

9. Constraints on the Hemispheric and 

Semihemispheric Scale 

9.1. Annual Mean Levels of CH2C12 and C2C14 

As a Constraint for Regional Concentrations of 
OH 

Estimates of mean concentrations of OH on scales 

smaller than global are required to interpret measure- 

ments and quantify sources of species such as CO, with 

a lifetime of about a month in the tropics and in summer 

at temperate latitudes. There is a distinct interhemi- 

spheric asymmetry in distributions of precursors for tro- 

pospheric OH. Species involved in both production and 

loss of OH are present at significantly higher concentra- 

tions at northern than at southern midlatitudes [e.g., 
Logan ct al., 1981]. The disparity extends to lower lati- 
tudes. Concentrations of CO, the species providing the 

major sink for OH, are in general higher in the northern 
than in the southern tropics because of the proximity of 

industrial regions of Europe and North America. How- 

ever, concentrations of 03, the major source species for 

OH, appear to be lower in the northern tropics than 

in the south [Fishman st al., 1990], as discussed above. 
Mean concentrations of OH for the tropics are slightly 

higher in the south, whereas more OH is predicted for 

midlatitudes in the north (Table 4). 

Figure 16. Observed (circles) and simulated concen- 
trations of CH2C12 using (1)standard OH and standard 
rate ofinterhemispheric mixing, D = 180 km (bold solid 
lines); (2) standard OH and increased interhemispheric 
mixing, D: 250 km (thin solid lines); (3) standard OH 
and D = 220 km (thin dashed lines); (4)standard OH 
increased in the NH by 35% and decreased in the south- 
ern tropics by 60%, and D: 180 km (dot-dashed lines); 
(5) standard OH increased in the NH by 20% and de- 
creased in the southern tropics by 25%, and D: 220 km 
(thick dashed lines); (6)standard OH, D = 180 km, 
with a source of 40 Gg of CH•,C12 distributed uniformly 
over the ocean surface (dotted lines). Note that re- 
sults of simulations 4 and 5 are close throughout the 
globe and that in the SH they are also close to simula- 
tion 3. Comparisons are presented as 12-month running 
means (omitted if monthly values are available for fewer 
than 10 months encompassing 6 previous and 5 follow- 
ing months). Observations are from CMDL [1998] (see 
Figure 15 for coordinates of the sites). 
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Figure 17. Observed (circles) and simulated con- 
centrations of C2C14 using standard rate of interhemi- 
spheric mixing, D = 180 km, and standard OH (bold 
solid lines); standard OH, D -- 180 kin, but the rate 
constant for reaction with OH increased and reduced 

by 30% (short-dashed and dotted lines, respectively); 
standard OH, D -- 180 kin, recommended rate constant 
[DeMote et el. , 1997], and a 24-hour average concen- 
tration of C1 of 1.25 x 104 molecules cm -3 in the lowest 

500 m over the oceans (long-dashed lines). Comparisons 
are presented as l•-month running means (omitted if 
monthly values are available for fewer than 10 months 
encompassing 6 previous and 5 following months). See 
Figure 15 for coordinates of the sites. 

P. Midgley (personal communication, 1998) for 1993- 
1996. For C2C14, the rate constant for reaction with 

OH is from DeMote et el. [1997], whereas for CH2C12 
we used 1.92 x 10-•2e -897/T cm 3 molecules -• s -• rep- 
resenting a fit to four recent measurements, all within 

15% of each other (W. B. DeMote, personal communica- 
tion, 1998). Simulations were initialized for 1988 using 
the distribution observed by I(oppmenn et el. [1993]. 
We focus first on overall levels of these compounds as 

a possible constraint for mean hemispheric and semi- 

hemispheric concentrations of OH; seasonal variations, 

considered in section 9.3, were removed here by using 

12-month running means. 

For CH•,Clu, model results for standard OH are 15- 

20% higher than observations in the NH and .--10% 
lower than observations in the SH; for CuC14, model 

results are higher than observations in the NH by 30- 
50%, and on average are close to observed in the SH 

(Figures 16 and 17, bold solid lines). A comparison 
of the discrepancies for CuC14 and CH_•CI= (or alter- 
natively, a comparison with observations of the ratio 
of C2C14 to CH:CI•, which is insensitive to OH [Singh 

et el., 1996b]) suggests that a significant loss process 
for CuC14 is missing in the simulation. b•ngh et al. 

[1996b] and Rudolph et el. [1996] used the high re- 
activity of C,•C14 with C1 to define an upper limit for 
the abundance of C1 in the troposphere. A simulation 

of C•C14 allowing for 24-hour average concentrations of 
C1 of 1.25 x 10 4 molecules cm -3 in the lowest 500 m 

over the oceans (consistent with estimates of these au- 

thors) displays discrepancies with observations similar 
to those for CHuClu' concentrations are too high by 10- 

25% in the NH and too low in the SH (see Figures 16 

and 17). Alternatively, a 30% increase in the rate con- 
stant for reaction of CuC14 with OH (at the upper limit 
of the present uncertainty [DeMote ½t al., 1997]) leads 
to similar results (short-dashed lines in Figure 17). 

For tracers such as CH•Clu and C•C14, that is, rela- 

tively short lived and emitted mainly at northern mid- 

latitudes, a uniform scaling of the loss frequency glob- 

ally (e.g., by scaling the rate constant) disproportion- 
ally affects concentrations in the SH. As expected for 

a tracer with a nearly steady state behavior, scaling 
the loss frequency globally by -25% and +50% leads 
to a change in the global abundance by about 4-33%. 
Concentrations at northern midlatitudes display a lower 

than average sensitivity, with a response of about 4-20%, 

because they are determined to a large degree by a bal- 
ance between the rate of emissions and the rate of trans- 

port to the tropics. In contrast, at southern midlati- 

tudes such modifications of the loss frequency globally 

lead to changes in calculated concentrations by about 

4-60%, reflecting the cumulative effect of modified losses 
of tracer en route from northern midlatitudes. The un- 

certainty of 4-30% in the rate constant for reaction of 

CuC14 with OH leads to the uncertainty in simulated 

annual mean concentrations of C•C14 at northern mid- 

latitudes from -13% to +22%; however, at southern 
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midlatitudes, the same uncertainty is -35% to +70% 
as depicted by the distance between dotted and short- 
dashed lines in Figure 17. Of the two tracers, CH2C12 
and C2C14, the former appears better suited to con- 
strain OH, given the large uncertainties in the rate con- 
stant for reaction of C2C14 with OH and in the magni- 

tude of the C1 sink for C2C14. 

Large modifications of OH would be needed to elimi- 
nate the discrepancies between model results for CH2C12 

and observations (Figure 16). If we were to attribute 
the •20% excess of CH2C12 simulated for the NH solely 

to errors in OH, most of it would be eliminated by 
an increase in OH in the NH by •35%, that is, OH 

in the NH may be lower than empirical OH by •26% 

(1/1.35- 1 = 0.26). However, this would decrease the 
flux of CH2C12 into the SH and thus exacerbate the 

deficit of CH2C12 simulated for the SH. A decrease in 

OH by 60% in the southern tropics would be needed to 

achieve agreement with observations, resulting in a de- 
crease by •42% in the hemispheric mean for OH in the 
SH, that is, OH in the SH may be higher than empiri- 

cal OH by 72% (1/0.58- 1: 0.72). Given our current 
knowledge of distributions of precursors for OH and of 
the limited sensitivity of concentrations of OH to their 

specification, it is hard to contemplate errors of that 
magnitude. As will be clear from Figure 13, indepen- 
dent observational constraints render such large errors 

unlikely. 

At the same time, other imperfections of the model 

may be contributing significantly to discrepancies be- 
tween simulated and observed levels of CH2C12. Con- 
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Figure 19. Latitudinal gradient of CFC-11 as rep- 
resented by differences between monthly values at 
ALE/GAGE stations and those at Tasmania (see Fig- 
ure 14 for coordinates of the sises), averaged over 1980- 
1983. Observations [Cunnold et al., 1994] are denoted 
by solid symbols: circles for silicone column (S) and di- 
amonds for Porasil column (P). Simulations are shown 
by open squares and circles for D : 180 km and 
D = 220 km (see text, section 9.1), respectively. For 
both model and observations, the monthly values for 
each site were obtained using a second-order polyno- 
mial providing the least squares fit to monthly means 
for the running 30-day medians, to filter out the influ- 
ence of local pollution and to minimize the impact of 
missing data. The distribution and history of emissions 
were taken from McCulloch et al. [1_994] and Fisher ½t 
al. [1994]. 
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Figure 18. Latitudinal distribution of 85Kr from the 
Atlantic cruise in March 1983 [Weiss et al., 1983] (tri- 
angles). The solid line shows results for the standard 
model (D = 180 km), the dotted line shows results for 
the simulation with increased interhemispheric mixing 

(D = 250 km) and the dashed line corresponds to the 
simulation with D = 180 and additional diffusion in 

the southern extratropics (see section 10 and caption 
for Figure 25). 

centrations of tracers such as C2C14 and CH2C12, partic- 

ularly in the SH, are more sensitive to the rate of inter- 

hemispheric mixing than those for the long lived species, 

CFCs and 85Kr, used to test the accuracy of this rate 
in the model [Prather et al., 1987; Jacob et al., 1987]. 
The current CTM includes a parameterization of hor- 

izontal mixing with a diffusion coefficient proportional 

to the intensity of local convection and to the square of 

the length parameter D, introduced by Prather et al. 

[1987] to account for processes unresolved in the parent 
GCM. In the standard CTM we use a value for D of 

180 km. Figure 18 illustrates small differences, as com- 

pared to observational constrain[s, in results for 8aKr 
with mixing lengths of 180 and 250 km. Observations 

of CFCs at the ALE/GAGE sites suggest •220 km as 

an upper limit for D (Figure 19). For D = 220 km, an 
increase in OH in the NH by 20% combined with a de- 

crease in the southern tropics by 25% (i.e., a decrease 
in the SH by 18%) brings simulated levels of CH2CI2 
close to observed in both hemispheres, signifying dis- 

crepancies be[ween standard OH and empirical OH of 

-17% for the NH (1/1.2- 1: 0.17) and +22% for the 
SH (1/0.82- 1 = 0.22). 
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Results for CHuCIu (expressed as annual means) sug- 
gest that for mixing lengths consistent with observa- 

tions of SaKr and CFCs (i.e., for D in the range of 
180-220 kin), in the NH mean OH is lower than empir- 
ical OH by 17-26%, and in the SH mean OH is higher 
than empirical OH by 22-72%, with larger errors corre- 

sponding to lower diffusion rates (crosses in Figure 13 
correspond to the middle of these ranges). In reality the 
sensitivity of the distribution of CH2CI2 to the repre- 

sentation of north-south transport may even be greater 

than shown in Figure 16, if larger errors in the rate of 

mixing arise in the season when the interhemispheric 

gradient of CH2Clu is at its peak (northern winter - 
spring) than for other seasons. We emphasize that the 
estimate of the deviation from empirical OH for the SH 

depends strongly on that adopted for the NH. 
Industrial sources of CH•CIu are sufficient to bal- 

ance the budget of CHuClu for the present distribu- 

tion of OH, using the newly measured rate constant. 
Thus results for the standard OH and D = 250 km 

are higher than observations throughout the globe by 

5-10% (Figure 16, thin solid lines), while the global 
abundance of CHuClu in this simulation is lower than 

that for standard OH and D = 180 km by only 1%. 

Nonindustrial sources of CH2Clu, from the ocean and 

from biomass burning, have been suggested in earlier 

studies [Singh ½t al., 1996b; Rudolph ½t al., 1996]. If, 
however, these sources prove to represen• a significant 

fraction of the industrial source, it may be difficult to 

reconcile constraints for the global abundance of OH 

imposed by long-term trends in CHsCCls and HCFC- 

22 with those given by the levels of CHuC12 (see Figure 
]3 under "global mean"). An addition of 40 Gg yr -• 
of CHuClu distributed uniformly over the ocean sur- 

face (which amounts to only 13% of the mean industrial 
source for 1994-1996) would result in concentrations of 
CHuClu higher than observed in both hemispheres us- 

ing standard OH and standard mixing (dotted lines in 
Figure 16). 

The estimate for global mean OH is sensitive to the 

spatial distribution of OH in relation to that of CH2CI•. 

Thus results for standard OH and D = 250 km sug- 

gest that global mean OH (weighted by the frequency 
of reaction with CHuC12) is lower than empirical OH by 
5-10%. The simulation of CHuClu with OH increased 

in the NH by 35% and decreased in the SH by 42% 

(D = 180 kin), corresponding to a decrease of •4% 
in global mean OH (weighted by the mass of air), re- 
sults in a global abundance of CH2Clu decreased by 8% 

(because the loss frequency of CHuCI• increased in the 
region immediately affected by emissions). 

The combined uncertainty in empirical global mean 

OH implied by observed levels of CHuClu, including 

those for the absolute calibration, +5%, for the mag- 

nitude of industrial emissions, +5% [McCulloch and 
Midgley, 1996] and for the rate constant, +15% (W. B. 
DeMore, personal communication, 1998), is in the range 
-21% to +30%. We also neglected loss of CH2CI•, in 

the stratosphere which is not expected to amount to 

more than a few percent because of a relatively short 

lifetime of CH_•CI_. in the troposphere. 

9.2. Observations of CH3CC13 As a Constraint 

for the Ratio of Hemispheric Means for OH 

The present distribution of OH results in nearly equal 

hemispheric means (Table 4). Corrections to the com- 
puted distribution of OH resulting in ratios larger than 

2 would be inconsistent with our understanding of un- 

certainties in the calculated values (for the present 
chemical mechanism), and those in the range 1.5-2 
would be unlikely. 

Observations of tracers with lifetimes significantly 

longer than the interhemispheric exchange time, such as 

CH3CC13, may help constrain the ratio of mean hemi- 

spheric concentrations of OH. For example, in a steady 
state with a constant rate of emissions located in the 

NH, the net flux to the SH could range from zero to 

the full emissions, if the loss were confined to one hemi- 

sphere, northern or southern, respectively; in the case of 

symmetric loss frequencies, the flux would be approxi- 

mately equal to half of emissions. The interhemispheric 

gradient would adjust accordingly to ensure the trans- 

mission of a proper flux. 

The interhemispheric gradient of CH3CC13 is sen- 

sitive to the rate of interhemispheric mixing in the 

model, for example, if interhemispheric transport is 

too vigorous, an erroneous interhemispheric bias, with 
higher loss frequencies in the SH, could be deduced from 

a comparison of simulated and observed gradients of 

CH3CC13. Figures 18 and 19 discussed in section 9.1 

presented tests of the rate of interhemispheric mixing 

in the CTM using observations of 8'•Kr [Weiss et al., 
1983] and CFC-11 [Cunnold et al., 1994]. 

The location of the Intertropical Convergence Zone 

(ITCZ) in the model, as an actual boundary between 
the henrispheres, may also affect the interhemispheric 

gradient of CH3CC13: (1) by influencing the effective 
mean concentration of OH in each hemisphere (since 
the near-equatorial region in question is characterized 

by particularly high concentrations of OH), and (2) by 
defining the effective dilution volume for the NH. The 

simulation of 85Kr reproduces the observed latitudinal 

distribution in boreal winter, spring and autumn (as 
shown in Figure 18 for March) giving no indication of a 
significant misplacement of the ITCZ over the Atlantic. 

However, a comparison of observed and simulated peak 

intensities of the Hadley circulation [Rind and Lerner, 

1996] suggests that on average the ITCZ in the GCM II 
may have been shifted north by one grid box in latitude, 
that is, by 40 . This would result in an exaggeration of 
the interhemispheric gradient of CHaCCla which could 
conceal an overestimate of the north-to-south ratio for 

OH. (The shift in the location of the ITCZ to the north 
may be partly responsible for the overestimate of the 

interhemispheric gradient of CHuClu discussed in sec- 
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Figure 20. Latitudinal gradient of CH3CCIa as 
represented by differences between mont, hly values at 
ALE/GAGE stations and those at Tasmania (see Fig- 
ure 14 for coordinates of the sites), averaged over 1980- 
1983. Observations [Prinn et al., 1995] are denoted by 
solid circles. Simulations are shown by open symbols: 
squares for D: 180 km and standard OH; triangles for 
D - 180 km and for an interhemispheric ratio in OH of 

50%, north to south (pointed down) and south to north 
(pointed up); and circles for D = 220 km and standard 
OH. For both model and observations, the monthly val- 
ues for each site were obtained using a second-order 
polynomial providing the least squares fit to monthly 
means for the running 30-day medians, to filter out the 
influence of local pollution and to minimize the impact 
of missing data. 

tion 9.1.) For the present distribution of OH, a 4 o lati- 
tude shift of the ITCZ (for the full range in longitude) 
results in less than a 10% difference in the effective ra- 

tio of interhemispheric means for the loss frequency of 

CH3CC13. We estimated, using a simple two-box model, 
that this would result in a less than 5% error in the in- 

terhemispheric gradient of CH3CC13. 

The interhemispheric gradient of CH3CCla is com- 

pared with observations [Prinn et al., 1995] in Fig- 
ure 20 for simulations with standard mixing (D = 180 
km) using (1)standard OH, and (2) and (3) using dis- 
tributions of OH obtained by scaling standard OH in 

each hemisphere to give the north-south ratios of hemi- 

spheric means for OH of 2 and 0.5, but the same mean 

atmospheric lifetime of CH3CCla for all three simula- 
tions. Also shown is the simulation with D: 220 km 

for standard OH. We chose to average the latitudinal 
distribution over 1980-1983 because during this time, 

emissions were relatively stable, within 3% of the mean. 

(Modifications of the interhemispheric gradient associ- 
ated with the E1 Nifio from mid- 1982 to mid- 1983 [Prinn 
et al., 1992] are not expected to affect significantly the 
mean gradient over 1980-1983.) 

For D = 180 km (standard model), the present dis- 
tribution of OH (with nearly equal hemispheric means) 

provides a better agreement with observations than 
those with a factor of 2 difference between the hemi- 

spheric means. For a given global mean OH, constrain- 
ing the ratio of hemispheric means to a factor of 2 is 
equivalent to constraining hemispheric mean concentra- 
tions of OH to better than 4-33%. When the rate of 

interhemispheric mixing is increased to the upper limit 
consistent with observations of CFCs (D: 220 km), the 
simulated gradient for standard OH is too low, and an 
increase in the north-to-south ratio in OH would exac- 

erbate the discrepancy with observations of CHaCCla. 

The two constraints using (1) the interhemispheric 

gradient of CH3CCla and (2) annual means of CH2C12 
suggest distinctly different empirical hemispheric means 
for OH. As follows from section 9.1, observations of 

CH2C12 imply corrections resulting in the ratio (north 

to south) of hemispheric means for empirical OH rang- 
ing from 1.5 to 2.3 (an increase of standard OH in the 
NH by 20% accompanied by a decrease in the SH by 
18%, suggested by the simulation with D = 220 km, 
defines the lower limit for the ratio; an increase of stan- 

dard OH in the NH by 35% combined with a decrease 

in the SH by 42% using D: 180 km defines the up- 

per limit). An increase in magnitude of emissions and 
a decrease in the absolute calibration for CHaCCla, 

within the range of their uncertainties, would bring 

these constraints closer to each other (but would in- 
crease empirical OH constrained by the long-term trend 

of CHaCC13). For example, a 5% increase in emissions 
combined with a 5% decrease in calibration, would lead 

to a 5% increase in the simulated interhemispheric gra- 
dient of CHaCC13 and a 5% decrease in the observed 

gradient. The standard simulation would then result 

in a more than 4 pptv overestimate at Cape Meares 

(45øN, 124øW)and Adrigole (52øN, 10øW) and about 
1 pptv overestimate at Barbados (13øN, 59øW), with 
an implication that (1) the ratio of hemispheric means, 
north to south, is too low for standard OH and (2) that 
global mean OH (weighted by the frequency of reaction 
with CH3CCI3) is too low by about 7%. As discussed in 
section 10, observations of •4CO suggest that standard 
OH may be too low in the tropics in winter, in contrast, 

however, to the result obtained for the southern tropics 

using annual means of CH2C12 (see Figure 13). 

Part of the apparent discrepancy between the empir- 

ical partitioning of global OH among the hemispheres 
suggested by the analysis of observations of CH3CC13 

and CH2012 could be associated with a different weight- 

ing (resulting from higher gradients and a weaker tem- 
perature dependence of the rate constant for CH2C12 

than for CH3CC13). The difference in the locations of 
observational sites in the NH for the two compounds 
may also play a certain role. Thus, in the tropics, obser- 

vations of CH2C12 at Mauna Loa (20øN, 156øW) repre- 
sent predominantly the air over the Pacific in contrast to 

those for CHaCCI3 at Barbados (13øN, 59øW) sampling 
the Atlantic air; in the extratropics, observations of 

CH2C12 are indicative of high latitudes, whereas those 
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for CH3CC13 represent midlatitudes. Errors in simula- I I • • • , , , , , , 

tion of transport and of the location of the ITCZ may • 30 
affect these regions in a different way. Additional uncer- 

tainties are associated with determination of the simu- 
lated "background levels" of CHaCC13 CH2C12 as well :]ff 20 
as CFCs at the NH sites in the proximity of the source regions. For example, the simulation of CH3CC13 with 

standard OH (and D - 180 km) underestimates concen- ¸ 10 

trations at Barbados but overestimates them at Cape Meares (Figure 20). Results for CFC-12 (not shown) 
display similar errors at Barbados and Cape Meares, .•-• 0 . 
but not for CFC-11 (Figure 19). We attribute these > discrepancies to errors in representation of short-range transport of tracers from source regions, to uncertain- -10 
ties in the distribution of emissions within large coun- 

tries and to difficulties of relating grid box results to • -20 
observations at a particular site in a region of steep 09 

gradients. Additional observational sites, particularly • // Tasmania 
in the NH, would have been beneficial for this analy- 
sis. Within the next several years, when emissions of -30 
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Figure 21. Annual cycle of CH3CCI3 at Tasmania 
(41øS, 145øE) averaged over 1980-1991 (percent). Rel- 
ative residuals from the long-term trend were computed 
in a manner described in S90. Triangles denote ob- 
servations [Prinn et al., 1995], with error bars corre- 
sponding to i standard deviation from the mean. The 
solid line corresponds to the simulation with standard 
OH. Dashed lines show simulations with concentrations 

of OH reduced and increased by 50% south of 28øS; 
the dot-dashed line shows the simulation with aseasonal 

OH: concentrations of OH were averaged over the year 
in each grid box. The dotted line shows the simulation 
with standard OH and additional diffusion in the south- 

ern extratropics discussed in section 10 (see caption for 
Figure 25). 

Figure 22. Observed [CMDL, 1998] and simulated rel- 
ative seasonal variations of CH2C12 at Tasmania (41øS, 
145øE) (percent). Symbols show averages of monthly 
means (relative to the yearly average), over 1994-1997. 
Error bars depict the full range of monthly mean val- 
ues over this period. The simulation with standard OH 
corresponds to the solid line, and those with concentra- 
tions of OH reduced and increased by 50% south of 28øS 
are shown as dashed lines. The dot-dashed line shows 
the simulation with aseasonal OH: concentrations of OH 

were averaged over the year in each grid box. The dot- 
ted line shows the simulation with standard OH and ad- 

ditional diffusion in the southern extratropics discussed 
in section 10 (see caption for Figure 25). 

CH3CC13 will nearly cease as envisaged in the Mon- 
treal Protocol, observations of CH3CC13 may provide a 
unique opportunity to improve the constraint on the ra- 
tio of hemispheric means for OH as discussed in section 
11. 

9.3.' Seasonal Variations of Tracers As a 

Constraint for OH at Temperate Latitudes 

A relative amplitude of the annual cycle of CHaCC13 
at Tasmania (41øS) provides a measure of the tro- 
pospheric concentration of OH integrated over south- 
ern extratropics (weighted by the frequency of reac- 
tion with CHaCCI3) (S90). Figure 21 compares relative 
amplitudes of simulated and observed seasonal varia- 

tions of CHaCCI3 averaged over 1980-1991 at Tasma- 
nia. Dashed lines present results with the standard OH 
reduced and increased by 50% south of 28øS. The com- 

parison suggests that standard OH in that region may 
be higher than implied by observations by 15-25%. 
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An uncertainty of about +25% is associated with the 

magnitude of the dynamical component of seasonal vari- 
ations at Tasmania for long-lived tracers emitted mainly 

at northern midlatitudes (dot-dashed line in Figure 21). 
The present record for CFCs at Tasmania spans over 17 

years and includes three sets of observations [Cunnold 

et al., 1994], none of which exhibits a statistically signif- 
icant annual cycle (at the confidence level of 95%). The 
CTM simulation of CFCs (not shown) predicts small 
seasonal variations at Tasmania, with amplitudes less 

than 0.3%, that is, comparable to the instrumental noise 

in observations. The present model uses meteorologi- 

cal fields from i year of the GCM simulation, therefore 
model results characterize seasonal variations in trans- 

port over the course of I year rather than a recurring 

annual cycle. 

Similarly to results for CH3CC13, a comparison of 

the simulated and observed amplitude of relative sea- 

sonal variations for CH2C12 at Tasmania (Figure 22) 
suggests an overestimation of OH in that region, but of 

somewhat larger magnitude, by 30-50% (see Figure 13); 
as for CH3CC13, we estimated that for CH,•C12 about 

-t-25% uncertainty is associated with the magnitude of 

the dynamical component. 

At northern midlatitudes, observations of a variety 

of industrial pollutants with relatively short lifetimes 

can potentially be used to evaluate computed concen- 

trations of OH in that region. However, uncertainties 

in the magnitude and distribution of sources present a 
major difficulty. In addition, the proximity of source 

regions to sampling locations contributes greatly to the 
variability in observations and complicates interpreta- 

tion of measurements using models with a horizontal 

resolution typically of hundreds of kilometers across a 

grid box. Goldstein et al. [1995a] circumvented some 
of these difficulties by defining "background concen- 

trations" at Harvard Forest (42.5øN, 72.2øW) afforded 
by continuous, high-frequency observations. Using the 
relative amplitude of seasonal variations, they demon- 

strated that the seasonal behavior of ethane, acetylene, 

propane, butane, pentane, and hexane, with lifetimes in 

summer ranging from 40 to 1.5 days, can be explained in 

the context of a simple one-box model, assuming a con- 

stant rate of emissions for each gas. Their work suggests 
that seasonal variations in OH in fact determine the sea- 

sonality of background levels of these compounds at the 
site, as predicted by simulations using the CTM. Mean 
tropospheric concentrations of OH presented here are 

higher by about 20% north of 32øN than those used by 

Goldstein et al. [1995a] (see Table 4); however, the cur- 
rently recommended rate constant for reaction of C2H6 

with OH is lower by about 15% [DeMote et al., 1997]; 
in addition, less OH resides in the lower troposphere in 

the present distribution as discussed in section 4. Con- 

sequently, our simulation of seasonal variations of C2H6 

at Harvard Forrest (Figure 23) leads to results similar 
to those of Goldstein et al. [1995a]' average concentra- 
tions of OH at northern midlatitudes are constrained to 
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Figure 23. Comparison of observed (bold solid line) 
and simulated relative seasonal variations of C2He at 

Harvard Forest, Massachusetts (43øN, 72øW) [Gold- 
stein et al., 1995a]. The simulation with standard OH 
is shown as a thin solid line, and those with standard 
OH reduced and increased by 50% north of 28øN as dot- 
ted lines. Observations and simulations are presented 
as 30-day running 10% quantiles relative to their yearly 
mean. 

-t-50%, with the simulation for standard OH falling near 

the middle of the range consistent with observations. 
For CHaC12, the relative amplitude of seasonal varia- 

tions in northern extratropics is also consistent with ob- 

servations for the simulation with standard OH (Figure 

24). We assigned a +50% uncertainty to the estimate 
of mean OH in the northern extratropics using obser- 

vations of CHaCI2 (see Figure 13). For C2C14, results 
suggest that the loss frequency using standard OH is 
too low (not shown). A comparison of simulations using 
standard OH for C2C14 and CHaCI2 implies that a sink 

of about 25-50% with the seasonality similar to that for 

OH is missing in the simulation of C2C14 (the magni- 
tude of this missing sink appears somewhat smaller in 
northern than in southern extratropics). 

Unlike other constraints, those afforded by the rela- 

tive amplitude of seasonal variations are insensitive to 

uncertainties in the absolute calibration and magnitude 

of the industrial emissions; they are sensitive, however, 

to errors in representing the seasonality of emissions and 
transport. 

10. Utility and Limitations of 14CO As 
a Test for OH 

Since the pioneering work of Weinstock and Niki 

[1972], •4CO has been considered as one of the few gases 
that can provide a measure of the tropospheric abun- 

dance of OH, because the magnitude and distribution 
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Figure 24. Observed [CMDL, 1998] and simulated relative seasonal variations of CH_,CI_, in 
northern extratropics (percent). Symbols show averages of monthly means, relative to the yearly 
mean, over 1994-1996. Error bars depict the full range of monthly mean values over this period. 
The simulation with standard OH is shown as bold solid lines, and those with concentrations of 
OH modified by +50% north of 28øN are shown as dashed lines. Dot-dashed lines correspond to 
a simulation with aseasonal OH: concentrations of OH were averaged over the year in each grid 
box. See Figure 15 for coordinates of the sites. 

of its source, mainly of cosmic origin, were believed to 

be known, and reaction with OH constituted the ma- 

jor sink. By virtue of its relatively short lifetime (1-1.,5 
months in the tropics and midlatitude summer), obser- 
vations of •4CO were expected to provide estimates of 
OH on a hemispheric and semihemispheric scale [e.g., 
Volz et al., 1981; Brenninkmeu'er et al., 1992]. 

However, the interpretation of observations of •4CO 
proved to be difficult because it involves simulation of 

complicated dynamical processes which cannot be read- 

ily tested. About 50% of the cosmic production of •4CO 
outside the tropics occurs above 150 hPa. Therefore the 

effective tropospheric source of •4CO (of cosmic origin) 
in models may differ by as much as a factor of 2 in 

the extratropics, depending on the flux from the strato- 

sphere which in turn is determined by the relative mag- 
nitudes of the stratospheric loss frequency and the rate 

of transport to the troposphere. Results may appear 

insensitive to the rate of troposphere-stratosphere ex- 

change if loss frequencies in the stratosphere are too 

low [cf. Maket al., 1992]. Recent successes in mea- 
suring and modeling concentrations of OH in the lower 
stratosphere [Weanberg et al., 1994] may reduce signif- 
icantly uncertainties in the rate of chemical destruction 

of •4CO in the stratosphere. However, adequate test- 

ing of the rate of transport from the stratosphere re- 
mains problematic; observations of excess 14CO2 after 

nuclear bomb tests [Johnston, 1989] customarily used 
for that purpose, although helpful for identifying gross 

errors, do not allow for discrimination between (1) erro- 
neous rates for the troposphere-stratosphere exchange 

and (2) inaccurate representation of transport within 
the stratosphere, north to south and to higher altitudes 

IS'bin et al., 1989; Jackman et al., 1991; Prather and 

Remsberg, 1993]. 
Another factor affecting simulated concentrations of 

14CO in the troposphere, particularly outside the trop- 
ics, is the height of the tropopause in the model, espe- 

cially at high latitudes. Mean rates for production of 

cosmic •4CO outside the tropics between 250 and 200 
hPa and between 200 and 150 hPa amount to about 

35% and 45%, respectively, of production between the 
surface and 250 hPa. If the model tropopause is too 

high, a region of the stratosphere with fast production 
is erroneously attributed to the troposphere, and 14CO 
produced in this region is allowed to escape destruction 
by stratospheric OH, resulting in an overestimate of the 

tropospheric source of •4CO. Most of the models used 
thus far to interpret observations of 14CO, including 
the present model, were developed with an emphasis on 

tropospheric processes and lacked both adequate resolu- 

tion in the vicinity of the tropopause, and appropriate 

physics [cf. $pivakovsky and Balkanski, 1994; Mak et 
al., 1994]. 
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Equally important is the representation of intrahemi- 

spheric transport in the troposphere (on a seasonal time 
scale) because most of •4CO originates at high and mid- 
dle latitudes, and the highest loss frequencies occur in 

the tropics. More vigorous mixing between midlati- 

tudes and the tropics would decrease the intrahemi- 

spheric gradient and expose higher levels of •4CO to 
loss in the tropics, resulting in a lower abundance of 

•4CO for the entire hemisphere. In the NH, observa- 
tions of CFCs and SSKr provide some constraint on the 
_•_4-_ _œ ' 1 ' 1 ' 

r• u• mtranem•spneric mixing, but in the cTT On they in- 

dicate that latitudinal gradients are small (Figure 18) 
•1 ,h,,• provide only • 1•,• limit for this rate. 

Because of the difficulties discussed above, absolute 

levels of 14CO at midlatitudes cannot provide a defini- 
tive measure of OH. They may help nevertheless iden- 

tify model defects, and in conjunction with other tracers 

they can provide useful constraints as illustrated below. 
The distribution of cosmic emissions and their de- 

pendence on the sunspot number in our simulations of 

•4CO were taken from Lingenfelter [1963] and O'Brien 
[1979], respectively, assuming that 95% of •4C is emit- 
ted as •4CO [Volz et al., 1981]. Noncosmic emissions of 
•4CO (biomass burning and oxidation of CH4, isoprene 
and other NMHC) were computed using emissions of 
CO from Wang et al. [1998a] (with the corrections 
for emissions of isoprene discussed in section 2) and 
•4CO/•2CO ratios in individual sources from Volz et 
al. [1981]. The rate constant (for reaction of CO with 
OH) was taken from DeMote st al. [1997]; based on 
recent laboratory results, the uncertainty in the value 

for the rate constant derived from the expression given 

by DeMote et al. [1997] is less than 15% at 273 K at 
tropospheric pressures (A. R. Ravishankara, personal 
communication, 1999). As shown in Figure 25a, the 
standard model significantly overestimates the relative 

amplitude of seasonal variations of •4CO at southern 
midlatitudes, determined in the model primarily by sea- 

sonality in OH. This may suggest [S90; Goldstein ½t 
al., 1995a] that computed concentrations of OH are too 
high in that region. However, the model also overesti- 

mates the annually averaged concentration (as can be 
seen in Figure 25b showing the same data and simula- 

tions as in Figure 25a, but on an absolute scale), with 
the implication that OH levels may be too low. The 

apparent contradiction indicates an inadequate repre- 

sentation of the effective net flux of •4CO reaching the 
lower troposphere at southern midlatitudes, either in its 

magnitude, or seasonality, or both. 

In particular, a poor representation of the strato- 

sphere may explain a large part of the discrepancy. The 

stratosphere in this model is resolved in two layers in 

the extratropics, from 150 to 70 hPa, and from 70 to 10 

hPa. The tropopause in the model is located at about 

150 hP• outside the tropics all year around, which is 

too high except in summer [e.g., Holton et al., 1995]. 
A simulation of the evolution of the global distribution 

of •4CO2 after the nuclear bomb tests [Johnston, 1989] 
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Figure 25. Annual cycle of •4CO at Baring Head, New 
Zealand, averaged over 1989-1991' (a) residuals with 
respect to the annual mean in percent and (b) concen- 
trations on absolute scale, in molecules cm -3 (STP). 
Solid lines correspond to the simulation with the stan- 
dard dynamics. Dotted lines show the simulation with 
the rate of stratosphere-troposphere exchange decreased 
by a factor of 2. Short-dashed lines correspond to the 
simulation which in addition to reduced air flux from 

the stratosphere, included relocation of emissions that 
the model erroneously attributes to the troposphere (see 
text). Long-dashed lines show the simulation including 
two previous corrections, and an additional diffusion 
below 400 hPa of 1.5 x 10 •ø cm 2 s -• south of 28øS com- 
bined with vertical diffusion of 8 x 105 cm 2 s -• south 

of 60øS. The thin solid line in Figure 25b shows results 
for the simulation with no cosmic source. The standard 

distribution of OH was used in all simulations. Observa- 

tions (symbols) are from Brenninkmeijer [1993]. Error 
bars represent the full range of monthly mean values 
over 1989-1991. 

suggests that the rate of transport from the stratosphere 
in the model may be too high by as much as a factor 

of 2 (Figure 26). This rate may be particularly exces- 
sive in the SH, where it is slightly higher than in the 
north, in contradiction to the analysis of Rosenlof and 

et al. [1996], indicating a more vigorous troposphere- 
stratosphere exchange in the north. (Observations of 
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Figure 26. Global distribution of excess •4CO2 (10 s molecules per gram of air) observed in July 
1966 (solid lines with triangles). Simulations were initialized in October 1963 using observations 
from Johnston [1989] along with the lower-boundary conditions. Solid lines with solid circles show 
the simulation with the standard model. Dotted lines with open circles correspond to simulations 
with the air flux through the 150 hPa surface reduced by 25% and 75%. Solid lines with open 
circles show the simulation with the air flux reduced by'50%. 

bomb 14CO 2 are available only at 42øS in the SH and 
do not extend above 22 km.) 

To estimate the magnitude of the error in our simu- 

lation of •4CO due to inadequate representation of the 
stratosphere, we (1) reduced the air flux across the 150 
hPa surface by a factor of 2 based on results for bomb 

•4CO2, and (2) moved the portion ofstratospheric emis- 
sions that the model erroneously attributes to the tro- 

posphere to the model layer above 150 hPa; the seasonal 

tropopause heights used to estimate the magnitude of 

the misplaced emissions were taken from McCormick et 

al. [1993]. 
As can be seen in Figures 25, 27, and 28, in aus- 

tral winter in particular, simulations with the reduced 

flux from the stratosphere still exaggerate not only the 
absolute concentrations of •4OO but also vertical and 

horizontal gradients in the SH. Our analysis of GCM II 

temperature fields revealed highly exaggerated horizon- 

tal gradients and uncharacteristica]ly low temperatures 

poleward of 60øS below 400 hPa in winter; for exam- 

ple, at 600 hPa, the temperature gradient between 60øS 

and 80øS is about 20øC higher than observed: 28øC 

versus 8øC [Peixoto and Oort, 1992]. In addition, the 
jet stream in the SH is about twice as strong as ob- 

served, whereas the transient eddy energy is lower by 
more than a factor of 2 than observed, with a maximum 

displaced toward the equator by more than 200 These 

discrepancies may indicate that mixing between south- 
ern high latitudes and the tropics in the GISS GCM 

II is too slow [cf. Rind and Lerner et al., 1996]. Un- 

fortunately, this is one of the aspects of transport that 

is not readily testable. The latitudinal distribution of 

8SKr changes little if an additional arbitrary horizon- 
tal diffusion of 1.5 x 10 •ø cm 2 s -• is introduced south 

of 28øS below 400 hPa, combined with vertical diffu- 

sion of 8 x 10 s cm • s -• south of 60øS (dashed line in 
Figure 18). This modification of model transport suffi- 
ciently decreases the absolute level of •4CO in the SH, 

as well as its gradients (Figures 25, 27, and 28). Im- 
portantly, relative amplitudes of seasonal variations of 

CH3CCla and CH•Cl• at southern midlatitudes were 

not significantly affected by this enhancement of intra- 

hemispheric mixing (dotted lines in Figures 21 and 22) 
because latitudinal gradients of these gases in the SH 
are small. The sensitivity ofextratropical levels of •4CO 
to the yet unrestable aspects of model transport limits 

the utility of observed absolute concentrations of •4CO 

as a measure of OH in that region. They provide, how- 

ever, a stringent test for an overall performance of the 

model in simulating combined effects of chemistry and 
transport. 

The annual cycle of •4CO at northern midlatitudes 
is compared with observations in Figure 29, relative to 

the annual mean (Figure 29a) and on the absolute scale 
(Figure 29b). The relative amplitude for the simulation 
with standard OH is consistent with observations, while 
the absolute concentrations are low even for the stan- 

dard simulation (solid lines), that is, with the flux from 
the stratosphere that most likely is too high. Therefore, 

results for •4CO at northern midlatitudes suggest that 



SPIVAKOVSKY ET AL.' CLIMATOLOGICAL DISTRIBUTION OF TROPOSPHERIC OH 8969 

' 1 35 !•lid. irop•spl•ere , 
3o Jan-Feb 

2,5 •.•- 

k ] •, •$ .•.: 

0 ' I I I I 

35 

3O 

25 

2O 

15 

10 

Jan-Feb o 

60S 30S 0 30N 60N 

Latitude 

•urfa•ce 

August 

i 

i i i 

6•S 3•S 6 3(•N 6•N 

Figure 27. Concentration of •4CO (molecules cm -3 STP) (top) at 6-7 km altitude and (bottom) 
at the surface (left)in January-February and (right) in August. Observations for 1990-1991 
(diamonds) are from Mak et al. [1992], and for 1992 (squares) and 1993 (triangles) are from Mak 
et al. [1994]. Note that the cosmic source was approximately constant in 1990-1991, increasing 
by 8% in i992 and additional 5% in 1993. See Figure 25 for the description of simulations and 
designation of line types. To facilitate a comparison with observations, model results south of 
32øN are shown for 1990-1991, and north of 32øN for 1993. We also included observations in 
1977-1978 from Volz et al. [1981] (open circles); the cosmic source for 1977--1978 was conaparable 
to that in 1992-1993. 
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Figure 28. Vertical profiles of •4CO (molecules cm -3, STP) in 1990-1991 at southern mid- 
latitudes (left) in January-February and (right) in August. See Figure 25 for the description 
of simulations and designation of line types. Observations (symbols) at the surface are from 
Brenninkmeijer [1993] and aloft from Maket al. [1992]. 
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Figure 29. Seasonal variations of 14CO in 1977-1978 
at northern midlatitudes: (a) residuals with respect to 
the annual mean in percent and (b) on absolute scale 
in molecules cm -3 (STP). See Figure 25 for the de- 
scription of simulations and designation of line types. 
Observations are from Volz et al. [1981]. 

a significant underestimation of concentrations of OH 
in the northern extratropics is unlikely. 

In the tropics, concentrations of •4CO are less sensi- 
tive to modifications of the flux from the stratosphere, 

or to the rate of intrahemispheric mixing in the tropo- 

sphere (Figure 27), since about two thirds of •4CO in 
the tropical troposphere is produced in situ (with about 
a half of that amount coming from biomass burning and 

oxidation of hydrocarbons), and since the lifetime of 
•4CO in that region (about a month) is short as com- 
pared to average rates of mixing between tropics and 
midlatitudes. Using observations of •4CO in the trop- 
ics, Mak st al. [1992] first suggested that concentrations 
of OH from S90 were too low. Results for the present 

distribution of OH are consistent with observations of 

x4CO [Mak st al., 1992, 1994] in the southern tropics in 
January-February and in the northern tropics in August 

(Figure 27). However, in winter in the tropics of both 
hemispheres, simulated concentrations of •4CO are too 
high, with an implication that concentrations of OH are 
too low in that season by 15-20% in the north and by 
10-15% in the south. While in the northern tropics re- 

sults for annual means of CH2C12 also suggested that 

concentrations of OH may be too low, in the southern 

tropics the opposite conclusion was implied by observa- 

tions of CH2C12 (see Figure 13). Because of the signifi- 
cance of the noncosmic sources of •4CO in the tropics, a 
simulation including all CO isotopes in the OH-CO cou- 

pled model would be particularly beneficial for testing 
both sources of CO and the computation of OH. 

11. Last Offerings of a Departing Friend 

The Montreal Protocol required that consumption of 

CH3CC13, was to cease by January 1996 in all but devel- 

oping countries (consumption is defined as production 
+ imports- exports). Emissions are expected to di- 
minish sharply as reserves in the developed world are 

exhausted (P. Midgley, personal communication, 1997). 
The developing countries are allowed to consume up to 

100 Gg yr -• until 2010. However, in 1993 and 1994- 
1996, total emissions in developing countries were only 

about 51 and 30 Gg yr-1, respectively, and total emis- 
sions in the following years are not expected to exceed 

30 Gg yr -• significantly [Midgley and McCulloch, 1995; 
P. Midgley, personal communication, 1997], that is, less 
than 6% of the mean rate of emissions in 1980-1983. 

Were the emissions of CH3CC13 to cease entirely, the 

rate of relative decrease of the atmospheric abundance 

of CH3CC13 would unambiguously define the lifetime of 

CH3CC13, free of the uncertainties in the absolute cal- 

ibration of measurements and the magnitude of emis- 

sions associated with the estimate using the trend in 

CH3CC13 over the two previous decades [Ravisha•kara 
and Albrittor•, 1995]. Even if emissions were to linger 
near •30 Gg yr -•, the sensitivity to these uncertain- 
ties will diminish during the next several years because 

atmospheric levels of CH3CC13 will be a factor of 8-4 

higher than the steady state at 30 Gg yr -• (about 6 
pptv). 

As another benefit of diminished emissions, we ex- 

pect that observations of CH3CC13 over the next sev- 

eral years will allow us to tighten constraints for the loss 

frequency of CH3CC13 on scales smaller than global. 

In previous decades, seasonal variations of CH3CC13 at 
the surface at northern midlatitudes were determined 

largely by the seasonality of convection and other pro- 

cesses responsible for dispersal of CH3CC13 away from 

the source regions. Under the new conditions, an annual 

cycle of CH3CC13 at northern midlatitudes is expected 

to bear mainly the signature of seasonal variations in 

the loss frequency, without significant interference from 

short-term variability ("pollution events"). As can be 
seen in Figures 30 and 31 for simulations discussed be- 

low, with no emissions or with small lingering emissions, 

zonally averaged results (lines) differ little from results 
at ALE/GAGE and NOAA sites (circles), in sharp con- 
trast to the manifest zonal asymmetry simulated for the 

distribution of CH3CC13 in the 1980s (S90). Improve- 
ment of accuracy in constraining OH is expected for 

southern midlatitudes as well. In previous decades, the 
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Figure 30. Annually averaged latitudinal distribution 
of CH3CC13 in excess of concentrations at Tasmania, 
relative to the global mean at the surface, (top) in 1999 
and (bottom) in 2002 with emissions, beginning in Jan- 
uary 1998, of (left) 0 and (right) 30 Gg yr -• Zonal 
means for simulations with standard OH are shown 

as solid lines, and those with an interhemispheric ra- 
tio for OH of 1.5, north to south, and south to north, 
as dotted and dashed lines, respectively. Concentra- 
tions of OH were scaled to give the same lifetime of 
CH3CCla in all simulations. Results for selected NOAA 
and ALE/GAGE stations (at South Pole, Tasmania, 
Samoa, Barbados, Alaska, Ireland) are shown as open 
circles. 

distribution of CH3CCla was characterized by a positive 

north-south gradient, including that between the south- 
ern tropics and extratropics, maintained by the NH 
emissions. With emissions at present levels and lower, 

it is expected that a negative gradient between the trop- 
ics and southern midlatitudes will become a permanent 

feature of the distribution of CH3CC13 (Figures 30 and 

31, solid lines) [cf. Fu•g et al., 1991]. A comparison 
of observed seasonal variations of CH3CC13 at south- 

ern midlatitudes for the two periods, characterized by 

the opposite signs of the gradient, may help determine 
the role of the dynamical component and thus tighten 
constraints for OH in that region. 

The interhemispheric gradient of (•H3(•(•13 has de- 

creased dramatically in the last few years [e.g., Pri• et 
al., 1995; Mo•tzka et al., 1996; T. Thompson, personal 

communication, 1998] reflecting the drop in emissions 
(P. Midgley, personal communication, 1997). If emis- 
sions ceased, a significant interhemispheric asymmetry 

in the loss frequency of CH3CC13 should manifest it- 

self in an interhemispheric gradient which, when aver- 

aged over a year, would differ significantly from zero, 

as shown in Figure 30 (left panels). Here a simulation 
with the standard OH (solid line) is compared to those 
with north/south ratios of hemispheric means of 1.5 and 

!/!.5, but with the same global mean concentration of 
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Figure 31. Latitudinal distribution of CH3(•(•13 in 
excess of concentrations at Tasmania, relative to the 
global mean at the surface, (top) in February 1999 and 
(bottom) in August 1999 with emissions, beginning in 
January 1998, of (left) 0 and (right) 30 Gg yr -• Zonal 
means for simulations with the standard OH are shown 

as solid lines, and those with an interhemispheric ra- 
tio in OH of 1.5, north to south, and south to north, 
as dotted and dashed lines, respectively. Concentra- 
tions of OH were scaled to give the same lifetime of 
CH3CCla in all simulations. Results for selected NOAA 

and ALE/GAGE stations (at South Pole, Tasmania, 
Samoa, Barbados, Alaska, Ireland) are shown as open 
circles. 
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OH. Results at the surface are shown as a difference 

with those at 42øS, relative to the global average of sur- 
face concentrations. Simulations were initialized from 

observations at the end of 1996 (T. Thompson, personal 
communication, 1997). At that time the global mean 
concentration of CHaCC13 at the surface was about 90 

pptv, with a gradient between northern and southern 

high latitudes of about 9 pptv. Results are shown for 

1999 and 2002; as expected, on the relative scale, they 

are virtually the same for different years in the absence 

of emissions (left panels). A factor of 1.5 bias in the 
mean hemispheric loss frequencies of CH3CC13 leads to 

a gradient between midlatitudes of the two hemispheres 

of +4% (averaged annually) in contrast to a nearly zero 
for standard OH. For comparison, the current precision 

of ALE/GAGE observations is better than 0.5% [Prinn 
et al., 1995]. With standard OH, the north-south gradi- 
ent fluctuates from about +3.5% in February to -3.5% 

in August (Figure 31, left panels). In contrast, it re- 
mains positive throughout the year for the simulation 

with OH depleted in the NH (ranging from about 7% in 
northern winter to nearly zero in summer) and remains 
negative throughout the year for the opposite case. 

Right panels in Figures 30 and 31 show results for a 

constant rate of emissions of 30 Gg yr- • (chosen arbi- 
trarily) from 1998 on and distributed over developing 
countries only, in accordance with Midgley and McCul- 

loch [1995]. This distribution results in about 10% of 
world emissions in the SH (as compared to only 3% in 
1992 and 6% in 1993). In contrast to simulations with 
zero emissions (in which the interhemispheric gradient 
was maintained solely by the difference in loss frequen- 

cies in the two hemispheres), results for different years 
vary on the relative scale because the part of the gra- 
dient determined by emissions remains constant while 

atmospheric levels of CHaCCI3 decline. If emissions are 

monitored, observations of the latitudinal distribution 

of CHaCCI3, conducted with carefully maintained pre- 

cision, should allow us to constrain the interhemispheric 

ratio of its loss frequency to a factor of 1.5 or better, 

while the global burden remains high (compared to the 
steady state corresponding to the level of lingering emis- 

sions). This would be equivalent to constraining hemi- 
spheric mean loss frequencies of CHaCC13 to q-20%, as- 

suming that the global mean is known. If it will not 

be possible to monitor emissions, then observations of 

the latitudinal distribution of CH3CC13 over the next 

several years will provide a lower limit for the north-to- 

south ratio in OH, since most of the remaining emissions 

are expected to occur in the NH (P. Midgley, personal 
communication, 1997). If concentrations of CH3CC13 
turn out to be significantly lower on average in the NH 

than in the SH, it would signify unambiguously higher 
levels of OH in the NH than in the SH. 

12. Summary and Conclusions 

The climatological distribution of tropospheric OH 

presented here results in a global annual average of 

1.16 x 106 molecules cm -a (integrated with respect to 
mass of air from the surface to 100 hPa within +320 

latitude and to 200 hPa outside that region). For 
the present distribution, exclusion of isoprene would 
increase global mean OH by 3%. Exclusion of other 

NMHC would increase global mean OH by 7%. Mea- 

surements affording better definition of NOx from 800 

to 500 hPa, and those for Oa in unpolluted regions, 
particularly in the tropics, would be most effective in 

improving the accuracy of computed OH. 

While global mean OH increased by 33% compared to 
S90, mean loss frequencies of tracers such as CHaCCla 

and CH4 increased by only 23% because of redistribu- 

tion of OH within the tropospheric column: the fraction 

of OH residing below 700 hPa in the present distribu- 

tion is lower than in S90 by ---21% (33% versus 42%). 
This upward shift in OH occurred in part because of the 
new distribution of clouds, in part because of inclusion 
of NMHC combined with a decrease in CO over most of 

the globe. As a result of the decrease in the fraction of 

the abundance of OH residing in the lower troposphere, 
the value 277 K used for scaling lifetimes of HCFCs and 

other long-lived gases to a known lifetime [Prather and 
Spivakovsky, 1990] is revised to 272 K. 

On average, there is little interhemispheric bias in the 

computed distribution of OH. Mean tropical concentra- 

tions (within +320 ) are 5% lower in the north, while 
14% more OH is predicted for the region poleward of 
320 in the north than in the south. 

The present distribution of OH results in a global an- 
nual mean lifetime for CHaCCla of 4.6 years [cf. Prinn 
et al., 1995], including a stratospheric sink with an at- 
mospheric lifetime of 43 years and an ocean sink with 

an atmospheric lifetime of 80 years. The global mean 

concentration of OH (weighted by the frequency of re- 
action with CH•CCla) is 3+2% higher than implied by 
the observed long-term trend in CH•CCI•, using the 
most likely values for non-OH sinks, absolute calibra- 

tion, emissions, and rate constant. The uncertainty in 
mean OH implied by observations is estimated to be in 

the range from -23% to +28% assuming that errors in 
all relevant values may affect an estimate in the same 
direction. 

For HCFC-22, the present distribution of OH results 

in a global annual mean of 11.4 years, including the 
stratospheric sink with an atmospheric lifetime of 229 

years. The evolution of the global abundance of HCFC- 

22 implies that the computed annual global mean con- 

centration of OH (weighted by the frequency of reaction 
with HCFC-22) is accurate to +5%, with an uncertainty 
in the value implied by observations estimated between 

-20% and +36%. Only emissions reported by the in- 

dustry were used for HCFC-22. Results using long-term 
trends of CH•CCla and HCFC-22 are consistent within 

a few percent. 

Observed annually averaged levels of CH2C12 imply 

that computed global mean OH (weighted by the fre- 
quency of reaction with CH2CI•.) is too low by 5-10%, 
whereas an uncertainty associated with defining the 
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value for empirical OH is estimated to be in the range 
from -21% to +30%. This estimate may not be cor- 

rect for a different spatial distribution of OH. Industrial 

sources of CH2C12 are sufficient to balance the budget 

of CH2C12 using the recently measured rate constant 
and the present distribution of OH. Uncertainties in 

the strength of the C1 sink for C2C14 and in the rate 
constant for reaction with OH restrict at present the 

utility of observations of C2C14 as a test of OH. 
The sensitivity of tracer concentrations to rates of 

trnnqport is an intrinsic difficulty in efl%rt,,q to con- 
strain regional levels of OH. The use of independent 
constraints based on observations of tracers with dif- 

ferent lifetimes and distinct distributions of sources is 

essential for meaningful estimates of the accuracy of 

computed OH on scales smaller than global. On the 
hemispheric scale the rate of interhemispheric mixing 

in the CTM affects greatly the levels of empirical OH 
inferred from observations of CH2C12. If this rate is 

taken at the upper limit consistent with observations of 

CFCs and 85Kr, observed annual means of CH2C12 sug- 
gest that computed OH has to be increased by 20% in 
the NH and decreased by 25% in the southern tropics. 

If, however, the rate of interhemispheric mixing is taken 
at its lower limit, these observations indicate that OH 

has to be increased by 35% in the NH and decreased 

by 60% in the southern tropics. Such corrections would 
imply a considerable interhemispheric bias in OH with 
north-to-south ratios of hemispheric means for OH of 

1.5 and 2.3, for the upper and lower limit of the rate of 

interhemispheric mixing, respectively. Observations of 
the interhemispheric gradient of CHaCCla in the 1980s 

suggest north-to-south ratios less than 1.5 for the up- 
per limit and little interhemispheric bias in OH for the 
lower limit. 

The large corrections for concentrations of OH in ei- 
ther hemisphere suggested by annually averaged con- 
centrations of CH2C12 are not supported by other con- 

straints. In the northern extratropics, tests using the 

relative amplitude of seasonal variations of CH2C12, 

C2H6 and •4CO do not suggest significant errors in the 
average levels of OH in that region. Absolute levels of 
•4CO predicted for that region are too low even though 
the flux of •4CO from the stratosphere in the model 

is too high, with the implication that concentrations of 

OH at northern midlatitudes are not underestimated (in 
contrast to the estimate inferred from observed annual 

means of CH2C12). Observations of 14CO in the north- 
ern tropics in summer support the accuracy of com- 

puted OH in that region; in winter, however, concen- 

trations of OH in the northern tropics appear too low 

by 15-20%. Weighing all the available evidence, some 
increase may be in order for computed OH in winter at 

low northern latitudes which may result in a small in- 
crease in the annual mean concentration of OH for the 

whole NH (5-10%). A greater underestimate of OH in 
the NH is unlikely since, in order to satisfy global con- 

straints such as lifetimes of CHaCCla and HCFC-22, it 

would have to be compensated by a comparable overes- 

timate for the SH. However, observations of •4CO in the 

southern tropics call for an increase in OH in that region 
in winter by 10-15%, and indicate no error in summer. 

A decrease in OH by 15-25% in the SH may be indi- 
cated in the extratropics by the tests using the relative 
amplitude of seasonal variations of CH2C12, CH3CC13 
and •4CO, but such a decrease would have little effect 
on the mean concentration of OH for the SH. 

We used the interhemispheric gradient of CHaCCla 
as a constraint for the ratio of mean hemispheric con- 
centrations of OH. We emphasize, however, that the 
interhemispheric gradient of CHaCCla is insensitive to 

increases as well as to moderate decreases (within 25%) 
in the lifetime of CHaCCla if the latitudinal distribu- 

tion of the loss frequency remains unchanged [Plumb 
and McConalogue, 1988; S90; $pivakovsky, 1991]. 

Interpretation of observations of x4CO presents an ad- 
ditional level of difficulty as compared to tracers such 
as CH2C12 because it requires an accurate simulation 

of the rate of transport from the stratosphere, of the 
stratospheric loss, and of the position of the tropopause. 

In addition, steep gradients of x4CO between tropics 
and midlatitudes, enhanced by a shorter lifetime and 

high-latitude sources, make results at midlatitudes par- 
ticularly sensitive to the rate of intrahemispheric mix- 
ing, which in the SH is not readily testable. Therefore, 
unless these other aspects of the model, unrelated to 
OH, are proved accurate, absolute levels of x4CO out- 

side the tropics cannot be regarded as an unambiguous 
measure of the abundance of OH but rather as an im- 

portant test of an overall performance of CTMs. Ob- 

servations of seasonal variations of CHaCCla, CH2C12, 
•4CO and C2H6 offer no evidence for higher levels of 
OH in the southern than in the northern extratropics 
suggested by the early interpretation of data for •4CO 
[cf. Brenninkmeijer et al., 1999]. 

Unless a significant change in the mechanism is rec- 
ommended, it is difficult to contemplate errors in excess 

of 4-15% in global and hemispheric climatological aver- 
ages for the abundance of OH, given our present knowl- 
edge of the distributions of precursors and the limited 

sensitivity of computed concentrations of OH to changes 
in their specification. It is difficult, however, to test the 
computed values to that level of accuracy, especially on 
scales smaller than the global. 

In the next few years, while the global burden of 
C',HaCCla remains high but emissions are reduced, ob- 

servations of CHaCCla will present a unique opportu- 
nity to constrain global and regional abundances of OH. 
The relative rate of change in the global burden of 
CHaCCla will be less sensitive to errors in the absolute 

calibration and magnitude of emissions. The latitudi- 

nal distribution of CHaCCla will be defined primarily by 
the distribution of the loss frequency rather than that of 

emissions. A factor of 1.5 excess in the loss frequency in 

one hemisphere (as compared to the other) would result 
in about a 4% gradient for annual mean concentrations 

between midlatitudes of the two hemispheres (with re- 
spect to the global mean at the surface). In contrast 
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to the 1980s, interference from pollution events is not 

expected to confound the analysis of the latitudinal gra- 
dient of CH3CC13 in the next several years because the 

global burden of CH3CCla in 1999-2002 will be 8 to 4 

times higher than that in balance with the rate of emis- 

sions, whereas in the 1980s, the imbalance was of the 

opposite sign. Our analysis suggests that if emissions 
are monitored, observations of the latitudinal distribu- 

tion of CH3CC13 could allow us to constrain the inter- 

hemispheric ratio of loss frequencies to better than a 

factor of 1.5. Such an estimate would limit the range 

of hemispheric loss frequencies to +20% (as compared 
to a distribution with no interhemispheric bias) assum- 
ing that the global mean is known. As in the past, 

most of the remaining emissions are expected to occur 

in the NH. If significant uncertainties in the magnitude 
of emissions cannot be eliminated, the interhemispheric 

gradient of CH3CC13 should provide a lower limit for 

the ratio, north to south, of the mean hemispheric loss 

frequencies. 

Estimates of the abundance of OH in the extratrop- 
ics will be also improved under the new conditions. In 

the north, both the interference of short-term variabil- 

ity and the seasonality of convection are expected to 

have little impact on the annual cycle of CH3CC13 as 

long as the global burden remains high compared to 
the steady state level associated with the rate of emis- 

sions. In the south, a negative north-south gradient 
between the tropics and midlatitudes is expected to be- 

come a steady feature of the distribution of CH3CC13 as 

opposed to the positive gradient characteristic of pre- 

vious decades. A comparison between annual cycles of 

CH3CC13 for the two periods, with opposite signs of the 

gradient,, will help constrain the magnitude of the dy- 
namical component of seasonal variations at southern 

midlatitudes. The depth of the tropical dip in concen- 

trations of CH3CC13 will present a test for the combined 

effects of intrahemispheric mixing and the disparity be- 

tween tropical and extratropical levels of OH. 

In this work we did not consider changes in OH from 

year to year or on a longer timescale. Out of necessity, 

observations of precursors for OH used to compile the 

climatology as well as observations of tracers used to 

evaluate computed OH, span different periods between 

1978 and 1996. Thus temperature and water vapor were 

for 1986-1989, cloud refiectivities for 1984-1990, ozone 

columns for 1978-1992; for CO the time span varied 

from station to station, and for NO and hydrocarbons 

mostly "snapshots" were available. Similarly, concen- 

trations of CH3CC13 span over 1978-1996, while for 

HCFC-22 observations for 1992-1996 where used, with 

even shorter periods for CH2C12 (1995-1996), C2H6 
(1992-1994), and •4CO (1977-1978 for midlatitudes, 
1990-1993 for the tropics and 1989-1991 for southern 

midlatitudes). During the two decades, trends in var- 
ious precursors for OH were observed, for example, an 

increase in CH4 [Dlugokencky et al., 1998], an increase 
in CO in the early 1980s [Zander et al., 1989; Brunke et 

al., 1990] followed by a decrease in CO in the 1990s [e.g., 
Novelli et al., 1998], small increases in NO•: [Logan, 
1994], and a decrease in column ozone [McPeters et al., 
1996]. Krol et al. [1998] simulated an increase in mean 
tropospheric OH up to 6% over 1978-1993 in response 

to these changes. They deduced a similar increase (7%) 
using observations of CH3CC13, however, with a large 
uncertainty allowing for an increase of 16.5% as well 
as a decrease of 1.5% over 1978-1993. Prinn et al. 

[1995], using the same observations of CH3CC13, de- 
duced 04-0.2% change in OH over 1978-1994. Wang and 
Jacob [1998] estimated that tropospheric OH increased 

by less than 10% since preindustrial times, despite the 
vast changes in the chemical composition of the atmo- 

sphere. At the root of the stability of mean tropospheric 
OH is the nature of the chemistry of OH, buffered by 
various feedbacks as discussed above [cf. Krol et al., 
1998]. In addition, human activity tends to increase si- 

multaneously concentrations of species contributing to 
both production and destruction of OH. 
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