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stratosphere. For the case of H 0 2 ,  three 
types of measurements have been reported: 
two in situ methods [resonance fluorescence 
(4) and matrix isolation (S)] and a ground- 
based method [millimeter-wave (6)]. In a 
recent assessment (2) of theory and observa- 
tion, the in situ measurements of H 0 2  were 
found to be high with respect to current 
theory, but the ground-based measurements 
were in agreement; as a result, if the in situ 
observations are correct, then substantial 
changes would be required in our under- 
standing of both HO, chemistry and the 
ozone budget. 

We have measured H 0 2  with a far-infra- 
red spectrometer (FIRS-2) that was mount- 
ed on a balloon-borne platform and viewed 
the atmosphere above the earth's limb 
through a small telescope (7, 8).The FIRS- 
2 had an effective spectral resolution of 
0.008 cm-' over the range 80 to 250 cm-'. 
This region includes many molecular rota- 
tional lines that are thermally populated at 
stratospheric temperatures (9). Because the 
earth's troposphere is essentially opaque in 

143 144 145 146 147 

Wavenumber (cm-l) 

agreement with theory. 

IN THE MIDDLE STRATOSPHERE ( I ) ,  
HO, chemistry is driven by excited 
atomic oxygen, o('D), which is pro- 

duced by solar ultraviolet (UV) photolysis 
ofozone (03) .  The o('D) reacts with water 
vapor to create OH,  which in turn reacts 
with O3 to yield H 0 2 ,  the hydroperoxyl 
radical. Together H 0 2  and O H  then catalyt- 
ically destroy O3 and 0 .  It is believed that 
HO, reactions are responsible for -90% of 
the total O3 and 0 losses at 60 km,but only 
-10% at 40 km and below ( 2 ) .The HO, 

> , 

reactions also provide important production 
and loss terms in the chemistry of active CI 
and N species. 

The full atmospheric chemistry of H 0 2  is 
relatively complex and includes at least three 
production and seven loss reactions, not all 
of which have well-understood reaction 
rates (2, 3). However, in a simplified pic- 
ture, the strong attenuation of solar UV 
with depth in the stratosphere suggests that 
daytime H 0 2  will be relatively more abun- 
dant above the ozone layer (-35 krn) than 
below. At night, the concentration of H 0 2  
plummets because of loss reactions and the 
absence of UV light; the largest relative 

Harvard-Smithsonian Center for Astrophysics, 60 Gar-
den Street, Cambridge, MA 02138. 

change occurs in the lower stratosphere, 
where loss reactions are most rapid. 

Theoretical models of stratospheric chem- 
istry are widely used to predict future re- 
sponse of the ozone layer to both natural 
and anthropogenic changes. The veracity of 
these predictions depends upon the accuracy 
and completeness of the models. Clearly, 
one way to verify the models is to see if they 
concur with measurements of the present 

Fig. 1. (A) Measured day- 
time stratospheric spec-
trum from 142 to 147 
cm-' (see text). The inten- 
sity is normalized to a 
277-K blackbody. (6) 
Theoretical spectrum 
showing only H02,verti-
cally offset by +0.08 for 
clarity. (C) Theoretical 
spectrum including all spe- 
cies, also offset by +0.08 
[the apparent baseline dif- 
ference between (B) and 
(C)is caused by an empiri- 
cally determined continu- 
um component in our 
model; the physical origin 
of this continuum is 142 

thought to be the far 
wings of water vapor 
lines]. Tic marks at bottom show the five H02lines used in our analysis. 
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the far infrared and because the viewing 
geometry is especially favorable when the 
observing platform is above the altitude of 
the regions of interest, a balloon or satellite 

is required for stratospheric mea- 
surements. 

Data were obtained during the second 
flight of the FIRS-2 spectrometer, launched 
from Palestine, Texas (32"N), on 12 May 
1988. Both the daytime and nighttime 
stratosphere were measured during a 17-
hour ~ e r i o d  from an altitude of -39.0 km. 
The gondola was oriented to give a north- 
looking azimuth (k2") for constant local 
solar time (LST) along the line of sight. 
Spectra were measured at elevation angles 
from -4.62" to 30°, which correspond to 
effective sampling altitudes from 19 to 49 
krn. In order to maximize the signal-to-noise 
ratio of the data, the spectra were added in 
two groups, a 6-hour daytime series cen- 
tered at about 15.0 LST, and a 6-hour 
nighttime series centered at about 0.0 LST. 
The integration time in the summed spec- 
trum at each observation angle was about 
0.8 hours for the davtime data-and 0.6 hours 
for the nighttime data. 

The far-infrared rotational spectrum of 
H 0 2  comprises a large number of b-type 
rotational lines. The positions of the H 0 2  
lines are known to better than 0.001 cm-' 
on the basis of millimeter-wave and far- 
infrared measurements; the strengths are 
accurately known from measurements of the 
b-type component of the dipole moment 
(10). 

Using our -2.32" daytime spec&, we 
located 31 identifiable R branch lines and Q 
branch features of H 0 2  between 95 and 185 
cm-'. Of these, the most u se l l  were R 
branch lines lying between 142 and 147 
cm-' (Fig. 1). 

The H 0 2  mixing ratio profiles were de- 
termined as follows. Startinp: with the 30" " 
ray and workmg down, we compared a 
0.040-cm-' region around each line to a 
synthetic spectrum generated from a layered 
model a&osphere;-the model H 0 2  in the 
most sensitive layer for that ray was adjusted 
until the two spectra agreed in a least-
squares sense. F& each spectral line, this 
process produced an independent estimate 
of the H 0 2  mixing ratio profile, plus an 
estimate of uncertainty from noise in the 
spectrum. 

The mixing ratio profiles were combined 
in a weighted average profile, where the 
weights were the inverse squares of the 
uncertainties (11-13) (Table 1 and Fig. 2). 
The calculations were iterated several times; 
the results are independent of the initial 
model profile. 

Theoretical day and night profiles were 
generated by averaging time-dependent the- 
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Table 1. Measured H02 mixing ratios for daytime and nightime. Entries are mean values and 
uncertainties are *1SD. Where the uncertainty exceeds the mean, the 1SD upper limit is shown; zeffis 
the effective altitude. 

oretical profiles (13) for time intervals corre- No nighttime H 0 2  was detected below 
spondiig to the observations (Fig. 2). The 32 km (Fig. 2), where the measured 
daytime data are in excellent agreement with amounts are all less than the uncertainties. 
the theoretical model from 25 to 40 km. The HOz measurement near 35 km is larger 

From 40 to 50 km, we measured about than expected, but at a low level of signifi- 
30 k 9% more daytime H 0 2  than predicted cance. The measured nighttime H 0 2  be- 
by the theoretical model. There are two tween 40 and 50 km is in agreement with 
possible explanations for this difference: (i) the predicted amount to within the mea- 
The uncertainties in reaction rates involving surement uncertainty. We conclude that the 
HO, production and loss in the model are measured diurnal behavior of H 0 2  is in 
large enough to allow the predicted mixing general agreement with theory. 
ratio to shift by roughly r50%; a positive Three other methods have been employed 
shift of this amount would bring the model to measure stratospheric HOz: 
prediction in line with our data. (ii) I t  may 1) In in situ chemical conversion reso- 
be related to the well-known characteristic nance fluorescence (4, 14), a descending 
of chemical models to unpredict O3 between measurement pod has been used from which 
40 and 50 km (1, 2). As mentioned above, addition of NO to a passing parcel of air 
daytime H 0 2  depends on the production of converts H 0 2  and NO to O H  and NOz; the 
O('D), which in turn comes from the action O H  is detected by resonance fluorescence in 
of sunlight on 0 3 ;  thus if O3 is underpre- the (0 - 0) band at 309 nm with an on- 
dicted in a model, then H 0 2  may be under- board microwave discharge lamp. For com- 
predicted as well. The FIRS-2 measures O3 parison with our data, we formed a weight- 
and other species simultaneously with HOz; ed average of the measurements from three 
at 40 km and above, our results as well flights in 1977 (Fig. 3), using the given 
as those of many other investigators [(Z), p. detection threshold for each measurement as 
14 and pp. 420-4291 show that the mea- an uncertainty factor and then choosing for 
sured O3 mixing ratio is typically 40% or the overall uncertainty the larger of (i) the 
more greater than predicted by theoretical uncertainty from weights or (ii) the weight- 
models. Below 25 km, our H 0 2  exceeds ed scatter: the data combination method is 
the model, but the difference is not signifi- thus identical to that used for our own data. 
cant in consideration of the above-men- We multiplied the resulting profile by 0.94 
tioned uncertainties in the measurement and to account for the relatively larger amount 
model. of H 0 2  expected during the resonance fluo- 

Fig. 2. Mixing ratio profiles of 
H02, from FIRS-2 measurements 
for daytime (15.0 LST; squares) 
and nighttime (0.0 LST; triangles); 
error bars indicate *1u.The corre- 

.~.....~.......-..

sponding model curves are time-

averaged theoretical profiles (13). -Day HO, 

The uppermost two data points are -Night HO, 

tied together by an a priori ratio ---- Theoretical model 

taken from the theoretical profile. 

Points at which only upper limits 

I 1 1 I I L u l l  I I 1  l / l l / l  1 I I I I , , ,  

I0-1, I0-11 I0-1 o I o - ~
could be measured are indicated by HO, mixing ratiodashed lines. 
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rescence measurements (effective solar ze- 
nith angle 46") compared to our measure- 
ments (54"). The factor 0.94 is our estimate 
of the relative W-induced difference in 
H02 ,  near 33 km, between the two times 
and locales; it is based on the numerical 
change in H 0 2  as the solar zenith angle is 
changed from 54" to 46" in our adopted 
theoretical model (13). 

2) In matrix isolation and electron spin 
resonance (ESR) spectroscopy (5, 15), in 
situ samples have been captured in a water- 
ice matrix cooled with liquid He, returned 
to the laboratory, and analyzed by ESR to 
yield a composite H02-plus-R02 signature. 
We have converted the results of two flights 
in 1980 to mixing ratios, and scaled each 
value to correct for H 0 2  variation with solar 
zenith angle, as above (Fig. 3). 

3) In ground-based millimeter-wave 
specuoscopy (6), the stratospheric thermal 
emission spectrum near 265.8 GHz has 
been recorded from Mauna Kea, and three 
H 0 2  rotational line profiles have been mea- 
sured and compared with the expected line 
profiles from several different types of theo- 
retical H 0 2  mixing ratio distributions. This 
method is sensitive to the column abun- 
dance and broad shape of the H 0 2  distribu- 
tion in the upper stratosphere and lower 
mesosphere, but not to details of that distri- 
bution. The range of altitude sensitivity is 

Daytime HO,--Far infrared 
Resonance fluorescence --Matrix isolation 

[ 	----Millimeter wave 
Theoret~cal model 

lo-" 10-'O 1o-g 
HO, mixing ratio 

Fig. 3. The H02daytime measurements (squares; 
Fig. 2) ,  and other published H02 stratospheric 
data, averaged and scaled to remove the expected 
variation of H02 with solar zenith angle, as 
discussed in the text. The theoretical model is the 
same as in Fig. 2. All uncertainties are tla.The 
in situ (open symbol) data points appear to be 
significantly biased with respect to both the pre- 
sent data and theory. As noted in the text, the 
present measurements, taken along with the rnilli-
meter-wave data (6),are in good general agree- 
ment with theory. 

bounded on the lower side by the point 
(-35 km) at which line broadening and the 

.capid drop-off in concentration cause the 
H 0 2  features to become so wide (-40 
MHz) and weak that they are masked by 
background noise. The bound on the upper 
side is where (-70 km) the line width drops 
below the resolution of the millimeter-wave 
filter bank (1  MHz) and altitude sensitivity 
is lost. Between these cutoff levels, the col- 
umn integral reaches its 10 and 90% values 
at about 37 and 6 7  km, respectively. Within 
these adopted limits, the preferred millime- 
ter-wave curve (13) gives an H 0 2  column of 
2.7 x 1013 cm-', which is -1.25 times as 
large as the column integral from our theo- 
retical curve. Both curves are similar in 
shape. To account for H 0 2  variation with 
solar zenith angle (-43"), at a typical alti- 
tude (-46 km), we scaled by 0.94. The net 
result is that we can match the millimeter- 
wave results by scaling up our own theoreti- 
cal profile by a factor of 1.18 (= 1.25 x 
0.94) in the range 3 7 ~ 0  67 km (Fig. 3). 

To the extent that the H 0 2  mixing ratio is 
driven by the source chemistry factors of 
ozone. water. and UV flw and that the W 
flw is removed by our scaling procedure, it 
follows that the four data sets (Fig. 3) 
should differ only insofar as the ozone and 
water are variable. The differences between 
the remote sensing and in situ methods are 
substantial: the resonance fluorescence pro- 
file is roughly four times as large as the 
theoretical profile, and the upper two matrix 
isolation points are about seven times as 
large; the matrix isolation point at 18 km 
shows an even larger difference. Because 
variations in O3 and H 2 0  near 33 km 
altitude are probably limited to -15% (16, 
17), it is highly improbable that H 0 2  could 
vary by the factor of 4 to 7 implied by the 
data (Fig. 3). Most likely the in situ methods 
are significantly biased toward high mea-
surements. 

The millimeter-wave data are in quite 
good agreement with our data, even though 
the two sets refer to different years and 
latitudes. Taken together, they are in agree- 
ment with the theoretical HOz profile over 
essentially the entire stratosphere and lower 
mesosphere. 
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A Regulatory Gene as a Novel Visible Marker for 
Maize Transformation 

The temporal and spatial patterns of anthocyanin pigmentation in the maize plant are 
determined by the presence or absence of the R protein product, a presumed 
transcriptional activator. At least 50 unique patterns of pigmentation, conditioned by 
members of the R gene family, have been described. In this study, microprojectiles 
were used to introduce into maize cells a vector containing the transcription unit from 
one of these genes (LC)fused to a constitutive promoter. This chimeric gene induces 
cell autonomous pigmentation in tissues that are not normally pigmented by the LC 
gene. As a reporter for gene expression studies in maize, R is unique because it can be 
quantified in living tissue simply by counting the number of pigmented cells following 
bombardment. R may also be useful as a visible marker for selecting stably transformed 
cell lineages that can give rise to transgenic plants. 

OST MAIZE CELL TYPES HAVE THE 


capacity to accumulate anthocya- 
nin pigments (1). Pigmentation 

within the plant is controlled by at least ten 
genes that encode regulatory or structural 
proteins of the anthocyanin biosynthetic 
pathway (2). The R gene family determines 
the location, timing, and amount of antho- 
cyanin expression in the maize plant and 
seed (3). The overall pigmentation pattern 
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in the plant represents the additive effect of 
each family member. 

The R-Navajo (R-rtj) gene, which pig-
ments the crown of the kernel, was cloned 
by tagging with the transposable element 
Ac (4) and was found to be homologous 
with three other R genes, P, S, and LC, 
which display different pigmentation pat- 
terns (4). Homology between R-nj and LC 
facilitated the cloning of a full-length LC 
cDNA. The protein encoded by this cDNA 
has features characteristic of transcriptional 
activators and DNA binding proteins (5 ) .  
From these data and previous genetic analy- 
ses (4, we proposed that the diverse pat- 
terns of anthocyanin pigmentation condi- 
tioned by different R genes reflect differ- 
ences in the R gene promoters rather than 

their gene products (3. 
To test this hypothesis, we used micro- 

projectile bombardment (7, 8) in an in vivo 
assay to analyze R gene expression. We 
bombarded maize kernels with microprojec- 
tiles (9) coated with the vector pPHI443, 
which contains the entire LCprotein coding 
region fused to a constitutive promoter 
from cauliflower mosaic virus (10). Pig- 
mented cells were detected in the aleurone 
layer 14 to 36 hours after bombardment 
(Fig. 1A). In the absence of pPHI443 
DNA, aleurone cells were unpigmented be-
cause they lacked a functional R gene. Since 
the LC gene does not normally pigment 
aleurone cells, this experiment supports our 
contention that R genes are functionally 
equivalent and that pigmentation can be 
induced in a novel tissue by changing the R 
promoter. 

To examine the versatility of this marker, 
we bombarded a variety of tissues with 
pPHI443. After the bombardment of ger- 
minating seedlings, pigmented cells were 
seen in the epidermal cell layers of the 
coleoptile (Fig. lB) ,  primary root (Fig. lC), 
mesocotyl, scutellar node, and coleorhiza 
(Fig. ID). Pigmented cells were also ob- 
served in the surface cell lavers of other 
immature tissues such as pericarp (both 
inner and outer layers), culrn, husk, scutel- 
lurn, and anther locules. In young leaves 
pigmentation was observed in both epider- 
mal cells and trichomes (Fig. 1E). 

To determine whether the introduced R- 
encoded protein is constrained by factors 
similar to those observed for endogenous R 
gene products, we cotransformed a variety 
of maize tissues with pPHI443 and an anal- 
ogous vector, pPHI459, encoding P-D-
glucuronidase (GUS) (1 0). Expression of 
both markers can be seen simultaneously in 
most tissues (Fig. lF),  because red cells 
retain their pigment when treated with GUS 
histochemical stain. However, in cells of the 
inner endosperm, pigmentation was never 
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