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Abstract

The NASA/Goddard Space Flight Center two-dimensional (GSFC 2D) photochemical transport model has been
used to study the in¯uence of thermospheric NO on the chemical balance of the middle atmosphere. Lower

thermospheric NO sources are included in the GSFC 2D model in addition to the sources that are relevant to the
stratosphere. A time series of hemispheric auroral electron power has been used to modulate the auroral NO
production in the auroral zone. A time series of the Ottawa 10.7-cm solar ¯ux index has been used as a proxy to

modulate NO production at middle and low latitudes by solar EUV and soft X-rays. An interhemispheric
asymmetry is calculated for the amounts of odd nitrogen in the polar stratosphere. We compute a <03%
enhancement in the odd nitrogen �NOy � N, NO, NO2, NO3, N2O5, BrONO2, ClONO2, HO2NO2, and HNO3)
budget in the north polar stratosphere (latitude> 508) due to thermospheric sources, whereas we compute a <08%

enhancement in the NOy budget in the south polar stratosphere (latitude > 508). 7 2000 Elsevier Science Ltd. All
rights reserved.

1. Introduction

Auroral activity is known to produce huge amounts

of nitric oxide (NO) in the Earth's lower thermosphere

(on the order of 1103 to 1104 cmÿ3 sÿ1) (Townsend

and Burke, 1965; Cleary, 1986; Roble et al., 1987; Sis-
kind et al., 1989; Roble, 1992; Barth, 1992). It has

been shown that auroral production of NO during

geomagnetic disturbances is highly variable and of suf-

®cient magnitude to enhance the globally averaged
reservoir of thermospheric NO. During polar night,
the aurorally produced NO is long-lived in the thermo-

sphere and may be subject to downward transport into
the middle atmosphere where it can couple into middle
atmospheric chemistry (Solomon and Garcia, 1984;

Roble, 1992; Siskind, 1994; Siskind et al., 1997).
Energetic electrons, both auroral and photo-

electrons, produce atomic nitrogen in the thermosphere

by ionizing and dissociating N2. Atomic nitrogen is
quickly converted to NO, which may be transported to
the mesosphere and stratosphere if certain conditions

are present. The in¯uence of the odd nitrogen (NOy =
N, NO, NO2, NO3, N2O5, BrONO2, ClONO2,
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HO2NO2, and HNO3) budget in the middle atmos-
phere by the transport of NO from the thermosphere

has been the subject of many studies (Strobel, 1971;
McConnell and McElroy, 1973; Brasseur and Nicolet,
1973; Jackman et al., 1980; Solomon, 1981; Solomon

et al., 1982; Frederick and Orsini, 1982; Garcia et al.,
1984; Solomon and Garcia, 1984; Russell et al., 1984;
Brasseur, 1984, 1993; Callis and Natarajan, 1986; Sis-

kind et al., 1989, 1997; Legrand et al., 1989; Garcia
and Solomon, 1994). Nonetheless, the contribution of
the thermosphere to the odd nitrogen budget of the

middle atmosphere has still not been well determined.
Transport processes relevant to the mesosphere and

lower thermosphere are not well understood. Siskind et
al. (1997) suggest that planetary and gravity waves

play a signi®cant role in the transport process. For
example, Siskind et al. show that model calculations
which consider planetary wave mixing are in better

agreement with observations than those which assume
a constant horizontal di�usion coe�cient. Siskind et
al. also point out that these model calculations tend to

show a spring time enhancement of NOy in the strato-
sphere which is not present in the observations. Their
model shows that the aurora contributes much more

to the polar stratospheric NOy budget than the sources
associated with solar EUV and soft X-rays at low and
middle latitudes and may be an important source of
polar stratospheric NOy. In the current study, we in-

corporate a time series of solar and auroral activity
into a two-dimensional zonally averaged photochemi-
cal transport model in order to assess the temporal

consequences of including thermospheric sources of
NOy on the chemical budget of the middle atmosphere.
The Siskind et al. (1997) model does not incorporate

such a time series. We conclude that polar mesospheric
NOy is greatly enhanced during polar night when the
downward transport is strongest. We ®nd that thermo-
spheric NOy may be transported down to 130±40 km

during the polar night.

2. The model

2.1. Basic two-dimensional model

We use the Goddard Space Flight Center two-
dimensional zonally averaged photochemical transport

model (GSFC 2D model) which is described by Jack-
man et al. (1996). The model was ®rst presented by
Douglass et al. (1989), but many changes to the model

have since been made. The pressure level range was
extended through the mesosphere by Jackman et al.
(1990). Considine et al. (1994) included heterogeneous

chemical processes which occur on the stratospheric
sulfate aerosol layer and polar stratospheric clouds
and attenuation of solar photon ¯uxes is now evalu-

ated using a table look-up method (see Jackman et al.,
1996).

The model has latitude grid points spaced every 108,
from 858S to 858N, and 58 evenly spaced log-pressure
grid points positioned approximately every 2 km, from

the ground up to approximately 116 km. The daytime
averaged values for 62 separate species are computed.
A family photochemical approach is used in order to

increase the speed of the model. Thirty-two separate
families and species are transported. The time step is
one day.

The dynamics of the GSFC model has also been sig-
ni®cantly improved. Details of the new transport
method are brie¯y described here and by Jackman et
al. (1996). The transport ®elds are prescribed and are

derived from empirical data sets in order to maintain
the climatological character of the model rather than
calculated self consistently as in coupled 2D models.

Calculations of the zonally averaged transport ®elds
follow the method used by Garcia and Solomon (1983)
and by Bacmeister et al. (1995). Zonal winds � �u), tem-

peratures � �T), radiative and latent heating rates, large
scale wave induced horizontal di�usion coe�cients,
and Eliassen±Palm (E±P) ¯ux divergence are all deter-

mined o�-line from observations as functions of press-
ure level, latitude, and season. The model then uses the
�u and �T ®elds to determine the gravity wave induced
vertical di�usion coe�cients and the E±P ¯ux diver-

gence for the Lindzen±Holton parameterization. These
parameters are then used to solve the meridional
streamfunction ��w�� equations to obtain the large-scale

Fig. 1. Contours of the mass meridional streamfunction (kg

mÿ1 sÿ1) for south polar night conditions; see text. The meri-

dional streamlines coincide with the isopleths of the mass

meridional streamfunction. The ¯ow direction is clockwise

along the positive contours (solid lines) and is counter-clock-

wise along the negative contours (dashed lines).
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(residual) meridional circulation winds � �w�, �v�). �w� is
the residual vertical wind, and �v� is the residual meri-

dional wind.
The coe�cients of the meridional streamfunction

equation depend on calculated zonal wind ®elds and

17-year average zonal mean temperature ®elds
measured by the National Centers for Environmental
Prediction, formerly known as the National Meteoro-

logical Center, from the surface (1000 mb) up to the 1
mb level. The CIRA-86 empirical reference model is
used for pressure levels less than 1 mb. Zonal winds

are computed from temperatures using the gradient
wind relation. Forcing of the streamfunction is pro-
portional to the vertical gradient of the mechanical for-
cing from planetary waves and gravity waves, and the

latitudinal gradient of the total heating rate. Diabatic
heating rates are calculated using the method of
Rosen®eld et al. (1994), which includes climatological

distributions of temperature, ozone, and water vapor.
The climatological latent heating rate distribution is
adapted from Newell (1974).

Shown in Fig. 1 are contours of the mass meridional
streamfunction, �w�mass, as described by Garcia and Solo-
mon (1983). This is de®ned as

�w�mass �
r�w�

cosy
�1�

where y is the latitude, r is mass density, and

� �v�, �w� � � î� 1

r
r �w� �2�

where iÃ is the unit vector in the zonal direction. Hence,

the meridional streamlines coincide with the isopleths
of the mass meridional streamfunction. The ¯ow direc-
tion along the positive contours is in the clockwise
direction and along the negative contours is in the

counter-clockwise direction. Fig. 1 shows the residual
meridional ¯ow directions for mid-July. Note the
strong downward motion during polar night from the

lower thermosphere to the upper stratosphere over the
south pole.
A numerical piecewise parabolic method (PPM) is

used to advect the tracers. This advection scheme is
based on the method of Lin and Rood (1996), who use
the PPM of Colella and Woodward (1984) and Car-
penter et al. (1990). This PPM advection scheme is

highly accurate and preserves sharp gradients in the
tracer distributions.
In order to improve the dynamics, the original

GSFC 2D photochemical transport model had been
extended from 90 km to about 116 km (from 46 verti-
cal grid points to 58) (Jackman et al., 1996). The

region of the model between 90 and 116 km (pressure
levels 47 through 58) was treated by Jackman et al.
(1996) as a bu�er region. The photochemistry of the

bu�er region was not complete; thus computations of
constituents in this area were never shown. Here we

have remedied this by extending the photochemistry of
NOy up to 116 km. The primary production of ther-
mospheric NO is parameterized as described below.

Chandra et al. (1997) shows that the model does a
reasonable job of transporting water vapor throughout
the mesosphere. Mesospheric water concentrations are

largely controlled by meridional and vertical transport.
Chandra et al. (1997) used the GSFC 2D model (essen-
tially the same one we are using for this study) to

transport H2O and found agreement between the
model concentrations and concentrations measured by
HALOE at 80 km from 1992±1996 to within 10% at
458N latitude and to within about 20% at 458S lati-

tude. This agreement supports the validity of the 2D
transport scheme we use for the mesospheric region.
Comparisons between long-lived stratospheric tracer

distributions calculated with the circulation and obser-
vations described by Jackman et al. (1996) show that
the circulation adequately represents zonal mean trans-

port processes in the middle atmosphere.
In order to improve the speed of the photochemical

transport modeling, the GSFC 2D model uses a family

chemistry approach to transport the tracers. We solve
the continuity equations for only the chemical families
rather than for all of the species. Nitric oxide (NO)
was transported as part of the NOz (N, NO, NO2,

NO3, HO2NO2) family in the previous version of the
GSFC 2D model (see model description on pp. 90±94
in Prather and Remsberg, 1993). Such an assumption

breaks down in the upper mesosphere and lower ther-
mosphere where NO can have a long lifetime. The NO
produced in the thermospheric auroral zone can be

transported down into the mesosphere during polar
night. Hence, the GSFC 2D model has been modi®ed
to transport NO separately.

2.2. NOy photochemistry in the lower thermosphere

The production of atomic nitrogen (N(2D) and

N(4S)) occurs in the lower thermosphere by the pro-
cesses

N2 � e�p4N� 2D� � N�4S� b�N� 2D�� � 0:6 �3�

N2 � e�a4N� 2D� � N�4S� b�N� 2D�� � 0:6 �4�

N�2 � O4NO� � N� 2D� �5�

NO� � eÿ4O� N� 2D�, N�4S�

b�N� 2D�� � 0:75
�6�
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where b(N(2D)) is the branching ratio for producing
N(2D), e�p is an energetic photoelectron, and e�a is an

energetic auroral electron.
In the lower thermosphere N(2D) will produce NO

via the reaction

N� 2D� � O24NO� O �7�
which competes with the quenching reaction

N� 2D� � O4N�4S� � O �8�
The loss of NO in the lower thermosphere is by the
cannibalistic reaction

N� 2S� � NO4N2 � O �9�
and by the ionic reaction

NO� O�2 4NO� � O2 �10�

See Table 1 for rate constants.
Gerard et al. (1991) assessed the e�ects of non-ther-

mal (hot) N atoms on NO production in the reaction
of ground state N with O2 and suggested that at equa-
torial latitudes ``this contribution amounts to 6±30%
of the other classical production sources of NO for

solar minimum conditions.'' Below 120 km this source
accounts for less than 6% of the total NO production.
We do not include this source of NO in our model,

which contributes additional uncertainty to our results
although only at the few percent level.

2.3. Modeling NOy photochemistry of the lower

thermosphere

We now describe how thermospheric photochemistry

is handled in our model. The GSFC 2D model is pri-
marily a middle atmospheric model. We have extended
the odd nitrogen photochemistry up to 116 km in

order to evaluate the e�ects of thermospheric odd
nitrogen sources on the middle atmosphere. Here we
merely seek to provide a reasonable time dependent

upper boundary to a stratospheric photochemical
transport model.

2.3.1. Above 90 km
It follows from Eqs. (7) and (8) that the production

rate of NO due to thermospheric sources, Ptherm
NO , will

be the production rate of N(2D), PN� 2D� times some
e�ciency factor, e, i.e.,

Ptherm
NO � ePN� 2D� �11�

where e, is the ratio of the rate of reaction Eq. (7), (in
which N(2D) produces NO), to the total loss rate of
N(2D). That is,

e � kN� 2D��O2

�
N� 2D�

�
�O2 �

kN� 2D��O

�
N� 2D�

�
�O� � kN� 2D��O2

�
N� 2D�

�
�O2 �

�12�

e � kN� 2D��O2
�O2 �

kN� 2D��O
�O� � kN� 2D��O2

�O2 � �13�

e � 6� 10ÿ12�O2 �
1� 10ÿ12�O� � 6� 10ÿ12�O2 � �14�

If we make the very crude estimate that [O2] 1 [O] in

the lower thermosphere, then we have, for a rough ap-
proximation,

e10:86 �15�
The remainder of N(2D), which does not produce NO
via reaction (7), produces N(4S) via reaction (8). Hence
the production rate of N(4S) via the quenching reac-

tion (8) is �1ÿ e�PN� 2D�:
At 110 km e can vary from 10.86 to 10.95 depend-

ing on latitude, season, solar activity and geomagnetic

activity. In general, e is greatest at high latitudes
during periods of high geomagnetic activity. This
range of e gives more than a factor of two di�erence in

the NO density at 110 km, while in the middle and
lower mesosphere the di�erence is much less. Conse-
quently, the NO production at high latitudes may be

Table 1

Reactions and rate constants for thermospheric NO photochemistry

Reaction Rate constant (cm3 sÿ1)

N(4S) + NO4N2 + O kN�NO � 2:1� 10ÿ11 exp�100=T �a
NO + O2

+4NO+ + O2 kNO�O ÿ2 � 4:4� 10ÿ10b

N(2D) + O24 NO + O kN� 2D��O2
� 6� 10ÿ12b

N2
+ + O4NO+ + N(2D) kN�

2
�O � 1:4� 10ÿ10 exp�T=300�0:44b

N(2D) + O4N(4S) + O kN� 2D��O � 1� 10ÿ12b

a From Table 1 of DeMore et al. (1994).
b From Table 1 of Barth (1992).
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underestimated at times. Improving the parameteriza-
tion used for the production of NO in the lower ther-

mosphere awaits a more sophisticated model. To
simplify chemistry in the upper region of the model,
we hold e constant at 0.86 throughout this study.

The GSFC model does not contain the ions that
play an important role in the thermospheric odd nitro-
gen photochemistry. The production of N(2D) via ion

chemistry associated with the solar EUV and soft X-
ray absorption in the low and middle latitudes is
characterized by using rates published by Barth (1992)

(number of molecules produced or destroyed per unit
time per unit volume). The pro®les of the rates of reac-
tions (3), (5), (6) and (10) are taken from Barth. The
rate of the auroral dissociation (4), which depends on

auroral electron power, is provided by using the
Fuller-Rowell and Evans (1987) statistical ionization
model (see Appendix A). We assume 1.25 molecules of

N(2D) and N(4S) are produced per ionization which re-
spectively have the branching ratios of 0.6 and 0.4.
Let RN2�e�p , RN2�e�a , RN�

2
�O, and RNO�O2

be, respect-

ively, the rate pro®les (number of molecules produced
or destroyed per unit time per unit volume as functions
of altitude) of reactions (3)±(6) and (10). Let fd�l� be
the fraction of the 24 h day that is daylight, which is
dependent on latitude and season. The Barth rate pro-
®les are for noontime conditions at equinox. Multiply-
ing the Barth rate pro®les by fd�l� will give an estimate

of the daytime averaged rates. To account for solar
zenith angle, w, dependence of attenuation of the solar
EUV and soft X-rays, the Barth rate pro®les are multi-

plied by a factor of cos �w� (see Brasseur and Solomon,
1984, p. 103). It follows from Eq. (11), that the pro-
duction rate of NO, Ptherm

NO , in the lower thermosphere

is, therefore,

Ptherm
NO � e

ÿ
0:6RN2�e�p � RN�

2
�O

� 0:75RNO��eÿ
�
fd�l�cos �w� � 0:6eRN2�e�a �16�

A noontime solar zenith angle is used.

The loss rate of NO in the lower thermosphere is

Ltherm
NO � kN�NO � �NO�

�
N�4S�

�
� fd�l�cos �w�RNO�O�2 �17�

It is assumed that N(4S) is in photochemical equili-

brium. Thus above 90 km we have

�
N�4S�

�
� JNO�NO� �

X
R

kN�NO�NO� � kN�O2
�O2 � �18�

where

X
R � ÿ0:4RN2�e�p � 0:4RN2�e�a

� 0:25RNO��eÿ
�
fd�l�cos �w� � �1ÿ e�

� ÿ0:6RN2�e�p � RN�
2
�O

� 0:75RNO��eÿ
�
fd�l�cos �w�

� �1ÿ e�0:6RN2�e�a �19�

Hence, the loss rate of NO above 90 km can be writ-
ten as

Ltherm
NO � kN�NOJNO�NO� 2

kN�NO�NO� � kN�O2
�O2 �

� kN�NO�NO�
X

R

kN�NO�NO� � kN�O2
�O2 �

� fd�l�cos �w�RNO�O�
2

�20�

In the thermosphere [NOy] is assumed to be equal to

[NO], so above 90 km the production rate of NOy is
equal to the production rate of NO and the loss rate
of NOy is equal to the loss rate of NO.

2.3.2. Below 90 km

In the middle atmosphere the production of NO is
by the processes

N2O� O�1D�4NO� NO �21�

NO2 � hn4NO� O �22�

NO3 � hn4NO� O2 �23�

NO2 � O4NO� O2 �24�

N� OH4NO� H �25�
and the photochemical sinks of NO are

NO� N4N2 � O �26�

NO� NO342NO2 �27�

NO� HO24OH� NO2 �28�

NO� CIO4CI� NO2 �29�

NO� CH3O24CH3O� NO2 �30�

NO� O34O2 � NO2 �31�

NO� hn4N� O �32�
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(See Tables 2 and 3 for reaction rate coe�cients and

photolysis rates.
Thus, below 90 km the production rate of NO from

reactions (21) to (24) in addition to the thermospheric

sources, PNO
therm of Eq. (16), is

PNO � fd

�
JNO2
�NO2 � � JNO3

�NO3 � � kNO2�O�NO2 �

� �O� � 2kNO2�O�N2O�
�
O�1D�

��
� Ptherm

NO �33�

The loss rate of NO below 90 km from reactions

(26) to (32) in addition to the thermospheric sink of
ionic reaction (10) is

LNO � fd
ÿ
JNO � kNO�O3

�O3 � � kNO�CH3O2
�CH3O2 �

� kNO�ClO�ClO� � kNO�HO2
�HO2 �

� kNO�N�N� � kNO�NO3
�NO3 �

��NO�

� fd�l� cos �w�RNO�O�
2

�34�

The evaluation of [N] in this region is done, assum-
ing photochemical equilibrium, in the following way:

�N� � JNO�NO� �
X

R

kN�NO�NO� � kN�O2
�O2 � � kN�OH�OH� �35�

The largest source of NOy in the global stratosphere
is the oxidation of N2O, N2O + O(1D) 4 NO + NO
(Vitt and Jackman, 1996). N2O is introduced into the
model at the bottom boundary as described by Dou-

glass et al. (1989) and Jackman et al. (1990). There is
also a galactic cosmic ray source of NOy which makes
a contribution at high latitudes as described in Vitt

and Jackman (1996). Production of NOy by solar pro-
ton events was not included in this particular study.

2.4. Time series of energy inputs

The power inputs into the lower thermosphere,
which drive the formation of thermospheric NO, are
the solar EUV and soft X-ray radiation and the preci-

pitating auroral electrons in the auroral zone. The
solar EUV and soft X-rays have a solar cycle depen-
dence, both 27-day and 11-year. The precipitating aur-
oral electrons depend on auroral activity, which varies

greatly from day-to-day.

2.4.1. Solar production of odd nitrogen

The odd nitrogen production associated with solar
EUV radiation and soft X-rays is characterized by the
rate pro®le of reactions (10), (3), (5), and (6), denoted

as Ri, which we have taken from Barth (1992). These
pro®les are scaled using the 10.7 cm radio ¯ux par-
ameter, F10.7. The time series of F10.7 is obtained from

The National Geophysical Data Center. The pro®les
given by Barth are for solar maximum conditions
�F10:7 � 200). Barth et al. (1988) show that nitric oxide
in the E-region varies by a factor of 18 from solar

maximum to solar minimum. Thus, we assume that
these pro®les are reduced to one eighth their maximum
strength at solar minimum �F10:7 � 60). That is, Ri is

modulated by

Ri � Ri

� �F10:7 ÿ 60�7
�200ÿ 60�8 �

1

8

�
�36�

Table 2

Reactions and rate constantsa

Reaction Rate constant (cm3 sÿ1)

N2O� O�1D�4NO� NO kN2O�O�1D� � 6:7� 10ÿ11

NO2 � O4NO� O2 kNO2�O � 6:5� 10ÿ12 exp�ÿ120=T �
N� OH4NO� H kN�OH � 5:0� 10ÿ11

NO� N4N2 � O kNO�N � 2:1� 10ÿ11 exp�ÿ100=T �
NO� NO342NO2 kNO�NO3

� 1:5� 10ÿ11 exp�ÿ170=T �
NO� HO24OH� NO2 kNO�HO2

� 3:7� 10ÿ12 exp�ÿ250=T �
NO� ClO4Cl� NO2 kNO�ClO � 6:4� 10ÿ12 exp�ÿ290=T �
NO� CH3O24CH3O� NO2 kNO�CH3O2

� 4:2� 10ÿ12 exp�ÿ180=T �
NO� O34O2 � NO2 kNO�O3

� 2:0� 10ÿ12 exp�1400=T �
a Rates (units of cm3 sÿ1) are from Table 1 of DeMore et al. (1994).

Table 3

Photodissociationsa

Reaction Maximum wavelength for photolysis

NO� hn4N� O JNO (<191 nm)

NO2 � hn4NO� O JNO2
(<400 nm)

NO3 � hn4NO� O2 JNO3
(<700 nm)

a The cross sections are taken from DeMore et al. (1994).

Gamma bands of NO are taken from Allen and Fredrick

(1982).
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2.4.2. Auroral production of odd nitrogen
The odd nitrogen production associated with auroral

electrons which are incident on the upper atmosphere
is characterized by using a time series of daily averaged
hemispheric auroral electron power. This auroral elec-

tron power is observed by the TIROS series of satel-
lites (data from Tim Fuller-Rowell and Dave Evans
(both at NOAA) (private communication); also see

Evans et al. (1987) and Fuller-Rowell and Evans
(1987)).
We are able to obtain an ionization pro®le using a

statistical model provided by Fuller-Rowell and Evans
(Evans et al., 1987; Fuller-Rowell and Evans, 1987).
Given an auroral power and an activity index number,
the statistical model returns an ionization pro®le versus

latitude and longitude (see Appendix A for details).
These pro®les are zonally averaged and input into the
2D model as production rates of N(4S) and N(2D). We

assume that 1.25 molecules of N (N(4S) and N(2D))
are produced per ionization (Porter et al., 1976) with
the branching ratios of

b�N� 2D�� � 0:6 �37�

b�N�4S�� � 0:4 �38�
As described above, it is assumed that a fraction of the
N(2D), e, produces NO, while the remainder �1ÿ e�
produces N(4S).
For time periods where there is no data in the aur-

oral power time series, the Kp index is used as a proxy
for estimating the auroral power (see Appendix A).
The Kp index is obtained from The National Geophy-

sical Data Center.

2.5. Simulations

The GSFC 2D model has two modes of operation,

steady-state and time-dependent. `Steady-state' runs of
the 2D model are simulations with ®xed boundary con-
ditions. The constituent concentrations calculated by

these simulations reach a repeating annual cycle. All
steady-state runs in this study are for boundary con-
ditions corresponding to 1970. `Time dependent' runs
are simulations where, in addition to the energy inputs,

the bottom boundary conditions are determined as
functions of time. For example, chloro¯uorocarbons
(CFCs) are input into the model as bottom boundary

conditions which are time dependent.
Time dependent runs include NO production associ-

ated with solar EUV and soft X-ray radiation and pre-

cipitating auroral electrons as described in Section 2.4.
The model runs in this paper do not include solar pro-
tons or relativistic electrons.

3. Comparison of results to observations

Nitric oxide in the lower thermosphere and upper

mesosphere was observed by the ultraviolet nitric
oxide spectrometer (UVNO) experiment on the Atmos-
phere Explorer D (AE-D) satellite. The UVNO instru-

ment made measurements during the time period from
late November 1974 until early February 1975. This
was during the minimum of solar cycle 20. Fig. 2(a)

shows the NO resulting from the inversion methods
described by Cravens et al. (1985).

NO calculated by a run of the 2D model with the
time series inputs as described above is shown in
Fig. 2(b). This shows NO concentrations for mid-

December, 1974. This can be compared to the NO
observed by the UVNO experiment of Fig. 2(a). The
modeled and observed NO agree reasonably well at

high latitudes. At middle and low latitudes the com-
parison is not good. The model shows a maximum at
middle and low latitudes greater than 107.6 cmÿ3 (3.98

� 107 cmÿ3) whereas the UVNO NO is 1107 cmÿ3 at
the same latitudes. But, qualitatively, there is a maxi-
mum in both NO pro®les at 1105 km. In both ®gures

we see a sharp increase in NO in the northern hemi-
sphere as one goes from middle to high latitudes.
The Halogen Occultation Experiment (HALOE) on

the Upper Atmospheric Research Satellite (UARS) has
also observed NO in the upper mesosphere and lower

thermosphere. UARS was launched in September
1991. The HALOE instrument observes several trace
constituents of the middle atmosphere via solar occul-

tation. Some data results are presented by Siskind and
Russell (1996). Fig. 3(a) shows contours of NO
observed during November of 1992. These are zonal

means which were constructed by averaging each day's
sunset occultations (up to 15). Fig. 3(b) shows the
results of the 2D model during late November of 1992.

This ®gure is compared to Fig. 3(a). Here there is
reasonable agreement in the auroral zone in the
southern hemisphere. In both ®gures we also see a

deep minimum at approximately 80 km in the middle
and low latitudes. Although there is reasonable agree-
ment at 170 km, our calculation of NO below 60 km

overestimates the HALOE NO. In the northern hemi-
sphere, between 70 and 100 km, the contours of the
HALOE data slope downward as latitude is increased

from 308 to 508N. This suggests downward transport
from the thermosphere. The model results of Fig. 3(b)

do not exhibit these downward sloping contours. This
is evidence that the model underestimates the down-
ward transport from the lower thermosphere. It should

also be noted that the GSFC model computes the
species concentrations in daytime averaged form.
Hence these model predictions should be closer to the

sunset than the sunrise HALOE measurements.
Both Figs. 2 and 3 show model NO concentrations
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in the lower thermosphere at low latitudes that are

higher than the observed concentrations. The Siskind

et al. (1997) model also predicts NO concentrations at

low latitudes which are signi®cantly higher than the

observed concentrations, but ®nds better agreement

using greater vertical di�usion to bring down more

NO to the mesosphere. Vertical mixing associated with

gravity waves can penetrate into the lower thermo-

sphere and may not be well represented in this model.

We are not able to investigate the e�ects of using large

Kzz values �Kzz > 106 cm2 sÿ1) as Siskind et al. (1997)

had because numerical instabilities arise in the model

associated with the vertical grid spacing. Uncertainties

also arise from many other factors, such as the para-

meterization of the odd nitrogen photochemistry in the

lower thermosphere or the scaling of the production

rates.

McPeters (1989) gives a time series of NO from 1979

through 1986 in the mesosphere and lower thermo-

sphere which was observed by the solar backscatter

ultraviolet (SBUV) instrument on Nimbus 7. Fig. 4

(Figure 8 of McPeters, 1989) shows the observed

SBUV column NO above 1 mbar (150 km) for ®ve

latitude bands: 608N to 808N, 408N to 608N, 208N to

208S, 408S to 608S, 608S to 808S. Shown in Fig. 5 is

the model predicted column NO above 1 mbar in the

same latitude bands for the same time period.

Qualitatively, the trends in the model column NO in

the low latitudes agree with the observed column NO.

Both Figs. 4 and 5 show a general decrease in the NO

columns at low latitudes from 1979 through 1986,

from solar maximum to solar minimum. Both Figs. 4

and 5 also show a peak in the NO column at high lati-

tudes near 1982. In the middle and high latitudes the

model column NO is generally lower than the observed

column NO. For example, the maximum in the model

column NO is 18� 1014 cmÿ2 in the 608N to 808N
region, whereas the observed peak is 124� 1014 cmÿ2.
The enhancement at high latitudes in the column NO

in July 1982 is due to a fairly large solar proton event

in that month. McPeters (1982) used measurements of

NO to compute NO column density of 7� 1014 cmÿ2

by this solar proton event. Jackman et al. (1990) used

measured proton ¯uxes and an atmospheric model to

compute NO column density of 6� 1014 cmÿ2 by this

solar proton event. The model used in this study does

not include the production of NO associated with

solar proton events. Also, the parameterization used to

model the production of NO in the lower thermo-

sphere may underestimate the production of NO at

Fig. 2. (a) Extracted from Figure 14 of Cravens et al. (1985). Contour plot of the base 10 log of [NO] (cmÿ3) observed during

December of 1974 by the ultraviolet nitric oxide spectrometer (UVNO) experiment on the Atmosphere Explorer D (AE-D) satellite.

(b) NO concentration at mid-December, 1974, calculated with the 2D model. On this date the hemispheric auroral electron power

is 17.7 GW, and F10:7 � 87: Contour levels are 6.4, 6.8, 7.2, 7.4, 7.6, and 7.8.
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high latitudes. The value used for e of Eq. (11) is 0.86.
However, this parameter can actually be as high as
0.95 at high latitudes during periods of high geomag-

netic activity. Our underestimate of the column NO at

these high latitudes may be the result of our upper

model boundary at 116 km. Nonetheless, the timing of
the high latitude peaks generally coincide with the ob-

servations. Hence the temporal variations of the mod-

eled NO above 50 km are in reasonable agreement

with the SBUV observed trends and provides a reason-
able time dependent upper boundary to our middle at-

mospheric chemical model.

3.1. Contributions to the chemical budget of the middle
atmosphere

In order to quantify the enhancement of the middle

atmospheric NOy from the incorporation of thermo-
spheric sources of NO into the GSFC 2D model, a
simulation with the thermospheric sources (`thermo-

spheric simulation') was compared to a simulation
without thermospheric sources (`base simulation').
These 25-year simulations are from January 1, 1970,

through December 31, 1994.

To assess the e�ect of thermospheric NO sources on
the NOy budget in various regions of the middle at-

mosphere, we have calculated the percent enhancement
of NOy in these regions. The percent enhancement is
de®ned as

Percent enhancement � �Ntherm ÿNbase � � 100%

Nbase

�39�

where Ntherm and Nbase are the integrated total number
of molecules in the regions resulting from the thermo-

spheric run and base runs respectively.

Fig. 3. (a) Contour plot of sunset values of [NO] (cmÿ3)
observed during November of 1992 by the Halogen Occulta-

tion Experiment (HALOE) on the Upper Atmospheric

Research Satellite (UARS). (b) NO concentration during late

November, 1992, calculated with the 2D model. On this date

the hemispheric auroral electron power is 30.9 GW, and

F10:7 � 167:

Fig. 4. From Figure 8 of McPeters (1989). The long-term

trend in column NO above 1 mbar in units of 1014 cmÿ2 for

®ve latitude zones: (a) 608N to 808N; (b) 408N to 608N; (c)

208N to 208S; (d) 408S to 608S; (e) 608S to 808S.
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Fig. 6(a) shows the percent enhancement of NOy in

the north polar mesosphere, between 508 and 908N
latitudes and altitudes between 50 and 90 km. Note
the strong dependence of the enhancements on season.

The enhancements are predicted to peak during the

polar winter (as high as <1800%) when the down-
ward circulation is the strongest. The circulation of the

2D model is very strongly dependent on season, and

thermospheric NO is long lived during polar night.
Hence, the enhancement is strongly dependent on the

large scale circulation and thus on the season. There

is also an 11-year solar cycle dependence which is
evident. This is because the solar EUV, soft X-ray,

and auroral sources of NO are dependent on solar
activity.

Some of the NO produced in the thermosphere
may be transported to stratospheric altitudes where

it a�ects the chemical budget of the middle atmos-

phere. Fig. 6(b) and (c) show the enhancement of
NOy, de®ned by Eq. (39) in the north and south

polar stratosphere, respectively. The integration for

these regions is over latitudes from 508 to the pole,
and over stratospheric altitudes (from the tropopause

to 150 km). We compute a stronger enhancement

in the southern hemisphere. In the north polar

stratospheric region we compute a <13% enhance-
ment, depending on season and year, while in the

south polar stratospheric region we compute a
<18% enhancement. Comparing Fig. 6(b) and (c),
one sees that there is a stronger enhancement in the

southern hemisphere. Fig. 6(d) shows that the total
global stratospheric NOy budget is enhanced from
1.0% to 2.5% from the addition of the thermospheric

sources.
Fig. 7 shows the NOy mixing ratio (ppbv) for mid-

July, southern hemisphere winter. While Fig. 8 shows

the percent enhancement of NOy versus latitude and
pressure for mid-July analogous to the calculation of
Eq. (39). Again signi®cant enhancements (>10%)
reach down to 130 km at the south pole during the

southern hemisphere winter, when the downward
transport is the strongest. During the northern hemi-
sphere winter this signi®cant enhancement reaches

down to 140 km at the north pole.

3.2. Solar cycle variations

The response of the middle atmosphere to the 11-
year solar cycle was studied by Garcia et al. (1984)
and Huang and Brasseur (1993). Both of these model

Fig. 6. The percent enhancement of NOy molecules in (a) the

north polar mesosphere (50±90 km), (b) north polar strato-

sphere (the tropopause ÿ50 km), (c) south polar stratosphere,

(d) global stratosphere due to incorporating the thermospheric

sources of NO.

Fig. 5. The modeled long-term trend in column NO above 1

mbar in units of 1014 cmÿ2 for ®ve latitude zones: (a) 608N to

808N; (b) 408N to 608N; (c) 208N to 208S; (d) 408S to 608S;
(e) 608S to 808S.
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studies evaluated the NOy variation between solar
maximum and solar minimum times. Figs. 9 and 10
show the percent enhancement in NOy distribution

between solar maximum and solar minimum con-
ditions (1986 and 1989) for late September and late
June, respectively. Both Garcia et al. (1984) and

Huang and Brasseur (1993) compute an enhancement
of >50% at 140 km at the south pole during late
September. On the other hand, we compute a solar

maximum to minimum enhancement of 130% at 10
mbar (about 32 km). During south polar night, we see

a stronger enhancement, of >100% (see Fig. 10) at 1
mbar.

Garcia et al. (1984) and Huang and Brasseur
(1993) both used coupled photochemical transport
models and their transport ®elds vary with the solar

cycle since their heating rates are coupled to photo-
chemical budgets which are solar cycle dependent.
These other models are used to explore fundamental

physical connections. However, our transport ®elds
are independent of solar cycle and only the photo-
chemistry varies with solar cycle. Our transport ®elds

are prescribed based on 17-year climatological data
sets which do not vary with the solar cycle. The
transport of our model is constrained with empirical
inputs for the purpose of being tied closely to obser-

vations.

4. Summary and conclusions

The consequences of incorporating thermospheric

sources of NO into the GSFC 2D photochemical
transport model has been assessed. The enhancement
of NOy in the polar middle atmosphere (produced by

thermospheric inputs) is strongly dependent on season.
We see an asymmetry with respect to hemispheres,
with a stronger enhancement seen at the south pole.
During polar night, thermospheric NO is transported

down to 140 km at the north pole and 130 km at
the south pole. The magnitude of the polar night NO
enhancement due to the thermosphere strongly

Fig. 7. Modeled NOy mixing ratio (ppbv) during south polar

night. The contour levels are 1, 2, 5, 10, 20, and 100 ppbv.

Fig. 8. Percent enhancement of modeled NOy during south

polar night.

Fig. 9. The percent change in NOy distribution between solar

maximum and solar minimum condition for late September

(1986 and 1989). The contour levels are 1%, 10%, 20%,

30%, 100% and 500%.
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depends on altitude. Mesospheric NOy is strongly

enhanced during periods when the thermospheric NO

downward transport is the strongest, during winter.

The modeled column NOy in the north polar meso-
sphere is enhanced by as much as 1800%, while the

modeled column NOy in the north polar stratosphere

is only enhanced by as much as 13%. The model col-

umn NOy in the south polar stratosphere is enhanced

by as much as 18%.

Our modeled NO concentrations in the lower ther-

mosphere at low latitude are consistently higher than

the observed concentrations. However, our concen-

trations at high latitudes are more consistent with the
observations. The long-term trend of the modeled NO

column densities above 1 mbar closely resembles the

observations of McPeters (1989) with the exception

that our winter time peaks at high latitudes are consist-

ently lower than that of McPeters. We compute south

polar NOy enhancements of 30% at 10 mbar for solar
maximum compared to solar minimum. These calcu-

lations indicate that signi®cant solar cycle related NOy

Fig. 10. The percent change in NOy distribution between

solar maximum and solar minimum condition during south

polar night (1986 and 1989). The contour levels are 1%, 10%,

100% and 500%.

Fig. 11. The daily averaged hemispheric auroral electron power time series.
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variations are possible in the mid to upper polar stra-
tosphere.
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Appendix A

A.1. Auroral ionization model

Rates of ionization pro®les by auroral electron

impact in the thermosphere are needed to determine
the auroral production rates of odd nitrogen species
which are incorporated into the GSFC 2D photoche-
mical model.

Ionization rates are a function of total hemispheric
electron power, geomagnetic latitude, and geomagnetic
longitude. These rates are independent of ambient den-

sity of the atmosphere, and thus independent of model
atmosphere, and had been calculated by Tim Fuller-
Rowell and Dave Evans at NOAA as described by

Fuller-Rowell and Evans (1987) and Evans et al.
(1987). Statistical patterns of integrated ¯uxes of aur-
oral particles and characteristic energies sorted by the

time series of electron ¯uxes measured by TIROS/
NOAA polar orbiting satellites are used to calculate
the pro®les. The TIROS satellites have 11 detector
energy passbands. The total energy range of the aur-

oral electrons is from 0.3 keV to 20 keV.
Characteristic energy maps and maps of energy

in¯ux into the atmosphere of the auroral particles have

been compiled by Evans and Fuller-Rowell for 10 dis-
crete activity levels. The activity levels are determined
by total hemispheric auroral electron power. At a par-

ticular latitude and longitude the characteristic energy
and the integrated energy in¯ux into the atmosphere
are determined by the maps, given an auroral activity
level. That is, the auroral activity level determines the

set of maps to be used. It is assumed that the charac-
teristic energy is su�cient to describe the shape of the
energy spectrum and the integrated energy in¯ux is

su�cient to normalize the spectrum. A normalized ion-
ization pro®le is given for each characteristic energy,
and the ionization is scaled by the integrated energy

in¯ux of the particles. Further, for auroral powers
greater than 96 GW, the ionization rates are scaled
according to power.

A.2. The auroral power time series

The time series of the hemispheric daily averaged
auroral electron power input into the atmosphere
starts on day 306, 1978, and runs through day 31,

1995. The time series is shown in Fig. 11. The time
series of the Fuller-Rowell and Evans hemispheric aur-
oral electron power has periods where there is no data.

In order to remedy this, the daily averaged auroral
power has been correlated with the Kp geomagnetic
index. We have used Kp as a proxy to ®ll in the miss-

ing gaps of the auroral power time series. The Kp

index is linearly correlated with the Fuller-Rowell and
Evans hemispheric auroral electron power obser-
vations. In addition to ®lling in the gaps, we can use

the proxy to give an auroral power for dates before
the start of the time series.
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