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The concentrations of the hydrogen radicals OH and HO, in the middle and upper 
troposphere were measured simultaneously with those of NO, O,, CO, H,O, CH,, 
non-methane hydrocarbons, and with the ultraviolet and visible radiation field. The data 
allow a direct examination of the processes that produce 0, in this region of the 
atmosphere. Comparison of the measured concentrations of OH and HO, with calcu- 
lations based on their production from water vapor, ozone, and methane demonstrate 
that these sources are insufficient to explain the observed radical concentrations in the 
upper troposphere. The photolysis of carbonyl and peroxide compounds transported to 
this region from the lower troposphere may provide the source of HO, required to sustain 
the measured abundances of these radical species. The mechanism by which NO affects 
the production of 0, is also illustrated by the measurements. In the upper tropospheric 
air masses sampled, the production rate for ozone (determined from the measured 
concentrations of HO, and NO) is calculated to be about 1 part per billion by volume each 
day. This production rate is faster than previously thought and implies that anthropogenic 
activities that add NO to the upper troposphere, such as biomass burning and aviation, 
will lead to production of more 0, than expected. 

T h e  hvdroeen radicals OH and HO, (col- 
lectively kllin.n as HO,) are cen t r a lk  the 
photochemistry of the troposphere ( 1 ) .  
Althoitgh present at a lnlxing ratlo of 
typically less than a few parts per trlllion 
by volume (pptv), OH 1argel~- defines the 
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oxidative power of the atmosphere ( 2 ) .  
Tile oxidation of carbon lnonoxide (CO) 
and other hvdrocarbons by OH is the 
dolninant lnechanisln for tlie production 
of O3 in the troposphere. It has been long 
assumed that the major source of HO, In 
the loner atmos~here is the reactloll of 
escited state oxygen atoms (produced In 
the photolysis of 0,) nith HIO, with an 
important contribution from the oxida- 
tion of inethane (CH4) .  Photochern~stry 
has been thought to be slolv in the upper 
troposphere (defined here as the region 
betlveen 8 km and the local tropopause) 
because the low concentration of HIO Lvas 
thought to preclitde significant HO, 
chem~stry. It has been sitggesteil, ho~vever, 
that the photolysis of acetone ( 3 ) ,  11~-dro- 
gen peroxide (HLOL) (4), ani] methyl- 
hydrogen peroxide (CH,OOH) (5, 6 )  
transported from the lower troposphere 
can pro\-ide a sig~lifica~lt source of HO, in 
the upper troposphere. 

Vile reoort here observations of OH a n ~ l  
HO1 in the upper troposphere. The mea- 
sitred conce~ltrations of these radicals are 
significantly larger than nould be esyect- 
ed on the basis of production trom O,, 
H1O, and CH4 alone. Inclusiol~ of proiluc- 
tion of HO, from the photolysis of acetone 

leads to much better agreement betxveen 
calculated anil observed HO,. However, in 
air masses xvhere there are indications of 
recent convective transport from the 
loiver troposphere, observed concentra- 
tions of HO, are often greater than calcu- 
lated, even when HO, production from 
acetone is included. This finding is COII- 

sistent nit11 the theory that additional 
HO, sources, such as peroxides, are impor- 
tant 111 the photocheinistry of this region 
of the atmosphere. 

These obserlvitlo~la suggest that photo- 
chemistry in the upper troposphere has a 
ini~ch greater global significance than 
previously believed. The production of O3 
in this region is rapid, and this chemistry 
affects the raillati\-e balance at Earth's 
surface. These measurements directly il- 
litstrate that in the upper troposphere, the 
production rate of ozone increases rapidly 
n i th  the concentration of NO. Thus, the 
presence of larger-than-expected concen- 
trations of HO, inears that increases in 
the concentrations of N O  fro111 aircraft (7) 
or biomass burning ivill lead to the pro- 
duction of significantly inore O 3  than pre- 
viously thought. 

Measurements. All observations ivere 
obtained betxveen October 1995 and 
Augitst 1996 ivlth lnstrulnents aboard 
the NASA ER-2 aircraft (8).  The flights 
were made near the airfields of operation: 
NASA-Ames Research Center, Mo~tntaln 
Vle~v, California (3y0N, 122"Vi/), and 
Barbers Point Naval Air Station, Ha- 
waii (21°N, 158"VV). Typically, the ER-2 
ascended qillckly to 10 kin before 
colninencing a serles of flight legs of a 
half-hour duration, staggered at -2 km 
until maxlmLtin altititde ivas reached (21 
kill). 

A key test of both the instrumentation 
and our i~nderstanding of atmospheric 
photochemistry is the measurement of the 
diurnal dependence of the concentra- 
tions of the free-radical specles OH,  HOz, 
and NO. Because these radicals are 
produced by photolytic processes, their 
concentration is expected to be negligi- 
ble at night. On  3 August 1996, the 
ER-2 tlei\v a series of flight legs near Ha- 
ivaii beginning 1 hour before sunrise. In 
contrast to the other flights, the ER-2 
maintained constant altititde (11.8 kn1) 
for inany flight legs. The measured con- 
centration of the hydrogen radicals OH 
and H 0 2  ([OH] and [HOJ) \vas not sta- 
tlstic,~lly d~fferent from zero during the 
night (Fig. 1 ) .  This directly demon- 
strates that the ER-2 HO, instrit~nent does 
not suffer from artifacts that have ham- 
pered previous attempts to measure tropo- 
spheric OH with laser-based techniques 
(9) .  
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We have used a photochemical model, 
constrained by the measured [NO], [CO], 
and the hydrogen radical precursors [03],  
[H20], and [CH,] to calculate [OH] (10). 
Consistent with the observations, the cal- 
culated [OH] depends strongly on [NO] 
(Fig. 1 ) .  Hoxvever, the absolute magnitude 
is significantly smaller than the measure- 
ments. The disagreement is largest at high 
solar zenith angles (SZAs). As will be 
discussed, the discrepancy is typical of up- 
per tropospheric measurements and re- 
flects the presence of primary HO, sources 
in addition to the simple 0,, H,O, and 
CH, photochemistry. 

The catalytic cycling of HOx and the 
production of 0,. The partitioning of the 
HO, family between OH and H 0 2  changes 
significantly as a function of altitude, re- 
flecting important differences between the 
photochemistry of the stratosphere and the 
troposphere. In the loiver stratosphere, the 

cycling of OH and H 0 2  vla reactions with 
0, represents an important catalytic path- 
\Yay for 0, destruction (1 1 ) .  In the upper 
troposphere, on the other hand, the low 
temperature, low mixing ratio of 0, [< 150 
parts per billion by volume (ppbv)], and 
high abunda~ice of C O  (>50 ppbv) corn- 
pletely change the effect of HO, catalysis 
on ozone. HO, cycling changes from being 
the major sink of O3 in the lower strato- 
sphere to the major source of 0, in the 
upper troposphere: 

OH + C O  22 HO, + C02 (1) 
HO, + NO + OH + NO, ( 2 )  
NO, + h v + N O  + O (3 1 
0 4 0, + 0, (4) 
Net: CO + 0, + O2 + C 0 2  + 0 3  

Simultaneous measurements of [OH], 
[H02] ,  [NO], and [CO], combined n l th  

Fig. 1. Sunrise measurements of 
4, , 
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Fig. 2. The partlt~on~ng of HO, in the upper 
troposphere, The processes that produce 
0, in the troposphere determine the ratio 
of [HO,] to [OH] (reactions 1 and 2) The 

20 agreement between the measured and 
calculated rato IS much better than could 
be expected gven the uncertanty in the 3 
thermal rate coeffic~ents (+120% to j 15 
-70%) for these reactions and the mea- 
sured ratio (?250%). For example, shown $ 
as dashed lines are the calculated ratios 2 l o  
determined by adjustng the rate constant % 
for react~on 1 to t s  l a  uncerta~nty m ~ t s  
(12) Thisfgure includes data for which NO 
and OH are more than 10 tmes above their 
detection I m ~ t  (50 and 0.25 pptv, respec- 
tively). In addtion, to ensure that the parti- 
tionng IS not affected by producton or loss 
of HO,, only data for whch the calculated 0 5 10 15 20 25 
HO, cycling rate is significantly faster than [HO,]/[OH] (measured) 

the calculated rate of HO, destructon (and 
therefore HO, production) are shown. 

the measured rate coefficients for reac- 
tions 1 and 2 (12),  provide a direct test of 
this ~hotochetnlstrv. The agreement be- 
tilee; the measure;{ and calculated ratio 
of [H02]  to [OH] in the upper troposphere 
is quite remarkable (Fig. 2 ) ,  part~cularly giv- 
en that the uncertaintv in the rate of reac- 
tion 1 alone has been estimated to be nearly 
a factor of 2 ( l o )  (12). The data suggest that 
the photochemical processes that cycle HO, 
and lead to 0, production (reactions 1 and 
2) are well understood. Provided that reac- 
tlons 1 and 2 define the major pathway for 
cycling OH and HO,, the rate of 0, pro- 
duction will equal the rate of these reac- 
tions: Po, = it, X [OH] X [CO] = k, X 
[H02] x [NO]. To understand the proauc- 
tion of O3 in the upper troposphere, \ye 
therefore need to understand xvhat controls 
the absolute concentration of HO,. 

Sinks and sources of HO, in the upper 
trovosvhere. T b  test whether our under- . . 
standing of the HO, budget is complete, 
\ye calculate the rate of HO, destruction 
(ivhich can be inferred from the ER-2 
measurements) and ask whether thls sink 
can be balanced by known sources. We 
expect production and loss to balance 
because the lifetlrne of HO, in the up- 
per troposphere is relatively short ( 5  to 
1 C  min). 

HO, s~nits. Ind~vldually, the lifetime of 
OH or H 0 2  is on the order of seconds to 
minutes and is determined largely by the 
rates of reactions 1 and 2, which cycle OH 
and HO, rapidly. The lifetime of the HO, 
family, however, is significantly longer and 
is determined by processes that eventually 
lead to the production of water vapor. The 
loss rate of HO, can be estimated with the 
ineasurements of [OH], [HO,], [NO], and 
[NO,] (13), colnbined with calculated pho- 
tolysis rates (10) and the measured kinetic 
rate constants ( 1  2 ) .  

The major processes that remove HO, in 
the upper troposphere are 

OH + HO, + H 2 0  + 0, (5)  

H O ~  + HO, % H ~ O ,  + o2 ( 6 )  
OH + H 2 0 2  + H 2 0  + HO, 

Net: OIH + H 0 2  + H 2 0  + 0, 

OH + NO, M+ HNO, ( 7 )  
OH + HNO, + H,O + NO, 

Net: OH + NO2 + H 2 0  + NO, 

HO, + NO2 2 HNO, (8) 
OH + HNO, + H,O + NO2 + 0, 

Net: OH + HO, + H,O + 0, 

The competition between photolysls of 
H202 ,  HNO,, and HNO, and their reac- 
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tion with OH determines the efficiency of 
HO, removal for processes 6 to 8. From our 
measurements and the appropriate rate con- 
stants for these reactions (12). we estimate . .. 
that process 5 accounts for more than 60% 
of the total loss rate of HO- in most of the 
upper tropospheric air masses sampled. As a 
result, the sink depends quadratically on 
[HO,] and the photochemistry is strongly 
buffered. 

Autocatalytic HO, sources. The concen- 
trations of HO, are partially maintained 
through the autocatalytic oxidation of hy- 
drocarbons. For example, although OH is 
initially consumed in the oxidation of CH,: 

subsequent chemistry leads to net HO, pro- 
duct ion: 

CH3 + 0, + CH30, 

CH3O2 + NO + CH30 + NO, (10) 
CH30 + 0, + CH,O + HO, 

When [NO] is sufficiently high (which is 
usually the case in the upper troposphere), 
more than 1.5 molecules of H0,  are pro- 
duced for each OH lost via reaction 9 (14). 
Although oxidation of other hydrocarbons 
also results in net production of HO,, the 
rate of CH, oxidation in the air masses 
sampled significantlv exceeds the oxidation 
rate- of ali other h;drocarbons combined 
(1.5). From the measured [OH] and [CH,], 
we calculate that autocatalytic HO, pro- 
duction is equal to about one-half of the 
calculated HO.. sink. This source can onlv 
amplify other sources; without so-called pri- 
maw sources of HO-. there would be no OH 

A. 

and hence autocatalytic production would 
not occur. 

Primary sources of HO,. The reaction of 
excited-state oxygen atoms, O('D), with 
H,O is usually considered to be the domi- 
nant mechanism for primary production of 
HO, in the troposphere (2): 

O3 + hv + 0('D) + 0, 
O ( ' D ) + H , O + O H + O H  (11) 

Net: 0, + H,O + 20H + 0, 

Recent measurements and analysis have 
greatly improved our understanding of the 
production of O('D) from the photolysis of 
0,. These studies indicate that throughout 
the troposphere and lower stratosphere, the 
O('D) production rate is larger than previ- 
ously thought ( 16). Nevertheless, we calcu- 

late from the measured [H20] and [03] that 
process 11 can account for only a small 
fraction of the primary production required 
to balance the calculated sink of HO, in 
many of the tropospheric air masses en- 
countered above 10 km. 

Recently, Singh et d. (3) suggested that 
the photolysis of acetone (17) can account 
for significant production of HO, in the 
upper troposphere: 

(CH3),C0 + hv + CH3C0 + CH, 

(12) 
CH3C0 + 0, + CH3C(0)0, (13) 
CH3C(0)02 + NO + 

CH, + CO, + NO, (14) 

The subsequent chemistry of CH3 (process 
10) leads to production of HO,. 

Acetone was not measured in our study. 
We have estimated the abundance of ace- 
tone from the measured [CO] using a corre- 
lation between these species observed in the 
upper troposphere on a previous aircraft 
campaign (18). From this relation, we esti- 
mate the concentration of acetone to be 300 
pptv for the typical concentration of CO (70 
ppbv). In the arid upper troposphere, the 
production of HO, from photolysis of this 
small concentration of acetone can be many 
times larger than the contribution from the 
reactions of O('D) with H,O. 

Figure 3 shows the calculated HO, pro- 
duction rate and the measured [OH] as the 
airplane descended into Barber's Point on 
the afternoon of 11 November 1995. The 
SZA was 70". Between 10 and 15 km, the 

photolysis of acetone is calculated to pro- 
duce nearly 5 times more HO, than process 
11. With the inclusion of the photolysis of 
acetone, the calculated [OH] increases by 
about a factor of 2 in the upper troposphere, 
improving agreement with the measure- 
ments, particularly above 10 km. The role 
of acetone is most ~ronounced when the 
sun is low in the sky (as in this descent) 
because the production rate of O('D) from 
0, photolysis occurs at shorter wavelengths 
than acetone and thus is more strongly 
peaked at solar noon. As shown in Fig. 3, 
the 24-hour average HO, production rate 
from ozone photolysis (dashed blue line) is 
significantly larger than the rate calculated 
for the time of dav of this descent. Thus. for 
measurements made at high sun (low SZA), 
particularly those made during the summer, 
we find that the agreement between calcu- 
lated and measured [HO,] is less sensitive to 
the presence of acetone. 

Even with the inclusion of acetone in 
our analysis, the calculated [OH] and [HO,] 
can sometimes be as much as a factor of 5 
smaller than observed (6). This is particu- 
larly true of the measurements made during 
winter. Early work by Chatfield and Crut- 
Zen and a more recent study by Prather and 
Jacob suggest that convective transport of 
peroxides such as H,O, (4) and CH,OOH 
(5,6) may provide a large source of HO, in 
the upper troposphere. Consistent with this 
theory, the largest differences between cal- 
culated and measured [HO,] are correlated 
with indicators of the recent convective 
origin of the air, such as high relative hu- 

Fig 3. The productlon '>; e 

rate of HO, (A) and the 
concentratlon of OH (B) 
on 7 November 1995. (A) + ' 

As shown In blue, the 
HO, production rate . . .- . .. .. . ,* 
from the reactlon of 
0('D) wlth H,O (process 
11) drops by orders of 
magnitude between 7 
km and the tropopause 
following the drop In the ' 

mlxlng ratlo of H,O. 
Shown In red is an esti- ' ,  
mate of the HO, pro- ,,' 
ductlon rate from photol- 1: 
ysls of acetone, whlch .1~ 

recent measurements 
have shown is ublqul- 2 
tous In the upper trop- 
osphere. Both the In- 
stantaneous production ~ ~ ~ ~ - ~ ~ -  
rates (solid lines) and the 
24-hour average rates (dashed Ilnes) are shown. (B) Wlthout the acetone source, the measured [OH], 
shown here filtered wlth a 30-s runnlng median, and [HO,] (not shown) are underpredicted by about a 
factor of 2 between 12 km and the tropopause Even with acetone, [HO,] is often underpredlcted For 
example, at the bottom of thls proflle, measured OH concentrations are 20 to 100% larger than 
calculated Typlcal of all the observations, the agreement between calculated and measured [OH] is 
excellent In the stratosphere. 
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midity and elevated [CH,I] (a short-lived 
marker of transport from the planetary 
boundary layer) (6, 19). Recent HO, mea- 
surements made from the NASA DC-8 air- 
craft also suggest that HO, precursors are 
transported in convective events (20). 
Whereas H,O, is highly water soluble and 
should be scavenged efficiently in precipi- 
tation associated with convective updrafts, 
CH,OOH is only sparingly soluble (21 ) and 
can therefore be transported over larger dis- 
tances (22). Although the transport of 
CH,OOH simply redistributes a HO, reser- 
voir- from the lower to the upper-trope- 
sphere, the impact on the photochemistry 
in the troposphere is significant because, as 
discussed below. the amount of 0, Dro- 

2 .  

duced per molecule of HO, increases with 
altitude. 

The lack of simultaneous measurements 
of acetone and peroxides leaves uncertainty 
in our inference of the species responsible 
for maintaining the large concentrations of 
HO, measured in the upper troposphere. 
Further measurements during other seasons 
and at different locations are needed to 
investigate whether the conclusions about 
missing HO, sources are robust globally. 
Simultaneous measurements of HO,, ace- 
tone. and the ~eroxides are reauired. Nev- 
ertheless, the bbservations described here 
show that measured [OH] and [HO,] can- 
not be sustained by primary production 
from the reaction of O('D) with H,O alone 
(process 1 1 ). Photochemical models that 
include only this source of HO, will signif- 
icantly underestimate [OH] and [HO,] in 
the arid upper troposphere. It is likely that 
this underestimate of [HOJ is typical of the 
entire upper troposphere of the tropics and 
subtropics because the low temperature at 

and above 10 km generally restricts [H20] 
to less than 100 parts per million by volume 
(ppmv). Because the major primary source 
of HO, in these air masses is not process 11, 
the rate of 0, production does not, to first 
order, depend on either [O,] or [H20]. 

HO,, NO, and the O3 production ef- 
ficiency. In our measurements, the mixing 
ratio of NO was usually between 50 and 
200 pptv in the upper troposphere. This 
concentration is not atypical; previous air- 
borne measurements have shown that in 
the tropical and middle latitudes, [NO] 
usually increases with altitude (23). The 
elevated [NO] in the upper troposphere 
directly affects the efficiency of 0, pro- 
duction. This efficiency is often described 
in terms of the NO chain length (the 
number of 0, molecules produced before 
NO is converted to HNO,). This is a 
useful construct for the lower troposphere, 
where most of the nitric acid is removed 
heterogeneously by rain or dry deposition 
to the surface. In the upper troposphere, 
however, significant recycling of HNO, 
back to NO occurs by photolysis and 
reaction with OH. As a result, the NO 
chain length does not necessarily limit 0, 
production. 

The data presented here suggest that the 
primary sources of hydrogen radicals in 
much of the upper troposphere are the pho- 
tolysis of transported HO, precursors other 
than 0, and H20.  Thus, the 0, production 
efficiency will, in part, be regulated by the 
HO, chain length (the number of 0, mol- 
ecules produced from these transported 
HO, precursors). NO and NO, are the key 
species that determine this chain length. As 
discussed above, NO controls the partition- 
ing within the HO, family; the higher 

Fig. 4. The relation between 0, production [No] &W) 
and [NO]. Measurements made on 2 Feb- 1.25 12.5 125 1250 
ruary 1996 illustrate how the 0, production 
rate depends on [NO]. At 240 millibar (1 0.7 
km), large variability in [NO] was observed. 6 
Numerous aircraft plumes with very high 
[NO] (>lppbv) were also sampled at this 8 4 
altitude. Because the photochemistry - 
within the plumes is far from photochemi- 
cal equilibrium, only data obtained in the 
background atmosphere are shown here. - 0 

To exclude the plumes, we sorted the data a 
for NOINO,, < 0.3 and for times when [NO] 1 6 
changed by less than 50 pptv per second 
(corresponding to 210 m spatial extent). f 4 
Three model curves illustrate how [HOJ (A) $. 
and the 0, production rate (6) vary as a 6 
function of assumptions about the produc- 0 
tion rate of HO,. In blue, acetone is as- 0.1 1 10 100 
sumed to be zero; the primary HO, source p101flIPllKlld~~) 
is limited to production from the reaction of O(l D) with H,O. In red, acetone is assumed to be present at 
400 pptv (18). In green is shown a calculation where we increased the primary HO, source to a value 
consistent with the HO, observations. At very high [NO], the calculations predict that 0, production will 
be anticorrelated with [NO] because the HO, chain length becomes shorter as the high [NO,] increases 
the HO, sink via processes 7 and 8. 

[NO], the smaller the ratio of [HO,] to 
[OH]. Increases in [NO] therefore lead to a 
faster rate of cycling within the HO, family 
(reactions 1 and 2) with respect to the 
major HO, sink (reaction 5), and as a re- 
sult, more 0, is generated from each mole- 
cule of HO, before it is destroyed. In addi- 
tion, increases in [NO] generally accelerate 
autocatalytic production of HO, (process 9) 
because the rate of this process increases 
with [OH]. Thus, we expect the HO, chain 
length (and therefore the 0, production 
rate) to increase rapidly with [NO]. 

The sensitivity of the production rate of 
0, to [NO] is illustrated by data obtained 
near San Francisco on 2 February 1996. On 
this flight, the ER-2 encountered an air 
mass with widely varying [NO] and only 
small changes in [H,O] (70 2 15 ppmv), 
[CO] (95 + 10 ppbv), and [O,] (60 2 10 
ppbv). The source of the NO may have been 
aviation exhaust, because numerous fresh 
plumes were observed with very high ratios 
of DO] to DO,] and small spatial extent 
( 4 0 0  m). The nonplume observations 
illustrate the dependence of 0, produc- 
tion on [NO]. For these calculations, the 
production rate of O,, PO,, is assumed to 
equal the rate of reaction 2, PO, = k2 X 
[HO,] x DO], where k, is the rate coeffi- 
cient for this reaction (12). For very low 
[NO] (<1 x 10' mol cm-,), the HO, 
cycling occurs mostly via the self-reaction 
of HO, followed by the photolysis of 
H,O,, and therefore [HO,] is independent 
of [NO]. PO, is very low and increases 
linearly with [NO]. At higher [NO], [HO,] 
begins to decrease, and PO, increases more 
slowly than the rise in [NO]. 

The calculated response of [HO,] and 
PO, to variations in the primary production 
rate of HO, (Fig. 4) shows that the addition- 
al primary HO, sources significantly increase 
PO,., For all calculated scenarios, PO, is 
predtcted to be inversely correlated with 
DO] for DO] > 4 X lo9 mol cm-,, because 
processes 7 and 8 become important sinks of 
the hydrogen radicals leading to a reduction 
in the HO, chain length. Additional atmo- 
spheric and laboratory studies detailing the 
photochemistry of HN03 and HN04 are 
required to understand better how Pq will 
vary at very high concentrations of NO. 

The response of 0, production to chang- 
es in [NO] shown in Fig. 4 is not generic: 
The response is larger when primary pro- 
duction of HO, is enhanced. Furthermore, 
the level of NO for which the HO, chain 
length begins to decrease depends on the 
ratio of [NO,] to [NO], which is strongly 
dependent on temperature and [O,] (24). 
For these flights, [NO] in the upper tropo- 
sphere increases with altitude and, as a re- 
sult, the HO, chain length also increases. 
We calculate that the chain length typical- 
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ly increases from about 5 at -7 k ~ n  to 10 to 
20 near the troDooause. This lone chain . - 
length is important for 0, production only 
because there is significant HO.. ~roduction " .& - 
in the upper troposphere fueled by acetone 
and other transported HO, precursors. From 
the ohservatio~~s of [HO,] and [NO], we 
calculate that about 1 ppbv of 0, is pro- 
duced each day in the upper tropospheric 
air sampled. In some air masses with very 
high [NO], Po, exceeded 5 pphv per day. 

Significance. The measured [HO,] sug- 
gests that in situ photochemistry occurring 
in the upper troposphere plays a much more 
important role than previously thought in 
determining the concentration of 0,. Lim- 
ited observations of the change in tropo- 
spheric 0, since preindustrial times suggest 
that the increase in 0, has contributed 
about 0.4 1V mp2 to the global mean radi- 
ative forcine at the surface 125). Because - ~, 

the 0, changes have occurred mostly in the 
Northern Hemisphere, the forcing in this 
hemisphere may be twice as large. For corn- 
parison, the total increases in the global 
mean forcing from increases in the concen- 
trations of long-lived greenhouse gases 
(such as C 0 2 ,  N 2 0 ,  and CH4) is estimated 
to he 2.45 1V mP2 (25). The measured 
[HO,], [CO], and [NO] are consistent with 
a ohotochemical uroduction rate for 0, of 
about 1 pphv per day in the upper tropo- 
sphere. Because the upper troposphere is 
flushed relatively quickly, the data suggest 
that chemistry occurring in this region may 
significantly affect the concentration of O3 
throughout the lower atmosphere. 
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