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A detailed evaluation of the stratospheric heat budget
2. Global radiation balance and diabatic circulations

Martin G. Mlynczak,! Christopher J. Mertens,? Rolando R. Garcia,3 and
Robert W. Portmann*

Abstract. We present a detailed evaluation of radiative heating, radiative cooling,
net heating, global radiation balance, radiative relaxation times, and diabatic
circulations in the stratosphere using temperature and minor constituent data
provided by instruments on the Upper Atmosphere Research Satellite (UARS)
between 1991 and 1993 and by the limb infrared monitor of the stratosphere (LIMS)
instrument which operated on the Nimbus-7 spacecraft in 1978-1979. Included in
the calculations are heating due to absorption of solar radiation from ultraviolet
through near-infrared wavelengths and radiative cooling due to emission by carbon
dioxide, water vapor, and ozone from 0 to 3000 cm™! (co - 3.3 pm). Infrared
radiative effects of Pinatubo aerosols are also considered in some detail. In general,
we find the stratosphere to be in a state of global mean radiative equilibrium on
monthly timescales to within the uncertainty of the satellite-provided measurements.
Radiative relaxation times are found to be larger in the lower stratosphere during
UARS than LIMS because of the presence of Pinatubo aerosols. The meridional
circulations in the upper stratosphere as diagnosed from the calculated fields of net
heating are generally stronger in the UARS period than during the LIMS period,
while the lower stratosphere meridional circulations are stronger during the LIMS
period. A climatology of these calculations is available to the community via a

World Wide Web interface described herein.

1. Introduction

In this paper we present results of an in-depth in-
vestigation of the stratospheric heat budget and radia-
tive balance as diagnosed from stratospheric composi-
tion measurements provided by orbiting satellite exper-
iments. Specifically, we compute monthly averaged ra-
diative heating, infrared cooling, net radiative heating,
diabatic circulations, and radiative relaxation times in
the stratosphere. We utilize the data sets of strato-
spheric temperature and minor species concentration
(e.g., O3, H,O, NO2) provided by the limb infrared
monitor of the stratosphere (LIMS) experiment in 1978-
1979 [Gille and Russell, 1984] and by the numerous in-
struments on the Upper Atmosphere Research Satellite
(UARS) [Reber et al., 1993] from 1991 to 1993. A total
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of 18 months of data are analyzed, 5 months of LIMS
data and 13 months of UARS data. Our objective is to
diagnose the radiative properties of the stratosphere us-
ing only data derived from satellite observations. This
approach will provide a key test of the ability to derive
radiative and dynamical properties of the atmosphere
from satellite observations alone.

There have been numerous studies of the strato-
spheric heat budget and associated circulations dating
back 40 years. The driving force behind many of these
studies was the need to understand the distribution
and variability of stratospheric ozone in order to assess
possible anthropogenic effects on the ozone layer. The
studies tend to fall into two categories: studies of the
heat budget with assessments of departures from radia-
tive equilibrium and studies of the meridional diabatic
and residual circulations. Some studies are observation
based (e.g., use satellite-derived fields of temperature
and computed fields of heating and cooling), while oth-
ers are more theoretical in nature. It is not possible for
us to review here this broad body of work. We there-
fore review those papers important for their historical
context or which are similar in scope to ours, namely,
studies using satellite data to diagnose the stratospheric
heat budget and diabatic circulations. The purpose is
to place our results in the context of previous studies.
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The original study of the heat budget of the mid-
dle atmosphere is that of Murgatroyd and Goody [1958,
hereinafter referred to as MG] covering the altitudes of
30 km to 90 km. MG computed zonal mean solar heat-
ing rates due to absorption of ultraviolet radiation by
ozone and molecular oxygen and infrared cooling due to
emission by carbon dioxide at 15 um. Radiative effects
involving water vapor and dust were acknowledged but
not included. MG found radiative heating and cooling
to balance to within 2 K/d at low to midlatitudes and
significant departures from local radiative equilibrium
at the poles characterized by an excess of heating over
cooling in the summer pole and excess of cooling over
heating at the winter pole.

The work of MG was followed by that of Murgatroyd
and Singleton (1961, hereinafter refered to as MS] who
attempted to estimate the meridional circulation of the
stratosphere using the heating rates of MG. MS ne-
glected horizontal heat transport by horizontal eddies,
which allowed calculation of the mean meridional circu-
lation from a specification of the heating rate and tem-
perature structure. The circulations calculated by MS
were qualitatively in agreement with observed features;
for example, the predicted subsidence in the polar night
mesosphere is consistent with the observed warm winter
mesosphere temperatures, and similarly, the predicted
upwelling in the cold summer mesosphere is consistent
with the observed cold temperatures there. However,
MS were unable to justify the neglect of meridional
eddy heat fluxes, and thus questions remained as to
whether their derived circulation was representative of
actual middle atmospheric transport. At the same time,
efforts were made to explain the processes that main-
tained the warm winter mesosphere in the absence of
solar illumination. Kellog [1961] postulated that heat
release from exothermic recombination of atomic oxy-
gen transported into the mesosphere from the thermo-
sphere provided the heat source. Young and Epstein
[1962] further examined Kellog’s hypothesis and found
that a combination of heat release by exothermic reac-
tions and adiabatic compression could provide the re-
quired energy to warm the mesosphere.

The situation was finally clarified by Dunkerton [1978]
who qualitatively and quantitatively drew a distinction
between Eulerian-mean and Langrangian-mean circula-
tions. Dunkerton drew upon the noninteraction theo-
rems of Charney and Drazin [1961], Boyd [1976], and
Andrews and McIntyre [1976] to show that when waves
are steady and conservative, a Eulerian mean merid-
ional circulation is established which identically can-
cels the eddy heat fluxes of the waves themselves. In
fact, there is a large degree of cancellation between the
eddy flux divergence and the mean advection terms
even when the waves are not steady and conserva-
tive. Dunkerton pointed out that net transport is more
clearly described in terms of Lagrangian mean advec-
tion [Andrews and McIntyre, 1976] and that the diabatic
circulation (which can be derived from the Eulerian-
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mean net heating and temperature distribution) is a
good approximation to the Lagrangian-mean motion.
Thus under these assumptions the work of MS was in
fact representative of middle atmospheric transport to
the extent that the radiative heating and cooling and
thermal structure were accurate.

Following the work of Dunkerton the review by Lon-
don [1980] identified all of the sources and sinks of
energy included in our present work. However, there
was still not a consistent, global data set of tempera-
ture and constituents from which to assess the strato-
spheric heat budget and to derive meridional circula-
tions for comparisons with observed species distribu-
tions. The situation changed upon publication of the
LIMS data in the mid-1980s. Kiehl and Solomon [1986,
Hereinafter referred to as KS] presented the first global-
observation-based study of the stratospheric heat bud-
get using LIMS data. KS found distributions of net
heating and cooling similar to those of MS but differ-
ent in magnitude of absolute heating and cooling. KS
also pointed out that the stratosphere is expected to be
in radiative equilibrium on a globally averaged basis.
Thus a test of the quality of the radiative transfer al-
gorithm, the spectral data, and the observations can be
achieved by computing the global mean radiative bal-
ance. For the month of January 1979, KS showed that
the computed global mean solar heating and infrared
cooling balanced to within about 25% below 42 km and
to about 10% between 42 and 52 km. These differences
correspond to approximately 0.5 K/d to 1.0 K/d de-
pending on altitude. As we will show below, we have
made significant progress in the capability to calculate
global mean net stratospheric heating. We find that the
computed global mean solar heating and infrared cool-
ing agree to within 12% using the LIMS data set and
within 10% using the UARS data set at most altitudes
within the stratosphere. These percentages correspond
to differences in the range of 0.03 K/d to 1.0 K/d.

The work of KS was followed immediately by a paper
by Solomon et al. [1986a] in which the LIMS data and
computed fields of radiative heating and cooling of KS
were used to calculate, for the first time, the global dia-
batic circulation from observations. As with the radia-
tive computations of KS, the circulations presented by
Solomon et al. [1986a] were in general agreement with
those of MS but with significant differences in the actual
details of the diagnosed circulations. For example, the
meridional circulations calculated by Solomon et al. are
much more vigorous than those of MS, and there is a
large meridional gradient in the vertical wind field near
the tropical stratopause in January and February which
was not evident in the MS calculations. Solomon et al.
attributed this feature to the semiannual oscillation.

Shortly after the work by KS and Solomon et al.,
papers by Gille and Lyjak [1986, 1987] also reported
studies of the stratospheric heat budget and circula-
tions using LIMS data. These studies differed from ear-
lier LIMS work primarily in the radiation algorithms
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used, in the inclusion of minor heat sources (such as
near-infrared absorption by CO2, H,0O, and O), and in
the attempt to include tropospheric and cloud effects.
An examination of the monthly net heating, calculated

by the two groups for the seven LIMS months, shows

results for heating, cooling, and net heating which are
broadly consistent in terms of regions of net heating
and cooling but with important differences in the mag-
nitudes, especially of the net heating and the computed
diabatic circulations. This fact was pointed out in the

study (again using LIMS data but set in isentropic coor-.

dinates) by Pawson and Harwood [1989] who also com-
mented on the need for a consistent adjustment of the
net heating rates to achieve global mean radiative equi-
librium prior to computing the diabatic circulations.

More recently, stratospheric diabatic and residual cir-
culations have been computed using data from the Mi-
crowave Limb Sounder (MLS) instrument on the Upper
Atmosphere Research Satellite (UARS) [Eluszkiewicz et
al., 1996, hereinafter referred to as El] and from the
cryogenic limb array etalon spectrometer (CLAES) in-
strument also on the UARS [Eluszkiewicz et al., 1997,
hereinafter referred to as E2]. These studies are sim-
ilar to ours with the following exceptions: First, the
papers of Eluszkiewicz et al. focus primarily on the di-
agnosed circulations and not on the global energy bal-
ance of the stratosphere. The work herein focuses on
both topics. Second, in our work the radiative effects
of Pinatubo aerosols are routinely included in the heat
balance computations and in the calculations of the di-
abatic circulations. Third, we compute circulations for
monthly averages, while the work reported by E1 and
E2 generally uses quasi-2-week averages. Because our
work makes use of the MLS temperatures, water vapor,
and ozone for the UARS period, we compare our results
with those presented by E1. As will be shown below,
there is similarity in the computed meridional circula-
tions, but important differences in magnitude do exist
between the two sets of calculations.

The purpose of our work is to use LIMS and UARS
satellite observations of temperature and minor species
in concert with accurate radiative transfer codes to eval-
uate (1) the rates of heating and cooling in the strato-
sphere, (2) the net heating in the stratosphere, (3)
the global energy balance in the stratosphere, (4) the
monthly diabatic circulation, (5) the radiative effects of

Pinatubo aerosols on the heat budget, (6) the radiative

relaxation time of the stratosphere, and (7) differences
between the 1970s (LIMS) and the 1990s (UARS). A
key feature of our studies is the use of accurate and val-
idated radiative transfer codes LINEPAK and BAND-
PAK [Gordley et al., 1994; Marshall et al., 1994], which
in some instances have been used to generate the satel-
lite data sets. The radiative transfer calculation ap-
proaches, used to generate the results presented in this
paper are given in our previous paper [Mertens et al.,
this issue (hereinafter referred to as part 1)]. Our goal
" is to conduct a consistent set of radiative transfer calcu-
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lations for evaluating stratospheric radiative properties
on the only extant satellite data sets. A total of 18
months of data from LIMS and UARS have been an-
alyzed. We find the stratosphere to be in a state of
global mean radiative equilibrium on a monthly scale
to within the uncertainties of the measurements and
the computation approaches, and without having to do
large adjustments to achieve global mass balance. We
do find differences in the diagnosed circulations from the
LIMS and UARS data which probably reflect natural
variability of the stratosphere. We have also prepared
a climatology of our diabatic heating calculations and
circulations which is made available to the community
via the World Wide Web.

The radiative transfer codes and algorithms are pre-
sented in part 1 which immediately precedes this paper.
In this present paper we give a description of the input
satellite data, and its preparation in section 2, followed
by results in section 3. A summary, including details
on accessing the 18 month climatology, is given in sec-
tion 4. ‘

2. Input Data

The stratospheric radiative properties and circula-
tions are computed and compared for two periods:
November 1978 through May 1979, using data from
the limb infrared monitor of the stratosphere (LIMS)
instrument on the Nimbus-7 spacecraft [Gille et al.,
1984], and October 1991 through April 1993, using level
3AL and 3AT data from various instruments aboard
the Upper Atmosphere Research Satellite (UARS) [Re-
ber et al., 1993]. UARS temperature, water vapor,
and ozone data are taken from the Microwave Limb
Sounder (MLS) [Barath et al., 1993]. UARS nitro-
gen dioxide data are taken from the cryogenic limb ar-
ray etalon spectrometer (CLAES) [Roche et al., 1993]
and from the improved stratospheric and mesospheric
sounder (ISAMS) [Taylor et al., 1993]. Three months
prior to the launch of UARS, Mount Pinatubo in the
Philippines erupted and injected an enormous volume
of aerosol into the lower stratosphere, which was trans-
ported across the globe in a matter of months. The
volcanic aerosols, which added significant opacity in the
lower stratosphere, are included in the infrared cooling
rate calculations during the UARS period. Aerosol ex-
tinction data are taken from the Halogen Occultation
Experiment (HALOE) [Russell et al., 1993].

The UARS orbit has a 57° inclination with respect to
the equatorial plane, restricting the latitudinal coverage
at any one time to about 80° in one hemisphere and 34°
in the other hemisphere [Reber et al., 1993]. Approxi- -
mately every 36 days the spacecraft is rotated in a yaw
maneuver by 180° in its orbital track, reversing the lat-
itudinal coverage between the hemispheres. Therefore
“monthly” zonal mean temperature and trace gas con-
centrations are computed by averaging the fields over a
period roughly 15 days prior to and subsequent to a yaw
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maneuver and in 4° latitude bins from 80° N to 80°S.
Thirteen “months” are defined in Table 1, hereinafter
called yaw periods, corresponding to the first 17 months
of UARS operation, in which we calculate the radiative
properties of the stratosphere. These months exclude
" the May-June 1992 period when the UARS satellite
was powered off due to a solar array drive problem,
and the period beyond April 23, 1993, when the MLS
H,0 radiometer stopped working. CLAES also ceased
to operate in May 1993. Again, it is our objective to
use only data derived from satellite observations in the
calculations. The UARS level 3AL and 3AT data were
obtained from the NASA Goddard Space Flight Center
Distributed Access Archive Center (DAAC).
The UARS profiles at each latitude and for each yaw
period are tabulated at the standard UARS pressure
levels,

p(i) = 1000.0 x 10(=i/6), ' (1)

where pressure is in units of hPa (mbar). Infrared cool-
ing rates are calculated at pressure levels between 1000
hPa and 0.046 hPa (i = 0,1,...,26). Solar heating
rates were calculated at pressure levels from 100 hPa to
0.1 hPa (: =6,7,...,24). The vertical range useful for
scientific studies, however, is restricted to a subset of
the above pressure levels, depending on the specific pa-
rameter and determined from the data validation anal-
ysis. The useful vertical ranges for each UARS input

parameter used in this study are given in Table 2 and
discussed in more detail below.

The Nimbus-7 spacecraft was placed in a nearly cir-
cular, Sun-synchronous orbit, with LIMS viewing at
146.5° clockwise from the velocity vector [Gille et al.,
1984]. The orbital and viewing geometries combine to
give a latitudinal coverage that extends from 84°N to
64°S. The LIMS temperature and trace gas concentra-
tions are obtained from the LIMS map archival tape
(LAMAT) archive product [Remsberg et al., 1990]. Data
on the LAMAT archive are tabulated on pressure sur-
faces from 100 hPa to 0.05 hPa. Similar to UARS data,
the useful vertical range for scientific studies covers a
subset of the above pressure levels. Table 3 lists the
vertical ranges for the LIMS parameters. Other data
sources, where available, were coupled to the LIMS
data set to extend the latitudinal coverage from 88° N
to 88°8S and to extend the vertical coverage to 1000
hPa and to 0.05 hPa, as described in the sections be-
low. Monthly zonal mean temperature and trace gas
concentrations were computed in 4° latitude bins and
over the same 30 day periods as the UARS data. How-
ever, the LIMS mission lasted only 6 months. Con-
sequently, data are only available from YAW2-YAW6
(November-December 1978 to April-May 1979, see Ta-
ble 1). Finally, the profiles are linearly interpolated in
log pressure from the LAMAT pressure levels to the
standard UARS pressure levels given in (1). This pro-

Table 1. Monthly Averaging Periods and CO5 Concentrations

Month Averaging Period Year CO3, ppmv

YAW1 10/19 to 11/18 UARS, 1991 UARS, 346.18
LIMS, N/A LIMS, N/A

YAW2 ) 11/19 to 12/19 UARS, 1991 UARS, 346.30

LIMS, 1978 LIMS, 327.00

YAW3 12/30 to 1/29 UARS, 1991-1992 UARS, 346.43

LIMS, 1978-1979 LIMS, 327.00

YAW4 . 1/30 to 2/29 UARS, 1992 UARS, 346.56

LIMS, 1979 LIMS, 327.00

YAWSH 3/8 to 4/7 UARS, 1992 UARS, 346.75

LIMS, 1979 LIMS, 327.00

YAWG6 4/16 to 5/16 UARS, 1992 UARS, 346.93

LIMS, 1979 LIMS, 327.00

YAW7 7/29 to 8/28 UARS, 1992 UARS, 347.35
LIMS, N/A LIMS, N/A

YAWS 9/6 to 10/6 UARS, 1992 UARS, 347.50
, LIMS, N/A LIMS, N/A

YAW9 10/14 to 11/13 UARS, 1992 UARS, 347.68
LIMS, N/A LIMS, N/A

YAW10 11/14 to 12/14 UARS, 1992 UARS, 347.81
LIMS, N/A LIMS, N/A

YAW11 12/25 to 1/24 UARS, 1992-1993 UARS, 347.93
: LIMS, N/A LIMS, N/A

YAW12 1/25 to 2/24 UARS, 1993 UARS, 348.06
LIMS, N/A LIMS, N/A

YAW13 3/4 to 4/3 UARS, 1993 UARS, 348.20
LIMS, N/A LIMS, N/A
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Table 2. Useful Pressure Range of UARS Parameters

Parameter Pressure, hPa
MLS T 22-0.46
MLS O3 46-0.46
MLS H,O 46-0.22
CLAES NO,? 20-2
HALOE 5.26 pm 100-10

AEREXT

aNo reported range for ISAMS NO,.

cessing step was performed to remove anomalous spikes
in the infrared cooling rates near 16 hPa, caused by a
discontinuous change in level spacing on the LAMAT
archive.

Zonal mean diabatic heating and circulations are
computed over the yaw periods listed in Table 1. Zonal
mean diabatic heating rates are in principle obtained
by calculating the solar heating and infrared cooling
rates for each measurement profile and then averaging
around latitude circles. However, for computational ef-
ficiency, we first calculate zonal averages of the input
temperature and minor constituent data and then com-
pute diabatic heating and circulations. The impact of
this approximation is assessed in section 3.1. In general,
the heating rate error introduced by first zonally aver-
aging the input data is of the order of 0.05 K/d, which is
comparable to the small error introduced by the compu-
tational scheme and well below the error introduced by
uncertainties in the satellite data itself. Thus the error
introduced by using zonally averaged input fields con-
tributes only a small fraction to the calculated global
radiative imbalance.

Infrared cooling rates are calculated from monthly
zonal daytime plus nighttime averages of temperature,
water vapor, and ozone. During the UARS period,
monthly zonal mean aerosol extinctions at 5.26 pum are
also computed for use in assessing radiative heating and
cooling by the Pinatubo aerosol layer, as discussed be-
low. Carbon dioxide is assumed to be uniformly mixed
and the abundances for each yaw period are given in Ta-
ble 1. An example of the LIMS and UARS data is given
in Figure 1 which shows zonally averaged temperature,
ozone, water vapor, nitrogen dioxide, and aerosol ex-
tinction at equinox (YAW 5). The construction of these

Table 3. Useful Pressure Range of LIMS Parameters

Parameter Pressure, hPa
T 100-1.0
Os 100-0.1
H20 100-1.0
NOq 30-3.0
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monthly zonal mean fields for each input parameter is
discussed below. Note that for the LIMS period we are
assuming that stratospheric aerosol concentrations are
negligible.

2.1. Temperature

UARS monthly zonal mean temperature profiles are
calculated from MLS level 3AL version 3 data. The use-
ful vertical range reported in the validation paper [Fish-
bein et al., 1996] is from 22 hPa to 0.46 hPa. Above 0.22
hPa the profiles are based on a climatology developed by
the UARS science team. Below 46 hPa the profiles are
linearly interpolated from the National Meteorological
Center (NMC) daily analysis, or climatology if neces-
sary.

Because of the UARS orbital track, it is not possible
for certain yaw periods to have daytime profiles at all
latitudes from 80°N to 80°S. The profiles of the latitude
bins poleward of the bin containing the last available
profile were taken to be equal to that profile. For MLS
temperatures, the last available latitude bins are 76° N
for YAW1, 64° N for YAW?2 and YAW3, 76° S for YAWS,
and 64° S for YAW10 and YAW11.

LIMS monthly zonal mean temperature profiles are
calculated from the LAMAT archive product. LAMAT
temperature coverage is from 100 hPa to 0.1 hPa and
from 84°N to 64°S. The vertical range useful for sci-
entific studies is from 100 hPa to 1.0 hPa [Gille et al.,
1984]. The latitudinal coverage is extended poleward
of 64°S, and the vertical range was extended to 0.05
hPa using NMC data. Daily NMC temperatures are
averaged over the LIMS yaw periods and linearly inter-
polated in latitude and pressure. The profiles at 84°N
are extended to 88°N. Tropospheric temperatures were
taken from the climatology included in the MLS 3AL
data file. Finally, the temperature profiles are linearly
interpolated in log pressure to the standard UARS grid.

2.2. Ozone

Level 3AL version 3 ozone data measured from the
MLS 205-GHz radiometer are used to calculate monthly
zonal mean profiles. Froidevauz et al. [1996] reported in
the MLS ozone validation paper that the useful vertical
range is from 46 hPa to 0.46 hPa. Additional informa-
tion on MLS ozone quality can be found in the articles
by Cunnold et al. [1996a, b]. Outside the range of pres-
sures above 100 hPa and below 0.46 hPa the data are
mostly climatological.

For the same reason as discussed in the previous sec-
tion, it is not possible for certain yaw periods to have
daytime profiles at all latitudes from 80°N to 80°S. Sim-
ilarly, the profiles of the latitude bins poleward of the
bin containing the last available profile were taken to
be equal to that profile. The last available latitudes for
MLS ozone are the same as for MLS temperatures.

Monthly zonal mean ozone profiles during the LIMS
period are calculated from the LAMAT archive. The
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Figure 1. Sample zonal mean (day plus night) temperature data and minor constituent data for
YAWS5 used to calculate infrared cooling rates. Data sources are described in the text. YAWS5

corresponds to equinox.
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validation analysis was conducted by Remsberg et al.
[1984]. The effects of non-LTE in the LIMS daytime
ozone data [Solomon et al., 1986b; Mlynczak and
Drayson, 1990a, b] were reduced by computing the
daytime ozone concentrations using the LIMS night-
time ozone concentrations multiplied by the latitude-
dependent  day/night ozone ratios from the
Garcia-Solomon model [Garcia et al., 1992; Garcia and
Solomon, 1994]. This procedure only affects the ozone
above about 50 km (1 hPa) by reducing the magnitude
of the daytime ozone concentration which was artifi-
cially high due to non-LTE emission from ozone and
carbon dioxide that was not accounted for in the LIMS
(LTE) retrieval. LAMAT ozone coverage is from 100
hPa to 0.1 hPa and from 84°N to 64°S. The latitudi-
nal coverage was extended from 64°S to 80°S and the
vertical range was extended from 1.0 hPa to 0.05 hPa
using SBUV data. The profiles at 84°S and 88°S were
extended from the profiles at 80°S. Similarly, the pro-
files at 84°N and 88°N were extended from the profiles
at 80°N. Tropospheric ozone data were taken from the

climatology included in the MLS (205-GHz) level 3AL

- data file. Finally, the ozone profiles were linearly inter-
polated in log pressure to the standard UARS grid.

2.3. Water Vapor

Similar to UARS temperature and ozone, MLS level
3AL version 3 data are used to calculate monthly zonal
mean water vapor profiles. The useful vertical range for
MLS water vapor is from 46 hPa to 0.2 hPa, as reported
in the validation paper by Lahoz et al. [1996]. Outside
this range the data are mostly climatological.

The LAMAT product is used to calculate LIMS
monthly zonal mean water vapor profiles. The useful
vertical range is from 100 hPa to 1.0 hPa, as reported
by Russell et al. [1984b]. Tropospheric water vapor
data were taken from the climatology included in the
MLS level 3AL data file. No other data sources were
used to extend the latitude and vertical range above
1hPa. The water vapor concentrations at 1.0 hPa are
extended to 0.05 hPa for each latitude bin. Similarly,
the profiles at 64°S were extended to 88°S, -and from
84°N to 88°N. The profiles are finally interpolated, lin-
early in log pressure, to the standard UARS grid.

2.4. Nitrogen Dioxide

Monthly zonal mean nitrogen dioxide profiles are cal-
culated from both CLAES and ISAMS level 3AL data.
CLAES nitrogen dioxide data are missing prior to Jan-
uary 10, 1991. Therefore ISAMS version 10 data are
used for YAW1-YAW2 and during the first 10 days in
YAWS3. Afterwards CLAES version 7 data are used.
The useful vertical range for CLAES nitrogen dioxide
is reported to be 20 hPa to 2 hPa [Reburn et al., 1996].
To our knowledge, no recommended vertical range for
scientific analysis has been reported for the ISAMS ni-
trogen dioxide data.
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Daytime averages of nitrogen dioxide suffer from the
same restriction on latitude coverage described above
for daytime averages of temperature and ozone. The
coverage is extended in the same way: profiles of the lat-
itude bins poleward of the bin containing the last avail-
able profile were set equal to that profile. For ISAMS
and CLAES nitrogen dioxide data, the last available lat-
itudes are typically 76°N and occasionally 64°N. More-
over, numerous data points are missing at UARS level
0.1 hPa. The nitrogen dioxide concentrations at 0.15
hPa were extended to 0.1 hPa.

The LAMAT product is used to calculate monthly
zonal mean nitrogen dioxide profiles during the LIMS
period. The useful vertical range is from 30 hPa to 3
hPa [Russell et al., 1984a]. No other sources were used
to extend vertical and latitudinal coverage. Because
nitrogen dioxide is difficult to detect above 2 hPa, and
is very near to zero, the concentrations above 2 hPa
were set equal to zero [Kiehl and Solomon, 1986]. The
profiles at 64°S are extended to 88°S, and from 84°N
to 88°N. Finally, the profiles are linearly interpolated
in log pressure to the standard UARS grid.

2.5. Aerosol Extinction

HALOE aerosol extinctions at 5.26 pm, correspond-
ing to the gas-filter nitric oxide (NO) channel, are used
to develop an infrared aerosol extinction model. The
model is described in part 1. Monthly zonal mean ex-
tinction data are calculated using level 3AT version 18
data. Validation studies by Hervig et al. [1996] suggest
that the useful vertical range is from 100 hPa to 10 hPa.

HALOE uses the method of solar occultation to mea-
sure profiles of limb-path solar attenuation by the
Earth’s atmosphere as the Sun rises and sets, as viewed
from the spacecraft. The measurement coverage pro-
vides two longitude sweeps per day, one at the latitude
of sunsets and the other at the latitude of sunrises. The
progression of sunrise and sunset latitudes, due to the
57° inclination orbit of UARS, affords near-global cov-
erage in periods of 20 to 30 days. Consequently, because
of the HALOE sampling pattern, there are varying lo-
cations of the globe which are not observed during each
yaw period.

3. Results
3.1. Zonal Mean Heating and Cooling

In this section we present the climatology of zonal
mean heating and cooling for LIMS and UARS peri-
ods. In all computations we first zonally average the
temperature and minor econstituent data and then cal-
culate the solar heating and infrared cooling rates based
on the zonally averaged fields. Because of the volume
of data involved we choose this approach rather than
first calculating global fields of heating and cooling and
then zonally averaging those fields. To test the appro-
priateness of this approach we analyzed a simple case
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and considered the impact on the zonal mean cooling
rates and the global-average cooling rate for the CO,
15 pm fundamental band. We computed global fields
of infrared cooling and then calculated their zonal aver-
ages and global averages for comparison with the cool-
ing calculated using the zonally averaged temperature
data. Plate 1 shows zonal mean cooling rate differences
between the two approaches for UARS YAW3 (Decem-
ber 1991 to January 1992). The differences are generally
within £0.2 K/d between 10 and 100 hPa. Over much of
the globe the differences are less than 0.1 K/d between
10 and 100 hPa. The largest differences in the strato-
sphere occur near the temperature maximum, with dif-
ferences reaching 1 K/d. There is also a region of en-
hanced cooling rate differences between 3 and 7 hPa at
middle to high latitudes in the winter hemisphere. In
the mesosphere the absolute differences exceed 0.4 K/d
at altitudes above 0.5 hPa and are as high as 2 K/d in
the tropical and polar summer regions. The MLS data
meet the climatology around 0.5 hPa (see also Table 2).
It is our belief that poor meshing of the temperature
data with the climatology is causing the large errors
in the lower mesosphere and not the method of zonal
averaging the cooling rates. Table 4 shows the com-
parison of the global average cooling rates between the
two approaches. As can be seen, there is very little
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difference between the two approaches, typically 1% to
3% at pressures less than 100 hPa and greater than 1
hPa. The largest absolute difference occurs near the
stratopause. This difference is a consequence of the
coarse vertical layering of UARS data in the region of
rapid vertical temperature gradients which we discussed
in paper 1. We would anticipate that the largest errors
in our approach would be in the infrared calculations
due to the sensitivity of radiative exchange to the tem-
perature field. Because of the relatively small errors as-
sociated with our approach (which are due to layering
and not to zonal averaging, per se) we conclude that it
is appropriate to zonally average the temperature and
constituents first and then calculate the cooling (and
heating) rates for the zonally averaged profiles.

Figure 2 shows plots of total solar heating and to-
tal infrared cooling for the LIMS period. In Figure 2
the LIMS data show strong cooling in the upper strato-
sphere characterized by a maximum near 1.0 hPa of
about 10 K/d and peaking at about 12 K/d in North-
ern Hemisphere polar summer. The large cooling rates
(16 K/d) in the Southern Hemisphere polar summer
(YAW2, YAW3) are potentially suspect because the
data poleward of 64°S are not provided by the LIMS
measurements as discussed above. Solar heating is char-
acterized by a peak near the stratopause of about 11

Table 4. Global-Mean Infrared Cooling: Global Fields versus Zonally Averaged Fields

CO; Cooling Rate From 500 to 850 cm ™ (K/d)

Pressure, hPa Global Field® Zonally Averaged Field® Difference
0.10 -2.08 -2.79 0.71
0.15 -1.63 -2.32 0.69
0.22 -1.48 -2.16 0.68
0.32 -3.99 -4.36 0.37
0.46 -7.12 -6.88 -0.24
0.68 -8.24 -7.36 -0.88
1.00 -8.08 -6.92 -1.16
1.47 -6.75 -6.17 -0.58
2.15 -5.08 -5.14 0.06
3.16 -3.83 -3.91 0.08
4.64 -2.84 -2.83 -0.01
6.81 -2.20 -2.24 0.04
10.0 -1.75 -1.82 0.08
14.7 -1.50 -1.55 0.05
21.5 -1.27 -1.28 0.01
31.6 -0.97 -0.98 0.01
46.4 -0.68 -0.69 0.01
68.1 -0.31 -0.33 0.01
100. -0.02 -0.04 0.02

a2 Global fields of Microwave Limb Sounder MLS-observed temperature were used to calculate cooling rates from

CO; in the 500-850 cm™! region. Cooling rates were calculated using every level 3AT temperature profile available
from the DAAC during UARS YAW3 period (28 UARS days, 36,914 temperature profiles). The cooling rates were then

zonally averaged and then globally averaged.

b Zonally averaged fields of Microwave Limb Sounder MLS-observed temperature were used to calculate cooling

rates from CO; in the 500-850 cm™! region. Zonal-mean temperature profiles were calculated from every level 3AT
temperature profile available from the DAAC during UARS YAW3 period. Zonal-mean cooling rates were calculated

next and then global-mean cooling rates.



6048

Pressure (mbar)

MLYNCZAK ET AL.: STRATOSPHERIC HEAT BUDGET, 2

TOTAL SOLAR

LIMS YAW2: (Nov78-Dec78)

-90 -60 -30 o 30 60 90

60 90

LIMS YAW4: (Jan79- Feb79)

-90 -60 -30 0 30 60 90

LIMS YAWS5: (Mar79-Apr79)

TOTAL COOLING

LIMS YAW2: (Nov78-Dec78)

M Cap——= ]
— 6.0 <7 3
oS S o —u
= ——

3 2.0
10.0 :_:-///;_\P_\//‘\.o——é

100.0E =005

-90 -60 -30 0 30 60 90

-90 -60 -30 0 30 60 90

100.0 /é\wmi

-90 -60 -30 0 30 60 20

LIMS YAW6: (Apr79—May79)
0.1 /ﬂg k&‘ﬁ%

10.0f 20—

100.0 %1
-90 -60 -30 0 30 60 90

Latitude

Figure 2. Total solar heating and total infrared cooling (K/d) calculated from LIMS data.
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Figure 3. Total solar heating and total infrared cooling (K/d) calculated from UARS data.

K/d at equinox (YAWS5) with values exceeding 12-14 The total solar heating and infrared cooling from the
K/d during polar summer. The march of seasons is UARS period are plotted in Figure 3. While many of
clearly evident in the progression of infrared cooling and ~the same climatological features are present in both
solar heating. LIMS and UARS data sets, there are noticeable and
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important differences between the two. These differ-
ences will also be reflected in the diagnosed meridjonal
and vertical circulations presented below. For example,
the UARS data on total infrared cooling in Figure 3
exhibit a maximum cooling of about 11 K/d peaking
in altitude above the stratopause at about 0.7 to 0.8
hPa. This is in contrast to the LIMS data which gen-
erally peaks around 10 K/d near the stratopause and
at about 1.0 hPa or just higher (lower) in pressure (al-
titude). The height of the cooling peak in the UARS
data may be partially determined by the joining of the
Microwave Limb Sounder temperatures and the NMC
temperature climatology which occurs at approximately
0.46 hPa. The effects on the calculated cooling rate of
any discontinuities in the temperature profile are man-
ifest several kilometers below and above the disconti-
nuity, as previously discussed. The total solar heating
in Figure 3 from UARS is about the same magnitude
as in LIMS but generally peaks at a higher pressure
(or lower altitude) at 1.5 hPa. The height in the solar
heating peak is determined by the height of the peak in
the daytime-averaged ozone concentration. The ozone
concentration from the Microwave Limb Sounder peaks
at a higher pressure as compared to LIMS.

The net diabatic heating rates computed from the so-
lar and infrared rates above (total solar heating minus
total infrared cooling) are presented in Plate 2, along
with net diabatic heating rates for the remaining UARS
periods (YAW1 and YAW7-YAW13). Below we com-
pare the net diabatic heating rates between LIMS and
UARS for YAW2-YAWG6. It is evident that the entire
tropical and midlatitude stratosphere experiences a net
heating (more solar heating than infrared cooling) for
latitudes primarily between 40°S and 40°N. There is
also net heating in the polar regions during summer
and net cooling in the polar regions during winter, il-
lustrating the departures from radiative equilibrium at
those locations and times. These results are consistent
with the work of MG, K8, and Gille and Lyjak [1986].
Perhaps the most readily apparent difference between
LIMS and UARS in these figures is in the net heating
which is in general stronger for UARS than for LIMS.
In particular, there is strong net heating during UARS
YAWS3 exceeding 5 K/d in the tropical upper strato-
sphere. Just above this maximum in heating near 0.3
to 0.6 hPa in the tropics there is actually net cooling
in UARS YAW3. Evidence of two local maxima in net
heating near 40°N and 40°S is present in both LIMS and
UARS. These maxima are located near 0.2 to 0.3 hPa.
By equinox (YAWS5) there is evidence of a pair of weaker
maxima near 30°S and 30°N near the stratopause, es-
pecially in UARS data.

3.2. Global Radiation Balance

It is believed that the stratosphere should approach
radiative equilibrium over seasonal timescales when the

MLYNCZAK ET AL.: STRATOSPHERIC HEAT BUDGET, 2

net radiative heating is horizontally averaged over the
globe on each pressure surface. Olaguer et al. [1992]
have shown that on a monthly basis the infrared cooling
and solar heating should be in balance to within 0.03
K/d. Validating the equilibrium state of the strato-
sphere places stringent accuracy requirements on both
the radiation transfer algorithms and the remote mea-
surement techniques. Radiation transfer algorithms
have only recently achieved these accuracies, as demon-
strated for our infrared radiation models in paper 1.
Global observations of the atmospheric state are not yet
so accurate. Olaguer et al. [1992] also showed that dis-
tributions of important chemical tracers are sensitive to
diabatic heating differences larger than 0.1 K/d in the
lower stratosphere. Therefore the calculated global ra-
diation balance should be maintained at least to within
0.1 K/d. We demonstrate in this section that the global
radiative balance in the stratosphere is nearly within
0.1 K/d when computed from the LIMS and UARS
data sets. This balance is achieved without any prior
“adjustment” of the data as was done, for example, by
Kiehl and Solomon [1986], Gille and Lyjak [1986], and
Pawson and Harwood [1989].

Figure 4 shows the globally averaged infrared cool-
ing, solar heating, and net diabatic heating during both
LIMS and UARS periods for YAW2-YAW6 (November-
December to April-May). The radiative imbalance at
each UARS pressure level is given in Table 5 for YAW3
(December to January), which is representative of all
yaw periods. The radiative imbalance is almost always
within 0.1 K/d in the lower stratosphere from ~30 to 70
hPa and nearly within 0.1 K/d at 100 hPa. Considering
the entire stratosphere from 1 to 100 hPa, two-thirds of
the pressure levels are within 0.2 K/d. Below we show
that the calculated global-mean radiative imbalance is
largely explained in terms of the uncertainty in input

atmospheric data, and the agreement between global-
mean solar heating and global-mean infrared cooling

presented in Figure 4 and Table 5 is the closest achieved
to date. The imbalance is' much larger in the meso-
sphere where the errors in the infrared cooling rate cal-
culations and in the measurements increase (see UARS
validation papers). The radiation fields calculated us-
ing UARS data are closer to a globally averaged bal-
ance than those calculated using LIMS data. This is
mainly due to advances in molecular spectroscopy since
the time of the original LIMS processing. Because of
improvements in the molecular line database (i.e., HI-
TRAN) the LIMS globally averaged net radiative heat-
ing rates in Figure 4 are much closer to radiative bal-
ance than reported by Kiehl and Solomon [1986], where
the globally averaged solar heating and infrared cool-
ing generally differed by no more than 25% throughout
the stratosphere. Our calculations predict that solar
heating and infrared cooling agree in the stratosphere
to better than 12% (see Table 5) in regions where the
UARS data are generally considered to be scientifically
useful (22 hPa to 0.46 hPa).



Pressure (mbar)

MLYNCZAK ET AL.: STRATOSPHERIC HEAT BUDGET, 2

Global—Average Net Heating (K/day)

UARS YAW2
0.17T T ]
E 7T T
1’0 B \: > 9
[ 7 ]
! Solar
10.0F v 'O 3
C , — .—.. Infrared ]
10006 i/, - oo Nt E
-2-10 1 2 3 4 5 6 7 8 9 101112
UARS YAW3
0.1 =TT ]
2o =
1'0 E- \: - 3
I S |
E N 3
10.0 £ \ — Solar 3
b B —.—.. Infrared ]
100.0E_. ! oo M
-2-10 1 2 3 4 5 6 7 8 9 101112
UARS YAW4
0.1 [T :
1.0 E \ N - |2 3
: r ]
1) 3
10.0F ) Solor 3
F ; — ... Infrared
100.0E..__2 —zz Nt -
-2-10 1 2 3 4 5 6 7 8 9 101112
UARS YAWS
0.1 = ]
10F N 3
L —— 4
E < 3
10'05_ g —— Solar 3
; A —.—.. Infrored ]
100.0 ! = o - Net
-2-10 1 2 3 4 5 6 7 8 9 101112
UARS YAW6
0.1 T =7 ]
=TT T
10~ ]
C v ]
: )
10.0F ( Solar 3
- y —.— .. Infrored 1
E — — - N
100.0E . et ]
-2-10 1 2 3 4 5 6 7 8 9 101112

6051

LIMS YAW2
0.1 T
L . e ]
TS = ]
1.0F v 3
L /: ]
10.0 E ‘ ' — — Solor _é
3 ¥ —.—-. Infrared 1
E \
10006 —— - Nt
-2-10 1 2 3 4 5 6 7 8 9 101112
LIMS YAW3
0.1 =TZ
[ : T T T T ]
R )
1'0 E- '/ =
E ]
10.05_ \: Solar 3
\ —.—-. Infrored
100.0 ! - Nt E
-2-10 1 2 3 4 5 6 7 8 9 101112
) LIMS YAW4
0 [T ' ]
Lo TS ]
1.0F P - 3
¢ ]
10.0F ): Solar E
\ — . —.. Infrared 1
100.0 \ — — ~ Net
-2-10 1 2 3 4 5 6 7 8 9 1011 12
LIMS YAW5
0.1 TSI ]
E 3
1.0 [ E/ ]
- (: E
100F I Solar 3
v —.—-. Infrored ]
100.0 o = oo Net E
-2-10 1 2 3 4 56 7 8 9 101112
LIMS YAW6
0.1 [T IR ]
e 7 T ]
1.0 I L 3
RS ]
10.0 E I Solar E
_ v — . — . Infrared ]
10006} oo et
-2-10 1 2 3 4 5 6 7 8 9 101112

Global Mean Rate (K/day)

Figure 4. Monthiy global-average heating rates for LIMS and UARS. Months are UARS yaw
periods concomitant with LIMS. Heating rates shown are solar heating, infrared cooling, and net
diabatic heating (or radiative imbalance).
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Table 5. Global-Mean Net Diabatic Heating and Percent Radiative Imbalance for YAW3

Rate Imbalance (K/d) and Percent Imbalance (%)

UARS (aer)? UARS (noaer)® LIMS

Pressure, hPa, Rate % Rate % Rate %
0.10 0.10 3 0.06 2 3.95 120
0.15 1.56 35 1.53 34 3.63 85
0.22 2.54 47 2.53 47 1.65 31
0.32 1.20 17 1.20 17 1.09 16
0.46 -1.056 -13 -1.04 -13 0.65 8
0.68 -0.65 -7 -0.65 -7 0.46 5
1.00 -0.28 -3 -0.28 -3 0.13 1
1.47 0.86 8 0.86 8 -0.22 -2
2.15 0.10 1 0.10 1 -0.49 -6.
3.16 -0.25 -4 -0.26 -5 -0.69 -12
4.64 0.13 3 0.12 3 -0.45 -11
6.81 0.05 1 0.03 1 -0.29 -9
10.0 0.16 6 0.11 4 -0.28. -12
14.7 0.00 0 -0.13 -7 -0.30 -17
21.5 0.15 12 -0.18 -14 -0.23 -18
31.6 0.21 27 -0.22 -29 -0.13 -15
46.4 -0.01 -2 -0.29 -72 -0.04 -7
68.1 0.03 11 -0.07 -25 0.11 . 35
100. -0.15 -88 -0.19 -112 -0.17 -100

2 Pinatubo aerosols included.
b Pinatubo aerosols not included.

We now assess the impact of the uncertainties in the
model calculations and the observed temperature and
gas concentrations on the global radiative balance. Fig-
ure 5 contains plots of the global-mean solar heating, in-
frared cooling, and net diabatic heating for LIMS and
UARS YAW3. We choose YAW3 (December to Jan-
uary) because this month had the best global coverage
of Pinatubo aerosols by the HALOE instrument dur-
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ing peak aerosol loading. The stratosphere is in perfect
global-mean radiative equilibrium in steady state if the
global-mean net diabatic heating is identically zero. On
monthly timescales, however, the stratosphere should
be in radiative balance to within +0.03 K/d [Olaguer
et al., 1992]. From Figure 5 and Table 5 the calculated
global-mean net diabatic heating, or radiative imbal-
ance, exceeds +0.03 K/d at most pressure levels within
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Figure 5. Comparison of global-average radiative imbalance with estimated uncertainty in
infrared cooling rate calculation for (a) LIMS and (b) UARS YAW3.
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Plate 2. Net radiative heating (K/d) calculated from LIMS and UARS data.
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the stratosphere. Overlaid on the plots in Figure 5
are profiles of the infrared cooling rate difference be-
tween the LPK and the EGA models (see part 1) to
see if the computational uncertainty can account for
the calculated radiative imbalance. The estimated in-
frared cooling rate errors are taken from Table 2 of part
1. The computational errors are well below the cal-
culated radiative imbalance for both LIMS and UARS
data sets. Therefore errors in the computational scheme
alone cannot account for the calculated imbalance be-
tween global-mean heating and cooling.

The uncertainty of the input data on the calculated
radiative balance is assessed by perturbing the atmo-

spheric parameters by their estimated errors. Strato- |

spheric infrared cooling rates are most sensitive to tem-
perature (©); solar heating rates are most sensitive to
" the ozone amount. There are four possible error combi-
nations for the two input parameters: ©+60, O3+ O3;
0O —-60,03 —003; O +60, O3 —§03; and © — 60,
Os + § O3. Simulations have shown that the impact of
the ® — 00, O3 — § O3 combination on the global ra-
diation balance is quite nearly equal in magnitude and
opposite in sign to the impact of the © +460, O3+ § O3.
Similarly, the impact of the ©® — 40, O3 +§ O3 combina-
tion is approximately equal in magnitude and opposite
in sign to the impact of the © + 60, O3 — § O3 combi-
nation. Thus two independent error envelopes can be
constructed: one by explicitly computing the impact

MLYNCZAK ET AL.: STRATOSPHERIC HEAT BUDGET, 2

of the ©® + 00, O3 + § O3 combination and taking the
negative to form one envelope; the second by explicitly
computing the impact of the @ 4+ §0, O3 — § O3 combi-
nation and taking the negative to form the other error
envelope. The details of how the error envelopes are
calculated are discussed below; we explicitly consider
the impact of the © + 60, O3 — § O3 combination on
the basis of the accuracies of temperature and ozone in
each data set. For LIMS data each latitude and pres-
sure level in YAW3 is perturbed by 2.0 K in tempera-
ture [Gille et al., 1984] and -20% in ozone concentration
[Remsberg et al., 1984]. For UARS data, each latitude
and pressure level is perturbed by 4.0 K in tempera-
ture [Fishbein et al., 1996] and -5% in ozone concentra-
tion [Froidevauz et al., 1996]). The net diabatic heat-
ing sensitivity to these perturbations in temperature
and ozone ‘are shown in Figure 6. A similar sensitiv-
ity analysis was conducted by Gille and Lyjak [1986]
using LIMS data. As expected, an increase in strato-
spheric temperatures results in an increase in cooling.
Moreover, decreases in ozone concentration reduce the
absorption of solar radiation. The contour structure
of the increased infrared cooling closely resembles the
temperature contours, while the reduced solar heating
shows much stronger latitudinal variations.

The impact of the uncertainty in the input atmo-
spheric data on the computed radiative balance is de-
termined by calculating the global-average change in

T/03 Error Sensitivity
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Figure 6. Net diabatic heating rate differences in (a) LIMS and (b) UARS YAWS3 between per-
turbed and unperturbed input atmospheric data. The unperturbed temperatures were increased
by 2 K for LIMS and 4 K for UARS. The unperturbed ozone concentrations were decreased by
20% for LIMS and 5% for UARS. See text for details.
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net diabatic heating (shown in Figure 6) due to the es-
timated errors in both the temperature and the ozone
amount. This quantity is compared in Figure 7 to the
radiative imbalance for YAW3 (December to January)
during both LIMS and UARS periods. Figure 7 is a plot
similar to the comparison between the radiative imbal-
ance and the estimated computational error shown in
Figure 5. For UARS data (Figure 7a) the estimated
input data errors account for most of the radiative im-
balance in the stratosphere at pressures below 20 hPa.
The imbalance in the lower stratosphere is likely to be
caused by increasing errors in the measured atmospheric
parameters in the lower stratosphere (see UARS valida-
tion papers) and possibly an overestimation of the in-
frared heating by Pinatubo aerosols by assuming clear-
sky conditions (see part 1). The impact of clouds on
stratospheric radiative heating is discussed in part 1.
The radiative imbalance in the lower stratosphere dur-
ing UARS can also be due to the fact that the measured
data become mostly climatological at pressures higher

than 20 hPa (see Table 2). The input error envelope in .

Figure 7a is almost identical for the two independent er-
ror combinations discussed in the preceding paragraph.
For LIMS data, however, the two error combinations
produce very different error envelopes. The © + §O,
O3 + 0 O3 combination (not shown) does not come close
to explaining the radiative imbalance, while the © +§0,
O3 — § O3 combination, shown in Figure 7, nearly ex-
plains the radiative imbalance throughout most of the
stratosphere. As stated at the beginning of this sec-
tion, the imbalance in the LIMS data is probably due to
the older molecular spectroscopic data available at the
time of the original LIMS processing. The LIMS data
are presently being reprocessed with updated spectro-
scopic parameters. The ozone amounts near 2-3 hPa

UARS
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are expected to increase by about 5% (E. Remsberg,
private communication, 1998). This increase will re-
duce the peak discrepancy between solar heating and
infrared cooling in the upper stratosphere LIMS data.
However, we emphasize that the LIMS radiative im-
balance has been significantly reduced compared to the
work of KS, by a factor of 2 or more, and is near the
imbalance criteria put forth by Olaguer et al. [1992].

Figure 8 shows the global-average net diabatic heat-
ing for UARS YAW3 with and without Pinatubo aerosols
included. The data are also given in Table 5. The pres-
ence of the aerosol layer had a significant effect on the
lower stratospheric radiative energy budget. One can
clearly see from Table 5 that the percent imbalance was
greatly reduced by including infrared emission and ab-
sorption by Pinatubo aerosols. Pinatubo aerosols added
as much as 0.43 K/d to the global-average net diabatic
heating at 31.6 hPa in YAW3. Although not shown
here, the maximum radiative effect remained at 31.6
hPa until YAW7 (July-August 1992), where it dropped
to 46.4 hPa with an added 0.27 K/d to the global-
average net diabatic heating. A maximum heating by
Pinatubo aerosols of 0.23 K/d occurred at 68.1 hPa
during YAWS8 (September-October 1992). The maxi-
mum heating added remained at 68.1 hPa from YAWS8-
YAW13 (September 1992 to April 1993) where 0.14 K/d
was added in YAW13.

To further assess the global energy balance of the
stratosphere, we have also calculated the total energy
gained by the entire stratosphere due to absorption of
solar radiation and the total energy lost by the strato-
sphere due to emission of infrared radiation. The goal is
to see whether or not our calculations indicate a balance
between absorbed and emitted energy within the entire
stratospheric system. These calculations are similar to
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Figure 7. Comparison of global-average radiative imbalance with estimated uncertainty in input

atmospheric data for (a) LIMS and (b) UARS YAWS3.
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UARS: With Aerosol
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Figure 8. Global-average heating rates for UARS YAW3 (a) with and (b)

aerosols included.

those routinely carried out in studies of the Earth ra-
diation budget in which the zonally averaged absorbed
solar energy is compared with the zonally averaged en-
ergy emitted by the planet [e.g, VonderHaar and Suomi,
1971]. To calculate the rate of absorption of solar energy
and the rate of emission of infrared energy, we employ
the first law of thermodynamics

§ iLe)

‘5‘%2" = Pcp'g‘t‘ (2)
which gives the local rate of energy gain or loss per
unit volume (6 Q/dt). Integrating this expression with
respect to height (and employing hydrostatic equilib-
rium) yields the total rate of energy gain or loss E(6)
per unit area within the vertical region of atmosphere
defined by the limits of integration; that is,

6Q 00
/ZWdZ—LpCpEdZ

_o% [9©
9 Jp Jtdp

E@) =

3)

where © is temperature and the heating rates 0 /4t are
functions of latitude (6) and pressure. Total absorbed
solar energy and the total emitted infrared energy are
determined by carrying out the integration using the so-
lar heating rates and infrared cooling rates given above.
For this study we nominally define the “stratosphere”
to be the region between 1 and 100 hPa.

Figure 9 shows E(6) plotted versus the sine of lati-
tude so that the abscissa is proportional to area. The
solid line represents the rate of absorption of energy
from solar radiation, and the dashed line is the rate
of loss from infrared emission. The E(#) shown in the
figure are from YAW13 (March, equinox) and YAW11
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without Pinatubo

(January, Northern Hemisphere winter) from the UARS
data. It is clear that the stratosphere gains more energy
than it loses at low latitudes, and it loses more energy
than it gains at high latitudes. The curves cross at 32°S
and 36°N in March and at 44°S and 24°N in January.
Despite the length of day in the Southern Hemisphere
summer (January) the polar stratosphere, as a whole,
continually loses more energy than it gains.

The global balance of heating and cooling in the
stratosphere can also be assessed by evaluating the (area
weighted) global mean of E(6). These values are given
in Table 6 for the 13 UARS months and for the 5 LIMS
months. Without any adjustment we find that the to-
tal, global-mean energy absorbed by the stratosphere
and the total global-mean energy emitted by the strato-
sphere to balance, on average, to better than one-half
(0.5) percent for the 13 UARS months. The area un-
der the individual curves in Figure 9 are identical to
within about 1.5%. The balance is not so good during
the 5 LIMS months as we find the global mean of E(6)
to balance to about 8%, with the energy loss computed
to be larger than the energy absorbed. Comparison of
the UARS and LIMS values in Table 6 show that the
absorbed solar energy is about the same during UARS
and LIMS, suggesting that the LIMS energy loss may
be too large. The global mean temperature profiles for
the 5 months common to LIMS and UARS are larger by
about 1-3 K during LIMS than UARS over the 1 hPa
to 100 hPa range, causing the larger calculated strato-
spheric loss during the LIMS period. Remsberg et al.

[1994] noted that the LIMS temperatures are slightly

too warm in the middle and upper stratosphere. Never-
theless, this analysis conclusively demonstrates that the
entire stratosphere as a thermodynamic entity is very
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Figure 9. Absorbed solar energy (solid line) and emitted infrared energy (dashed line) by the
atmosphere between 1 hPa and 100 hPa (in W/m?).

close to radiative equilibrium over monthly to seasonal
periods.

3.3. Diabatic Circulation

One of the goals of this work is to calculate accurately
the net radiative heating in the stratosphere in order
to calculate the diabatic circulation from the computed
fields of net radiative heating. As discussed in section 1,
Dunkerton [1978] has shown that the Lagrangian-mean
meridional circulation can be approximated satisfacto-
rily by the diabatic circulation, which is obtained from
the Eulerian-mean diabatic heating and temperature
structure. In this section we present computations of
the diabatic circulations for the LIMS and UARS data
sets, and we illustrate differences between the two. We
follow the formalism of Solomon et al. [1986a] in de-
veloping the expressions for the components w* (mean
vertical velocity) and v* (mean meridional velocity) of
the diabatic circulation.

Specifically, we calculate the mean vertical velocity
w* from the thermodynamic equation

v _ @net —v"(8T/0y) — (0T/01) @)
Tqa—T)

where Que; is the net radiative heating (zonally aver-

aged solar heating minus infrared cooling), v* is the

w

mean meridional velocity, T/8y is the zonally aver-
aged meridional temperature gradient, and 7T/0¢ is
the zonal mean local rate of change of temperature.
The product v*0T/0y represents the meridional ad-
vection of temperature. The term (I'; — I') represents
the static stability in terms of the difference between
the dry adiabatic lapse rate (I'y) and the lapse rate (T")
of the zonally averaged temperature. Typically, Qpet
is the largest of the three terms in the numerator, but
the other two terms can be as large as 10% of the net
radiative heating.

The meridional velocity v* is derived by integrating
the continuity equation

1 9 1
m—a—é(v* c030)+;gz—(pw*)=0 (5)

where a is the Earth’s radius, 4 is latitude, p is density,
and z is altitude. Because v* appears in the expres-
sion for w*, these equations are solved iteratively [e.g.,
Solomon et al., 1986a; Gille et al., 1987]. We also im-
pose the constraint

+5
/ w* cosfdf =0

. 4
2

(6)

to assure mass balance on a pressure surface and to force
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Table 6. Total Energy Absorbed and Emitted by the Stratosphere Between 1 and 100 hPa

UARS LIMS
Absorbed Solar Emitted Infrared %Diff* Absorbed Solar Emitted Infrared %Diff*
YAW1 11.51 12.92 12.3
YAW?2 11.44 12.37 8.1 11.53 12.78 10.8
YAW3 11.15 10.82 -3.0 11.51 12.68 10.2
YAW4 11.21 11.50 2.6 11.48 12.56 9.4
YAWS5 11.27 10.52 -6.7 11.69 12.52 7.1
YAWG6 11.32 10.81 -4.5 11.88 12.52 5.4
YAW7 11.21 10.16 -9.4
YAWS 11.20 10.33 -7.8
YAW9 11.24 11.06 -1.6
YAW10 11.17 11.21 0.4
YAW11 11.07 11.25 1.6
YAW12 11.03 11.29 2.4
YAW13 11.18 11.02 -1.4
Average 11.23 11.17 -0.5 11.62 12.61 8.5

2 %Diff: 100x(emitted infrared - absorbed solar)/absorbed solar

v* to zero at the poles. This constraint also effectively
forces global mean radiative equilibrium. The term w*
is first evaluated according to (4) as a function of lat-
itude with v* set equal to zero. An adjusted vertical
velocity is then determined by subtracting the global
mean value of w* calculated from (6). This “adjusted”
vertical velocity is then used in (5) to compute v*. The
process converges in a few interations, and five itera-
tions are used in all cases. As stated previously, these
adjustments are much smaller than required in previ-
ously published studies due to the near achievement of
global radiative equilibrium. As discussed above, our
radiative calculations show the stratosphere to be very
close to radiative equilibrium on a monthly timescale.
We have not adjusted our radiative calculations prior
to computing the diabatic circulations as was necessary
in the studies of Kiehl and Solomon [1986], Gille et al.
[1987], and Eluszkiewicz et al., [1996, 1997]. Any ad-
justment required to achieve mass balance is carried
out during the calculation of the circulations through
application of the above constraint, similar in fashion
to the previous studies, and is quite small.

Plate 3 shows the values of w* for the LIMS and
UARS periods and in Plate 4 the corresponding values
for v*. In the following discussion we compare the di-
abatic circulation patterns between LIMS and UARS
periods for YAW2-YAWG6. There are strong similarities
between the patterns of vertical velocity in the months
common to LIMS and UARS (mid-November through
mid-May) despite the 13 year separation between the
two sets of observations. Common features in the data
for YAW?2 through YAW4 (December-February) include
rising motion throughout the tropical stratosphere and
into the lower mesosphere; the axis of this upwelling re-
gion slopes toward the summer hemisphere and reaches
a maximum near 0.3 hPa and 30°S. In the midlatitudes

of the winter hemisphere (poleward of about 40°N),
both data sets show descending motion; this down-
welling becomes more intense during February (YAW4),
especially in the LIMS data, before weakening in March
(YAWS5). Solomon et al. [1986a] argued that the pat-
tern of ascending motion in the subtropics of the sum-
mer hemisphere and descent in the middle latitudes of
the winter hemisphere reflects the influence of planetary
wave driving, which forces such a global circulation. In
particular, the strong descent seen during YAW4 of the
LIMS data set is apparently the result of enhanced wave
driving associated with the stratospheric sudden warm-
ing of February 1979.

Ini the tropical lower mesosphere a region of descend-
ing motion is seen during YAW2-YAW3 (November-
January) in both UARS and LIMS data, although this
feature is stronger in UARS observations. During YAW4
(February) the tropical downwelling region descends to
0.6-0.7 hPa, and by YAW5 (March) it is found near the
stratopause, although with much smaller amplitude (in
the LIMS data there is just a minimum in upwelling
rather than actual downwelling.) This descending pat-
tern of downwelling is associated with the descending
westerly phase of the stratopause semiannual oscilla-
tion; the wave forcing that drives the westerly phase
generates a secondary meridional circulation with max-
imum downwelling just below the region of wave dissi-
pation.

In the tropical lower stratosphere the data for YAW5
(March) also exhibit rising motion, albeit weaker than
in winter months, and descending motion poleward of
35°-40°in both hemispheres. During YAW6 (April to
May) the transition to the Southern Hemisphere winter
regime is evident, with strengthening descent at high
southern latitudes and the beginning of rising motion
at high northern latitudes. The patterns of rising and
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sinking motion throughout the entire period (YAW2-
YAWS6) are consistent with the patterns of net heating
and cooling presented in Plate 2 above.

We find the computed values of w* to be very con-
sistent in shape and in magnitude with those reported
by E1. For example, in YAW2 the zero line for vertical
velocity lies at 30°N in both computations. Maximum
descent in the Northern Hemisphere lower mesosphere
is of the order of 8 to 10 mm/s in both cases. Max-
imum upwelling of 3-4 mm/s in the Southern Hemi-
sphere lower mesosphere is also found in both cases.
During YAW5 (equinox), downwelling of 1-2 mm/s oc-
curs slightly above 1 hPa and centered at the equator.
The consistency between the computations of E1 and
those reported here is higher for the w* calculations
than for the v* calculations.

In Plate 4 we show the values of v* for LIMS and
UARS periods and compare the two sets of results for
YAW2-YAW6. As was the case with w*, v* exhibits
a large degree of similarity between the two data sets,
although there are some significant differences in mag-
nitude which may reflect the natural variability of the
stratosphere. The patterns of v* reflect the predomi-
nant summer-to-winter circulation in the upper strato-
sphere and lower mesosphere; this circulation weakens
at equinox (YAWS5) and reverses as southern winter
begins (YAW6). Superimposed on this pattern is a
smaller-scale pattern in the tropical upper stratosphere
and lower mesosphere. This pattern is associated with
the semiannual oscillation and consists of equatorward
motion above the tropical downwelling region described
above (Plate 3) and poleward motion below. The pat-
tern is especially apparent in YAW3-YAW4 (November
to January) in the UARS data.

In comparison with the work reported by E1 we find
the fields of v*-to be qualitatively consistent but with
some important differences. For example, both sets of
computations exhibit peaks in v* near 1 hPa, but the
values reported by E1 are typically larger in magnitude
by 1 m/s or more. We also see a persistent region of
negative v* between 30 and 50 hPa in the Northern
Hemisphere in the results of E1 during YAW2 through
YAWG6, which is not present in our calculations. Our re-
sults for the LIMS period are quite consistent with those
of Solomon et al. [1986a] who do not indicate any neg-
ative v* in the Northern Hemisphere lower stratosphere
in January or March. We further note that the radia-
tive effects of Pinatubo aerosols are largest in the 30 to
50 hPa layer. We suggest that the differences in v* may
be due to E1 not including aerosol radiative effects in
the early months after the Pinatubo eruption.

Finally, we have computed the mass-weighted stream
function to illustrate the large-scale circulation in the
stratosphere for every LIMS and UARS month consid-
ered. The stream function x is evaluated from the def-
inition

24

50 = pacosfw* (7
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by integrating the expression

il

x(0,2) = a/2 p(8',2) cos8' w*(6',2)dd'  (8)
0 ,

where the symbols are as defined above. The mass-
weighted stream function is not shown here but is avail-
able from the climatology database URL given in sec-
tion 4.

3.4. Radiative Relaxation Time

A simple understanding of the interaction of radia-
tion with dynamics and chemistry can be gained by
introducing the radiative relaxation time. It is easy to
show from the first law of thermodynamics for an ideal
gas that if the thermal structure of the atmosphere is
perturbed uniformly by an amount §©, then the time
evolution of the temperature perturbation is given by

50(t) = 60(0)e /4, (9)

The radiative relaxation time 7;aq is defined as

_ dQnet -
Trad = 40 )

where Qpet is the net diabatic heating, and dynamical
heating has been ignored. The relaxation time is the
timescale which characterizes the effectiveness of the
radiation in damping out perturbations to the thermal
structure. In addition, the relaxation time is used to
calculate stratospheric radiative-equilibrium tempera-
tures in climate forcing applications [Ramanthan, 1976;
Ramanathan et al., 1989]

To first order, the radiative relaxation time defined
above is dependent only on the rate of change of in-
frared cooling with temperature. Numerically, we cal-
culate the infrared radiative relaxation time from a cen-
tral difference estimate

(10)

o 200
2d = OR(O +00) — Qr(0 — 60)

(11)

by perturbing the temperature profile at each latitude
by 60 = 1 K at all pressure levels. This is the clas-
sical Newtonian cooling coeflicient or infrared radia-
tive relaxation time which describes the response time
of the atmosphere to a thermal perturbation. It has
been pointed out that the anticorrelation between tem-
perature and ozone in the upper stratosphere can lead
to “photochemical acceleration” of the relaxation time
[Craig and Ohring, 1958; Ghazi et al., 1979; Pawson et
al.,, 1992]. We compute the Newtonian cooling coeffi-
cient for purposes of comparison with those of KS and
Gille and Lyjak. The issue of photochemical accelera-
tion will be addressed in a future publication.

In Figure 10 we compare the infrared radiative re-
laxation times during LIMS and UARS YAW3 and
YAWS5. Similar calculations have been done by Kiehl
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Plate 3. Mean vertical velocity derived from net radiative heating calculated from LIMS and

UARS data sets.

0o 3 60 90 -9 -60 -30 O

3 60 90

Latitude

-90 -60 -30 O

-3 0 3 60 90

30 60 90

3 60 90

-10

6061



6062 MLYNCZAK ET AL.: STRATOSPHERIC HEAT BUDGET, 2

v+ (m/s)

UARS YAW2: (Nov91 —Dec9

LIMS YAW2: (Nov78-Dec78
0.1 [empemneess o 5

UARS YAWS: (Sep92-0ct92)

-90 -60 -30 O 30 60 9 -9 -60 ~-30 O 3 60 90 -~% -60 ~30 0O 30 60 90

UARS YAW9: iOctQZ—NonZ)

UARS YAW3:

-90 -60 ~30 O 3 60 90 -9 ~60 -30 O 30 60 90

UARS YAW4:

~-90 -60 -3 O©0 3 60 90 -9 -60 -30 0 30 60 90 -%0 -60 -30 O 30 60 90

UARS YAWS: (Morgz—ﬁrQZ)

Pressure (mbar)

-60 ~-30 O 30 60 -60 -30 0 30 60 90

LIMS YAWS: (Apr79-May79) UARS YAW12: (Jon93~Feb93)

> RS

100.0 :
-90 ~60 ~30 O 30 60 90 -9 ~60 -30 0 30 60 90 -90 -60 ~30 0 30 60 90

UARS YAW1: (Oct91-Novg1) UARS YAW7: (Jul92-Au UARS YAW13: (Mor93—Apr93)

~-90 ~-60 -30 O 30 60 90 -~90 -60 ~-30 O 30 60 90 -9 -60 -30 0O 30 60 90
Latitude

Plate 4. Mean meridional velocity derived from net radiative heating calculated from LIMS and
UARS data sets.



MLYNCZAK ET AL.:. STRATOSPHERIC HEAT BUDGET, 2

01 T T L R R | T T ||r~L||~
1.0r
5
0
£
ot
=]
[2]
[2]
ot
o i
10.0F
100.0 I I Lol ! 1 L1 ]
1 10 100

Days
Figure 11. Globally averaged infrared radiative re-
laxation time calculated during LIMS and UARS for
YAW3 (Dec. to Jan.).

and Solomon [1986] and Gille and Lyjak [1986] using
LIMS data. Our results show the same qualitative fea-
tures reported by them in both LIMS and UARS peri-
ods. The longest relaxation times occur near the trop-
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ical tropopause and the polar night region; the former
are of the order of 80-100 days. There is a large pole-
to-pole variation in the middle to upper stratosphere
by roughly a factor of 2 in YAW3 (solstice). The small-
est relaxation times occur at the stratopause, ~ 5-8
days, where they are comparable to planetary wave
timescales. The relaxation times are fairly symmet-
ric between the two hemispheres at equinox (YAWS5).
The seasonal variations at other periods are very simi-
lar between LIMS and UARS. The aerosol loading from
Mount Pinatubo during UARS is noticeable in the trop-
ical and midlatitude lower stratosphere.

Figure 11 shows globally averaged infrared radiative
relaxation times during LIMS and UARS for YAW3
(December to January). The data are given in Table 7.
The globally averaged relaxation times for other yaw
periods and seasons show similar features. The dis-
continuities in the mesospheric relaxation times during
UARS are due to the discontinuities in the mesospheric
MLS temperature profiles where the climatology is at-
tached. The globally averaged relaxation times are con-
sistent between LIMS and UARS from roughly 20 hPa
to 0.2 hPa. Mount Pinatubo aerosols significantly in-
creased the globally averaged radiative relaxation time
in the lower stratosphere in UARS relative to LIMS.
The region most affected is between 70.0 and 30.0 hPa.
For example, consider the data in Table 7. The calcu-
lated globally averaged radiative relaxation times agree
to about + 10% between LIMS and UARS without
aerosols included. When Pinatubo aerosols are included
in UARS, the globally averaged relaxation times are in-
creased relative to LIMS by 62%, 100%, and 260% at

Table 7. Global Mean Radiative Relaxation Times for YAW3

Relaxation Time (days)

Pressure, hPa UARS (aer)? UARS (noaer)® LIMS
0.10 11.6 11.4 53.6
0.15 13.9 13.8 282.0
0.22 16.2 16.1 12.6
0.32 9.60 9.60 9.63
0.46 6.81 6.82 7.94
0.68 6.40 6.41 6.96
1.00 6.64  6.64 6.71
1.47 7.21 7.22 7.11
2.15 8.25 8.26 8.24
3.16 10.5 10.5 10.3
4.64 143 14.2 13.3
6.81 18.4 18.4 17.6
10.0 23.1 227 22.2
14.7 30.1 27.9 26.7
21.5 57.8 36.3 35.2
31.6 171.6 53.6 48.1
46.4 169.4 74.6 85.0
68.1 256.1 162.9 158.5
100. 242.6 241.4 467.7

a  Pinatubo aerosols included.
b Pinatubo aerosols not included.
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Table 8. Zonal Mean Data Contained in Climatology
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Solar Heating

Radiative Cooling (0-3000 cm™")

Additional Data

Ozone Hartley band
Ozone Huggins band

Ozone (rotational, v,

Ozone Chappuis band

Oxygen total ultraviolet Total infrared cooling

Water vapor (rotational, v2)

Carbon dioxide (2, v3)

Net radiative heating
Infrared aerosol cooling
(400-3000 cm™ 1)
Mean vertical velocity (w*) in cm/s
Mean meridional velocity (v*) in m/s

v, V3)

(sum of all the above)

Oxygen near infrared

(0.762, 0.688, and 1.27 pm)
Carbon dioxide near infrared
Total solar heating

(sum of all the above)

Radiative relaxation times

Global-mean radiative relaxation times
Global-mean radiation balance

68.1, 46,4, and 31.6 hPa, respectively. Gille and Lyjak
[1986] also calculated globally averaged relaxation times
using LIMS data. Their results are generally consistent
with ours below 1 hPa, based on comparing our figure
with theirs. The differences in the mesosphere are likely
due to differences in the way the LIMS data were ex-
tended in latitude and in height (for example, compare
section 2 with the input data description by Gille and
Lyjak [1986]).

4. Summary and Conclusion

In this paper we evaluated the radiative budget of the
stratosphere through a detailed examination of the in-
dividual heating and cooling processes. We have carried
out calculations of stratospheric radiative and dynami-
cal parameters using 18 months of temperature and mi-
nor constituent data provided by measurements from
orbiting satellites. Typically, data for 5 months com-
mon to LIMS and UARS are displayed above. Con-
sideration of space prevents presentation of the entire
18 month climatology. However, the data, as presented
above, are representative of the quality of the entire

data set. We have purposely restricted our calculations
" to those times when the necessary satellite-derived tem-
perature, ozone, water vapor, and nitrogen dioxide mea-
surements are simultaneously available for the calcula-
tions.

From the calculations presented in both parts 1 and 2
we reached a number of conclusions. First, we showed
that in general, the stratosphere is in radiative equi-
librium on monthly timescales to within the accuracy
of the satellite data, the radiative transfer algorithms,
and the molecular spectroscopy databases. This result
demonstrates the utility of satellite data for use in di-
agnosing dynamical properties. There is also a balance
between the total amount of solar radiation absorbed
and infrared energy emitted by the stratosphere. Sec-
ond, it is necessary to include overlap between the v
band of ozone and the v, bands of CO, in the vicin-
ity of 14 pm. This has an important impact on the
radiative balance of the middle stratosphere. Third,

the presence of Pinatubo aerosols increases the radia-
tive relaxation time in the lower stratosphere. Finally,
the EGA method of radiative transfer is robust for com-
puting atmospheric radiative cooling rates.

We chose to compare results from the LIMS and
UARS experiments because these are the only two ex-
tant data sets from which the diabatic heating terms
can be evaluated using only the satellite-derived tem-
perature and constituent fields. We used- these fields to
evaluate the diabatic circulation and found strong sim-
ilarity between the diagnosed vertical velocity w* pat-
terns for the LIMS and UARS data despite some 13-14
years time difference. There were also similarities in
the patterns of v* diagnosed from the two data sets but
with more noticeable differences in magnitude which we
attribute to the natural variability of the stratosphere.

The 18 months of data described above are avail-
able for access by the community via a World Wide
Web interface at url http://heat-budget.gats-inc.com.
The specific parameters available in the climatology are
listed in Table 8. It is intended that users can access all
or part of this climatology for studies of stratospheric
radiative properties or perhaps to run model calcula-
tions using the fields of heating and cooling.
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