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tropospheric and stratospheric NO

-

Alternative Interpretation of Umkehr Data

for Nitrogen Dioxide

by

Harold S.: Johnston
Dopartmert of Chemdcotry and
Inorganic Materials Research Division,
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Abstract

Brewer and cQworkers (l973)'have successfully overcome the

difficulties of observing atmospheric niﬁrogen dioxide from its visible

absorption-spectrum. They have developed . a method (related to the ozone
umkehr method), which,ehould be very valuable in monitoring both

o+ The first set of data that they

have published (Nature, 1973) is capablce of altcrnative interprctations:

(1) Brewer et al assumed that NO, was constant during and shortly after

2

sunrise and sunset, from which théy deduced the vertical distribution

of NO and they deduced a very high maximum valuc of NO, at midday:;

2! 2

(2) alternatively, the data may bhe interpreted in terms of rapidly:

" changing NO2 at sunrise and sunset, a slow smooth increase during the

day, and no midday maximum. The second interpretation is consistent

with current chemical models of the stratosphere.
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Introduction

Nitrogen dioxide (NO has a strxong, highly structured absorption

,)
spectrum in the visible and near ultraviolet spedtfal region; a.portion
of. this spectrum is shown in Figure 1. It would appear that. this
detailed spectfum could be used to observe pitrogén dioxide in the at-
mospherée, but éeveral workers have reported failure to do so (Informal
reports and verbal communications)’ Difficulties include Rayleigh
séattering, parﬁiculate scattering, atmospheric inhomogenieties, and

the highly structured solar épectrﬁm in ﬁhe sahe wavelength region,
Figure 2. Erewer, Kerr, and McElroy (BKM, 1973; BMk, 1974) have’
surmounﬁed these difficultiés by an iﬁgenipus differential method includ-
ing a sensitive photon-counting technique. BXKM used three wavelengths

at a peak and two vallevs of the NO, absorption, Figure 1, where A, =

2 1

0.4377 pm, X 0.4448 um, and x3v;= 0.4500 um. " They looked directly

2:
at the sun for one series, and they 1oqked at scattered light from the
zenith cxy for another group of measurements. Their spectral resolution

was about 0.0030 m. They defined the function F

2! 13 |

F = log == + 1.46 log == . (1)

I I
2 _ 2 - :

The constant 1l.46 was selected to eliminate (to a high degree of approxi-
mation) the effect of Rayleigh scattering. Particulate scattering
changes smoothly in this wavelength region (in some cases as A 1'8,
Charlson and Ahlquist, 1969), and the effect on log Il/Ié is very nearly

cancelled by the opposite effect on log 13/12.
Ozone also has a structured spectrum in this wavelength region,
but its effect is readily calculated and is small. One assumes that

“NO, and 03 obey the relation 1n IO/I = ¢C, where c(cmz) is the obscrved
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wave-length-dependent light—absorpﬁion cross section and C is the

('3 column of NOz.or O, in units of molecules cm-z. The function F then

3
is ‘
: o =230 -19 ° .
v, : F=F + 2.78x10 C. sec x-+ 3.04x%x10 C, sec x (2)
o O3 NO2
To1 o3 | -
: FO = log I_ + 1. 46 log -]-:—-— ] . (3)
' 02 ~02 :

where C° is the vertical column, x is the solar zenith angle, and IOl’

102, I03 are the solar intensities above the ‘atmosphere. (Strictly

speaking, sec x should be replaced by a more complex term acknowledging
curvature of the earth for values of sec X in excess 8). A vertical

column of 0.33 cm(STP) of ozone gives the same value of F as a vertical

15

column of NO, of 0.8x107" molecules cm—z, a small correction easily

2

applied to the observed data. After this correction is applied, one

‘)

has twe ways tq eValuaté'the N02 Vcrleal corwu from ground-basea
(or aircraft basea) 6bsérvations. The slope of F with sec x gives a
direct, self-calibrating measure of the verﬁica; colurn of nitrogen
dioxide

° | ‘ ~19

CNO = (dF/d sec x)/3.04x10
2 '

provided'that the vertical column itself does not change very much

(4)

during the timejof change of the solar angle to give d sec x. In an
“alternate method the value bfAF is_dbserved‘over a wide range of vaiues
Qf sec x for oné da&, extrapolated to zero sec x, and the value of Fé
inferred for uée on that and other days. 1In ths case every measure-
ment'of_F is a direct measurement of the vertical column of NO,

[ F_FO
(’\_ “No, 3.04x10° IV sec x ()




.0of the NO

: j !nﬁ 8 o e 4 s Pl 4.; . ) :
provided that FO is cohstant. The highly strUctured solar spectrum,
Figure 2, puts very great demands on the rigidity and constancy of the

wavelengths settings of the spectrograph; a very slightichange of wave-

iength'settings, especially forlkz, can cause a large change in FO.

QKM came tb four‘conclusions: (i) The method can overcome the
difficulties of light scéttering.aﬁd ozone ébsqrption to give a measure
5 célumn; (2) the nitroggnidioxide éolumn increased by about
factor of 1.5 between early horning and late afternoon; (3) the nitrogen
dioxide column showed a midday maximum about.a factor of 3. greater tﬁén
the morning value; and (4) obéérvations of the_vertically scattered ‘
zenithvradiation through sunrise or sunset give information ébout the
vertical distributiqnléf NO,, in the atmospﬁere.‘ In this article
evidence is presented in support of ﬁKM's.conciusions (1, and (2), and

it is argued that'alternative interpretations can be given to their

conclusions (3) ‘and (4)..

Evaluation of FO

BKM measured the Value‘of F by focussing .on the sun from sunrise
throuéh_noon.to sunset on August 3, 1973 at Toronto, Ontario, Caﬁada.
Their results are replotted énd presented in Figure 3. Thevearly
morning pointé do not coincide with the laté'afternépn points, and thus

the overhead column Of'N02 changed during the day. This change of the.

“column of NO, during the day makes difficult and uncertain the extra-

2

polation to zero sec x in order to evaluate F o Equation 2. The.
function, sec x, changes rapidly near sunrise and near sunset but only
very slowly during the middle of the day; for example, 3 units of sec x

from 7.9 to 4.9 requires 27 minutes, 3 units from 4.9 to 1.9 requires

123 minutes, and 0.7 units from 1.85 to 1.15 requires 184 minutes. BKH



. to a vertical column of 72x10

4.

‘would be expected during the 45

Do e0al v49 .

N

2

minute intcrval shown in Figure 3 of carly morning or late aftcernoon,

reasoned that less change of NO

as opposed to the lbng period to obtain a cpmparablexchange of sec x
during the middle éf the'day. 'Thus they graphically ex£rapolatéd the
poihts frpm sec x = 11.5 to sec x =.5.Srto zero, Figure 3.. This

value'of F was used in all.caées in the'1973 article by BKM. Their

conclusions depend critically on the value of Fo so obtained.

One‘contention.of this article is that the extrapolaﬁion to obtain
FO is not precise; it is subject to considerable error and uncertainty.
BKM gave several other sets of data which can be extrapolated to give
FO; two examples are g;ven in Figures 4 and 5. Figure 4 gives ground-

based values of F for early morning of July 23, 1973; and Figure 5

‘gives late afternoon data obtained from an-airplane at 12 km elevation

on June 13, 1973. These data cover the same range of sec x as that

used by DKM to obtain FO from the data of August 3. “Lhe value of Fo

. can be obtaihed-from the observed data on June 13 (PM), TJuly 23 (AM and

- PM), and August 3 (AM and PM).

These 5 sets of data were fit to the equation
F=F_ + K sec x
o

by the method of least sduares for sec x between 5.5 and 12. The
results are shown .in Figure 6 and the intercepts FO are given in Table
1. The intercepts Fé vary as ~--0.003, 0.009, 0.010, 0.013, 0.019. The

spread.from -0.003 to +0.019 is 0.022 units of F, and this corresponds

15

molecules of NO, per square cm, which

2

corresponds to 18 parté per billion above 12 km. Thus the uncertainty

in F_ as measured by these 5 cases from BKM (1973) is very large.
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Tge effect bf'ghis uncertaintf ié espeéially great wiﬁh respect to
rinterpretatLQH‘of the midday data.

The data of Figure 3 for August 3 can be extrapolated to zero in
at least two different ways, eachvof which is-plausible.‘ One method is
thatvused by BKM, as discuésed above, and anothér method is proposed
here. Althoughithe aftérnoonvdatavin Figure 3 all lie above the
morning data, thé difference 1is attehuated‘by'the large values of sec X,
and the abéolute Value of the difference is not great. The extra-
polation to zero sec x could qﬁite reasonably use all of the data of
Figure 3. The least squares_stréigh£ line through all the data are
_giveh as curve A in Figufe 7. In units of the previous figures, the
value of-Fo ié;0.0l86.  The extrapolation=u$ed by BKM is.given as lines

"B and C in Figure 7. The two lines D are derived from Figure 8.

The column of NO, calculated frow Kquation 5 for a given value of .

2
F depends strongly on the value of FO used. All of the experimental
data are plotted twice in Figure 8. In one case (points represented by
crosses) the value of FO is 0.0186 as found from extrapolation A in

Figure 7. The points give a vertical column of NO,. of about 22 x 1015

2
molecules cm_ziin the early morning, about 26 x lOlD at noon, and about-

30 x 10%°

in the late afternoon. The least squares line A in Figure 7
is-the flat line A in Figure é. The morningvpoints systématically lie
below the liﬁe and the;afternoon'points systematically lie above the
line. A better description of the crosses in Figure 8 is the straiaght
line D, which slowly and linearly_increaébs rom morning to sunset.
This_line-is used to'calculateAthe function F from FO as found by curve
A; the calculated F curve is replotted as the third‘case, D, in Figure 7.
In both Figures 7 and'8/ the lines D give an excellent representation

of the data.
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The‘colunmvof N02 was also calculated from each data point using

(—\ the value of FO as-obtained by BKM, and these values are the circles
in Figure 8. The extrapolated lines B and C from Figure 7 are seen
f between 5 and 6 AM and between 6 and 7 PM. With thisAvalue of FO, the

calculated midday NO, increases to a high broad maximum, Figure 8,

2
which is agout three times greater thén the, early morning value. It is
to be émphasized that the circles and érosses of Figure'a are based on
the same experimental data, FigurebB. The difference between the two
sets of points'is the value of FO used in Equation 5 to go from

vobserved F to calculated NO, column. ' The evaluation of FO as given by

2
- line A of Figure 7 giyes the crosses in Figure 8, and the evaluation
.of FO as giveniby B and C of Figure 7.givé§ the cirqlés in Figure 8.
Whether NO2 goes through a midday maximum or shows a simple monotonic
_'increasé from morning to sunset depends critically on how F is extra-

(“ polated to zerc sec x, and this exXtrapolation shows poor precision

from one case to another, Figure 6.

5 from Slopes

Evaluation of NO

The value of the column of nitrogen dioxide can be calculated from
the slope of the value of F as a function of sec X, Equation 4. To

: ° _
evaluate CN from Equation 4, it is only necessary for the instrument

02
_ v o
S to be stable for an hour or go, whereas to evaluate CNoz

5, one nust have.atmospheric and instrumental stability to givé a

from Equation

-xeproducible FO day after day. The values of the NO2 column inferred
from the slopes of Figurc 6 and»Equation'h arc givcn in Table 1. The
fslopés are corrected for 0.33'cm of ozone. The values on June 13 were

diréctly observed at 12 km. On August 3, a second instrument was put

( \_on board an airplane and F was obscrved up to and back down from 12 km



at ﬁidday. The difference in F between 12 km and ground was about 0.008
units (BKM's Figure 7), which corqespondé to 26.3 x lOlS'molecules 110

2
em2. ThisIValue was subtracted from the ground based values found in

the morning and late afternoon, and the results are entered in Table 1.
These values consistently indicate stratospheric columns of NO2 of about

15

(4£2) x 10 molecules cm—z,'with larger values in the afternoon than

in the early morhing.' This vaiue cgn'be compared with the global
average nitric acid column of 4 x 1015 rnolecules cm—2 as reportéd by
' Lazrus and Gandrud (1974). Model célculaﬁioné,,fdr example Isaksen

- (1973), sﬁow that_coluﬁns-oﬁ speciéé HNO3/Nb2/NO océur at 45°N in the
summer in the ratio 4/3/3. Thus the valﬁes‘of stratospheric NOé as

inferred by slopes of Brewers F function are in good agreement with

models and with observations of stratospheric nitric acid.

4

The Divynal Trend cof Nitregen Dicxicde

During the day there is a dynamic balance between NO, . NO NO

27 37
NZOS; and HNO3, which is brought about by photolysis and by reactions

of these species with 0, O HO, HOO. At éunset, the photolyses cease,

31
and the species 0, HO, and HOO decrease to very small values. Nitric

- oxide rapidly reacts with ozone and with NO4

NO + O3 » NO, + O,

NO + NO3 + 2 NO2

This conversion is virtually complete within a few minutes in the

‘stratosphere. Nitrogen dioxide slowly reacts with ozone

NO, + O, » NO; + O

. M
N03 + NO2 + N

2

205



was taken. The total NO* column (NO, NO
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and ‘depending onvthé temperature and cdncentration of ozone, more or
less half of the NOX is convertecd to.N205 during the night'(Johnston,
1971).

Df. Gary Whitten carried oﬁt a model calculation of the diuinal
vafiation_of 12 species involving odd éxygen; the oxides and oxyacids
of nitrogen, and free radicals based on waéér bxygen, and including 45
eiementary chemicai reactiqns.' A standard distribution (45°N, spring
equinox) of ozone, water, andrtempératufe (Johnston and Whitten, 1973)

" NOj,

, - _ | .
14 x lOlJ molecules cm 2, and the vertical distribution of each species

N305, HNO3) was

was derived. The distribution of sunlight was recomputed each hour of
the day. The diurnal variation of these O;, NOX, and H_OX species was
obtained at any time t and t + 24 hours. The results of the integrated

vertical column of NO, from 15 to 50 km is given by Figure 9 for a

2 .
period of 26 lours. During the night NUZ 1s slowly converted to

5 is quickly converted to nitric

NZOS’ At sunrise about half of the NO

oxide
o)

NO, + hv » NO + 0O 2 o + 0,

NO +>03 -+ NO2 + O2

The relaxation times for this process varies between 30 to 90 seconds

depending on elevation. During the day NO, is slowly formed from the

2

. photolysis of N_O.

275

1 " . .
0. ‘(mechanism uncertain)

N,,O. + hv +v2 NQZ + 5 0,

275

with a relaxation time of about 1 hour at 40 km to about 8 hours at 15

km. For this model calculation, the vertical column of N02 increased
, 15 .

15 : . ‘ s
from 3.5 x 10 an hour after sunrise to 5.9 x 10 alt sunset. This

calculited change is in good agreement with DBrewer's obscrvations, 1if



one uses the value of F_ as derived from line A in Figure 7.

There is a rapid change of NO, and NO immediately after sunrise or

2
sunset.-%An example of the Changes of Nb, Noz, and N203 for 3 minutes
after sunrise is given by Figure 10 for an elevation of 33 km. BKM
(1973) observed the scattered light from the“zenith sky through sun-
risé and sunset (BKM's figures 2A and 2B, for ex;mple). These
observations were. used to infer the vertical‘distfibution of NO,. How-

" ever, as can be seen from Figures 9 and 10, it is at sunrise and sunset

that NO changeé,most rapidly of any time of day. The rapid decrease

2
of NO2 after sunrise (NO2 + hv » NO + 0) and the rapid increase of N02
after sunset (NO + 03 'Noz + 02) invalidéte the use of scattered |

‘zenith radiation at these times as a neasure of the vertical distribu-

tion of Ndz.
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Figure

Titles to Figures

Portion of .visible absorption spectium of nitrogen dioxide
as observed in this laboratory showing the three wavelengths

used by BKM to define the function F.

High resolution display of solaf"spectrum as measured at the

Earth's surface in the wavelength vicinity of BKM's three

points.

A replotting of data from Figure 6 of BMK (1974). The value

of Fo is obtained by extrapolation of tlie data in the 45

-minute range identified by the arrows. August 3, 1973.

Data replotted from Figure 3a of BMK (1974). July 23, 1973.
Déta‘replotted from Figure 3 of BKM (1973). June 13, 1973.

Evaluation of F, from 5 sets of data from RKM (1972) over
the same range of -sec x as used by BKM in their extra-

polation to obtain F.

‘Three replottings of the-data from Figure 6 of BMK (1974).

4, extrapolation to zero sec x using all of the data. B, C
extrapolation to zero sec x as done by BMK. D. Curves deduced

from line D in Figure 8, based on intercept from line A above.

Computed va?iation of vertical column of NO, (August 3, 1973)

2
during the day on the basis of two diffcrent values of Fo,
(A and BC of F%gure_?). These computed points are derived
from the samé observed values éf F; they differ only as to
value of ry used. The line D represents a linear increase
of N02 from.30 minutes after sunrise_ta sunset; it‘gives the
values of F in curves D of Figure 7 if one uses to FS from

curve A of Iigure 7.



Figure 9 -

Flgule lO - The calculatgd changes of NO, NO

Diurnal variation of the Nozﬂyertical column as calculated s
from a chemical model of 12 species (O*, HOX, NOX) and,§5 '
elemehtary reactions. The calculations were carried oﬁt by

Dr.‘G. Whitten.

, and N,O at 33 ‘km. during
T2 275

three mlnutes after sunrise (These fast changes after sunset5

and sunrise are not shown in detail in Figure 9).



Table 1. - The Intercept F_ and the Vertiéal Column of NO, Inferred from
f’\ the Slope, dF/d sec X. |
‘VObservatiOn: FO ‘ VeFticai co}umn of NOz, 1015 molecules cm_‘3
From slope Corrected for 0,| Above 12 km
June 13, PM +0.013 4.6 3.8 3.8
July 23, An +0.010 7.4 6.6
July 23, PM +0.019 10.2 9.4
August 3, AM‘_ ., =0.003 30.1 29.2 2.9%
August 3, PM +0.009 133.7 32.9 6.6%

*

“Corrected for 0.008 F units bet

ween 0 and 12 km on basis of BKM's Figure 7.
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“Observed Brewer's F Function Extrapolated to Fy in Two Ways (A, BC)
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Vertical Column of NO, (10'® molecules Cm’,z)
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Vertico! Column of NO, (KﬂzrnMchmscan)
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disclosed, or represents that its use would not infringe privately
owned rights.
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