1 JULY 1997

1739

ELUSZKIEWICZ ET AL.

Sensitivity of the Residual Circulation Diagnosed from the UARS Data to the
Uncertainties in the Input Fields and to the Inclusion of Aerosols
JANUSZ ELUSZKIEWICZ
Center for Meteorology and Physical Oceanography, Massachusetts Institute of Technology, Cambridge, Massachusetts

DAVID CRISP
Earth and Space Sciences Division, Jet Propulsion Laboratory, Pasadena, California

R. G. GRAINGER

AND

ALYN LAMBERT

Atmospheric, Oceanic, and Planetary Physics, University of Oxford, Oxford, United Kingdom

A. E. ROCHE, J. B. KUMER,

AND

J. L. MERGENTHALER

Lockheed–Martin Palo Alto Research Laboratory, Palo Alto, California
(Manuscript received 15 July 1996, in final form 12 December 1996)
ABSTRACT
The simultaneous measurements of temperature, aerosol extinction, and concentrations of radiatively active
gases by several instruments aboard the Upper Atmosphere Research Satellite permit an assessment of the
uncertainties in the diagnosed stratospheric heating rates and in the resulting residual circulation. In this paper,
measurements taken by the Cryogenic Limb Array Etalon Spectrometer (CLAES) are used to compute the
circulation and to compare it against values obtained previously from the measurements obtained by the Microwave Limb Sounder (MLS). There is a broad agreement between the two sets of calculations and known
biases in either CLAES or MLS ozone and temperature measurements are found to be responsible for the areas
of disagreement. The inclusion of aerosols has improved the estimates of the residual circulation in the lower
stratosphere during the 1992–93 period covered by CLAES. Present estimates of the aerosol heating are significantly different from those found in other studies, probably as a result of differences in the treatment of
tropospheric clouds and in the adopted vertical profiles of aerosol extinction. Moreover, a large uncertainty in
these estimates is caused by the uncertainties in the assumed refractive indices for sulfuric acid solutions.

1. Introduction
Measurements acquired by the instruments aboard the
Upper Atmosphere Research Satellite (UARS) have facilitated the estimation of the residual circulation at
good vertical resolution over several seasonal cycles. In
a previous publication (Eluszkiewicz et al. 1996, hereafter referred to as Paper I) we have diagnosed the circulation for the September 1991–August 1994 period
using fields of temperature and of radiatively active gases measured mainly by the Microwave Limb Sounder
(MLS) aboard UARS. In the middle and upper stratosphere, we identified several interesting phenomena, including the semiannual and quasi-biennial oscillations
in the Tropics, the interhemispheric asymmetry in the
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downward velocities between the northern and southern
winters, and the relation of these velocities to the wave
forcing diagnosed as the residual in the momentum
equation. We also attempted to provide quantitative estimates of the circulation in the lower stratosphere but
were hampered by the vertical range of MLS temperature measurements (which only extend down to 22 hPa
in the Version 3 data we used) and by the known biases
in the ozone measurements (in particular, the low bias
at 46 hPa in the Tropics and large systematic errors at
100 hPa). In addition, while the radiative effects of Mt.
Pinatubo aerosols were assessed for a few selected profiles using measurements taken by the Improved Stratospheric and Mesospheric Sounder (ISAMS) aboard
UARS, these effects were not included in the zonal mean
fields of diabatic heating, thus leading to large uncertainties in the circulation diagnosed for the 1991–92
period.
In this paper, the residual circulation will be diagnosed using data obtained by another UARS instrument,
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TABLE 1. Averaging periods for radiative heating and residual circulation calculations. South-viewing period is given first.
Yaw

Label

4
5
6
7
8
9
10
11
12
13
14
15
16
17

Jan 92
Feb 92
M–A 92
A–M 92
M–J 92
Jul 92
Aug 92
S–O 92
O–N 92
N–D 92
D–J 92/93
J–F 93
Mar 93
A–M 93

the Cryogenic Limb Array Etalon Spectrometer
(CLAES). The input fields are described in section 2.
In sections 3 and 4, the diagnosed heating rates and the
residual circulation are described and compared with
the results from Paper I. In section 5, the effects of
including the aerosols in the heating calculations are
discussed, followed by a discussion of extratropical
mass fluxes in section 6. A summary of the results is
given in section 7.
2. Input data
The zonally averaged fields of temperature, ozone,
methane, nitrous oxide, and aerosol extinction used in
the heating calculations are obtained from the CLAES
Version 7 Level 3AL files available from the NASA
Goddard Distributed Access Archive Center. Since
CLAES Version 7 water vapor data are not recommended for scientific use by the instrument team, we
use the MLS H2O fields. The distribution of NO2 is
constructed from the seven months (October 1978–May
1979) of Limb Infrared Monitor of the Stratosphere
(LIMS) daytime measurements extended to a full seasonal cycle on the assumption of hemispheric symmetry
for the respective month [the use of LIMS data is motivated by the fact that the CLAES Version 7 NO2 measurements are not validated (A. Dessler 1996, personal
communication)]. The CO2 mixing ratio is computed by
means of the expressions given by Keeling at al. (1989)
and set to 346 ppmv (on 1 January 1993) below and
above 22 km, respectively (a trend of 1.5 ppmv yr21 is
assumed). This somewhat detailed procedure is used for
completeness only, as the heating effects of the uncertainties in the assumed CO2 abundances are very small
(e.g., the IR cooling rates change by less than 1% when
a constant value of 330 ppmv is used). The treatment
of tropospheric clouds and surface albedo is described
in Paper I.
It was found in Paper I that the use of Level 3AL
files, as opposed to mapped products, leads to small
(,0.05 K day21) differences in the zonal mean fields
of diabatic heating. The time-averaged fields are com-

Averaging periods
18–25 January and 9–12 January 1992
3–10 February and 18–25 February 1992
27 March–3 April and 14–21 March 1992
21–28 April and 5–12 May 1992
11–18 June and 22–29 May 1992
3–10 July and 17–24 July 1992
17–24 August and 3–10 August 1992
10–17 September and 24 September–1 October 1992
2–9 November and 19–26 October 1992
19–26 November and 3–10 December 1992
13–20 January and 30 December–6 January 1992/93
29 January–5 February and 13–20 February 1993
24–31 March and 7–14 March 1993
15–23 April and 30 April–4 May 1993

puted for the periods (mostly 8 days) listed in Table 1,
which are chosen to be as close to the yaw days as
possible (to ensure a near-simultaneity of the resulting
quasi-global fields; see Paper I for details). They differ
slightly from the corresponding periods in Paper I because the door of the CLAES instrument was closed for
a couple of days prior to and after each yaw maneuver.
However, we have retained the solar flux files (provided
by the UARS SOLSTICE team) used in Paper I and
computed the solar heating with the orbital parameters
corresponding to the midpoints of the averaging periods
in Paper I.
There have been extensive validation comparisons
made for the UARS temperature sounders, including
CLAES (Gille et al. 1996) and MLS (Fishbein et al.
1996). Those comparisons involved in situ lidars, rocketsondes, and radiosondes, as well as NMC (currently
National Centers for Environmental Prediction) and
UKMO analyses (note that NMC temperatures are used
in the MLS Version 3 files for p $ 46 hPa). In general,
CLAES mean differences versus in situ soundings and
NMC are in the 1–2 K range (CLAES cooler) in the
lower stratosphere. Exceptions are for southern winter
high latitudes (608–808S), where there are up to 23 K
differences, and in the Tropics (158S–158N), where
CLAES can be colder than NMC by up to 5 K between
about 100 and 50 hPa in early 1992. It should be noted
that CLAES temperatures in the range 10–100 hPa are
retrieved on the instrument’s native vertical scale and
footprint and any vertical structure in the temperature
profile within that inherent spatial resolution is captured.
CLAES temperatures are not constrained to NMC temperatures; rather, the mean value of the whole CLAES
vertical profile in this range is adjusted to a best fit to
the mean NMC profile, to establish a reference pressure.
The details of the CLAES-retrieved profile structure are
not changed by this process. At any particular altitude,
therefore, differences can exist between the two profiles,
with CLAES representing a much higher temporal and
spatial resolution measurement compared with the assimilated NMC product.
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For ozone we use the 780 cm21 channel data, for
which detailed comparisons between CLAES and MLS
are given in Cunnold et al. (1996) (see also Bailey et
al. 1996). Briefly, the major CLAES–MLS systematic
differences are 1) above about 1 hPa CLAES mean values are about 10% less than MLS; 2) between about 2
and 20 hPa CLAES is about 10% larger than MLS; 3)
below 20 hPa outside the Tropics CLAES is 10%–15%
larger than MLS; and 4) below 40 hPa in the Tropics
CLAES is as much as 50% larger than MLS. In comparison with the Stratospheric Aerosol and Gas Experiment (SAGE), Cunnold et al. suggest that the large
CLAES 2 MLS tropical differences near 46 hPa are
due to MLS being about 20% too small and CLAES
being 15% too large, especially during the early part of
the mission.
The primary aerosol products used in this paper are
the zonal mean distributions of extinction at 780 cm21
(Mergenthaler et al. 1995; Massie et al. 1996). Although
several shorter wavelength CLAES aerosol channels
might be adequate for this work, the 780 cm21 channel
is used because 1) the 780 cm21 aerosol is optically
thinner than shorter-wavelength channels, making the
retrieval less sensitive to errors for heavy aerosol loading; 2) due to the wavelength dependence of the Planck
function, aerosol retrievals at the longer wavelengths
are less sensitive to temperature uncertainties; and 3)
aerosol typically contributes a high fraction of the continuum in the 780 cm21 channel, which reduces the uncertainty associated with other continua from gaseous
emitters. Together with the fields of temperature and
water vapor, the aerosol extinction measurements allow
us to infer the wavelength-dependent extinction and
scattering coefficients and the asymmetry parameter at
nine UARS vertical levels equally spaced in log pressure
between 100 and 4 hPa. The aerosol spectrum is obtained as the Mie spectrum of sulfuric acid calculated
from the refractive indices of Palmer and Williams
(1975) normalized to the values measured by Remsberg
et al. (1974), and the spectrum is referenced to the absolute measurement at 780 cm21 [for details of the method, see Grainger et al. (1995, 1996)]. In section 5 we
will present results describing the very good agreement
in the aerosol extinction profiles and the resulting heating rates between CLAES and ISAMS [for the evaluation of the CLAES and ISAMS aerosol measurements,
see Massie et al. (1996) and Lambert et al. (1996), respectively]. However, as discussed in section 5, a major
uncertainty in assessing the aerosol heating effects is
caused by the uncertainties in the assumed refractive
indices for H2SO4–H2O solutions.
Since there was heavy aerosol loading during the
CLAES observing period, it is relevant to inquire into
the possible aerosol contamination in the CLAES retrievals. Due to the strength of the 790 cm21 CO2
Q-branch used for temperature determination, compared
to the aerosol continuum background, temperature retrievals were not noticeably affected by the Pinatubo

1741

aerosol [e.g., Gille et al. (1996) compared CLAES temperature retrievals with correlative data and mentioned
no obvious aerosol effects]. For ozone, there are some
indications of aerosol interference in the early part of
the mission (through March 1992) at lower altitudes in
the Tropics, although these are difficult to quantify, as
many of the correlative data were also affected. For
example, CLAES is biased 20%–30% high versus
SAGE during January and February 1992 between 20
and 100 hPa. Bailey et al. (1996) note that some of this
bias is probably due to aerosol effects on the SAGE
retrieval and some may be due to aerosol effects in the
CLAES retrievals. Cunnold et al. (1996) conclude from
studies of UARS versus SAGE ozone that the CLAES
retrieval algorithm seems to have been largely successful in removing aerosol effects. However, they also note
that the high (15%–20% larger than SAGE) CLAES
ozone values in the Tropics below 46 hPa during the
early mission may be due to aerosol effects. For CLAES
CH4 and N2O data, their validation is discussed by
Roche et al. (1996). The CH4 fields exhibit local maxima
(15%–20% ‘‘bulges’’) in the tropical profiles between
about 12 and 6 hPa prior to March 1992. The N2O fields
exhibit similar local maxima in the Tropics but at lower
altitudes (40–20 hPa) and they are longer lived (through
August 1992). That these features are confined to the
Tropics and dissipate with time suggests that they are
associated with the Pinatubo cloud. Unfortunately, there
is little or no correlative data for these latitudes and
altitudes to determine whether they are real aerosolrelated radiative/dynamical effects or artifacts introduced by aerosol interference with the retrieval algorithms.
3. Heating rates
The comprehensive radiative transfer model used in
the heating calculations has been been described in a
series of previous publications (Crisp 1986, 1989, 1990;
Santee 1993; Santee and Crisp 1993; Gerstell 1995;
Gerstell et al. 1995; Paper I). It includes all radiative
processes known to be important in the atmosphere, that
is, absorption, emission, and multiple scattering by gases, clouds, and aerosols, and is well suited for studying
the lower stratosphere region. The heating calculations
are performed on a grid with 61 vertical levels equally
spaced in log pressure between the ground and 0.01 hPa.
This resolution is twice that of the CLAES retrievals.
The CLAES data are linearly interpolated in log pressure
to provide values at the finer grid resolution. Climatological values are used outside the range of useful
CLAES retrievals (typically 100–0.1 hPa for temperature and ozone). The meridional spacing in the calculations is 58.
The heating rates (with aerosols excluded) for January
and July 1992 are shown in Fig. 1, together with the
corresponding fields diagnosed from MLS data and the
difference plots. There is an overall agreement between
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FIG. 1. Net heating rates for January 1992 and July 1992 (yaws 4 and 9 in Table 1 and Table 2 in Paper I) diagnosed from CLAES (left
panels, contour interval 1 K day21), MLS (middle panels, contour interval 1 K day21), and the difference CLAES 2 MLS (right panels,
contour interval 0.5 K day21). Aerosols are not included.

the two sets of calculations, at least for pressures less
than 10 hPa. In particular, both the CLAES- and MLSbased heating rates have regions of strong cooling in
the winter hemisphere (with similar magnitudes), weak
cooling in the summer hemisphere, and heating in the
Tropics. The difference plots have a banded structure
in the vertical, which mainly reflects the systematic differences between the CLAES and MLS O3 fields discussed in section 2. There is about 0.5 K day21 less
solar heating in the CLAES fields above 1 hPa and
between 1 and 2 hPa, 0.5–1 K day21 more solar heating
in a localized region around 1 hPa, and about 0.5 K
day21 more solar heating between 2 and 6 hPa. In addition, a systematic low bias in CLAES temperatures

between 2 and 3 hPa (Gille et al. 1996) leads to less IR
cooling and thus enhanced net heating in this pressure
range. Temperature differences are also responsible for
the enhanced heating differences in the Northern Hemisphere in January (more cooling in the CLAES field)
and for positive differences in the summer hemisphere.
Large qualitative differences between the CLAESand MLS-based heating fields occur in the lower stratosphere. Note in particular the region of net cooling at
46 hPa in the Tropics in the MLS field in January and
its absence in the CLAES calculation. It was noted briefly in Paper I that the net tropical heating rates diagnosed
from MLS data decrease above 100 hPa, occasionally
reaching negative values at 46 hPa before starting to
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FIG. 2. (a) Ozone mixing ratio measured by CLAES (dashes) and MLS (circles). The values are given along the top axis. The solid line
is the difference between the CLAES and MLS temperatures, with values given along the bottom axis. (b),(c) Heating rates derived from
CLAES without aerosols (dashed lines), CLAES with aerosols (solid lines), MLS without aerosols (circles), and MLS with ISAMS aerosols
(crosses). In the aerosol-including heating profiles, the normalized refractive indices for sulfate have been used (see text for details). All
profiles are zonal averages at the equator for January 9–12 1992 (yaw 4 in Table 1).

increase at higher altitudes (see Figs. 3 and 12 in Paper
I). Similar behavior was noted by other researchers [K.
Rosenlof as quoted by Brock et al. (1995)] and it has
consequences for the modeling of tracers (S. Wofsy
1996, personal communication). We believe that the dip
between 100 and 46 hPa was mainly the result of the
tropical O3 values measured by MLS being systematically too low at 46 hPa (Froidevaux et al. 1996), as it
is not present when the O3 values measured by CLAES
are used in the heating calculations, even when aerosols
are either present at low abundances or ignored. To illustrate this, the equatorial ozone and heating profiles
for January 1992 are shown in Fig. 2. Note in particular
the underestimate in the MLS O3 mixing ratio at 46 hPa
and the corresponding features in the profiles of solar
and net heating. The inclusion of aerosols (discussed in
more detail in section 5) increases the heating rates (by
its effect on the IR cooling rates) but does not eliminate
the 46-hPa minimum in the MLS-derived profile of net

heating. Figure 2 also suggests that until the 46-hPa
problem is removed in future versions of MLS ozone
retrieval algorithm, an approximate method of eliminating its effect on the tropical heating profiles would
be to ignore the 46-hPa level and interpolate the heating
rates between 100 and 22 hPa (where the MLS- and
CLAES-derived profiles are in close agreement). We
also note in Fig. 2 the sensitivity of the IR cooling rates
to the assumed temperature profile, with temperature
differences on the order of 1 K causing differences in
the diagnosed heating rates of about 0.1 K day21 (a
similar sensitivity was noted previously by Olaguer et
al. 1992). This is further illustrated in Fig. 3, which
shows the CLAES ozone, temperature, and heating
fields (the latter with aerosols excluded), as well as the
differences between those fields and their counterparts
obtained from MLS data. The temperature differences
have a larger heating effect than the ozone differences
but are important at somewhat lower altitudes, thus leav-
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FIG. 3. Upper half (January 1992): (a) CLAES ozone (contour interval 0.5 ppmv), (b) the difference between CLAES and MLS ozone
(contour interval 0.2 ppmv), (c) CLAES solar heating (contour interval 0.2 K day21), (d) the difference between CLAES and MLS solar
heating (contour interval 0.1 K day21), (e) CLAES temperature (contour interval 5 K), (f) the difference between CLAES and MLS temperatures
(contour interval 1 K), (g) CLAES infrared cooling (contour interval 0.2 K day21), and (h) the difference between CLAES and MLS infrared
cooling (contour interval 0.1 K day21). Lower half: (i)–(p) same as (a)–(h), but for July 1992.

ing MLS ozone as the primary cause of the heating
minimum at 46 hPa (in addition, as discussed in section
2, CLAES ozone may be systematically high in the tropical lower stratosphere, thus leading to more solar heating). Temperature uncertainties play a major role in the
tropical lowermost stratosphere; for example, the
regions of positive IR heating derived from CLAES data

(panels g and o in Fig. 3) are not present in the MLSbased fields (not shown). A comparison between the
upper and lower portions of Fig. 3 indicates that the
differences between the CLAES and MLS fields decrease later in the UARS mission. For ozone and the
solar heating this is consistent with previous findings
(Cunnold et al. 1996; Froidevaux et al. 1996) that the
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FIG. 4. Latitude–height sections of the zonal wind ū.-

high (low) bias in the CLAES (MLS) ozone at 46 hPa
diminishes with time, an effect that for CLAES ozone
may be explained by the diminishing aerosol interference (microwave retrievals are believed to be unaffected
by aerosol).
4. Residual circulation
Figures 4–7 and Fig. 9 show the global distributions of
the zonal wind ū, the mass-weighted streamfunction X*,
the meridional and vertical components of the residual
circulation (ȳ*, w̄*), and the momentum residual, respec-

tively. Figure 8 illustrates the variability of the input fields
and of the circulation at the equator. The heating fields on
which Figs. 5–9 are based do not include the aerosol contributions. The method of calculating the circulation and
the format of the figures are identical to those in Paper I,
thus allowing a direct comparison. The residual circulation
is computed from the heating fields using a streamfunction
approach (Santee and Crisp 1995), with the lower and
upper boundary conditions (at 100 and 0.1 hPa, respectively) introduced self-consistently with the diagnosed
heating rates (Paper I). In this approach the thermodynamic
equation is satisfied to within an additive height-dependent
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FIG. 5. Latitude–height sections of the mass-weighted streamfunction X* (in units of 109 kg s21). The contour interval is 0.2 and 1.0 for
absolute values lower and greater than 2.0, respectively. The zero line is thicker and shading denotes areas of counterclockwise flow.

number such that the requirement of global mass balance
is met at each pressure level. As we do not have any
independent tool to assess the impact of different numerical schemes on the computed streamfunction, we feel that
a thorough study of this subject merits a separate publication in collaboration with other interested researchers.
Since our focus in the present paper is on the sensitivity
of the circulation to the uncertainties in the input fields
used in the heating calculations, we retain the MLS-based
values from Paper I for the ]T̄/]t term in the thermodynamic equation and note that the method of computing
this term and the neglect of the eddy heating term (Paper

I) add another uncertainty to the calculation, especially
under disturbed or rapidly changing conditions (see in
particular the sensitivity of mass fluxes in Table 2 below).
a. ū
The distributions of zonal wind shown in Fig. 4 are
qualitatively similar to those presented in Fig. 6 of Paper
I. Wintertime westerlies are weak in January 1992 and
February 1993 as a consequence of stratospheric warmings (note the patch of easterlies at high northern latitudes above 1 hPa in January 1992). The final warming
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FIG. 6. Latitude–height sections of the meridional component of the residual circulation

(the transition to summertime easterlies) occurs in
March–April and in October–November in the Northern
and Southern Hemispheres, respectively. The summertime easterlies are very strong in the subtropical stratopause region. In the Tropics, there are some differences between the distributions presented here and those
shown in Paper I. In particular, the semiannual oscillation (SAO) easterlies are stronger in the spring of 1992
(e.g., in excess of 50 m s21 around 2 hPa in March
compared to less than 20 m s21 in Paper I). Also, the
quasi-biennial oscillation (QBO) westerlies at the end
of 1992 and the beginning of 1993 are much stronger

than in Paper I (e.g., more than 30 m s21 vs less than
10 m s21 at 20 hPa in November 1992). These stronger
winds will be shown more clearly in Fig. 8 below.
b. X* and ȳ*
The summer branch of the Brewer–Dobson circulation
(Fig. 5) is much more vigorous than in Paper I. In particular, the regions of positive X* in the Southern Hemisphere in January–February 1992 and in January 1993
have been greatly reduced or have disappeared completely.
Reflecting more realistic ozone mixing values used in the
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heating calculations, the circulation is smoother around 46
hPa in the Tropics (note in particular the absence of the
sharp wedgelike pattern in the northern subtropics in
March 1992). As in Paper I, the southern branch of the
circulation intrudes into the Northern Hemisphere around
the stratopause in March of both years.
Among the similarities in the distributions of ȳ*
shown in Fig. 6 and those presented in Paper I of particular note are the strong poleward winds in the winter
hemisphere in the stratopause region, meridional winds
of less than 0.5 m s21 throughout most of the middle
and lower stratosphere, and regions of equatorward flow
around 46 hPa in the summer (Southern) hemisphere in
the two Januarys; in January and February 1992 there
are also regions of summertime equatorward flow
around 10 hPa. The differences include much weaker
poleward flows in the Southern Hemisphere lower mesosphere in October–November 1992, the absence of a
double-peaked structure in the region of strong poleward
winds in the Northern Hemisphere in January 1992
(with these winds being stronger than in Paper I), and
a generally less layered (more realistic?) structure in the
lower mesosphere (with the exception of the July 1992
period). This possible improvement is related to better
temperature estimates above 1 hPa.
c. w̄*
The vertical velocity fields presented in Fig. 7 are in
general agreement with those shown in Paper I, as might
be expected given the similarities in the diagnosed net
heating fields. The wintertime downwelling at high latitudes is strong during disturbed periods (compare, for
example, January 1992 with January 1993), reaching
magnitudes in excess of 17 mm s21 at 808N and 1 hPa
in January 1992. In the mesosphere, the maximum
downward velocities in the Southern Hemisphere in August 1992 are larger than their northern counterparts in
the two Februarys. In the stratosphere, wintertime
downward velocities are larger in the north, with the
exception of the January 1993 period (when velocities
are comparable to those at high southern latitudes in
July 1992). In the lower stratosphere, velocities are
smaller than 1 mm s21 during the southern winter 1992
but exceed 2 mm s21 in high northern latitudes during
the disturbed periods of January 1992 and February
1993. During July and August 1992, the wintertime descent maximizes away from the pole in the lower portions of the stratosphere (note in particular the 22 mm
s21 contour).
Downwelling in high latitudes occurs during equinoctial months but is stronger in the spring hemisphere.
Consistent with the persistence of a well-organized polar
vortex and a later final warming in the Southern Hemisphere, the springtime downwelling is stronger in the
south (compare the southern latitudes in October–November 1992 with the northern latitudes in April–March
1992; also, September 1992 with March 1992 in the
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upper stratosphere and lower mesosphere). These results
are in line with the findings of Paper I.
In the summer hemisphere, high-latitude downward
velocities in the stratosphere are always less than 0.5
mm s21 and are somewhat stronger in the Southern
Hemisphere. As in Paper I, upward velocities in the
summertime upper stratosphere and lower mesosphere
maximize in mid latitudes rather than at the pole. In
fact, the CLAES fields generate downwelling at 0.46
hPa at high latitudes in the summer (Southern) hemisphere during the two Februarys and in January 1993
(the MLS-based fields have upwelling in those regions).
In the Tropics, a region of downwelling exists in the
upper stratosphere and lower mesosphere during northern and southern winters, with the downward velocities
being stronger during northern winter. This region expands downward from a level in the mesosphere between January and February of both years and possibly
between July and August 1992. Paper I discusses these
velocities in the context of the SAO. As in Paper I, large
downward velocities (in excess of 2 mm s21) persist at
the tropical stratopause into March 1993 and the SAO
downward velocities in March of both years exceed
those in September 1992. The upward velocities underlying the SAO downward velocities are somewhat
stronger than in Paper I (e.g., in excess of 4 mm s21 at
2 hPa in January 1993, compared with about 3 mm s21
in Paper I).
To illustrate the tropical variability more clearly, we
show in Fig. 8 the equatorial time–height sections of
temperature, ozone, zonal wind, methane, nitrous oxide,
and vertical velocity. Compared with the results shown
in Fig. 12 of Paper I, we note an overall similarity in
the SAO signal, including the asymmetry in the maximum vertical velocities (both positive and negative)
between the northern and southern winters. This asymmetry may be responsible for the asymmetry between
the two SAO phases in the distributions of tracers, with
the negative anomalies in both CH4 and N2O exhibiting
lower values during May–June than during November–
December. As in Paper I, the SAO upwelling during the
northern winter phase in 1992 is stronger than in 1993.
There are also indications of a QBO signal in the middle
and lower stratosphere, but this signal is different from
its counterpart in Paper I, with the westerlies around 10
hPa being weaker in early 1992 and stronger at 30 hPa
in late 1992. The QBO-like (i.e., one that follows the
pattern in ū) signature in the ozone field is in opposite
phase to that in Paper I, with low O3 anomalies being
in phase with positive temperature anomalies. This behavior is contrary to expectations (Hasebe 1994) and
gives rise to negative vertical velocities between 10 and
30 hPa in 1992. In early 1992, there are large (in excess
of 0.5 mm s21) upward velocities in the lower stratosphere, caused by the large (aerosol contaminated?)
CLAES ozone values used in the heating calculations
(recall that aerosol heating is excluded here).
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FIG. 7. Latitude–height sections of the vertical component of the residual circulation w̄*.

d. Momentum residual
The values of the residual at mid and high latitudes
are similar to those in Paper I but exhibit a somewhat
smoother structure, consistent with the smoother structure in the diagnosed ȳ* field. As in Paper I, the largest
values of the residual are found at high northern latitudes in January 1992 (more than 30 m s21 day21 at the
stratopause). The values of the residual in the upper
stratosphere and lower mesosphere are smaller during
the southern winter of 1992 than during the two northern
winters, but they increase as the season progresses from

early to late winter and in September 1992 are larger
than their northern counterparts (however, the situation
is reversed in the middle and lower stratosphere). In
January 1993, the values of the residual are similar to
those diagnosed by Rosenlof (1995) (see her Fig. 7),
who used a different radiation code with MLS ozone
and U.K. Meteorogical Office temperatures as input. For
example, our values around 1 hPa in the Northern Hemisphere are between 15 and 20 m s2 1 day21 compared
with Rosenlof’s 15 m s21 day21; note also the presence
in both studies of a region of positive residual around
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FIG. 8. Zonally averaged time–height sections at the equator of (a) temperature (contour interval 1 K), (b) ozone (contour interval 0.2
ppmv), (c) zonal wind (contour interval 10 m s21), (d) methane (contour interval 0.05 ppmv), (e) nitrous oxide (contour interval 5 ppbv),
and (f) w̄* (contour interval 0.5 mm s21). In (a), (b), (d), and (e) the time mean has been taken out. Vertical lines indicate year boundaries.

4 hPa at high northern latitudes and the positive values
in the Southern Hemisphere at the stratopause and
around 46 hPa.
5. Aerosol heating
Following the eruption of Mt. Pinatubo in June 1991,
there was a period of significantly enhanced aerosol
concentrations in the stratosphere. The radiative heating
effects of Mt. Pinatubo aerosols were computed in Paper
I for a few selected ISAMS profiles spanning a range
of latitudes and times. It was found, in agreement with
other studies, that the main effect is in the thermal infrared, where the cooling rates become less negative (by

up to 0.5 K day21) owing to the absorption of the upwelling radiation from the warm troposphere. In contrast, the solar heating effects are much smaller (, 0.1
K day21) due to the small absorptivity in the visible part
of the spectrum for the assumed pure sulfate composition. However, the magnitude of aerosol heating in
Paper I was different from the values obtained in other
diagnostic studies. For example, the maximum thermal
heating at the equator in January 1992 was about a factor
of 2 larger than the values computed by Kinne et al.
(1992, Table 2), Graf et al. (1993, Fig. 2a), Kinnison et
al. (1994, Fig. 5), and Tie et al. (1994, Fig. 5), and about
a factor of 4 larger than the results presented in Fig. 5
of Shibata et al. (1996). Moreover, as discussed in more

Unauthenticated | Downloaded 01/09/23 02:21 PM UTC

1 JULY 1997

ELUSZKIEWICZ ET AL.

1751

FIG. 9. Latitude–height sections of the momentum residual.

detail below, these differences would be even larger if
the Palmer and Williams (1975) refractive indices had
been used in Paper I. On the other hand, both the solar
and the thermal aerosol heating rates in Paper I were
significantly smaller than the values shown in Fig. 1 of
Gerstell et al. (1995), who studied the period following
the eruption of El Chichón using the same radiation code
as used here (a note of caution: in Fig. 3 of Paper I, the
extinction profile at 708N in January 1992 is due to polar
stratospheric clouds, not sulfate aerosols, and thus the
aerosol heating rates for this profile are incorrect).
The most likely reason for the differences in the estimated aerosol heating between Paper I and the other

studies are the differences in the treatment of tropospheric clouds. As noted by Rosenfield et al. (1997),
the inclusion of tropospheric clouds can reduce the extra
infrared heating associated with aerosols from 11 K
day21 to 20.3 K day21 at the peak of the aerosol cloud.
Rosenfield et al. adjusted their tropospheric cloud distribution to match the upwelling infrared flux at the top
of the atmosphere and this indirectly led to very small
aerosol heating. That distribution was presumably very
different from the one adopted here (as described in
Paper I, we use the International Satellite Cloud Climatology Project data and in January adopt equatorial
zonal-mean cloud fractions of 0.195, 0.155, and 0.205,

Unauthenticated | Downloaded 01/09/23 02:21 PM UTC

1752

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 54

FIG. 10. Effect of vertical extinction profile on aerosol heating. All profiles have column optical depth of 0.25 and the January background
atmosphere used in Fig. 1 of Gerstell et al. (1995). Solid line: the Gaussian profile used by Gerstell et al. Dashed line: the same profile
shifted 2 km to lower altitudes. Circles: a Gaussian profile with a larger half-width. Crosses: extinction profile constant with height (as in
Kinne et al. 1992). The heating profiles in this figure are based on the refractive indices of Palmer and Williams (1975).

visible optical depths of 1.5, 5, and 10, and vertical
extent of 335–377, 565–636, and 815–917 hPa for high,
middle, and low clouds, respectively; the clouds are
treated as nonoverlapping). The second possible reason
for the differences between the various studies are the
differences in the assumed vertical profiles of aerosol
extinction. For example, both Kinne et al. (1992) and
Gerstell et al. (1995) used the observed (and comparable) column optical depths and distributed them in the
vertical assuming a constant (height independent) and
a Gaussian distribution, respectively. An aerosol distribution based on column measurements was also used
by Graf et al. (1993). In Fig. 10, we show that for the
same assumed total optical depth, the shape of the profile has a dominant effect on the magnitude of stratospheric aerosol heating, as a more peaked vertical distribution of aerosol extinction gives rise to a more
peaked heating distribution. The effect of the vertical
location of the extinction peak is smaller, thus demonstrating little shielding influence of ozone or other
gases. The differences between Paper I and the results
obtained by Tie et al. (1994) were probably also caused

by differences in the extinction profiles, as the peak
sulfate mixing ratio of 130 parts per billion by mass
quoted by Tie et al. for the profiles in their Fig. 5 is
almost a factor of 3 lower than the peak mixing ratio
in the January 1992 tropical profile analyzed in Paper
I. These results demonstrate the importance of an accurate knowledge of the aerosol extinction profiles in
the heating calculations and the advantage provided in
this regard by the UARS aerosol measurements [this
sensitivity of the stratospheric heating rates to the extinction profiles is to be distinguished from the tropospheric effects of stratospheric aerosols, which are determined primarily by the column optical depth (Lacis
et al. 1992)]. As shown in Fig. 11, the two UARS aerosol
measurements agree to a remarkable degree, thus giving
a reason to be confident in the magnitude of the computed aerosol heating. Incidentally, Fig. 11 also illustrates that at least in one case, namely in the comparison
with the results of Shibata et al. (1996), the larger aerosol heating effects we calculate are not due to differences in the assumed extinction profiles, as the peak
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FIG. 11. Extinction profiles and excess aerosol heating (computed
using normalized refractive indices) derived from collocated CLAES
[Version 8 (this figure only), crosses] and ISAMS (Version 10, solid
lines) measurements at the equator on 9 January 1992.

extinction in Fig. 11 is comparable to the peak extinction
in Fig. 2 of the Shibata et al. paper.
Since the profiles shown in Fig. 11 are based on aerosol spectra determined from independent ISAMS and
CLAES measurements, this figure demonstrates that uncertainties in aerosol composition (which is derived
from temperature and water vapor data) are of secondary
importance in determining the magnitude of aerosol
heating. Much more important are the uncertainties in
the assumed refractive indices for sulfuric acid solutions. This is shown in Fig. 12, in which the global
aerosol heating fields are presented for two sets of refractive indices. In the current study, values of the imaginary component of the refractive index measured by
Palmer and Williams (1975) have been normalized to
the measurements of Remsberg et al. (1974). The orig-

inal Palmer and Williams values give more absorption
shortward of 12 mm, increasing the net aerosol heating
by more than 0.2 K day21, with significant heating even
in the solar part of the spectrum (at wavelengths longer
than 2.7 mm). At present it is difficult to establish which
set of indices is more accurate. The measurements by
Bertram et al. (1996) show that the dissociation of
H2SO4 is temperature dependent, giving rise to a change
in refractive index with temperature. This effect is not
accounted for in either of our adopted set of indices,
but the normalized values give a better agreement with
the atmospheric spectra measured by the Atmospheric
Trace Molecule Spectroscopy instrument (Rinsland et
al. 1994). Note that with the original Palmer and Williams indices, the enhancement in the tropical velocities
we calculate is almost an order of magnitude larger than
that computed in models (Pitari 1993, Tie et al. 1994,
Rosenfield et al. 1997). Without a detailed intercomparison, it is difficult to determine the reasons for this
significant discrepancy, but possible causes include differences in the computed aerosol heating as well as
feedback effects (e.g., on temperature or ozone) not included in our diagnostic approach. We mention, however, that an attempt to identify such feedbacks by using
in the heating calculations for a period in the fall of
1991 MLS temperature and ozone fields from a similar
period in the fall of 1993 (presumably after the aerosolrelated feedbacks have ceased to operate), together with
the ISAMS aerosol distribution from 1991, produced no
significant change in the diagnosed aerosol-induced upwelling.
The time series of the aerosol-induced heating and
upwelling at the equator are shown in Fig. 13. The aerosol effects diminish with time due to particle sedimentation and latitudinal spreading, but remain significant
into 1993 (the enhanced heating and upwelling at 100
hPa are caused by the presence of tropospheric clouds,
which are not distinguished from the sulfate aerosol in
CLAES Version 7 data). Since aerosol heating is positive in the global mean, the effect of aerosols on the
tropical vertical velocities is reduced by the requirement
of global mass balance (see the regions of compensating
downward flow in high latitudes in Fig. 12), but the
effect is large enough that it ought to be included in
analyses of tropical transport in 1992. It should also be
emphasized that our estimated net aerosol heating is
almost certainly an underestimate of the heating occurring in the real atmosphere, where even small amounts
of impurities can enhance the absorption of solar radiation (Pollack et al. 1981).
6. Extratropical mass fluxes
Holton (1990) has demonstrated the importance of
mass fluxes through a pressure surface in the lower stratosphere (e.g., 100 hPa) in evaluating time scales of stratospheric transport (e.g., residence or turn-over times).
In Fig. 14 we present the seasonally averaged vertical
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FIG. 12. Effect of the assumed refractive indices for H2SO4–H2O on the computed aerosol heating rates and vertical velocities. The
distributions shown are the differences between the case with and without aerosols for the atmosphere characterized by the CLAES measurements during the January 1992 period (yaw 4 in Table 1). Contour intervals are 0.1 K day21 (heating) and 0.1 mm s21 (velocity). The
left and right column are for the normalized and the original Palmer and Williams (1975) refractive indices, respectively.

velocity at 100 hPa, which is used to derive the values
for the extratropical mass fluxes shown in Table 2. Compared with the results presented in Paper I (Fig. 5 and
Table 3, respectively), the extratropical downwelling is
much stronger at all seasons in both hemispheres; note
in particular the large (more than 0.7 mm s21) downward
velocities during southern winter (in fact, maximum velocities during southern winter exceed those during
northern winter). A peculiarity of Paper I was the small
mass fluxes computed in the summer hemisphere, in
line with the results obtained by Rosenlof (1995) (see
the numbers for the 70-hPa level in her Table 1; we
assume that the values at 100 hPa would be roughly
30% larger). These fluxes are much larger now; for example, the Southern Hemisphere flux during December–
January–February has increased from 14 to 48–57

(3108 kg s21). These differences are related to the differences in the CLAES and NMC temperature fields, as
the diagnosed circulation is very sensitive to even small
temperature differences (see Fig. 3 above). The inclusion of aerosols has a smaller effect on the mass fluxes.
Somewhat surprisingly, the mass fluxes for the northern
winter are slightly smaller than for the southern winter,
contrary to the results obtained in earlier studies (Yang
and Tung 1996 and references therein), which indicated
that the mass flux during northern winter is larger by a
factor of about 2 than the flux during southern winter.
The tropical upward mass flux (the sum of the extratropical fluxes) is roughly equal for the northern and
southern winter, as are the vertical velocities at the equator. As also shown in Table 2, the sensitivity of the
computed mass fluxes to the treatment of the ]T̄/]t term
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FIG. 14. Vertical velocity at 100 hPa (aerosols not included). Solid
line: Sept–Oct–Nov (the average of the yaws 11, 12, and 13); dashed
line: Dec–Jan–Feb (yaws 4, 5, 14, and 15); circles: Mar–Apr–May
(yaws 6, 7, 16, and 17); and crosses: Jun–Jul–Aug (yaws 8, 9, and
10). See Table 1 for a list of yaws and their averaging periods.

FIG. 13. Time evolution of excess heating and vertical velocity at
the equator caused by Mt. Pinatubo aerosols (computed using normalized refractive indices).

in the thermodynamic equation does not change our
conclusions about the comparable magnitudes of the
winter fluxes in the two hemispheres or about the enhanced (relative to Paper I) fluxes in the summer hemispheres. It is outside the scope of the present paper to
discuss the ramifications of these results for the existing
paradigms in stratospheric dynamics (Holton et al.
1995), but in our opinion they highlight considerable

uncertainties in some of the numerical estimates on
which those paradigms are based. A feature of our circulation more consistent with the results of previous
studies (e.g., Rosenlof 1995) is the latitudinal extent of
the ‘‘extratropics,’’ with the region of negative w̄* extending to lower latitudes in the winter compared with
the summer hemisphere and during the southern summer
compared with the northern summer.
7. Summary
The gross features in the fields of diabatic heating
and of the associated residual circulation diagnosed
from CLAES measurements are remarkably similar to
the fields diagnosed using MLS data as input. In particular, both sets of calculations demonstrate the semiannual oscillation in the tropical upper stratosphere and
lower mesosphere, with vertical velocities during the

TABLE 2. Extratropical downward mass flux at 100 hPa (in 108 kg s21). Notes: The averaging periods are DJF and JJA as appropriate for
the season and hemisphere indicated. The extratropics are defined as the region poleward of the lowest latitude at which the vertical velocity
is negative (see Fig. 14). This latitude is given in the ‘‘Lat’’ column. ‘‘No Aer’’ is the estimate without aerosols, whereas ‘‘P–W/R’’ and
‘‘P–W’’ refer to the estimates with aerosols, assuming the normalized and the original Palmer and Williams refractive indices for sulfuric
acid, respectively. The numbers in parentheses illustrate the sensitivity to the treatment of the ]T̄/]t term in the thermodynamic equation:
the first number is for the case when finite differencing of CLAES (rather than MLS) zonal mean temperatures is used to compute this term
and the second number is for the case when ]T̄/]t is neglected.
Winter

NH
SH

Summer

No Aer

P–W/R

P–W

Lat

No Aer

P–W/R

P–W

Lat

87 (112, 91)
104 (108, 91)

99
111

101
112

30
25

35 (32, 37)
48 (31, 43)

39
55

39
57

45
40
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northern winter phase being stronger than the velocities
during the southern winter period. Stronger SAO velocities are diagnosed for the northern winter of 1992
than for the northern winter of 1993. The SAO velocities
in the upper stratosphere are somewhat stronger in the
CLAES-derived fields, as a result of larger diagnosed
heating rates (caused by biases in the CLAES ozone
and temperature measurements). The CLAES-derived
fields are smoother above the stratopause, mainly because the MLS temperature gradients above 1 hPa are
too steep. Apart from that region, the two fields agree
even quantitatively at pressures less than 10 hPa.
Large disagreements between the CLAES- and MLSderived circulations occur in the lower stratosphere. The
minimum in the vertical velocity at 46 hPa in the Tropics
diagnosed from MLS data is not present in the CLAESbased fields; instead there is tropical downwelling between 10 and 30 hPa in early 1992 (this downwelling
is caused by low values of ozone measured by CLAES
in this altitude region). The circulation in the lower
stratosphere is quite sensitive to the assumed temperature fields, with temperature differences on the order
of 1 K causing differences of about 0.1 K day21 in the
diagnosed heating rates. As a result of small temperature
differences between CLAES and NMC, the extratropical
mass fluxes are much larger in the CLAES circulation
and there is little contrast between the northern winter
and southern winter fluxes.
Potentially the most important improvement in the
circulation diagnosed from CLAES data is the inclusion
of the heating effects of Mt. Pinatubo aerosols. The
aerosol heating is sensitive to the assumed vertical distribution of aerosol extinction and the global aerosol
measurements by the UARS instruments lead to more
realistic estimates of this heating and of the associated
changes in the residual circulation. We estimate the maximum change to the tropical upwelling caused by Mt.
Pinatubo aerosols to be more than 0.4 mm s21. This
value is comparable to the background velocity (and
thus not a mere ‘‘perturbation’’ to the latter) and is about
an order of magnitude larger than previous model estimates. Unfortunately, aerosol heating is also sensitive
to factors not constrained by the UARS measurements,
such as tropospheric cloudiness and the uncertainties in
the assumed refractive indices for H2SO4–H2O solutions,
thus making definite estimates impossible at present.
Clearly, the estimates of the residual circulation are
still fraught with large uncertainties, but with the advent
of UARS measurements these uncertainties are at least
beginning to be quantified. Future work in this area
using improved versions of UARS retrieval algorithms
is planned.
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