
difference, which is an order of magnitude
greater than that predicted by K-V system-
atics. This unexpected 6% change is greater
than the variations in K observed for the
entire compositional range of Mg-Fe solid
solution in many oxides and silicates (2).

The observed dependence of K on Mg-
Ti ordering is a consequence of the differ-
ential compressibilities of weaker Mg21–O
and stronger Ti41–O bonds. The structure
parallel to the b axis features an alternating
sequence of one M1 and two M2 octahedra.
Compressibility along this direction, there-
fore, is always the average of one Mg-O and
two Ti-O bonds, regardless of the state of
Mg-Ti order. Compression along the a and
c axes, by contrast, is dictated primarily by
M2 octahedra, which form a continuous
edge-sharing octahedral linkage in the
(010) plane. In ordered MgTi2O5, the M1
(Mg) octahedron is relatively compressible
with an octahedral K of 172 6 4 GPa,
whereas the M2 (Ti) octahedron is relative-
ly rigid with an octahedral K of 250 6 7
GPa. In disordered MgTi2O5, M1 and M2
octahedra display the same compressibili-
ties, with an average K of 225 GPa. Crystal
compression of this disordered variant is less
constrained along the a and c axes, and is
thus more isotropic.

High pressure has been observed to in-
duce ordering in many silicates (3, 14),
including most of the major phases postu-
lated for Earth’s mantle (15). This pressure-
induced ordering will affect EOS in two
ways. First, the typically negative volume of
ordering (2) will reduce room-pressure unit-
cell volume, V0, of mantle phases equili-
brated at high pressure; indeed, this nega-
tive DVdis is the driving force for pressure-
induced ordering. Second, ordering will it-
self affect elastic constants by subtle
alteration of compression mechanisms, es-
pecially in cases of mixed-valence cation
ordering, such as MgTi2O5. We conclude
that phases with significant DVdis greater
than 0.1%, including olivines, spinels, py-
roxenes, carbonates, and feldspars (2), may
also display EOS that are order-dependent.

EOS for geophysically relevant materi-
als are usually made assuming rapid and
reversible pressure-temperature-volume
systematics. This assumption is invalid for
phases that display order-disorder, because
V0, compressibility, and presumably ther-
mal expansivity are functions of the state
of order. Given this situation, seismic ve-
locities alone may be insufficient to re-
solve compositional effects from those of
ordering in some minerals. Determination
of EOS of minerals relevant to mantle
conditions must thus be performed in situ,
on crystals that have ordered states equil-
ibrated with respect to both temperature
and pressure.
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Implications of Satellite OH Observations for
Middle Atmospheric H2O and Ozone

M. E. Summers,* R. R. Conway, D. E. Siskind, M. H. Stevens,
D. Offermann, M. Riese, P. Preusse, D. F. Strobel,

J. M. Russell III

Satellite observations by the Middle Atmosphere High Resolution Spectrograph Inves-
tigation (MAHRSI) have produced global measurements of hydroxyl (OH) in the atmo-
sphere. These observations reveal a sharp peak in OH density near an altitude of 65 to
70 km and are thus consistent with observations from the Halogen Occultation Exper-
iment (HALOE) on the NASA Upper Atmosphere Research Satellite (UARS), which
showed an unexplained H2O layer at the same level. Analysis of stratopause (about 50
kilometers) OH measurements and coincident ozone observations from the Cryogenic
Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) experiment reveals
that the catalytic loss of ozone attributable to odd-hydrogen chemistry is less than that
predicted with standard chemistry. Thus, the dominant portion of the ozone deficit
problem in standard models is a consequence of overestimation of the OH density in the
upper stratosphere and lower mesosphere.

The hydroxyl radical is arguably the single
most important natural oxidizing agent in
Earth’s atmosphere (1), yet OH is very dif-
ficult to measure because of its high reac-
tivity and thus its extremely low atmospher-
ic abundance. In the middle atmosphere

(between ;15 and 90 km altitude), OH is
known to play a fundamental role in the
catalytic loss of atmospheric ozone (O3)
(2–4). Although previous ground-based
and satellite platforms have produced ex-
tensive databases on middle atmospheric O3
and H2O (the parent molecule of OH), the
MAHRSI and CRISTA observations have
provided the first coincident observations
of OH and O3 at the stratopause (;50 km)
and above (5, 6). In this region, the pho-
tochemistry of O3 and odd hydrogen (H 1
OH 1 HO2, denoted by HOx) is thought to
be relatively simple, whereas in the strato-
sphere HOx chemistry is coupled to other
catalytic cycles involving chlorine and ni-
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trogen species. Although aircraft observa-
tions suggest that the current model of O3
chemistry in the lower stratosphere is rea-
sonably accurate (7), photochemical mod-
els of the upper stratosphere and lower me-
sosphere generally underpredict the O3
abundance (8). This “ozone deficit” prob-
lem, although controversial (9), has persist-
ed despite extensive modeling studies (10),
laboratory studies of the kinetics of the HOx
catalytic system (11), and suggestions of
possible additional sources of O3 production
in the atmosphere (12).

The MAHRSI and CRISTA observa-
tions, from the German Shuttle Pallet Sat-
ellite (ASTRO-SPAS) on the space shuttle
Atlantis in November 1994 (6), are well
suited for testing HOx chemistry in isolation
and, in particular, the role of HOx chemistry
in the ozone budget. The same shuttle mis-
sion included the third flight of NASA’s
Atmospheric Laboratory for Applications
and Science (ATLAS-3). The MAHRSI ob-
servations consist of limb scans of OH
A2S1-X2P solar resonance fluorescence
near 309 nm, which are inverted to yield OH
density profiles. During 80 orbits of OH
measurements, MAHRSI obtained ;1200
daytime limb scans of the OH emission.

The OH density distribution obtained
from one representative orbit of MAHRSI
observations (Fig. 1A) reflects the two prin-
cipal photochemical sources of OH. In the
upper mesosphere (above ;65 km), OH is
produced by photodissociation of H2O at
ultraviolet wavelengths (principally at the
solar hydrogen Ly a emission line at 121.6
nm). Below ;65 km the dominant source of
OH is the reaction O(1D) 1 H2O3 2OH,
where O(1D) is a product of O3 photolysis.
Because these OH sources depend on the
breakup of the water molecule, driven either
directly or indirectly by solar radiation, the
OH distribution is a function of both H2O
abundance and solar zenith angle.

The zonal average water vapor distribu-
tion for a time period encompassing the
MAHRSI mission, obtained from the re-
cently reprocessed HALOE (version 18)
observations (13), is shown in Fig. 1B. The
morphological similarity between the ob-
served OH and the water vapor distribution
in the middle and upper mesosphere (above
;60 km) is striking and is a consequence of
the large sensitivity of OH to H2O in this
region (14). In the early morning, when the
solar zenith angle is high, the contours por-
tray the formation of OH after sunrise. As
the solar zenith angle decreases below
;60°, the OH data begin to reflect the
;25% variation in the latitudinal distribu-
tion of H2O. In the lower mesosphere (;50
to 60 km altitude), where photolysis of O3
indirectly controls the OH source, both O3
and H2O exhibit little diurnal variation.

Furthermore, the OH and O3 densities here
are expected to have weak dependences on
the water vapor abundance, that is, [O3] }
[H2O]–1/3 and [OH] } [H2O]1/2 (4). Because
the H2O abundance in the lower meso-
sphere varies by less than ;10% between
50°S and 50°N, latitudinal variation in wa-
ter vapor contributes little to the variation
in OH and O3. The OH density below ;60
km is therefore primarily dependent on the
solar zenith angle, which is a slowly varying
function during the day, as seen in the OH
observations in Fig. 1A.

The retrieved OH density profiles from
18 orbits of observations on 5 and 6 No-
vember 1994 that were within 65° of lati-
tude of 30°S, 10°N, and 35°N are shown in
Fig. 2. These latitudes were chosen to test

model HOx chemistry under early-, mid-,
and late-morning solar illumination condi-
tions. For each latitude bin, the data from
all orbits show remarkable coherency, com-
parable to the estimated measurement ran-
dom error (6, 15).

We used a one-dimensional, time-
dependent photochemical model to simu-
late the diurnal variation of OH and O3
(14). Because H2O is long-lived (with a
chemical lifetime of weeks to months), we
fixed model water vapor abundances to the
HALOE values. Results for three model
cases are shown along with the MAHRSI
OH data in Fig. 2. In model A, we assumed
standard HOx chemistry, denoted here by
JPL94 (11). In model B, we assumed a 50%
reduction for the rate coefficient for
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Fig. 1. (A) Retrieved MAHRSI OH number density (units of 106 cm–3) as a function of altitude and latitude
for MAHRSI orbit 27 on 5 November 1994. The solar zenith angle and local solar time of the observations
are indicated at the top. (B) Zonal average H2O mixing ratio (parts per million by volume) generated by
plotting daily average HALOE sunrise occultation profiles for 23 October to 30 November 1994.
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O 1 HO23 OH 1 O2 (1)

In model C, we assumed a 20% reduction in
the rate coefficient for reaction 1 along
with a 30% increase in the rate coefficient
for

OH 1 HO23 H2O 1 O2 (2)

Model B arises from a study of ground-
based microwave observations of HO2 and
O3 by Clancy et al. (16), who proposed a
major reduction of ;50 to 70% in the rate
coefficient for reaction 1 so as to bring
theory into acceptable agreement with
their observations of both of these species
in the lower mesosphere. This is 2.5 to 3.5
times the quoted measurement uncertain-
ty in JPL94. The modifications for model
C are equivalent to the estimated 1s mea-
surement uncertainty (11) for both of
these reactions. A decrease in the rate of
reaction 1 decreases the OH/HO2 ratio,
whereas an increase in the rate of reaction
2 decreases total HOx.

Standard HOx chemistry overestimates
the OH abundances below ;75 km alti-
tude for the 10°N and 35°N latitudes, and
below ;65 km for 30°S. However, models
B and C both give good agreement at all
three latitudes and all altitudes, with the
exception of a region centered at ;70 km

for 30°S (where there is a slight underpre-
diction). The agreement near the OH
peak at ;65 to 70 km is largely a conse-
quence of the high peak H2O mixing ratio
at that level seen in the version 18 HA-
LOE H2O profiles. Models of OH using
earlier (version 17) HALOE H2O profiles
do not agree with the MAHRSI OH data,
because those H2O data did not show such
a pronounced maximum near 65 to 70 km
(14, 17).

Near the stratopause (;50 km), the
model OH with standard HOx chemistry
overpredicts the observed values by ;30
to 40%, as previously shown (14). Of the
three latitude bins, the best agreement
between model OH and observed profiles
is at 10°N, where HALOE H2O observa-
tions were obtained on 7 November 1994,
only 1 to 2 days after the MAHRSI obser-
vations. Middle atmospheric H2O under-
goes a slow seasonal cycle in response to
the changing circulation and solar insula-
tion. Hence, only a slight change in H2O
would be expected to occur in a 2-day time
period. Because of the latitudinal preces-
sion of the HALOE occultations, the
models use HALOE H2O data from sunrise
occultations that were made on 15 No-
vember and 1 November 1994, respective-
ly, for 30°S and 35°N.

The effects of modified HOx chemistry
on the OH and HO2 density profiles are
shown in Fig. 3. Model B leads to a change
of less than 10% in the calculated OH and
HO2 density profiles below 30 km altitude.
Thus, this model would have little impact
on lower stratospheric (#30 km) chemis-
try (7). Near 40 km altitude, model B
yields an OH density ;25% lower than
standard chemistry; this appears to be con-
sistent with recent studies of in situ bal-
loon measurements (18), which showed
that standard chemistry overestimates OH
by 20% at 37 km (near the highest altitude
of the balloon measurements). Model C
leads to larger changes in both OH and
HO2 in the lower stratosphere, which are
probably incompatible with the balloon
measurements. In the mesosphere, both
modified HOx models lead to somewhat
similar decreases for OH density, but the
results for HO2 are distinctly different.
Model B leads to relatively large increases
in HO2, whereas model C yields a much
smaller increase. Ground-based observa-
tions of high values of HO2 in the lower
mesosphere (16) favor model B.

These modifications to HOx chemistry,
which appear to be necessary to explain the
MAHRSI data, have important conse-
quences for the ozone budget. At the stra-
topause and above, ozone loss is dominated
by HOx catalytic cycles (3). A critical test
of the validity of lowered HOx catalytic loss
rates on O3 can be made by a direct com-
parison between models and coincident OH
and O3 observations.

Coincident MAHRSI OH and CRIS-
TA O3 observations at 50 km altitude for
orbit 27 (19) are shown in Fig. 4. The
large-scale variations with latitude in the
CRISTA O3 data are thought to be real,
because they are seen in a similar way by
the two lateral telescopes of the CRISTA
instrument (20). Shown along with the
CRISTA O3 data in Fig. 4B are O3 mixing
ratios obtained from HALOE observations

Fig. 2. Retrieved MAHRSI OH
density profiles from 18 orbits
of observations during 5 and
6 November 1994, within
three latitude ranges: (A) 25°
to 35°S, (B) 5° to 15°N, and
(C) 30° to 40°N. The photo-
chemical model results at the
mean latitudes and at the ap-
propriate local solar times
were convolved with the
MAHRSI weighting functions.
Results are shown for the
three models discussed in the
text; models B and C are
nearly indistinguishable.

Fig. 3. Percentage change in model OH and HO2
densities (A) between standard HOx chemistry
and model B, and (B) between standard HOx

chemistry and model C.
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on the same day as the MAHRSI and
CRISTA observations. On this day HA-
LOE sampled latitudes from ;9° to 19°N,
and the zonal mean O3 mixing ratio ob-
tained from both sunrise and sunset occul-
tations was ;2.5 parts per million by vol-
ume (ppmv) (21). The Millimeter-wave
Atmospheric Sounder (MAS) on the AT-
LAS-3 mission also observed O3 on 4 No-
vember 1994; the inferred O3 mixing ra-
tios from MAS nearest to the HALOE and
CRISTA measurements are also shown.
The three separate ozone measurements
are in general agreement.

Also shown in Fig. 4 are results from a
set of photochemical model runs at five
locations along the orbit at the appropri-
ate local solar times of the observations.
The standard model shows a clear OH
overprediction at all latitudes along with
an underprediction of O3; this is an illus-
tration of the ozone deficit problem in
standard models. Lowering model OH by
the above HOx modifications leads to larg-
er values of O3 (less HOx catalytic destruc-
tion of active oxygen). Both modified
HOx models lead to better agreement with

the CRISTA O3 data. Standard chemistry
produces ;20 to 25% less O3 than the
modified HOx models. Thus, the domi-
nant component of the ozone deficit is
attributable to the standard chemistry
overestimate of OH. This is no surprise,
because suggestions to that effect were
made as early as 1985 (22). The difficult
nature of remote satellite measurements of
OH long delayed this experimental con-
firmation of the earlier suggestions.

Our results show that the MAHRSI
OH and HALOE H2O data provide a con-
sistent picture of the odd-hydrogen pho-
tochemistry in the mesosphere. A 5-year
climatology of HALOE water vapor obser-
vations (23) at low latitudes shows a peak
in the H2O mixing ratio near 50 km, a
slight decrease just above this level to a
minimum near ;60 km, and an increase
to a secondary maximum near 65 to 70
km. This second peak in the HALOE H2O
data (Fig. 1B) is essential to agreement
between the model OH and the data, and
thus the MAHRSI OH observations indi-
rectly support the existence of this feature
in the HALOE data. However, this second
peak is not seen in long-term ground-
based observations (24)—likely because of
the much lower vertical resolution (7 to
10 km) of the ground-based technique—
nor in two-dimensional models of meso-
spheric water vapor (25). Furthermore,
the observed peak value of ;8 ppmv of
H2O as seen by HALOE near the equator
(Fig. 1B) represents a violation of “total
hydrogen”—that is, 2 3 CH4 1 H2O—
which is observed to be less than ;7 ppmv
in the lower stratosphere (25). As a result,
this observed double-layer H2O mixing
ratio distribution brings into question our
basic understanding of the sources and
sinks of middle atmospheric water vapor
(23).

These MAHRSI OH observations have
implications for other aspects of middle
atmospheric chemistry, such as CO loss
(26), H2O photochemical recycling (3),
CH4 oxidation (25), and release of active
chlorine through OH 1 HCl 3 Cl 1
H2O in the upper stratosphere. For exam-
ple, the standard model overprediction of
OH in the upper stratosphere may provide
an explanation for the overprediction of
ClO in this region (27). Our study reveals
the need for (i) further coincident OH
and O3 observations, particularly for dif-
ferent seasons; (ii) independent observa-
tional verification of the middle meso-
spheric H2O peak seen by HALOE; (iii) a
reevaluation of the laboratory determina-
tions of HOx chemical rate coefficients
that dominate mesospheric ozone loss; and
(iv) increased emphasis on measurements
of HO2 in the upper stratosphere and low-

er mesosphere, because OH-HO2 parti-
tioning is a key test of proposed HOx
chemistry modifications.
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Fig. 4. (A) Retrieved MAHRSI OH number densi-
ties at 50 km altitude for orbit 27 on 5 November
1994. The local solar time and solar zenith angle at
the tangent point are indicated at the top. The
shaded area shows the estimated MAHRSI OH
random measurement error propagated through
the retrieval. (B) Ozone mixing ratio inferred from
coincident CRISTA observations for the same or-
bit. The shaded area represents a 3s range,
where the 1s measurement error is estimated to
be 63% in the retrieved mixing ratio. UARS HA-
LOE sunrise (SR) and sunset (SS) O3 and AT-
LAS-3 MAS O3 mixing ratios for the same day
closest to the MAHRSI and CRISTA observations
are shown. In both panels, results are shown at
the appropriate local times and latitudes for the
three models discussed in the text. Model OH was
convolved with the MAHRSI weighting functions.
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