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s Introduction

Nitrogen dioxide (NOZ) is believed to play an important role in a
catalytic chain of reactions which have a controlling effect on stratospheric
ozone (Crutzen 1970). Attempts have been made by several workers to measure
the atmospheric abundance of the gas by absorption spectroscopy. Most of
these measurements were made in the 435-450 mm spectral region, exploiting
characteristic structure in the NO2 absorption cross section to determine the
atmospheric abundance from direct solar or twilight sky spectra. Ground,
balloon and aircraft-based observing platforms have been employed. Table 1
sunmarises sane of the column NO2 measurements reported to date. The few

observations of the detailed vertical NO. distribution (including in-situ

2
measurements) are reviewed elsewhere (Drummond & Jarnot 1978). Reported values

: 1 Z
of the total vertlcal.colunn vary fron 5 x ’lO15 to a few x 10 7 -
and from 1 x 1015 to a few x 1017

component. These latter values are obviously of greater interest to modellers

molecules cm

molecules em~2 for the stratospheric

of stratospheric ozone photochemistry.

Noxon (1979(a)) with the aid of a computer scattering model, attempted to
deduce the stratospheric NO2 colunn and 'centre of mass' altitude from a series
of ground-based measurements of zenith sky NO2 absorption over the twilight
period. The physical principle involved is similar to that underlying the
more familiar Gotz 'Umkehr' effect, but there are important differences which
will be examined later in the report. On the basis of such sky measurements
Noxon reported, somewhat controversially, the existence of a very sharp gradient

in stratospheric NO. across the boundary of the northern winter circum-polar

vortex (Noxon 1979(5)).
The obvious advantages of ground-based stratospheric measurements are their '

cheapness and convenience compared with aircraft or balloon-based remote or

in-situ measurements. Harrison (1979) and Brewer, McElroy & Kerr (1973, 1974)

also investigated the possibility of remotely sensing stratospheric NO2 from

-the ground, the former utilising Noxon's model results and the latter

utilising a single scattering model.
This report examines in some detail the problem of interpreting twilight
sky NO2 absorption, making use of a multiple scattering model of the

atmosphere developed specially for the purpose. Model results are compared
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8 with those of other workers and the validity of scme of their assumptions and
subsequent conclusions tested. The effect on sky absorption of assuming

different temperature profiles is also examined. Scme preliminary measurements

of twilight sky NO2 absorption, made using the absorption spectroscopy

technique at Beaufort Park are interpreted on the basis of model results, and
consideration is given to the effects of cloud and large boundary-layer N02
concentrations on the absorption measured. Earlier measurements made at

Beaufort Park used the direct solar beam, and included a significant

tropospheric contribution to the total NO2 colunn (Mdiahon & Simmons 1980 (a),
(b)). Ambiguities in interpreting the data arose due to advection of tropospheric

NO2 across the absorbing path.




2. 'The Measurement of Twilight Sky NO_ Absorption

2
The principal sources of atmospheric attenuation in the 435.450 mm wave-

length interval are Rayleigh scattering, aerosol scattering, some slight

water vapour absorption, ozone absorption (in the wings of the Chappuis band)
and nitrogen dioxide (N02) absorption. When a ratio is taken of a twilight

sky spectrum with a sky spectrum obtained near midday, and sufficient care

is taken to ensure wavelength agreement between spectra, the resulting (ratio)
spectrun can be analysed for NO2 absorption, In the present case, spectra were
obtained using the scanning spectrometer and data-gathering systems described
in an earlier report McMahon & Simmons 1980(a)). During scanning the spectral intensit:
was continously normalized with respect to the signal from a broad-band channel
(30 m wide) centred on the spectral wavelength, which scanned at the same rate.
The simplified optical arrangement shown in Fig 1 illustrates how this was
achieved. Normalization provided an automatic correction for any linear trend

in intensity across the spectrum, and compensated well for the gradusl secular

~ change in the sky intensity which occurs at twilight. Partial compensation for
rapid chenges in intensity due to cloud interference was also achieved using

this technique. To a good approximation, therefore, ratio spectra were free

from the roughly linear effects of Rayleigh and aerosol scattering as well as

the linear components of the effects due to other sources of attenuation,

such as N02 absorption. Neglecting ozone and water vapour absorption, which

is usually justifiable, the effective amount of NO2 (neff) responsible for the
absorption in a ratio spectrum was found by regression, (after first taking the
natural logarithm and subtracting the mean value), against the N02 absorption
cross-section spectrum expressed as a deviation from the best-fit line. The
shape of the cross-section spectrum was determined using a carefully purefied N02
sample and measuring its absorption with the spectrameter. Wilkerson et al's
(1974) cross-sections were used to quantify the spectra. Thus NO, was measured

2
by its differential absorption with wavelength; the absolute absorption was

not directly measured.
Strictly, the NO2
‘that present in the twilight spectrum and in the midday spectrum, but for

absorption thus measured represents a difference between

reasons which will be explained later, the absorption present in a midday sky
spectrun will usually be relatively small. Further, it is the variation of
absorption over the twilight period which is of real interest here, and not
the absolute value. ] _.‘

Noxon (1979(a), (b), (¢)) also measured differential NO, absorption in .
twilight sky spectra, but his method of data analysis was somewhat simpler.
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Fig 2 illustrates Noxon's approach to measuring differential absorption. He

connected the 437 mm and 448 nm region of his ratio spectra with a straight
line and found the difference between that line and the value at 439.5 mm.

The corresponding difference in the absorption cross-section (AU™) was

assuned by Noxon to be 2.5 x 10~1? n? (Hall & Blacet, 1952). This straight
line method was designed to be insensitive to linear variations in intensity
with wavelength, as was the method adopted in the present study. Noxon defined
a quantity called the differential absorption (ZN ) to be the percentage
deviation of the ratio spectrumfrom the above line at 439.5 mm. It is easily

shown that
ZN= (1I- exp (-—Afr N °JZ ) ) Wiy« (1)

where neff is the effective amount of N02, in molecules qn°2, found from the
regression analysis of ratio spectra described above. The absolute absorption

5 at 439.5 m is given by

AA = Q)(E (._ G"’ﬁe‘“ ) (2)

where U~ is the NO. cross-section at 439.5 mm.

Substituting for neff into (1) gives

DT
=

Zi=  Ci= AR/ ). 100 (3

This relationship between ZN and AA was used in the model studies described

in section 5(ii) in which Hall & Blacet's (1952) value for 45~ was

assumed, allowing direct quantitative comparison of model results with Noxon's
model results. However, since Wilkerson et al's (1974) NO. cross-sections

2
eft .
y 1t was necessary to use

their value for &Y~ at 439.5m (2.4 x 10'19 an2) to convert from neff to

ZN (using equation 1).

were used in the experimental determination of n

3. Physics of Twilight Sky NO2
3(i)  The Gotz Umkehr Effect
In order to relate the NO_, absorption measured in a sky spectrum to the

e ;
concentration of the gas in the atmosphere it is necessary to understand the

Absorption

basic scattering and absorption properties of the atmosphere.




Much work has been done in this field, more recently with the aid of

computers. An early stimulus to the understanding of atmospheric scattering

was the possibility of measuring the vertical ozone distribution using the
ground-based Gotz Umkehr (thz, Meetham & Dobson, 1934). It was found that

the effective ozone absorption in sky spectra initially increased steadily

towards sunset, reached a maximum at around 850 zenith angle, and then de-

creased again at still greater zenith angles. The instrument used was a

Dobson spectrophotcmeter, measuring the relative intensities of two wave-

lengths which are absorbed to very different extents by ozone. Gotz realised,

fram a simple consideration of scattering geometry, that an appropriate snalysis

of such twilight sky'data could yield information on the vertical profile of

ozone, especially in the stratosphere. A simple explanation of the behaviour

of twilight sky ozone absorption may be given with reference to Fig 3. Crucial

to this understanding is the concept of modal scattering height. Considering

light that is only scattered once, first of all, it is clear that the scattered

. ligﬁt received at the ground from any particular level in the zenith sky will |
vary with (1) the molecular number density of air at that level and (2) the
atmospheric attenuation experienced by the light before and after scattering.
The latter effect is naturally wavelength dependent. The effect of (1) is to
decrease the scattered light received from greater heights. Durirg the twilight
period, when the oblique path of the solar beam through the atmosphere is in
general optically denser than the vertical path down to the ground, the effect of
(2) will be to increase the scattered light from greater heights. The combined
effects of (1) and (2) give rise to a limited altitude range from which most

of the light actually received at the ground is scattered; the mecdal scattering
height (M.S.H) is defined as the height, within the above range, fram which the
scattering to the ground is greatest. The solar beam scattered at this height
is known as the twilight beam. More radiation is received from greater altitudes
at more strongly attenuated wavelengths and at larger solar zenith angles. In
the region of the spectrum where Dobson measurements are made, the difference in
the atmospheric attenuation experienced by the two wavelenéths used (eg the 'C'
‘wavelength pair 311 mm and 332 m) leads to widel& differing M.S.H's at zenith
angles of 80° or more. Consider the expected relative intensities of the two
wavelengths during the pre-sunset‘period. When the zenith angle is less than
about 85° both M.S.H's will be below the strgtospheric ozone maximum (see Fig
3(a)) and the wavelength more absorbed by ozone (311 mm) will be more strongly
affected by increasing obliquity of the light path through the ozone layer. :




The ratio of the intensities of 311 mm to 323 mm measured by the Dobson should

therefore initially decrease. By about 85° the 311 mm M.S.H will be above
most of the ozone while the 332 nm M.S.H will be below it (Fig 3(b)). At
greater angles still, the intensity of 311 mm will change but slowly as the

sun sets while 332 mm is still rapidly decreasing in intensity. In the limiting
case when all the light is scattered so high in the atmosphere that there is
negligible absorption before scattering takes place, all the absorption will
occur in the vertical part of the path (Fig 3(c)), and the ratio of the two
wave-lengths will be approximately the same as that when the sun is nearly
overhead. Hence the ratio of 311 rmm to 332 mm should decrease at first as the
zenith angle increases, reach aminimum at gbout 850 and increase again for
still larger angles, approaching a limiting value. This is the sort of behaviour
that is observed prior to sunset (see Fig 4) and is understandable from the
simplified flat-Earth single scattering gecnetry assuned above. The change

from decreasing to increasing values of the above ratio is known as an 'Umkehr',
and the position and shape of the Umkehr curve will depend on the vertical

ozone profile, paticularly in the stratosphere. The inverse of this ratio may
be considered a measure of the total ozone in the light path; thus the inverse
of the curve in Fig 4 represents the variation in ozone absorption with zenith
angle. The variations in ozone absorption which have been reported at greater
angles than those considered above cannot be understood from flat-Earth consider-
ations alone (Reamanathan, Angreji & Shah 1968). Particularly good instrumental
sensitivity is required to measure ozone absorption reliably at very large
zenith angles because of the extremely low sky intensities at such times.
Various approaches to deducing the vertical ozone profile from Umkehr data have
been tried, including a synthetic technique in which an initially assumed
profile is altered by the method of successive approximations until satisfactory
agreement between calculated and observed Umkehr data is obtained. (Mateer &
Ditsch, 1964). Ramanathan and Dave (1957) have shown that a correction for the
effect of secondary scattering is necessary in interpreting the data, particular
at large zenith angles when optical paths become so great that it is no longer
sufficient to assume primary scattering alone. Obviously, such a correction is
unnecessary if the ozone absorption due to secondary light alone does not differ
from the primary absorption, but this is not the case at large zenith angles.

At the wavelengths used to measure twilight NO2 absorption, the scattering
and absorption properties of the atmosphere are such that the M.S.H has a

different dependence on zenith angle. The implications for twilight NO2



absorption are discussed in section 5.

3(ii) Published Calculations of Atmospheric Scattering

The earliest calculations of atmospheric scattering and absorption assumed
several simplifications, such as negligible multiple scattering, a flat,
isothermal atmosphere and very coarse density layering. Without the aid of
computers it was necessary to make further mathematical approximations to some
of the termms which arise in the scattering equations. In some instances these
simplifications are not serious, but when the phenomena under theoretical study
are sensitive to atmospheric curvature, the temperature profile and higher
orders of scattering, problems arise. Rozenberg (1966) has reviewed the work
up to then on calculating sky brightness. Most workers have only treated the

single scattering. However, as will be demonstrated later, at NO_ @bsorption

wavelengths the contribution of the multiply scattered light is sfgnificant
beyond about 9&0. Hulburt (1938) estimated fhe contribution of multiply
scattered light but arrived at too low a value for its relative intensity
because he assumed an isothermal atmosphere with a temperature appropriate for
the Earth's surface. Fesenkov (1966) calculated the polarization of doubly
scattered light by approximating the contribution of the primary twilight to a
uniformly bright arec along the horizon. The most recent work is by Collins et
al (1972) and Blattner et al (1974) who have aeveloped a Monte Carlo method that
treats the full multiple scattering problem with allowance for the polarization
of scattered light, atmospheric refraction and ozone absorption. Multiple
scattering computer models, the simplest of which are secondary scattering
models, require far more computer time than single scattering models because
conplex three-dimensional geometry is involved.

Atmospheric scattering models have been applied to twilight sky NO2
absorption by Harrison (1979), Noxon (1979(a), (b), (c¢)), and Brewer, McElroy
& Kerr (BMK, 1973). BMK assumed single scattering only while Noxon made
Fesenkov's twilight arc approximation in order to allow for secondary scattering.
Harrison assumed Noxon's model results in interpreting his observations of
twilight sky NO2
to that adopted by Dave (1956), whose aim was to understand the observed

absorption. In the present study, the approach used is similar

variations in the intensity and polarization of the multiply scattered light
fron the sky during twilighé at around 435 m. Details are given in the next

section.



4, The Computer Scattering Model

4L(i) Dave's Approach to Secondary Scattering

Dave's scattering calculations were performmed without the aid of a computer,
necessitating certain physical simplifications and mathematical approximations.
He allowed for scattering up to second order, as well as atmospheric curvature
and light polarization, and found that he could explain the known behaviour of
the twilight sky intensity and polarization with reasonable accuracy. At the
time there was no interest in measuring stratospheric NO2 concentrations, but
the model to be described in the present study pemits in addition the prediction
of how twilight sky NO2

In Dave's celculations, the atmosphere was assumed isothermal with a scale

absorption should vary with solar zenith angle.

height of 7 km, and was divided into L km-thick concentric layers for the
purposes of calculating the intensities of primary and secondary scattered
light. The vertical optical depth for Rayleigh scattering was taken to be 0.2,
believed at the time to be the correct value at around L35 ym., The depolarization
factor due to molecular anisotropy was taken to be 0.04. Primary scattered light
from the zenith is easily calculated, but to arrive at the secondary scattered
intensity it is necessary to integrate the primary contribution incident upon
each zenith layer from the locally visible portion of the sunlit atmosphere.
The downward (secondary) scattered intensify fran each layer may then be
calculated and summed for all the layers. Dave made tabulations of several
quantities, such as the optical depth and physical distance between any specified
two points in the atmosphere, and the intensity of primary and secondary scattered
light emitted downwards from each layer. Sqmmations were truncated whenever
further contributions were judged to make a negligible difference to the total.
4(ii) Theory

The theory upon which Dave's and the preéent work is based may be understood

with reference to Fig 5(a), in which the path of a typical doubly scattered
light ray has been traced frcm the sun (S) to a ground-based observer ( Beik
Atmospheric refraction, aercsol scattering, ground reflection and higher orders
of scattering than secondary are not considered. ABC represents a section of
- the Earth with centre O and radius a. CNQO is the direction of the observer's
zenith; Q is a point in the zenith sky. The Z - axis lies along the observer's
zenith, the Y-axis is perpéndicular to the plane of the paper passing through

0 and the X-axis lies in the plane of the paper such that the XOZ plane is
parallel to the incident solar radiation.The polar codérdinates (O, ¢ ) of agiven
direction are suchfthat O is the angle which the directionmakes with the Z-axis, and ﬁ 15 the
azimuthwith X&?Z as the reference plane. Thus the polar coordinates of the incident
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solar radiation SP are (ZZ () ) where 21 is the solar zenith angle, and the

zenith direction of oboervatlon is (0,0) Q. the direction of primary scattered
radiation is given by ( C?)gé ). The unit vectors along SP, PQ and(lfz are
denoted respectively by s, %;and k. In Fig 5(a) the primary scattering occurs'
at P, where the local zenith angle of the sun is 2 ,jand the height RlP is Co®
The primary scattered light travelling along PQ gets scattered again at Q
(height b, ) along QR towards the observer.

Consider a beam of initial intensity L. travelling along SP, where ]:G,

[ee]
denotes the intensity of solar radiation outside the Earth's atmosphere in a

specified narrow wave band (being the energy received per unit area nomal to the
vector g). Let U— denote the mass coefficient of Rayleigh scattering and Q the

air density at a distance s from P along PS. Then

P _
- (ot ds (&)
Ter . 47K
@®
is the optical path traversed by the solar radiation before reaching P. The

intensity of solar radiation at P is then given by
o i 0 exg("\fsp) (5)

From the Raylelgh law of scattering the energy scattered from P 1n a cone
of small solid angle dk. with apex at P in the k or PQ direction ( 6} 95 )

is given by

o & A
Sv-I, exp (e G +¢o§“(r + cls;{"{/‘) dk

b k= Clezv C1+%d)

(6)

A
where d is the depolarization factor due to molecular anisotropy and W(‘ the
2 ;

angle between s and k is given by

~ A

'\‘ A
cos Y= cos Z, s & + sinZ,sin G sin ¢ (7)

This scattered radiation is polarized and resolvable into two beams of plane
polarized light at right angles to each other. Let Eiiﬂ_ represent the

primary scattered emission from P in the direction PQ with its electric

S g



A
vibration along the vector ﬁ perpendicular to the plane defined by s and k at

P, and let E be the intensity of the radiation with its electric vector

along t perpendlcu7ar to n. Then

EJ;\ = — 30 Lo e_xe (*“Csp} (8)
Y6 rT Cir Y d)
and
Ep = KEsp (9)
where
"
K= d+ C-d)cos* " (10)

Consider a small surface area dA at Q perpendicular to PQ. The amount

of primary scattered radiation fram P passing through dA  per second is

 given by

E:tr'f (|+ K) QX’() (‘ﬂCPQ) C..l.{_AL (11)

where d/%/kl. is the solid angle subtended by dA at P, L is the
distance from P to Q and 0( pq. the optical path fram P to Q, defined similarly
to ntsp (see equation 4 ). IchV is a small volume element surrounding P
and subtending a small solid angle c“( at: dA ;-and.af Gp is the air density
at P, then the amount of primary scattered light passing through dA per

second from a mass element dev’ surrounding P is given by
Eyp (1HK) exp (- ey 20 (’P dv (12)

and the intensities Rjﬂf and R;@ of the nommal and transverse camnponents

of primary scattered radlatlon passing nommally through unlt area at Q through

unit solld angle along the k dlrectlon is given by

- dv
Ria= ‘{Eﬁ exp (~'CPQ) ; T dee_ (13)
and sz = K Kjr‘t . - : . ; (111)

The integration must extend fron @ to Q when the whole path is illuminated
by solar rays. or up tothe shadow limit when, a part of PQ lies 1n the Earth's
shadow (as in Fig 5(a)). Substituting for Ein. and dV= {*ds dk , we have

-1 =



-

.3

and n, n and t, t and

o8]

A= SuT I-co fﬁxeﬁ“%jsé) QX(J C—(\CPQ7 ﬁ{, ds (15)

lerT Ci+y,d) g

Ryt = KRya (16)

Thus the primary scattered radiation incident upon any point in the atmosphere

direction is given by the above theory. This information is

required to calculate the secondary scattered radiation received from a given
direction at the ground. Only the secondary radiation received from the

zenith direction will be considered here. In the special case where the direction
PQ is the zenith direction (0,0) and Q is on the Earth's surface, the above
equations give the single scattered intensity received at the ground.

Hav:.ng obtained the values of R and R for different values of

and ¢ at Q, the next problem is to find the effective contribution by

the volume element at Q towards the secondary scattered radiation travelling

along &Ro

and E?.t are defined as the energy of the secondary emission for

A
. Let n be the unit vector perpendicular to the k k plane at Q.

normal and transverse coanponents emitted at Q respectively, then as shown by
Hammad (1948)

s Jfﬁ,ﬂ(ﬂdﬁna di

67T Cl+4pd) 2

A

(§Bi+xB Ryp dk (18)

16T ungd)

Az dRC=8) eos® T
Ar‘- d+2 (1-d) ees* ¥, 3

5 di2Ci-dleopt Lo (19)
6]_- d-l—z(.‘-d}COSZ’fcb

’ﬁnn, ,Tn ;'\{’{n and ‘ﬂ @ are respectively the angles between the vectors n
A
n

and t and :\'g,_ and the formulae for obtaining their

values are as given by Hammad.

cos¥.p = cos (T- ’S) R
cos 'ﬁﬂ’t‘ = Cos ‘l?‘ sin C_g 3)
ws Ypr'= o5 Tfﬂm LT-0)

cos LR sin Y &(m’(/‘ +co_s}’fcos:{>‘ ws (]*f)

I

-




A A
where '1(’; 1{”1 'S and ; are defined by the equations

s U = s @4+ sy a0
cos”l( s Zscos & inZesnl | (21)

, : sin8sin@
sin§ = Siﬂ'(

(22)

N A

and ‘\(‘ " ‘S are similarly defined.

Since only the zenith direction (0,0) is of concern for the calculation of

secondary scattering, the above equations simplify. Substituting &= ¢'3 O
into (21) and (22), it is apparent that S _ =0 and '( =AZ‘° " ’}\Bqua:,ionz’s\
19 and 20 may then be simplified considerably. Since dk = sin & d & C‘\Qf

the equations for Elm and EZQ may be written

2n” wrr(H'/zd) JT " +;\r-;} i S d@dé | e

and

i S0 S . N ; ('9\(;1’\\'—
Eat R aited) J[gBJKBaz Ryp sin é da

(2h)

The normal and transverse camponents of the total secondary scattered
radiation received at Ro along QQO , obtained by integrating all

contributions from the zenith, are given by
@
R2&= f Ezn_ Q,X? C“%QQQ Qe\ d& (25)
BiL = f ok AP (= T&RD?G\ d}f (26)

where a is the density of air at Q, (ZQQc is the optical path from Q
to Ro , and *b the distance from Q to Ro .
L(iii) Methods of Calculation

Dave's major simplifying assumption was that of an isothermal atmosphere,

which enabled him to derive an analytic approximation to the Rayleigh

optical path between any two points in the atmosphere. The quantities ’tsp/’t P&

and (t&&, could then be found. Fig 5(b) illustrates the situation where the

optical depth from the suntoa pointP (height¢,) within the atmosphere is required,

and the incident solar radiation makes an acute angle Z with the local vertical

at P. With reference to Fig 5(b) it is apparernt that

(o+h)*= 3% + (are ) + 28 Cd.+<:.',,\) cos & (27)

Y T
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where a is the Earth's radius.

Now, fram equation 4 , substituting Q:qoe.xg(‘%\), where ()0 is the

surface air density and H the scale height
f
rtsp: U_(’o fcxe & h'/H) (28)
eC

If the ¢, and h- terms may be neglected in (27), we have

2%
= Carcm)cos Z
hi= 2o + ___*____2.92 S B S (29)

a

Substituting for h into (28) gives

U J_@H exp ) ex réaét:\z‘ = ){l-eﬁ-f C%ﬁﬁzvg (30)

~Similar equations were derived by Dave for other geometrical possibilities,

details of which are given in his paper, together with details of the many
tabulations of scattering quantities made. It can be shown that the vertical
optical depth is equal to V‘fb** s all optical paths may be related to the
assumed value of the vertical optical depth. Dave replaced all of the integrals
shown in the previous sub-section by summations, where points P and Q (see

Fig 5(a)) were assumed respectively to be at the centres and bases of 4 km-thick
layers. Angular integrations (equations 23 and 24) were also replaced by swmations
with an increment in 96 of 150 and a varying increment in & to take

account of (1)_the greater angular accuracy required in the calculation of

optical paths at very oblique angles and (2) the greater gradient of sky intensity
in the zenith direction than in the azimuth direction (particularly at large

solar zenith angles) Dave's (€ values were 0°.150,300.1&50,600,750,800,85o

and 90°, for instance, when the position of Q was at ground level. In the

present study also, the above-mentioned integrals were replaced by summations, and

the entire scattering calculation was executed by a computer program run on

the IBM 360/195 computer, which is more efficient for this purpose than the

370/158 machine. About one minute of CPU time was required, at most, to calculate
the quantities of interest at a given solar zenith angle. At large solar
depressions, fewer scattering calculations were necéssary and therefore less
CPU time needed. g ..

Dave's values for the depolarization factor (d), scale height (H) and

vertical Rayleigh optical depth were 0.04, 7 km and 0.2 respectively. The

A ey
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following assumptions were made in the scattering computer program or model:

(1) The atmosphere was considered to consist of 25 concentric 4 km -

thick layers for the purposes of carrying out the scattering calculations

at points P and Q (assumed respectively to be at layer centres and bases),

and the Earth considered spherical with 6370 km radius.

(2) The azimuthal and altitudinal angular increments used were 50 and 2°

respectively, for all geometrical situations.

(3) NO2 absorption was included by assigning a constant NO2 nunber

density to each of 50 1 km-thick layers from the surface up to 50 km. The

total NO2 in any path was found by summing the contributions from the

appropriate layers.

(W) The incident solar beam was assumed to be unpolarized.

(5) The effect of the assumed NOZIprofile on the sky radiation received

at the ground was found by calculating all quantities both with and without

NO2 absorptione.

(6) Two different approaches to calculating optical paths were used. In

the first approach, Dave's analytic approximations . to optical paths were

utilised (see 4(ii)). With this approach, an isothemal atmosphere had to

be assumed, having a fixed scale height. However, in the second approach,

any tenperéture profile could be specified from the surface up to 100 km

at 1 km resolution. This was used, assuming a value for the surface pressure,

to calculate the atmospheric density profile, represented by 100 1 km-thick

constant density layers. Atmospheric optical paths were then calculated

in an analogous manner to the NO2 absorption, using an appropriate value

for the Rayleigh mass scattering coefficient. The first approach will

subsequently be referred to as Method 1 and the second approach as

Method 2.

No truncations of summations were necessafy in the model for the calculation
of scattered intensities. Summations over angle and distance were always carried
out in full. A study of the effect of assuming different layer thicknesses and
angular increments showed that those given in (1) and (2) above gave the best
results consistent with reasonably fast program execution. CFU time is
quadrupled when the layer thickness is halved and doubled when either of the
angular increments is halved. The model was used to.predict the variation of
twilight sky NO2
this absorption to the assumed atmospheric properties. Noxon, on the basis of
twilight sky NO2
horizontal stratospheric NO2 gradients in tpe.negion of strong horizontal

absorption with zenith angle and to test the sensitivity of

absorption measurements, has reported the existence of strong
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stratospheric temperature gradients (Noxon 1979 (b), (c¢)). Consideration is
given to the possibility that Noxon's results may have at least partially been

due to a dependence of the apparent twilight sky NO, absorption on atmospheric

2
temperature. The next section deals with the results of the above studies.
5. Model Results

5(1) The Variation with Solar Zenith Angle of Twilight Sky

Intensity and Polarization

A check on model performance was necessary before proceeding to study the

sensitivity of twilight sky NO, absorption to solar zenith angle or the

atmospheric temperature profilg. Dave's published values of intensity and
polarization were compared with model values calculated assuming the same
atmospheric properties as in Dave's case. Both methods of calculating optical
depths (see previous section) were tested. Method 1 was tested using Dave's
values for the scale height, vertical Rayleigh optical depth and depolarization
factor. Method 2 was applied to an isothermal atmosphere at 239.2 K (giving
Dave's scale height), using Dave's depolarization factor again and choosing the
mass scattering coefficient to give Dave's assumed vertical Rayleigh optical
depth for a surface pressure of 1013 mbar. Thus, making the above assumptions,
the performance of the scattering model could be assessed by comparing the
calculated values of intensity and polarization with Dave's values. Model
performance test results obtained using Method 1 and Method 2 will subsequently
be referred to as PT1 and PT2 results, respectively.

Two radically different temperature profiles were employed, using Method 2,

to test the temperature sensitivity of scattering (and hence NO_ sky absorption):

the 60°N Winter Cold and Winter Wam temperature profiles (Handgook of
Geophysics and Space Enviromments, 1965). These will subsequently be referred
to as the cold and wam atmospheres,respectively. At 30 km the temperatures

of the two atmospheres differ by nearly 30°C (see Fig 6). In the temperature
sensitivity tests, the presently accepted values of the depolarization factor
(.0279) and the Rayleigh mass scattering coefficient at Noxon's differential NO2
absorption wavelength of 439.5 mm (2.349 x sacdd Kg-qkmz) were used (Penndorf,
1957 and Young, 1980). The two atmospheres were assumed to have a 1013 mbar
surface pressure, giving in both cases a vertical Rayleigh optical depth of
.2426. Fig 7 shows the density profiles which were calculated from the different
temperature profiles used.In all the model runs the solar zenith angle ( 2!°)
was varied fram 84° to 102°. The results of the model performance and

temperature sensitivity tests are presented in Figs 8<17. All intensities
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have been normalized with respect to the extra terrestrial solar intensity

and are therefore dimensionless. NO., is omitted from the model at this stage.

2
1. Fig 8 illustrates the rapid decrease in the single scattered twilight

sky intensity with increasing Z, . PT1 and PT2 results agree almost
exactly with Dave's results, but small differences are apparent between
the warm and cold atmosphere results, particularly at larger Z, values
when a greater sensitivity to optical path lengths might be expected for
the more oblique light paths involved. The PT1 and PT2 results were
sufficiently close for only a single representative curve to be shown.
2. Fig 9 shows the corresponding variation with Z¢ of the nomal and
transverse camponents of secondary scattered light intensity at twilight.
Again a marked decrease with increasing Z_, may be seen, with the
biggest deviations from Dave's values occurring in the wam and cold
atmosphere cases. This plot is a much more sensitive test of model
performance than the previous one because it is the result of a
complex fully three dimensional scattering calculation involving many more
light paths. Some minor differences are apparent between Dave's results,
PT1 results and PT2 results. These are explainable by

(i) Greater model angular resolution than in Dave's case.

(ii) Approximations made in the derivation of an analytic expression

for optical paths in an exponentiél atmosphere (see eqns 28, 29).

(iii) The inevitable small errors introduced when assuming the

atmosphere to consist of constant-density layers .

(iv) Better model evaluation of summations than in Dave's case

(see section 4(iii). ;
3. Fig 10 is a comparison of Noxon's, Dave's and various model
calculations of the variation with Zo of the proportion of twilight sky
intensity due to secondary scattering (assuming no higher orders of
scattering). All the curves show that secondary scattering plays a
relatively small role until Z, exceeds about 94°, when the proportion of
secondary scattered light rises fairly steeply, reaching 100% by 100°. No
single scattered contribution to the zenith intensity'is expected beyond
1000, since at greater angles the terminator‘is above the 100 km model
atmosphere in the zenith direction. Even if the model atmosphere were
deeper, the single scattered contribution at such largelzo values would
be negligible. Note the very close agreement between the PT1/PT2

values and Dave's values, while the warmm and cold atmosphere curves show

differences from each other and from Dave's values. Noxon's curve




indicates a higher degree of secondary scattering than any of the others.

L, Fig 11 shows the calculated variation with Z. of the degree of
polarization of the primary,secondary and net radiation reaching the
surface from the zenith sky. The differences between the PT1 and PT2
polarization values were very small; these values are therefore represented
by a single set of polarization curves. The biggest departures from

Dave's values are exhibited by the warmm and cold atmosphere curves. At
lower Z, values the net polarization curve follows the single

scattering curve while at higher values it follows the secondary scattering
curve, since secondary scattering becomes of greater relative importance

at high %, (see Fig 10).

5. The concept of modal scattering height (M.S.H) was discussed in
section 3. Figs 12 and 13 illustrate how the single scattered M.S.H
ascends with increasing %; Fig 12 is a PT1 result. It shows the
contribution from different heights in the zenith to the single scattered
radiation received at the surface, for several different values of g =

" The M.S.H is at the level fram which the greatest contribution is received;
its variation with Zois given in Fig 13. The differences between the PT1
and PT2 values of M.S.H were negligibly small, as were the differences
between the cold and warm atmosphere valuves of M.S.H. Representative
curves are therefore given for the above in Fig 13. It may be seen that
there is excellent agreement between the PT1 / PT2 results and Dave's
results, and that the M.S.H's obtained using the warm and cold atmospheric
profiles are consistently higher than in Dave's case. This is probably
due to the slightly greater optical depth of these atmospheres than Dave's
isothermal atmosphere. No such curves are available from Noxon's
publications, but BMK's (1974) M.S.H versus Z, curve is shown in Fig 13.
The influence of their high values of M.S.H on their model calculations

of NO2 absorption is discussed in section 5(iii).

6. Figs 14-17 show the contribution from different heights in the zenith
to the secondary scattered radiation received at the surface, for different
values of Z, , and for the different model assunptions. A secondary
scattering M.S.H could obviously be defined as Sefore. but this concept

is less useful to the ?nderstanding of twilight NO2 absorption than in

the single scattering case. There are only slight differences between the
PT1 and PT2 vertical distributions, but bigger differences are apparent in
the warm and cold atmosphere cases, which are almost certainly real

manifestations of the more sensitive dependence of secondary scattered

»
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intensity on the density profile. The single and secondary scattering

vertical distributions shown in Fig 12 and Figs 14-17 may be compared

with Fig 18, which is after Dave. Good agreement between the PT1 and

PT2 results and Dave's results is apparent, with slight departures from

these values in the warm and cold atmosphere cases.

7 In Figs 19-22, contours of equal primary scattered light intensity

(normal component) received at the surface are plotted using polar

coordinates, with zero azimuth vertical. Comparison is made between

Dave's published intensity distributions and the corresponding PT1 results.

Symmetry about the sun's meridional plane is exploited, and the zenith

angles 90°, 94°, 98° and 102° are considered. Fesenkov's (1966)

approximation of the primary twilight to a uniformmly bright arc along

the horizon (adopted by Noxon), in which the length and intensity of the

arc were varied with solar zenith angle, may be compared with the more

realistic distributions shown here. In the scattering model these primary

scattered intensity distributions are calculated at every model level

before the secondary scattered intensity is found. Extremely good agree-

ment with Dave's results is apparent in Figs 19-22. The PT2 results

(not shown) differed negligibly from the PT1 results. These distributions

provide particularly strong evidence for the correct treatment by the

model of the angular dependence of scattéring.

In summary, Figs 8 -22 demonstrate very close agreement between the scatter-
ing-related quantities published by Dave and those calculated by the model
using the same atmospheric parsmeters. This not only inspires confidence in the
model treatment of scattering, but also implies that remarkable accuracy was
achieved by Dave, whose calculations had to be performed manually. The good
agreement between the PT1 results and the PT2 results strongly suggests that the
layer method of calculating optical paths (Method 2) works satisfactorily and
that the wamm and cold atmosphere results are therefore valid. Some sensitivity
of scattering to the témperature profile is indicated.

5(ii) Model Predictions of Twilight Sky NO2

In section 3(i), the ozone Umkehr effect was related to the variation of

M.S.H with Z, . The M.S.H of the more attenuated of the two wavelengths

used in Dobson Umkehr studies reaches the ozone maximum by about Z, =‘85°

Absorption

typically, and the first Umkehr may‘be explained qualitatively without recourse
to spherical Earth geometry. In the 435-450 mmn wavelength range used to measure

Ly



NO2 absorption the atmospheric attenuation is far less and therefore the M.S.H

much lower. Estimates obtained to date for the altitude of the stratospheric
NO2 maximun range from 15 to 45 kilometres (Noxon 1979(a)). Fig 13 shows that
the M.S.H does not approach the maximum until after sunset. Thus curved
atmosphere considerations are needed to understand the expected variation with
Z, of NO2 sky absorption, in which the primary twilight beam may or may not
traverse the NO2 maximum twice before scattering (depending on the precise
values of M.S.H and Z, as well as the altitude of the maximum). It is not
obvious therefore that NO2 sky absorption should vary with Z, in a similar
fashion to the ozone Umkehr curve (Fig 3) . Simple geoametrical considerations
show that post-sunset NO2 sky spectra should exhibit a variation of absorption
with Z, dependent: primarily on the stratospheric NO2 distribution. When
there is not excessive tropospheric pollution the degree of absorption due to

stratospheric NO_, should also be greater. For such zenith angles the tangent

height of the prf;ary twilight beam will always be above the tropospheric NOZ'
which will consequently only absorb sky radiation in the fixed vertical path
through the troposphere down to the surface. However, changes in the obliquity
of the path of the twilight beam through the stratospheric NO2 during the
twilight period will give rise to changes in the twilight sky NO2 absorption
observable from the surface. The method of interpreting twilight sky NO2
absorption adopted in the present study follows that of Noxon and B.M.K.

Synthetic curves of the variation of NO, differential absorption, ZN, with

2

Z, were generated for different assumed simple stratospheric NO, distributions,

& 5

using the scattering model. A 5 km-thick layer of NO, containing 9 x 101

molecules an-z of the gas was introduced into the modil atmosphere at a fixed
altitude and the variation of ZN with Z. w'as calculated over the Z range
from 84° to 102°. This was repeated for several layer altitudes. Tests showed
that when thicker layers centred on the same altitude were used, the variation
of ZN with Z, was virtually unchanged; this was Noxon's finding also.

There is little point in calculating ZN° at greater zenith angles than 102°
since higher orders of scattering than those modelled probably become important
around 100° and, in any case, the sky intensity is too weak to measure reliably
.at such large zenith angles, using ordinary methods (see Figs 8 and 9). The
exact definition of ZN' is given in section 2, and was calculated by the model
using the relationship between ZN and absolute absorption given in eqﬁation B

assuming the same value Noxon used for the absolute and differential NO2
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absorption cross~sections at 439.5 nm. Absolute NO2 absorption is of course the

ratio of the zenith sky intensity including atmospherie N02 to the value

excluding atmospheric NO There is no need to consider the effect of differing

2.

M.S.H's over the relatively narrow 435-450 nm NO_ measurement range. In the

ozone Unkehr effect a consideration of the separstion in MSH's at the two
measurement wavelengths is necessary, because of the widely differing Rayleigh
optical path lengths. For NO2 the M.S.H at 439.5 nmm may beconsidered represent-
ative of the 435-450 mm range, since the variation in Rayleigh optical path
length across this range is relatively amall. Noxon's differential absorption
measurements were made at 439.5 mm anyway; entire spectra were obtained in his case
only in order to unambiguously identify the presence of N02 absorption by its
characteristic spectral structure, and to allow the straight line method of
defining differential absorption to be used. In his paper Noxon admits that full
use could have been made of the entire spectrum, as was done in the present

study (see section 2). .

Synthetic NO_ absorption curves were calculated by the model under the same

conditions that wire assumed in 5(i), namely the wam and cold atmosphere
conditions and the model performance test conditions. However, the PT2

absorption curves will not be considered, since the PT1 and PT2 curves were

found to agree almost exactly (the latter requiring more computer time). In
principle, from the shape andmagnitude of the experimentally determined variation of ZN
with Z, during twilight it is possible, by comparison with the model synthetic
curves, to estimate the concentration and approximate 'centre of mass' altitude

of stratospheric NO Results of a test of this synthetic method on a known

model distribution if NO, are given in section 6.

A subject of concern here is the dependence of the synthetic curves on
the temperature profile, since different curves could lead to different inter-
pretations of actual twilight measurements. Mention was made earlier of
Noxon's reports of strong horizontal gradients in stratospheric N02. Perhaps
his most surprising measurements, based on the twilight sky method, were of an
apparent rapid poleward decline or 'cliff' in the stratospheric NO2 concentration
at the outer edge of the northern winter circum polar vortex, where there is also
a strong poleward gradient instratospheric © temperature (see Figs 23(a), (b)).
Noxon's photochemical and dynamical interpretations of the 'cliff' are given
in his paper. Coffey, Mankin and Goldman ( 1981 ) have made aircraft-based

stratospheric NO_ measurements using the principle of high resolution Fourier

2
transform absorption spectroscopy with the sun as a source. They found no

evidence for the presence of the pronounced winter 'cliff' reported by Noxon,
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though a more gradual poleward decrease was observed. Mankin has suggested

(private communication) that the abruptness of Noxon's 'cliff' may have been
due to changing amounts of stratospheric N02, possibly because of advection,
during the relatively long period that Noxon required to transport his
spectrometer northwards, by road. Another possibility , which is considered
here, is that changes in stratospheric temperature across the 'cliff' may have
influenced scattering in such a way as to affect the twilight sky NO2
absorption. Noxon's model studies simply assumed an isothermal atmosphere
with a typically stratospheric temperature.

The synthetic ZN versus Z, curves obtained from the model are compared
in this section with those of Noxon and BYK, and their temperature sensitivity
is examined.

It should perhaps be emphasized at this stage that implicit in all the
model calculations is the assumption of spherically hanogeneous atmospheric N02.
Noxon pointed out that the oblique light paths (typically several hundred km
long) important to this technique will generally be in an east-west direction,
for obvious reasons, and that less variability in stratospheric NO2 is expected
on photochemical and dynamical grounds in this direction than in the latitudinal
direction. Another important assumption is that of unchanging NO2 with time
over the twilight period. The fact that rapid changes in stratospheric N02
are expected just at this time complicates the interpretation of the
measurements. The effect of this and other complications due to the presence
of cloud (avoided when possible) and high levels of tropospheric NO, (quite
conmon at Beaufort Park) will be discussed in section 6. Fig 24 shows how the
PT1 values of NO2 absorption seen separately in singly and doubly scattered
light are predicted to vary with Z, . In this example a uniform distribution
of NO2 between 15 and 45 km is assumed and the results are compared with those
published by Noxon (1979(a)) who assumed the same NO., distribution. It may be .
seen fran both sets of results that there is in general more secondary absorption
than primary absorption, particularly beyond about 96° when absorption of singly
scattered light reaches a limiting value but the secondary absorption continues
to increase because it involves a longer path through volume containing NOZ'

The effective absorption will of course depend on the relative intensities of

'brimary and secondary scattered radiation. Fig 25 shows the complete PT1 set

of synthetic absorption curves obtained for all the considered NO2 layer positions,
together with the curve obtained for a 15-45 km NO2 distribution. Each curve
has a characteristic shape, with an inflection that occurs at greater zenith

angles for higher altitude NO_, layers. The inflection is most marked in the case

2
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of the 20-25 km curve. Differences between curves are more apparent at larger
zenith angles. Note that an inflection is present in the 15-45 km curve,
although it is rather broader and less well defined than the others. Figs 26
(a) and 26(b) are the synthetic absorption curves generated by the scattering
models of Noxon and BYK respectively. BMK's chosen layer thicknesses and
positions differ slightly from those assumed here, and by Noxon. There are
clearly differences between BIK's and Noxon's results, which must be related

to differing model assumptions. In contrast to the absorption curves of Fig

25 (for an isothermal atmosphere), Fig 27 shows the corresponding curves for
the warmm model atmosphere. Here the behaviour is different, with well defined
maxima in the 15-20 km and 20-25 km curves; the other curves more closely
resemble those of Fig 25. Figs 28-32 provide an indication of the sensitivity
to the temperature ﬁrofile of the behaviour of the absorption curves. They
show, for each layer altitude, the PT1 curve (which is for an isothermal
atmosphere) and the 'warm' and ‘'cold' curves. There is never more than about

a 10% difference between the 'wamm' and 'cold' values of ZN at any given Z,
for any of the assumed NO2 layer altitudes. The overall difference for a given
curve is much smaller than 10%. Greater temperature sensitivity is apparent
for the lower NO2

cold atmosphere in these cases. For higher NO

layers, with slightly more NO. absorption occurring in the

2

> layers there is in general

less temperature sensitivity, with more NO_ absorption occurring this time in

2
the warm atmosphere. Since the warm and cold profiles represent extremes that may

occur in Winter, it may be concluded that the temperature sensitivity of HO2

absorption in the twilight sky is small, despite sanewhat greater sensitivity
of the radiation intensities to the assumed profile (see 5(i)). Thus Noxon's
'cliff' can not be explained by changes in the apparent twilight sky NO2
absorption due to changes in the temperature profile. Further model experiments
were confined to the warm model atmosphere.

5(iii) A Qualitative Understanding of the Predicted NO

2
Absorption Curves

The behaviour of the synthetic curves described in 5(ii) may be understood
qualitatively if single scattering alone is considered initially. Secondary
scattering becomes important at relatively large zenith angles, when, as
mentioned earlier, the longer light paths involved give rise to increased twilight
sky NO2

about 960, secondary scattering is ignored.

absorption. In the following simple argument, for angles less than
The obvious differences between the different sets of synthetic absorption

curves derived by Noxon, BYK and in the present study need explaining. It is

argued here that the behaviour of the curves is determmined primarily by the
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‘resumed increase in NO

assuned value of vertical Rayleigh optical depth. Consider the spherical gewmmetry
shown in Fig 33 in which the path of the primary twilight beam is shown for

differing values of zenith angle. In this example, a 20-25 km NO, layer is

assuned, and the twilight beam scattering geometry derived from Pgﬁ calculations
and BMK's values of M.S.H (Fig 13). Considering the BK scattering geometry

first, Fig 33(a) shows the M.S.H to be well below the NO,
traversed obliquely by the twilight beam. By Z, =90 the M.S.H reaches the bottom

of the layer (Fig 33(b)). After surface sunset, at 920, the M.S.H is above the

layer, which is

layer while the tangent height is within the layer. There are therefore oblique
and vertical traversals of the twilight beam through the NO, layer (Fig 33(c)).
At larger angles still, the M.S.H is even further above the layer, the vertical

component of NO_, absorption remaining constant. However the tangent height

2
is in this case above the layer, leading to no oblique component of NO2
absorption (Fig 33(d)). By Z,=9G° (Fig 33(e)), the M.S.H is still higher

but the tangent height has descended to the upper part of the NO2 layer. Clearly,

at the relatively small zenith angles which occur around midday, far less NO2

* sky aborption is to be expected than during the sunrise or sunset period, when

the twilight beam passes very obliguely through volume containing N02. Since
the twilight beam has a finite vertical extent, the changes in N02 absorption
expected from Fig 33%(a)-(e) will be considerably smoothed. Frem the above
considerations, a steady increase in NO2 sk& absérption might be expected for
increasing Z, values up to around 92° due to increasing obliquity of the
twilight beam through the NO2 layer, together with the additional effect of
vertical traversal through the layer. A reduction in sky absorption should then
be expected during the period (around 94°) when the tangent height remains above
the layer and there is no oblique traversal of the twilight beam through the

layer.Fh“JQy,CL resumed increase in NO_ sky absorption beyond about 96° would be

expected as the twilight beam traversei the top of the layer again. Inspection of
BMK's 19.2-24,.8 km ~ curve in Fig 26(b) shows that there is broad agreement with
the type of béhaviour expected from a consideration of simplified scattering
geometries, using MMK's M.S.H values.Clearly, for a sufficiently low altitude

NO2 layer, the tangent height will not descend suffigientl& to give rise to a

5 sky absorption (see BiK's 13.6-19.2 km curve).
Also, if the layer is sufficiently high in the atmosphere no maximum in the
absorption would be expecteé at all over the above range in Z, . , assuming

BMK's M.S.H values to be valid.
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Different behaviour of twilight sky NO2 absorption is expected from a

consideration of the PT1 scattering geametry, also shown in Fig 33(a)-(e). The

tangent height of the twilight beam does not in this case reach the altitude of

2
through the NO layer, the tangent height remaining about constant. A steady

the NO_ layer. Beyond about 930 zenith angle the twilight beam passes twice }
i
increase in twlllght NO2 absorption is thus expected up to ZoF 9“+. followed |
by a levelling off at larger angles. Fig 25 shows that this generally agrees

with the model synthetic curve for 20-25 km, although at zenith angles greater

than 950 the synthetic curve is seen to rise again due to the increased

importance of secondary scattering at these angles. Secondary scattering is of
course neglected in Fig 33. Fig 13 shows that the M.S.H's calculated for the

warm and cold atmospheres are intermediate between the MK values and the PT1 values
(the latter being based upon Dave's atmospheric parameters) . These differing

values of M.S.H are primarily due to the differing values of vertical Rayleigh
optical depth assumed, greater optical depths giving rise to greater M.S.H's.

Noxon (1979(a)) states that this depth was assumed to be about 0.23. As mentioned
earlier, the value adopted in the warm and cold atmosphere studies was J2k26,

based on the best available data, while Dave assumed that in the 435 m spectral
region a reasonable value to take would be 0.2. It appears that BIK must have
assumed the vertical optical depth to be relatively large in order to get

such high values of MSH; they do not state what their assumed optical depth

was, BIK expressed concern that they did not detect any NO2 'Unkehrs' from their
measurements of twilight sky absorption. They concluded that this meant either

all the NO was above 30 km (see BMIK synthetic curves in Fig 26(b)) er that the

NO2 was approx1mate1y uniformly distributed throughout the atmosphere (ie:

there was no layer). Noxon's synthetic NO2 absorption curves do not predict

an Umkehr even for the 15-20 km NO2 layer; no Umkehrs are predicted by the scattering
model under Dave's conditions either. However, as pointed out in 5(ii), the

15-20 km and 20-25 km warm atmosphere curves in Fig 27 do exhibit broad maxima, ‘
followed by increasing absorption with solar zenith angle.

These differences in behaviour may be understood in the light of the above
simplified description of scattering geometry. In the wam atmosphere model
calculations, the M.S.H's were just high enough to give rise to weak Unkehrs
in the synthetic Ndz
Dave's value of .2 for the optical depth, on the other hand, led to lower M.S.H's

curves.for the two lowest NO2 layers considered. Adopting

and an absence of any Umkehr effect. In the case of ozone the M.S.H's are s0

high, due to greater atmospheric attenuétion at the shorter-wavelengths
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concerned, that Umkehrs are expected even prior to sunset (see section 3(i)).
BMK's M.S.H values are probably unrealistically high, while Noxon's are more
reasonable. The warm atmosphere absorption curves more closely resemble Noxon's
curves than those of BMK; however, unlike Noxon, absorption maxima are predicted

for the 15-20 km and 20-25 km NO, layers. Beyond about 95° there is growing

divergence between Noxon's curvei and the warm atmosphere curves, the former
rising more steeply than the latter. This may be due to the different approaches
to scattering adopted (see 3(ii)). No closer agreement with Noxon was
obtained (at large Z, ) when a trial vertical optical depth of 0.23 (Noxon's
value) was assumed using the warm model atmosphere. Comparison with BMK's

curves is not possible beyond Z.O:’96c y since BMK did not model scattering at
larger zenith angles (probably because of their omission of secondary scattering).

6. Experimental and Theoretical Difficulties

6(i)  Crepuscular Chanpges in NO

2
Several problems arose in the measurement and interpretation of twilight sky

NO2 absorption. Besides the difficulty of measuring light intensities at zenith
angles great er than 96°0T'97? complicating effects were introduced by occasicnal

cloud passages and high tropospheric amounts of NO_. The usefulness of the twilight

2

sky method is probably limited most of all by changes in the N02 concentration which

occur at sunrise and sunset. NO2 is known to decrease at. sunrise due to photo-
diseociation while at sunset a reaction occurs which incresses- the NOz. Both of
these reactions are important and vapid in the stratosphere, with a time constant
typically of around 20 minutes. Fig 34 shows the diurnal cycle in the total vertical

NO2 column abundance prédiéted by a one dimensional photochemical model used in
Met 0 15. Fig 35 shows the vertical NO2

model. There is relatively little tropospheric NO

profile at noon obtained from the same
o and the large total column
changes shown in Fig 34 are stratospheric in origin. The problem of taking
these changes into account afflicts all attempts to measure N02 during the
crepuscular period, such as the balloon-based absorption measurements reported
by Ackerman et al (1975) who used the sun as é source at sunset. Kerr, Evans &
McConnell (1977) chemically modelled the twilight transition in NO,, and
Ackerman et al found -experimental evidence consistent with KE{'s conclusion
that at 20 km the day to night transition is nearly complete by'Zg=9wahereas
above 70 km the concentration is close to the daytime value. Since twilight

‘ 5 near 90° (the tangent height
of the twilight beam), it may be concluded that when the twilight sky method

indicates a relatively low altitude the inferred NO

sky NO2 absorption is heavily weighted towards NO

> abundance should be
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considered a 'night'value. Converéely, an indicated high altitude should be

associated with a 'day' value.Noxon decided that altitudes below 20 km should
be associated with night values while altitudes above 25 km should be
associated with day values. Whenever the method gave intermmediate altitudes,
the abundance was not assumed to be representative of either a day or night -
time value. A wider region of uncertainty than this seems sensible in the light
of Ackermman et al's and KM's work, and in the present study this region was
assumed to extend from 20 km to 30 km. Thus it was considered that implied NO2
centre of mass altitudes below 20 km should be associated with night-time and
altitudes above 30 km with daytime.

6(ii) The Effect of Cloud

Measurements of twilight sky NO

> absorption were made under clear sky
conditions whenever possible, but on occasions cumulus clouds passed over the
observing site and across the region of zenith sky being monitored by the
spectrometer system. The theoretical treabnént of scattering given earlier

made no allowance for cloud scattering. It was found that the received light
intensity often rose dramatically when clouds passed overhead and the sun was

still above, or just below the horizon. Light intensity more than doubled in

many cases. It seems likely that the cause of this was simply that clouds still in
view of the sun scattered more sunlight down to the spectrometer than skylight.
Sufficiently high 6louds would have this propeéty after surface sunset, for example.
The effect of a continuous cloud sheet on light intensity is probably rather different
from that of isolated clouds, depending on the extent and thickness of the sheet.

It was not possible to measure the absorption in sky spectra reliably during
isolated cloud passages using the Beaufort Park spectrometer system. This was
because of unacceptably rapid variations in intensity during scanning caused by
cloud structure. Thus it was not possible to compare the NO2 absorption seen

in cloud light with the neighbouring clear sky light, but the observation of
increased intensity strongly suggests that a major contribution to the

absorption measured would have been due to the- total NO2 in the light path

fran the cloud to the sun, and therefore inappropriate to the twilight sky
technique. Uniform featureless cloud sheets did not present measurement

problems, but it was hot then possible to determine whether different absorption
values would have been obtained in their absence. Noxon (1979(a)) attempted

to show that only negligiblé differences from clear sky absorption values would
occur in overcast conditions. His modelling calculations indicated that the -

effect on NO2 absorﬁtion of viewing the sky in directions other than the zenith

is small except near the horizon. He concluded that since clouds act as diffusers
of light from the whole sky, absorption measurements made under cloudy conditions
should be equally as useful to the twilight skj technique as clear sky

measurements. To test this hypothesis, he measured twilight sky absorption

o =
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alternately with and without a translucent diffuser placed horizontally in

front of the clear zenith sky, and found no anomalous behaviour in the

resulting ZN versus Z, curve. It is not stated whether the diffuser was

in full view of the sun while the sun was above the horizon. If this was

the case, then it seems probable that the diffuser would have acted more like

an isolated cloud than a uniform cloud sheet. In the present study, observations
made during isolated cloud passages were rejected, but when uniform cloud sheets
passed overhead during twilight, observations were accepted. Absorption
measurements commenced only when twilight sky conditions were clear, though on

a few occasions cloud interference did occur subsequently.

6(iii) _The Effect of High Tropospheric NO, Levels

An investigation was carried out into the influence of relatively large

tropospheric NO_ concentrations on twilight absorption, using the scattering

.
model. High levels of boundary layer NO. were detected at Beaufort Park

during previous work carried out there ii which N02 absorption in the direct solar
beam was measured (McMahon & Simmons, 1980(a), (b)). The additional model studies
included a test of whéther the synthetic method satisfactorily gave the centre

of mass altitude and stratospheric column abundance of a known vertical NO2
distribution. By adding a fixed quantity of tropospheric NO2 '‘pollution’

to this vertical distribution it was possible to calculate the theoretical effect
on the ZN versus Z, curve, and whether a determination of the stratospheric

N02 abundance and altitude was still possible. Fig 36 shows the results of a

set of pollution tests carried out using the warm model atmosphere. Several
.different NO2 profiles were used, three of which only had NO2 in the troposphere.
It may be seen from Fig 36 that there are differences in the variation of ZN
with Zo for the two purely tropospheric profiles in which the total NO, is

1016 molecules cm”z; in one case the gas was taken to be uniformly distributed
throughout the lowest 1 kn and in the other case, the lowest 5 km. These
differences in behaviour may be partially understood in termms of the variation
with Z of single scattering M.S.H, In the 'lowest 1 km' case, the M.S.H and
twilight beam tangent height are well above the NO2 over the range in Z. shown.

Secondary scattering of course begins to predominate around Z,= 95%or 960’

~when the single scattering M.S5.H concept becomes less useful. Some enhancement

of absorption occurs in the 'lowest 5 km' case due to oblique traversal of the

upper part of the NO_ distribution by the primary twilight beam. When both

2
M.S.H and tangent height are above the N02, then, as mentioned in section 5(iii)

in connection with the stratospheric absorption curves, the only abscrption

-8
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which occurs is in the downward vertical path to the surface. As expected, this

occurs at larger Z, values for the 'lowest 5 km' case. Fig %6 shows that the
effect of increasing the total NO by a factor of five in the case of a 1 km
high layer is to increase ZN by about the same factor for all Z, . AZN curve
is given for a simple 25-30 km stratospheric NO2 distribution, with a total
column amount of 2 x lO 16 molecules cm 2. This curve may be campared with that
obtained when 1016 molecules cm"2 of NO2 were added to the distribution in the
lowest 1 km. The effect onZN of including tropospheric 'pollution' is seen
to be purely additive. In this particular case, ZN values are increased by
about the same amount for all Z. . Thus the shape of the ZN versus Z. curve
is virtually unaltered, despite the presence of five times more tropospheric
NO than stratospheric N02. Note also that the smaller stratospheric amount
glves rise to more zenith sky absorption than the tropospheric amount, part~
icularly at larger zenith angles when there is more oblique traversal of the
twilight beam through the stratospheric layer and secondary scattering also
becomes important. This demonstrates the sensitivity of the twilight sky
technique to stratospheric NOZ' A deeper surface layer of N02,1f added to the
above purely stratospheric distribution, would increase ZN by varying emounts,
dependlng on the -value of Z, , as the 5 km surface layer curve shows. Also,
the more heavily polluted the layer. the greater the magnitude of the effect
would be. Fortunately, the direct solar absorption measurements made earlier
at Beaufort Park showed that the total vertical NO2 column rarely exceeded
2% lO16 molecules cm-2 , and that most of this was probably located in the
lowest kilametre. It was therefore assuned, in interpreting the absorption
measurements presented in the next section, that tropospheric pollution had
the effect of increasing ZN equally for all zenlth angles. The results of one
further test of the effect of tropospheric pollution, which also provide a test
of the usefulness of the synthetic method, are presented in Fig 37. The
photochemical model profile (Fig 35) was assumed initially, and then 1 x lO16
molecules cm"2 of NO2 added to the lowest 1 kme. Again, ZN values are increased
by a roughly equal asmount for all zenith angles when the tropospheric pollution
is added. With the aid of Fig 27, which shows the full set of synthetic curves
generated by the scattering model for the warm atmosphere, it is possible to
estimate the NO2 stratospherlc colunn and altitude for the photochemical model
profile of Fig 35. The position of the inflection, which is independant of the

assuned pollution, is seen to be 1ntenned1ate between that of the 30-35 km and

v D0 s
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35-40 km synthetic curves. The increase in ZN in Fig 37 fram 84° to 96° is
1.8%, which is also independent of the assumed pollution, whereas the mean
corresponding increase for the 30-35 km and 35.40 km curves is 5.8%. Since

15

these latter curves are for a 9 x 107 molecules cm"2 layer, the stratospheric

NO, column implied by Fig 37 is %;% x 9% 10" molecules om™2 ("daytime'),
or 2.02 x lO15 molecules cm-z. at an approximate altitude of 35 km. The correct
values should be 1.85 x 10+

reasonable agreement is obtained, part of the discrepancy arising from errors

molecules cm“2 and 32 km, respectively. Thus

of judgement when caomparing with the synthetic set of curves and part due to

the fact that the ‘real' distribution is not a simple uniform 5 km-thick

layer. Noxon suggested that errors of up to 10 km in altitude are possible with
the twilight sky technique, and that there is a 20% uncertainty in the strato-
spheric column. The above test of the synthetic method of course does not take
into account the possibility that the real aimosphere may have slightly
different scattering properties from those assumed in the model. Horizontal
inhomogeneity and crepuscular changes in NO_, will also contribute to the

2

uncertainties in the stratospheric NO2 altitudes and concentrations inferred

from experimental data. The assumed spectrum of NO, absorption coefficients, and

2
measurement error are additional sources of uncertainty.

7o Experimental Absorption Measurements

Twilight sky NO2 absorption has been measured at Beaufort Park since May 1980.
The resulting ZN versus Z, curves were analysed using the synthetic method
discussed in sections 5(ii) and 6, employing wamm model atmosphere synthetic
curves. Early measurements suffered from inadequate photomultiplier sensitivity
at large zenith angles; it was not possible to obtain reliable data beyond about
Z.=92° . Changes were made to the system which enabled measurements to be
made up to 97°. Difficulties with light leaks were overcome, and improved
dynamic range achieved using the broad band nogmalization method described in
section 2. A source of the wavelength.drifts encountered in an earlier programme
of total column NO2 measuremnents was identified and removed. Those drifts which
did occur were compensated for using the technique employed then (Mcdiahon & Simmons,
1980(a)). Spectra were recorded in the evening beginning at zenith angles of
around 80° and continuing until signal to noise became intolerable. Adjacent
up/down scans in wavelength were averaged, the resulting spectrum corresponding
to a total observing time of 40 seconds. Noxon appears to have scanned less

frequently from the absorption plote he published, although in his case, spectra

took less time to obtain. Ratio spectra were calculated using a midday spectrum
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as reference. It was rarely possible to record a suitable midday spectrum on

the same day as the twilight spectra, because of greater convective activity
during the day. Percentage differential absorption at 439.5 mm was derived
from the ratio spectra using equation 1. All of the above data processing was
performed by a conputer program,

An example of a set of ratio spectra obtained on a particular evening
(5 November 1981) is given in Fig 38. Successive spectra are shifted obliquely.
in proportion to the time of measurement. The bottom spectrum is the NO2
cross-section spectrum (suitably scaled for comparison purposes) derived from
Wilkerson et al data (1974). Despite the noisy appearance of the later spectra,
which was always found, reasonably consistent values of differential absorption
were calculated from them (Fig 39). Only at greater zenith angles than those
shown did absorption values become excessively noisy. Figs 40-46 are the ZN
versus Z curves measured during evening twilight on various occasions from
2 June 1981 to 14 January 1982. The very restricted data obtained early in the
measurement programme is not included. All of the curves exhibit scatter which
is undoubtedly related to advection of tropospheric NO2 as well as instrumental
noise. All show an overall increase in absorption with zenith angle, as
sgattering theory predicts. However there is only one obvious example of a
curve with an inflection (Fig 39). The other curves most of all resemble the
30-35 and 35-40 km model synthetic curves for the range in Z_, covered (Fig 27).
Applying the synthetic method to each of the curves gives the values for the
stratospheric NO2 column shown in Table 2. These can be compared with the values

reported by other workers (Table 1). The higher altitude 'daytime' curves
15

imply stratospheric columns in the range 2.7-10.8 x 107~ molecules an-z. Around
6 x 1015 molecules an”C is obtained for the curve of Fig 39. The position of
the inflection in this latter curve implies an anemalously low 15-20 km centre
of mass altitude (associated with night-time). It is possible that unusually
large advective changes in tropospheric NOZ’ neglected in the determination of
the stratospheric abundance and height, may have led to this result. Interest-
ingly, Noxon (1979(a), (b)) reported occasional very low altitude NO, centre of
masses.

8. Conclusion

This report has demonstrated the usefulness of a'multiple scattering model

in the interpretation of twilight sky NO, absorption. The model has been shown

2
to give sensible values of scattered intensity and polarization, and was used

with some confidence to demonstrate the insensitivity of sky NO, absorption

2

SR



gradients are

to the temperature profile. Noxon's observations of steep NO

2
concluded not to have been due to temperature effects.

Preliminary experimental measurements imply stratospheric abundances in
the range 2.7-10.8 x 10+ molecules cm-z, at mean altitudes (with one exception)
of at least 30 km. Further measurements, using model synthetic curves as an
interpretive tool, may shed more light on this apparently strong variability.
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Method Used (ground-based -2
Year Worker(s) ilans Eeatail lhemiiss) NO, colunn/molecules cm
e e e e = -——
Optical absorption,A 3 wave-
1973 Brewer, length method was employed 16
1971 McElroy (at absorption peaks and 2-3 x 107 (total column)
& Kerr troughs) using a modified
Dobson spectrophotometer.
Bloxam, 16
1976 Brewer As above 1.3 x 107 (total column)
& McElroy
Optical absorption.
Measured entire spectrum 16
1975 Noxon from 435-450 nm, but only .5 x 107 (total column)
calculated NO2 absorption
at 439.5 m.
: . 16
1977 Kuznetsov Optical absorption. «3=5 x 10 16but usually
. & Nigmatullina| 6 wavelength method. 1 x 10 (total column)
Optical absorption, using 17
1979 Pommereau whole spectrum from 435-450 a few x 107" (total column)
& Hauchecorne | mm. A balloon platform was b (stratospheric
used also. column)
Optical absorption, 16 :
1979 Harrison 5 wavelength method measured ;ii;in§ 107" (stratospheric
sky absorption.
; Optical absorption. 15
Yelanski 1.3=6.5 x 10
1979 & Truttee | U vavelemgth method, o i 3 kn)
Aircraft platform used.
Same method-ag 1 Hoxon 3375 1-.6 x 1016 (stratospheric
1979 Noxon above, but sky absorption i)
measured.
: Optical absorption, using
Mcdiah 5
1980 & g‘i;mgﬁs whole spectrum from 435- 0.8-5.6 x 10%6 (total column)
450 mm
Dziewulska- Optical absorption, using ;
: Losiowa modified Dobson spectro- S
1980 & : w i e 1.3-5 x 10°° (total column)
Rajewska-Wiegh 1 wavelength pair.
TABLE 1.

Same published column measurements of NOZ’ to date

BE




Estimated Stratospheric

Estimated mean

Whether

DATE NO2 mﬁ?unt/’ -5 a}tit?de'9f N02 associatgd Yith
10*” mol em distribution/kim day or night

2 June 1981 10.3 35-ko day

| 5 November 1981 745 15-20 night
9 November 1981 545 35-40 day

| 12 December 1981 2.7 30-35 day
18 December 1981 9.5 35-h0 day

11 January 1982 6.4 35-40 day
%113 January 1982 3.7 35-k0 day
¢ | 14 January 1982 10.8 35-40 day

TABLE 2. Estimates of the stratospheric NO

Beaufort Park.

. - altitude uncertainty could be as great as 10 km.

"

column total and mean altitude at
Errors in the amount are probably :_20%, and the
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Fig. 23 Noxon's NO , ‘cliff’
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(a) Representative groups of measurements of the late afternoon total column abundance
of stratospheric NO, to illustrate the dependence upon latitude and season. Except

as noted, the measurements are all near 75°W

(b) Northern hemisphere at 10mbar during February 1977. Solid lines show streamlines of
the polar vortex in which the circulation is counterclockwise. Dashed lines give
temperature isotherms, and the thick line is the path driven by the van (containing a
portable spectrometer). :
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Fig. 26 Synthetic absorption curves calculated by Noxon and BMK.
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