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ABSTRACT

The distribution of OH in the troposphere at night was obtained with a time-dependent
photochemical model. At night, the major source of OH in the troposphere is the reaction
between O; and night-time HO,. More than 16 % of night-time HO, is produced by the thermal
dissociation of HO,NO,. The sinks of OH at night are the same as during day-time. The
globally and seasonally averaged night-time OH concentration is about 1.3 x 10* molecules/cm?,
which is about two orders of magnitude smaller than the globally and seasonally averaged day-
time OH concentration. Night-time OH concentrations appear to be most important in winter
in the middle troposphere at middie latitudes, where about 10% of removal of gases resulting
from reactions with OH occurs at night. We also calculated the night-time OH concentrations
over a wide range of climatic conditions, from the last ice age to the pre-industrial era, and to
the present. We found that the day-time OH concentrations do not change much during these
transitions but the night-time OH concentrations may have decreased significantly in the
transitions between the ice ages and the pre-industrial times and between the pre-industrial times

and the present.

1. Introduction

The importance of OH for tropospheric photo-
chemistry was first recognized by Weinstock
(1969) and Levy (1971). Since then, much work
has been done in determining the atmospheric OH
concentration (for an overview, see Altshuller
(1989)).

Probably because the concentrations of OH at
night is too small to detect, or perhaps, because it
makes a small contribution to global atmospheric
chemistry, night-time OH has rarely been studied
(Hard et al, 1986; Shirinzadeh et al, 1987).
Nevertheless, OH exists at night and continues to
react with many species and radicals in the atmo-
sphere.

In this paper, we discuss the concentrations of
OH at night calculated with a time-dependent
photochemical model. Since the concentrations of
many trace gases change with changing climate,
we also examined the response of OH concentra-
tions over a wide range of climatic conditions,
from the last ice age to the present.

2. Basic OH chemistry

The primary production of OH, or the entire
HO, family, comes from the reaction between
O('D) and water vapor:
O('D)+H,0 - OH + OH. (R1)

Reaction (R1) is effective only during day-time
when the photodissociation of O; creates O('D).
At night, all photolysis stops and the reaction (R1)
is no longer a source of OH. The only dominant
source of OH in the unpolluted night-time atmo-

sphere is the reaction between O, and night-time
HO,:

Unlike day-time, night-time HO, is largely pro-
duced by the thermal dissociation of HO,NO,:
HO,NO, +M - HO, + NO, + M. (R3)

Similar to OH during day-time, at night, OH

Tellus 44B (1992), 2



MODEL CALCULATIONS OF NIGHT-TIME ATMOSPHERIC OH

also reacts with a variety of trace gases and free
radicals, among which carbon monoxide and
methane are still the two most important species
which significantly affect OH distributions:

OH +CO - H+CO,
CH, + OH - CH, + H,0.

(R4)
(R5)

The resulting H atoms from reaction (R4) are
mostly quenched by oxygen gas in the atmosphere
to form hydroperoxyl radicals, HO,,

H+0,+M->HO,+ M, (R6)
which can regenerate OH by reaction (R2). It
should be emphasized that the reaction (R6) is
no longer the largest source of HO, at night,
according to our calculation (Lu and Khalil,
1991).

The reaction between CH, and OH initiates
a complicated sequence of reactions (see, e.g.,
Logan etal. (1981)), which creates a series of
organic compounds. These organics also affect
atmospheric OH level directly or indirectly.

The reaction between two members of an odd-
hydrogen family always removes at least one
molecule of HO,, thus being important losses of
HO,:

OH +HO, > H,0 + 0, (R7)
HO, + HO, » H,0,+0, (RS)
OH +H,0, » H,0 + HO,. (R9)

In addition to the above reactions, the hetero-
geneous removal processes of the nitrogen-
containing acids such as HNO,, HNO,, and
HO,NO,, are also losses of HO, since the major
sources of these acids in the troposphere are:

OH + NO, +M = HNO, + M (R10)
OH + NO +M - HNO, + M (R11)
HO, +NO, + M - HO,NO, + M. (R12)

Besides O;, NO is another source of the night-
time OH, since the reaction between NO and HO,
also produces OH:

HO, + NO - OH + NO,. (R13)
However, in the unpolluted atmosphere, NO
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decreases very rapidly after sunset when the
primary source of NO resulting from the photo-
dissociation of NO, disappears, leading to only a
small production of the night-time OH.

3. The model and results

The temporal and spatial variation of a chemical
reactive species can be expressed by the mass
continuity equation:

oC; a  aC,;
o Dl g K M)
where C; is the concentration of the ith species, ¢ is
time, z is altitude, P, and L, are the chemical
production and loss terms, and K, is the vertical
eddy diffusivity.

By using the Eulerian-backward implicit finite
different approximation and successive iterative
processes, we numerically solve the mass con-
tinuity equations for 18 reactive species simul-
taneously to obtain the distributions of these
species, including OH (for the detailed description,
see Lu and Khalil (1991)). In summary, our
photochemical model contains the information on
the physical features of the atmosphere such as
temperature, pressure, solar intensity and tur-
bulent transport, as well as on chemical kinetic
and photochemical data. The model consists of 58
chemical reactions and 28 species, among which
the distributions of 10 species are specified to
calculate the concentrations of another 18 species
including OH and HO, (see Fig. 1). The concen-
trations of the 18 reactive species are calculated for
different times of day, four seasons, and different
latitudes and altitudes.

Fig.2 shows the diurnal variations of the
concentrations of OH at the surface of the earth
and 6 km above the surface in summer and in
winter at four latitudes. The difference between the
maximum concentration of OH at noon and the
minimum at dawn at the earth’s surface is about a
10%, which is much larger than the difference of
about 10? at 6 km.

The averaged night-time OH concentration at a
specific location in a season can be obtained by
taking a time average of the concentrations of
OH for the whole night, from sunset to sunrise.
As shown in Fig. 3, the vertical profiles of
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Fig. 1. Summary of our photochemical model.

the averaged night-time OH concentrations at
different latitudes in different seasons have a
common feature: the averaged night-time value
first increases with height in the lower tropo-
sphere, reaches a maximum at around the middle
troposphere, then decreases with height until it
reaches a minimum at 10 or 11 km, and finally
changes slightly with height at the top of the
troposphere. This vertical structure of the
averaged night-time OH concentration is mainly
controlled by the vertical structures of the concen-
trations of O;, HO,NO,, NO,, CO, and CH,.
According to our calculation, more than 95% of
the total night-time OH is produced by the reac-
tion between O; and HO, and more than 60 % of
night-time HO, is generated by the thermal dis-
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N.O Weiss, 1981;
2 Khalil and Rasmussen, 1983a
H,0, O;, NO,, HNO, (Logan et al., 1981)

co Logan et al., 1981;
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CH, (Khalil and Rasmussen, 1983b)
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_NO, NO,, NO;, N, O,

NO,: HNO,, HO,NO,

CH,;, CH;0, CH;0,,
O
CH,0, CH,00H, HCO, H,CO

0.:0('D), OCP)

sociation of HO,NO,, while CO and CH, con-
sume large fractions of night-time OH (about 50 %
for CO and about 20% for CH,) and O, and NO,
remove almost all the night-time HO, (about 50 %
for O; and 45% for NO,) (see Lu and Khalil
(1991)). This figure also indicates that on average,
the night-time OH concentration at the earth’s
surface is much lower than 10° molecules/cm?,
consistent with the conclusion that OH level is
lower than 0.9 x 10° molecules/cm? (their detec-
tion limit) at night given by Shirinzadeh et al.
(1987) from their OH measurements in ambient
air.

By taking an average over altitude and latitude,
we obtained the globally-averaged night-time OH
concentration of 1.3 x 10* molecules/cm?, with an
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Fig. 2. Diurnal variations of the OH concentrations. [OH ]g, and [OH ]g4 represent the OH concentrations at the
earth’s surface and at 6 km above the surface in summer; [OH]w, and [OH ]y, designate the OH concentrations
at the earth’s surface and at 6 km above the surface in winter.

about 15% more abundance of night-time OH in
the northern hemisphere than in the southern
hemisphere, corresponding to the greater concen-
trations of O; and HO,NO, in the northern
hemisphere. On the whole, the averaged night-
time OH concentration is about two orders of
magnitude smaller than the averaged day-time
OH concentration, 1.6 x 10¢ molecules/cm® (or
8.2x10° molecules/cm® of the globally and
diurnally averaged OH concentration), which,
calculated in the same model, agrees well with
various OH calculations (Crutzen and Gidel,
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1983; Khalil and Rasmussen, 1984; Logan et al.,
1931; Prinn et al., 1987; Pinto and Khalil, 1991).
So far, the estimates of the night-time OH con-
centrations have been obtained with the model
calculations. The next question is whether night-
time OH is important for atmospheric chemistry.
To answer this question, we defined the relative
contribution of the night-time OH at the jth
altitude in the ith season at the kth latitude, Tyt

_[OH" ;- tis

=k 2
[OHT,, - 24 @)

rkij
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Fig. 3. Vertical profiles of the averaged night-time OH concentrations in 4 seasons and the seasonally-averaged night-
time OH concentrations at 4 latitudes.
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Fig. 4. Vertical profiles of the relative contribution of the night-time OH in 4 seasons at 4 latitudes (calculated by
using eq. (2)) and those of seasonally averaged night-time OH at 4 latitudes (calculated by using eq. (3)).
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where ¢, is the time from sunset to sunrise (h) in
the ith season at the kth latitude; [OH"]; is the
averaged OH night-time concentration and
[OH],; is the diurnally-averaged OH concen-
tration. Similarly, the relative contributions of
seasonally averaged night-time OH at the jth
altitude and the kth latitude (r,;), those of the ver-
tically averaged night-time OH in the ith season
(rx;), and those of the seasonally and vertically
averaged night-time OH at the kth latitude, r,,
were also defined by the following formulas:

_2i-1 [OH" )iy -t

= — (3)
Y7 54 TOHI,, 24
OH"],; - tui
o= O )
[OH],-24
4 n . .
r, =izl [OH"],; -ty (5)

4 [OHI,-24~

where [OH"],, is the vertically-averaged night-
time concentration of OH in the ith season at the
kth latitude and [OH],; is the vertically and
diurnally averaged concentration of OH in the
same season at the same latitude. Fig. 4 shows the

Table 1. Concentrations of tracers, number density
of water vapor, and temperature at the surface of the
Earth for 3 climatic conditions®

Period MTY PEY LGM®
CH, (ppbv) 1650 750 350
CO (ppbv) 110 57 28

H;, (ppbv) 500 230 150
O, (ppbv) 22 14 12
NO,® (ppbv) 0.1 0.05 0.05
N, O (ppbv) 305 285 240

H, O (molecule/cm?®) 3.32 x 10'7 3.32x 10'7 2.44 x 10"7
temperature (°K) 288.15 288.15 283.15

) The data listed in the table are all taken from Pinto
and Khalil (1990) except the number density of water
vapor, computed from the formula for relative humidity
given by Manabe and Wetherald (1967) and
Clausius—Clapeyron equation.

® MT represents modern times; PE designates the pre-
industrial era (about 200 years ago); LGM depicts the
last glacial maximum (about 180,000 years ago).

9NO, = NO + NO; + NO; + 2-N,0; + HNO, +
HNO,; + HO,NO,.
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vertical profiles of the relative contributions of
night-time OH in 4 seasons at 4 latitudes and
those of seasonally averaged night-time OH at
4 latitudes. Generally, the values of the relative
contributions of the averaged night-time OH, Tijs
are less than 0.5% in the lower and the upper
troposphere, indicating that the night-time OH
there contributes little to the chemical cycles of
most trace gases in the troposphere. In contrast,
because of the relatively larger values, ry;, (about
3% in the middle latitudes and 2 % in the tropics),
the night-time OH in the middle troposphere is
more important, especially at the midlatitudes in
winter (13% at 45°S and 8 % at 45°N, indicating
that about 10% of the removal process resulting
from reaction with OH occurs at night), not only
because the intensity of the solar radiation is weak
and the day-time is short, but also because there is
more O; and HO,NO, in these regions. On
average, only about 1% of the total daily OH is
produced at night in the whole troposphere.

4. Climate and variability of night-time OH

Using our model calculations, we investigated
OH levels over a wide range of climatic conditions,
from the last glacial maximum (about 18,000 years
ago), to the pre-industrial era, to modern times.
The input data set for the 3 climatic periods are
shown in Table 1, taken from Pinto and Khalil
(1991). Fig.5 shows the concentrations of the
averaged day-time OH, the averaged night-time
OH, and the averaged daily OH at the earth’s sur-
face. From this figure, one can see that the OH
levels, on average, declined only slightly, although
the concentrations of CO and CH, doubled from
the last glacial maximum to the pre-industrial era
as well as from the pre-industrial era to modern
times, resulting from the compensation of the
increasing levels of the source species of OH such
as O; and NO, for those of the sink species of
OH such as CO and CH,. This result is consistent
with that given by Pinto and Khalil (1991). Since
this paper is concerned with night-time OH, we
emphasize that unlike the day-time OH, the night-
time OH concentrations decreased significantly
from the last glacial maximum to the present; the
averaged night-time OH concentration in the last
glacial maximum is about 3 times as large as that
at present. As described before, the main sink of



112

c
°
=
o]
j ..
-]
c
[
I3}
c
(o]
O 6t}
4k
2!
0
Last Glacial Pre~industrial Modern
Maximum Eraum Times
Period
L ] < + A
Daily Daytime Nighttime P&K

Fig. 5. The seasonally-averaged concentrations of the
day-time OH and the daily OH at the earth’s surface (a)
and those of the night-time OH at the earth’s surface (b)
over a wide range of climatic condition, from the last
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times (the present), where “Daily”, “Day-time”, and
“Night-time” represent the concentrations of the
averaged daily OH, the averaged daytime OH, and the
averaged night-time OH, calculated from our photo-
chemical model in this study, respectively, while “P&K”
corresponds to the averaged daily OH concentrations
calculated by Pinto and Khalil (1991).

night-time OH is CO, while the only significant
source of night-time OH is the reaction between
O, and night-time HO,, which are largely
produced by HO,NO,, one species of the NO,
family, and are removed by O, and NO,, another
species of NO,. Thus, the trend of increasing
night-time OH level due to increasing atmospheric
O; level is offset by the trend of the decreasing
night-time HO, level, resulting from the reaction
between HO, and O;. Similarly, enhancements of
levels of HO,NO, and NO,, due to increasing
atmospheric NO,, compensate each other, leading
to the trend of a slight increase of night-time OH.
Consequently, the effects of increasing both O,
and NO, are attenuated and cancelled. In other
words, the significant decrease of night-time OH
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arises mainly from the increase of CO and CH,
from the last glacial maximum to the pre-industrial
era and from the pre-industrial to the present.

5. Conclusion and discussion

Our model results give a globally and seasonally
averaged night-time OH concentration of 1.3 x 10*
molecules/cm? at present. However, the night-time
OH concentration was much larger during ice
ages than it is now; the averaged night-time OH
concentration at the earth’s surface in the last
glacial maximum was about 3 x as large as at
present. According to our calculations, the concen-
tration of the night-time OH is dominated by the
concentrations of O;, HO,NO,, NO, and
CO. The importance of the night-time OH is
greatest in winter at middle latitudes in the
middle troposphere, where there is more O; and
HO,NO,, and the concentration of the dominant
sink, CQ, is small compared to that at the earth’s
surface. Our model results do not show NO as
a significant source of night-time OH and the
reaction between NO and HO, provides less than
5% of the total night-time OH, since in a clean
atmosphere, NO is mainly produced by the
photodissociation of NO, and after sunset the con-
centration of NO drops very quickly. Instead, the
HO,NO, can be seen as a major source of night-
time OH, since HO,NO, produces more than
60 % of night-time HO, and the reaction between
the resulting HO, and O, is the only significant
source of night-time OH. It should be noted that
our results do not conflict with the view that NO
is an important source of night-time OH in urban
areas, as suggested by Hard et al. (1986). Their
measurements were made at an urban site, where
NO may be directly emitted from fossil fuel com-
bustion. Because the rate constant for the reaction
between NO and HO, is much larger than that
between O, and HO,, the contribution to night-
time OH from NO could be comparable to or even
larger than that from Oj; in a polluted area.

Generally we conclude that the concentration of
OH at night would be significantly larger in a
polluted area where O; and NO,, are much more
abundant than in a clean non-urban atmosphere.
In addition, night-time OH was much more
abundant during the ice ages compared to the
present.
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