
Ann. Geophys., 26, 1181–1187, 2008
www.ann-geophys.net/26/1181/2008/
© European Geosciences Union 2008

Annales
Geophysicae

Global change induced trends in ion composition of the troposphere
to the lower thermosphere

G. Beig

Indian Institute of tropical Meteorology, Pashan, Pune-411008, India

Received: 10 May 2007 – Revised: 27 June 2007 – Accepted: 28 June 2007 – Published: 28 May 2008

Abstract. In this paper a brief overview of the changes in
atmospheric ion compositions driven by the human-induced
changes in related neutral species, and temperature from
the troposphere to lower thermosphere has been made. It
is found that ionic compositions undergo significant varia-
tions. The variations calculated for the double-CO2 scenario
are both long-term and permanent in nature. Major neutrals
which take part in the lower and middle atmospheric ion
chemical schemes and undergo significant changes due to
anthropogenic activities are: O, O2, H2O, NO, acetonitrile,
pyridinated compounds, acetone and aerosol. The concen-
tration of positive ion/electron density does not change ap-
preciably in the middle atmosphere but indicates a marginal
decrease above about 75 km until about 85 km, above which
the magnitude of negative trend decreases and becomes neg-
ligible at 93 km. Acetonitrile cluster ions in the upper strato-
sphere are likely to increase, whereas NO+ and NO+(H2O)
in the mesosphere and lower thermosphere (MLT) region are
expected to decrease for the double CO2 scenario. It is also
found that the atmospheric density of pyridinated cluster ions
is fast rising in the troposphere.

Keywords. Atmospheric composition and structure (Ion
chemistry of the atmosphere) – Ionosphere (Ion chemistry
and composition) – Atmospheric composition and structure
(Middle atmosphere – composition and chemistry)

1 Introduction

At the present time, there is a great deal of interest placed on
anthropogenically-induced perturbations in the atmosphere
and their impact on global climate change. It has recently
been realized that such influences are not only confined to
the lower atmosphere but may also affect the middle and up-
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per atmosphere (Beig, 2006; Beig et al., 2003; Roble and
Dickinson, 1989). However, until recently, it was not known
whether these changes also impact on the ion composition
of the atmosphere. This question was addressed in detail by
Beig and Mitra (1997b) for the middle atmosphere and by
Thomas (1996) for the ionosphere. In fact, Beig and Brasseur
(1999) postulated that human activities might influence the
tropospheric ion composition, as well. Danilov (1997) and
Danilov and Smirnova (1997) have reviewed the long-term
variations in temperature and composition of the mesosphere
and thermosphere. Roble and Dickinson (1989) and Rish-
beth and Roble (1992) were the first to initiate the studies
that related possible changes in the ionospheric structure to
increasing concentrations of greenhouse gases from anthro-
pogenic activities. Rishbeth (1997) reported that changes in
ionospheric parameters, such as the lowering of the F2 layer
peak height, are due to changing boundary conditions in the
mesopause region. Beig and Mitra (1997a, b) have recently
examined a potentially important role of changes in the atmo-
spheric neutral constituents and thermal structure on the dis-
tribution of stratospheric and mesospheric ionization and re-
ported a significant variation in several ionic parameters. Re-
cently, Chakrabarty (2005) has reported an increase in elec-
tron density at the 80-km altitude as a result of negligible
trends in temperature of the mesopause region.

A major driving factor in perturbing the ion composition
in all the layers of the atmosphere is temperature, which
may act through reaction rates of production and loss mech-
anisms. In addition, there are several neutral trace gases,
which take part in the ion chemistry. If they undergo some
changes, then they are likely to affect the ionic species. The
review of systematic changes in temperature trend in the
stratosphere and mesosphere has been given by Ramaswamy
et al. (2001) and Beig et al. (2003), respectively. There-
after, the quantification of temperature perturbations in ion
chemical schemes can be appropriately taken into account.
In this work, we briefly summarize ion chemical schemes
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valid in different layers of the atmosphere, namely the tro-
posphere, stratosphere and mesosphere. However, the major
aim of this paper is to discuss the long-term anthropogenic
impact on ion composition in these 3 different layers of the
atmosphere, which is governed by 3 different ion chemical
schemes. Results obtained by a double CO2 scenario are
summarized for the stratosphere and mesosphere while for
the troposphere we discuss the perturbations caused due to
variations of related neutrals, which are assumed to vary by
some factor along with temperature perturbation.

2 Mesospheric and Lower Thermospheric ion chemical
scheme

The details of the positive ion chemical scheme used in the
present study are given elsewhere (Beig, 2000; Chakrabarty
et al., 1978). In the MLT region, there are mainly 3 families
of ions, namely water cluster ions; O+

2 and its water clus-
ter ions; NO+ and its water cluster ions. The O2+, O4+

and O2+(H2O) are the major positive ions in the O2+ family
of ions. The water cluster ions involves H+(H2O)n, where
“n” may be 1, 2, 3,. . . . The sum of all the water cluster
ions of this family is represented as PH ions in the discus-
sion. The 3rd family of ions in the MLT region consists
of NO+, NO+(H2O), NO+(H2O)n, where “n” can be 1, 2,
3,. . . .Subsequently other minor ions are also formed (viz.
NO+H2O CO2, NO+ CO2, etc.) but their concentrations
are negligible, as compared to the above mentioned 3 fam-
ilies. Several of the reaction rates used in this scheme have
recently been updated and they are found to be temperature
dependant, which may play a major role when perturbation
studies are performed (Beig, 2000). The MLT scheme is used
for the altitude range from 60–110 km. The sources of pro-
duction of ionization in the MLT region are well known. The
primary ionization production processes are: (1) for height
above 80 km, the ionization of the major constituents is by
X-rays of wavelength less than 100Å and (ii) for height be-
low 65 km, the ionization of major constituents is by galac-
tic cosmic rays and (iii) in the intermediate height range,
solar Lyman-alpha ionizes minor constituents NO. The so-
lar Lyman-alpha penetrates into the D-region through one
of the narrow windows of the atmosphere. There are other
processes involved, like ionization of O2(

11g) in the wave-
length range of 1118̊A to 1025Å. The loss of ions in the
MLT region is mostly by recombination of the positive ions
with negative ions and with electrons. In the present study,
the ion-ion recombination is taken as 6×10−8 cm3 s−1. The
dissociation recombination coefficient is different for differ-
ent positive ions. In the present case, their values are those
used by Beig and Mitra (1997b).

3 Stratospheric ion chemical scheme

The production mechanism of stratospheric ions starts with
the ionization of O2 and N2 by galactic cosmic rays to form
the precursor positive ions O+2 and N+

2 . N+

2 immediately
converts to O+2 by charge exchange with O2. In the fol-
lowing chain of reactions, water cluster ions are formed of
the type H+(H2O)n, representing the sum of all major wa-
ter cluster ions, known as proton hydrate (PH) ions, where
n=1, 2, 3,. . . . When these water cluster ions react with ace-
tonitrile (CH3CN), acetonitrile water cluster ions, of the type
H+ CH3CN (H2O)m, are formed, where m=1, 2, 3,. . . . This
later family is known as non-proton hydrate (NPH) ion. In
the presence of small-sized aerosol particles, the process of
aerosol attachment with acetonitrile water cluster ions takes
place and complex heavy aerosol cluster ions are formed
which are represented as H+ (aerosol) CH3CN (H2O)m. The
loss of ions in the stratosphere is mainly due to ion-ion re-
combination and attachment processes. The value of ion-ion
recombination is given by Beig et al. (1993) for both two-
body and three-body recombination coefficients and that of
effective attachment coefficient (β=2×10−6 cm3/s) is men-
tioned by Beig and Brasseur (1999).

4 Perturbation scenario and model experiments

The temperature and all the neutrals which can be used in the
ion chemical scheme are normally taken from a 2-D model.
In the present case, the 2-D model which calculates these
parameters includes 64 neutral species of the oxygen, hy-
drogen, nitrogen, chlorine, fluorine, bromine, carbon, and
sulfur families and extends from 15 to 120 km. The detail
of the model is given elsewhere (Beig, 2000). Curtis and
Goody (1956) found a breakdown of local thermal equilib-
rium (LTE) in the middle atmosphere for the 15-µm CO2
band above about 70 km. Hence, we adopted the non-LTE
approach in the spectral region of CO2 (Berger and Dameris,
1993; Akmaev and Fomichev, 1998) in the model. For the re-
gion between 15 and 60 km, the Newtonian cooling approxi-
mation is used because non-LTE is not likely to exist at those
altitudes. The 2-D model first calculates the concentrations
of neutral species which are used as input to the stratospheric
and mesospheric ion chemistry. Continuity equations for all
ions in a particular scheme are written and solved simultane-
ously for steady-state conditions, assuming ionic charge neu-
trality. Calculations are performed at an interval of 1 km and
from pole to pole with a 5◦ resolution. The forcing param-
eters, which will most likely undergo a drastic change with
time, due to human activities, are carbon dioxide, nitrous ox-
ide, methane, and chlorofluorocarbons (CFCs). This is an-
ticipated based on the present growth rates of these green-
house gases (WMO, 1999). These trace gases contribute the
most to changes in the chemical and thermal structure of the
atmosphere. In the present work the prediction of future
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climate responses in the stratosphere is examined as semi-
continuous time lines of quantities, such as chlorine loading
and other trace gas variations, well into the 21st century. We
assumed that the tropospheric volume mixing ratio of car-
bon dioxide by the end of 2050 would be twice that of the
present-day value (1995 reference level), and it is taken as
712 ppm. The methane mixing ratio is also considered to
be doubled (3.4 ppm) relative to 1995. Nitrous oxide and
CFCs are taken as per the business-as-usual scenario (BAU)
(Beig and Mitra, 1997a) and yield an N2O volume mixing
ratio of 365 ppb and total chlorine loading, due to the CFCs
of 11.7 ppb. Concentrations of all other species, including
SOx, are kept at ambient levels, with the assumption that
they may not play a significant role in our model calcula-
tions. The above mentioned scenario will be referred as the
“double-CO2 case” and the variation in different parameters
for this scenario is calculated with respect to reference level
(1995) in this paper. To filter out an effect due to changes
in the solar activity, we assume identical solar activity con-
ditions for 1995 and in the double-CO2 case. Major neutrals
which take part in MLT ion chemical schemes and are likely
to induce the variations in ion compositions are: O, O2, H2O,
and NO. In addition to these neutrals, acetonitrile and aerosol
also become important for the stratospheric region, whereas
NO is important mainly for the MLT region ion chemistry.
The vertical distribution of the percentage change in all the
above mentioned neutral species is shown in Fig. 1 for the
altitude region of 15–120 km. The percentage change in NO
and O2 decreases for the double CO2 scenario in the MLT
region. The change in NO is positive (18% at 30 km) for
the stratosphere, whereas it decreases monotonically in the
mesosphere and becomes around−40% and−90% at 80 km
and 110 km, respectively. The concentration of water vapour
increases for the double CO2 scenario in both stratosphere
and MLT regions. The increase is around 10% in the strato-
sphere and lower mesosphere, and becomes around 20% in
the lower thermospheric region. The percentage change in
atomic oxygen is−40% around 40 km, which becomes pos-
itive (20% at 90 km) in the upper mesosphere and thermo-
sphere. The percentage change in the concentration of ace-
tonitrile is almost negligible in the lower stratosphere but in-
creases by 30% at about 50 km, which further increases in
the lower mesosphere.

5 Temperature perturbation in the MLT-region

As evident from the recent literature (Beig et al., 2003), the
long-term trend in the temperature indicates a cooling of the
order of 3–4◦C per decade in the mesosphere, which further
increases in the upper mesosphere but becomes zero near the
mesopause region. The trend again starts to show cooling
in the lower thermosphere. In recent times, a few detailed
model studies using an upper atmospheric general circulation
model are reported (Schmidt et al., 2006; Garcia et al., 2007)
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Fig. 1. Percentage change in the concentrations of various impor-
tant neutral species for the double-CO2 scenario for the middle at-
mosphere for 30◦–45◦ N latitude.

which have nearly reproduced the no trend feature in temper-
ature near the mesopause region. Schmidt et al. (2006) have
used the three-dimensional Hamburg Model of the Neutral
and Ionized Atmosphere (HAMMONIA), which treats at-
mospheric dynamics, radiation, and chemistry interactively
for the height range from the Earth’s surface to the thermo-
sphere (approximately 250 km). HAMMONIA represents
a new generation of atmospheric models that try to com-
bine classical general circulation models with comprehen-
sive chemistry over a large altitude range. It is difficult to
evaluate the model results for a doubling of CO2 with ob-
servational data. However, if one assumes that the tempera-
ture trends observed for the past decades in the middle and
upper atmosphere are mainly due to the CO2 increase, the
lack of a detectable trend in the summer mesopause region,
as reported by Beig et al. (2003), is consistent with model
results for a CO2 doubling. Garcia et al. (2007) used the
Whole Atmosphere Community Climate Model to produce a
small (three-member) ensemble of simulations of the period
1950–2003. They have reported that near the mesopause, at
80–90 km, temperature trend is either insignificant or very
small. The lack of a temperature trend in a range of alti-
tude where CO2 is the main infrared emitter is puzzling, but
consistent with observations (Beig, 2006). The temperature
change, as obtained by the above-mentioned 2-D model for
the stratosphere, is used in the ion chemical scheme. For the
MLT-region, a 2-D model is unable to reproduce the no trend
feature near the mesopause region and hence, the tempera-
ture change for the MLT-ion chemical scheme is taken from
Schmidt et al. (2006) for the double CO2 scenario at the mid
latitude.
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Fig. 2. (a) The number density (/cc) of major positive ions in the
MLT region for background case;(b) Model results of percentage
change in major positive ions for the double-CO2 scenario in the
MLT region at 10◦ N latitude as obtained in this work.

6 Perturbations in ion composition of the MLT-region

Figure 2a shows the vertical distribution of the concentra-
tion of the major positive ions (/cc) in the MLT region for
the normal background case. It can be noticed from Fig. 2a
that the PH family of ions is the most dominant below 85 km
followed by NO+ and NO+(H2O). Above 85 km, NO+ and
O+

2 ions start to dominant. The total electron density in the
MLT region varies from 103/cc to 105/cc. Figure 2b shows
the vertical distribution of the percentage change in ion com-
position of the MLT-region, as obtained in the present work
for the double CO2 scenario, compared to background case.
The concentration of electron density does not change ap-
preciably in the lower mesosphere but it starts to decrease
above about 75 km. The maximum negative trend is 25% at
85 km, above which the magnitude of the negative trend de-
creases and becomes negligible at 93 km. A positive trend
of the order of 10–15% is simulated for the altitude range of

95–110 km. The concentration of almost all the major ions
decreases in the lower mesosphere up to about 80 km. The
decrease in NO+ and NO+(H2O)n ions is substantial. The
percentage change is found to be around−50% to−60% for
NO+ ions in the mesosphere. The magnitude of the nega-
tive trend decreases marginally near the mesopause region
and then again starts to increase with height. The percent-
age change is−50% to−80% in the lower thermosphere for
NO+ and NO+(H2O)n ions, respectively. The percentage
change in proton hydrate ions increases marginally (10% at
90 km) near the mesopause region but it also becomes nega-
tive in the free thermosphere (40% at 105 km) for the double
CO2 scenario. The only ion which undergo a drastic posi-
tive trend is O+

2 above the mesopause region. The changes in
O2+ are found to be−25% in the lower mesosphere which
becomes positive (maximum up to about 90% at 90 km) in
the lower thermosphere.

7 Perturbations in ion composition of the stratosphere

Figure 3a shows the vertical distribution of the concentration
of the major positive ions (/cc) in the stratosphere for the
normal background case for 45◦ N. It can be noticed from
this figure that the NPH family of ions is the most domi-
nant below 35 km, whereas the PH family of ions dominates
above this altitude. The crossover altitude for this latitude
region is around 35 km, as also confirmed by observations.
For the normal case, the aerosol cluster ions are always in
the minority, as is evident from Fig. 3a. The total positive
ion density in the stratosphere varies from 1–5×103/cc. The
percentage change in the major stratospheric positive ions,
along with the total positive ion density and the NPH/PH ra-
tio for the double-CO2 scenario at 45◦ N latitude, is shown
in Fig. 3b. The marginal variation in water vapor (Fig. 1) is
not sufficient to induce significant changes in the concentra-
tions of the PH ion family. The concentration of the NPH
ion family is mainly driven by the abundance of CH3CN.
The concentration of CH3CN either does not change or de-
creases marginally in the lower stratosphere but it increases
sharply above 40 km for the double CO2 scenario, as shown
in Fig. 1. As a result of this, the NPH ion trend decreases
up to about−8% at 38 km, followed by a sharp increase of
around 30% at the stratopause. The ratio of NPH/PH ions in-
creases sharply above the 40-km altitude, due to an increase
in the NPH concentration. The percentage variation in this
ratio is uniformly positive in the stratosphere. The aerosol
cluster ions are not significant in the stratosphere under nor-
mal background conditions unless some volcanic eruption
takes place. However, aerosol cluster ions show a positive
trend that decreases with increasing altitude. The concen-
trations of these ions are almost negligible in this altitude
range. It is clear from this figure that there is a variation in
the break-up of ions, but total ion density (profile 4) does not
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show any significant change with a maximum variation of
−4% between 25 and 35 km altitudes.

8 Tropospheric ion composition

The first ion composition measurements near the ground re-
ported by Eisele (1983) revealed the presence of unidentified
positive ions with masses of 80 and 94 amu. Thereafter, a
few more high-resolution mass spectrometric measurements
of naturally occurring tropospheric ions have been performed
(Tanner and Eisele, 1991). Beig and Brasseur (1999, 2000)
have made the first attempt to model the positive ions in the
troposphere which include detailed pyridinated cluster ions.
Their scheme is still valid and considered to be the latest in
this field. In absence of sufficient ion schemes for the tro-
posphere, obviously work related to anthropogenic perturba-
tions was sparse. The only work which is available is by Beig
and Brasseur (1999). The major source of ionization in the
troposphere is provided by the action of galactic cosmic rays
and of radioactivity (α, β andγ radiation from thoron and
radon) on air molecules. The chemical scheme proposed by
Beig and Brasseur (1999, 2000) to describe the major ionic
processes in the troposphere is summarized here. The first
ions formed are O+2 and N+

2 which are immediately (less
than 10−3 s) converted to proton hydrates H+(H2O)n after
several intermediate steps (Ferguson et al., 1979). One or
more water molecules included in these clusters can be sub-
stituted by other molecules with a high proton affinity. As
suggested by Eisele (1986, 1988), stable “pyridinated clus-
ter ions” of the form H+(NH3)n(X)m(H2O)l (where X repre-
sents either pyridine, picoline, or lutidine, and l, m, n may be
equal to or greater than zero) are formed. Their scheme also
shows the formation of other non-proton hydrates (acetone
cluster ions [H+(CH3COCH3)(H2O)n], methyl cyanide clus-
ter ions [H+(CH3CN)(H2O)n]), and of aerosol cluster ions
[H+(Aerosol) (Y)p(H2O)n], where Y represents one of the
parent neutral species. The reaction rates adopted by them
are listed in Beig and Brasseur (2000). The tropospheric
ion pair production rate, and the concentration of aerosols
(nonvolcanic conditions) are based on the work of Rosen
et al. (1985) and the value adopted for the effective attach-
ment coefficient of an ion on aerosols (β=5×10−6 cm3 s−1)

is taken from Datta et al. (1987). The recombination rate for
positive/negative ions is adopted from the study of Arijs and
Brasseur (1986).

9 Anthropogenic perturbations in tropospheric ion
composition

The chemistry of the neutral species (especially the pyridi-
nated compounds) that take part in ion chemistry and their
proton exchange process are not yet properly known. It is
believed that combustion is a major source for these com-
pounds, and hence their atmospheric abundance is expected
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 17Fig. 3. (a) The number density (/cc) of major positive ions in the
stratosphere for background case;(b) Model results of percentage
change in major stratospheric positive ions for the double-CO2 sce-
nario at 45◦ N latitude as obtained in this work.

to be increasing substantially as a result of human activities.
For example, methyl cyanide is known to be released in the
atmosphere as a result of biomass burning, and has been
observed in automobile exhaust gases and tobacco smoke
(Hamm and Warneck, 1990). In addition to its emission by
vegetation and biomass burning, acetone is produced mainly
from the oxidation of anthropogenic hydrocarbons (Singh et
al., 1994). The sources of pyridinated compounds are be-
lieved to be primarily automobile exhaust, biomass burning,
manufacturing and agricultural use, coal tars and tobacco
smoke (Graedel, 1978). Emission by the ocean could be
an additional, but probably small atmospheric source. The
atmospheric abundance of these parent neutral compounds,
and hence the ionic composition of the troposphere has most
probably changed over the last decades as a result of human
activities, and is expected to change further in the future. The
magnitude of these changes cannot be properly established
due to the lack of systematic observations of these com-
pounds and the uncertainties associated with their sources
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and sinks. In order to determine the potential response of
the ionic composition of the troposphere to human activities,
Beig and Brasseur (1999) have considered a scenario where
the concentration of all compounds is increased by an arbi-
trary factor 10 from the background case. We have also con-
sidered the same scenario. The percentage changes in the ion
concentration with respect to the background case are shown
in Fig. 4 for this scenario. As evident, the largest positive
change (350% at 8 km) is found for the pyridinated ions in
the upper troposphere. Changes in the abundance of these
ions are, however, small below 5 km. The concentration of
the other ions is reduced by a factor 2 below 5 km altitude
(and up to 15 km in the case of methyl cyanide cluster ions).

10 Conclusions

Global change effects in the ion composition of the lower
and upper atmosphere were given the least attention so far.
Some of the recent studies do, however, confirm the few
available observations in these regions. It is found that ionic
compositions undergo significant variations. The variations
calculated for the double-CO2 scenario are both long-term
and permanent in nature. It is shown that a decrease in NO
number density up to−80% for the double-CO2 scenario
in the mesosphere is one of the major reasons for the mod-
eled variations in ionized parameters for this region. In addi-
tion, cooling up to about−14◦K (2-D model), a decrease in
the acetonitrile number density (−10% at 40 km), and an in-
crease in water vapor by 5–15% in the stratosphere are major
factors that were found to cause variations in stratospheric
charged species for the double-CO2 scenario. The no trend
feature in temperature around the mesopause region with a

negative trend below and above this altitude region for the
double CO2 scenario has a substantial impact in the variation
of total electron density and ion composition as compared
to results reported by earlier workers. The concentration of
electron density does not change appreciably in the lower
mesosphere but it starts to decrease above about 75 km un-
til about 85 km, above which the magnitude of the negative
trend decreases and becomes negligible at 93 km. A positive
trend of the order of 10–15% is simulated for the altitude
range of 95–110 km. The concentration of almost all the ma-
jor ions decreases in the lower mesosphere up to about 80 km.
The percentage change is−50% to−80% in the lower ther-
mosphere for NO+ and NO+(H2O)n ions, respectively. The
only ion which undergo a drastic positive trend is O+

2 above
the mesopause region. In the stratosphere, the NPH/PH ratio
increases slowly in the lower stratosphere and quite substan-
tially in the upper stratosphere.

In the troposphere, it is suggests that, in moderately or
strongly polluted environments, pyridinated cluster ions are
the most abundant ions below 7 km. The percentage growth
of these ions is very high for the entire troposphere, espe-
cially above 7 km. In the upper troposphere, the dominant
ions appear to be acetone clusters. The ion composition of
the troposphere is expected to change in the future in re-
sponse to human activities, resulting in enhanced emissions
of anthropogenic compounds, including pyridine, picoline
and lutidine. Model calculations suggest that the atmospheric
density of pyridinated cluster ions is rising rapidly.
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