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a b s t r a c t

Yang et al. [1] quantified vertical velocity and upward mass fluxes in tropical lower

stratosphere based on radiative heating rate calculations using the Fu-Liou radiation

model along with 8-year Southern Hemisphere Additional Ozonesondes balloon-borne

measurements of temperature and ozone and cryogenic frost-point hygrometer mea-

sured water vapor. The impact of tropospheric clouds on stratospheric heating rates was

considered using cloud distributions from the International Satellite Cloud Climatology

Project. Since the radiative heating rate in the lower stratosphere can be as small as 0.1–

0.2 K/day, an accurate radiative heating rate calculation including all radiatively active

species is required. In this paper, we revisit the calculations in Yang et al. [1] by

developing a line-by-line radiative transfer model (LBLRTM-D4S) for multiple scattering

atmospheres. We consider the cloud impact using the cloud fields based on active lidar

and radar observations from CALIPSO and CloudSat so that the quantification of upward

mass fluxes in tropical lower stratosphere can be extended to tropical upper troposphere.

The annual mean mass fluxes and vertical velocities from LBLRTM-D4S are �14 kg m�2

day�1 and 0.77 mm s�1, respectively, at 120 hPa (15.5 km), and �1.2 kg m�2 day�1 and

0.13 mm s�1 at 60 hPa (19.5 km). We examine the accuracy of three commonly used

efficient radiation models including Fu-Liou, RRTM, and SBDART in estimating tropical

upward mass fluxes against the LBLRTM-D4S results.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Brewer–Dobson circulation (BDC) is the Lagrangian-
mean mass circulation in the stratosphere with air arising
across the tropical tropopause, moving poleward, and sinking
to the extratropical troposphere [2,3]. The BDC plays an
important role in the stratosphere–troposphere-exchange of
different chemical species, in the radiative energy balance,
and consequently global climate change [4]. It is therefore

critically important to have a quantitative estimate of the
strength of the BDC based on observations, and to test and
validate global climate model (GCM) simulations of the BDC.
However, the BDC cannot be directly observed since it
describes a Lagrangian motion [5]. One approach to evaluate
the vertical velocities and mass fluxes associated with the
BDC is based on the Transformed Euleria-mean (TEM) frame-
work by solving the TEM thermodynamic and continuity
equations where the radiative heating rates are derived from
a radiative transfer model with observed input data [5–7].

Yang et al. [1] used the TEM thermodynamic equation
to provide an estimate of the upward mass flux of the BDC
in the tropical lower stratosphere based on observations.
They employed the Fu-Liou radiation scheme [8–11]
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along with 8-year balloon-borne observations of atmo-
spheric profiles from the Southern Hemisphere ADditional
OZonesondes (SHADOZ) network [12]. The cloud distribu-
tions were from the International Satellite Cloud Clima-
tology Project (ISCCP) [13]. The vertical velocity and
upward mass flux profiles in tropical lower stratosphere
were then derived from radiative heating rates.

Since the radiative heating rate in the lower strato-
sphere can be as small as 0.1 to 0.2 K/decade [1,14,15],
an accurate radiative heating rate calculation including
all radiatively active species is required. In this paper,
we revisit the calculations by Yang et al. [1] by developing
a line-by-line benchmark radiative transfer model that
considers all radiatively active species in multiple scatter-
ing atmospheres. Although the ISCCP dataset may be used
to estimate the impact of cloud fields on the radiative
heating rates in the lower stratosphere, it does not include
information on thin/subvisible cirrus clouds and cloud
vertical structures. Thus ISCCP dataset cannot be used to
estimate the cloud impact on the radiative heating rate
profiles in the tropical upper troposphere [16]. In this
study, we use the cloud fields based on the active lidar
and radar observations from CALIPSO and CloudSat so that
the quantifications of upward fluxes in tropical lower strato-
sphere in Yang et al. [1] can be extended to tropical upper
troposphere. We examine the upward mass fluxes derived
from three commonly used efficient radiation models includ-
ing the Fu-Liou radiation model, Rapid Radiative Transfer
Model (RRTM) [17], and Santa Barbara DISORT Atmospheric
Radiative Transfer model (SBDART) [18] against the line-by-
line benchmark calculations. The upward mass fluxes of the
BDC that are derived from the radiative heating rate calcula-
tions are also compared with simulations of two GCMs both
with well-resolved stratospheres.

The paper is organized as follows. Section 2 describes
the radiation models utilized in this study, which include
the line-by-line benchmark radiation model and three
efficient radiation models. The atmospheric profiles of
temperatures, water vapor, and ozone from observations
in the tropical region of 101N–201S following Yang et al.
[16] are briefly described in Section 3. The comparison of
the radiative heating rates from three efficient radiation
models with the line-by-line calculations are discussed in
Section 4. Section 5 presents the upward mass fluxes in
the tropical lower stratosphere based on radiative transfer
calculations and the comparisons with two GCM simula-
tions. The cloud impact using CALIPSO and CloudSat
observations is also presented in Section 5 with the
derived profiles of vertical velocity and upward mass
fluxes in tropical upper troposphere and lower strato-
sphere. Section 6 gives the summary and conclusions.

2. Radiation transfer models

2.1. Line-by-line radiative transfer model

The results from the line-by-line (LBL) radiative trans-
fer model represent a rigorous set of benchmark calcula-
tions for development and evaluation of efficient
radiation models used in climate modeling and remote
sensing applications [19,20]. In carefully controlled

comparisons against field data, LBL results agree with
measured radiances to within observational uncertainty
[21]. Kratz et al. [22] have shown that a collection of LBL
models produce far infrared radiances and fluxes that
differ by roughly 0.5% when applied to identical atmo-
spheric profiles.

The Line-By-Line Radiative Transfer Model (LBLRTM)
developed by Clough et al. [23] has been extensively
validated against observations, principally at the ARM
climate research facilities [24]. It is widely used to provide
the benchmark longwave (LW) radiative heating rates and
flux calculations in clear atmospheres [20,25]. Although
the LBLRTM also provides the absorbing optical depth of
radiatively active gases in the short-wave (SW), it does
not include the calculations of the SW radiative heating
rates and fluxes. The latter requires the treatment of
multiple scattering associated with Rayleigh scattering
even in clear sky. Herein we incorporated the delta-four-
stream (D4S) scheme [9,26] into the LBLRTM, which
solves the radiative transfer equation for the multiple
scattering atmosphere for both LW and SW. The molecu-
lar Rayleigh scattering was considered. The single-
scattering properties of water and ice clouds with high
spectral resolution are based on the Mie calculations for
water droplets and Finite-Difference-Time-Domain and
improved geometric ray tracing for non-spherical ice
particles [10,11,27,28]. This LBL model is referred to the
LBLRTM-D4S. The LBLRTM-D4S can be used to calculate
the radiative heating rates and fluxes for both SW and LW
in both clear and cloudy atmospheres. Fu et al. [29]
showed that the scattering effects in the thermal infrared
spectra can be significant for the cloudy sky.

We tested the LBLRTM-D4S in clear sky by LBLRTM in
LW and by GENLN2 [30] in SW. The agreement between
these models is excellent. Fig. 1 shows a comparison of
LW and SW heating rates determined by these models.
The calculations were performed for the standard tropical
atmosphere [31]. The SW calculations assume a solar
zenith angle of 601 with a daytime fraction of 0.5 and a
surface albedo of 0.2. The radiative heating rate differ-
ences are smaller than about 0.02 K/day in SW and about
0.05 in LW (Fig. 1). Note that the differences between 500
and 30 hPa are smaller than 0.01 K/day in LW (Fig. 1a).

2.2. NASA langley Fu-Liou radiation model

The NASA Langley Fu-Liou radiative transfer model
[8–11, 32] uses the radiative transfer scheme based on the
delta-four-stream method for both SW and LW which are
divided into six and twelve bands, respectively. The corre-
lated k-distribution method is used to parameterize the
nongray gaseous absorption by H2O, CO2, O3, N2O and CH4

[8] with the addition of CFCs and CO2 in the window region
between 800 and 1250 cm�1 [33]. The H2O continuum
absorption using the CKD 2.4 [34] is included in the whole
thermal infrared spectrum (0–2850 cm�1). For ice clouds, the
single-scattering properties are parameterized using ice
water content, a generalized effective particle size, and a
mean effective aspect ratio [10,11,28]. For water clouds, the
single scattering properties are parameterized based on Mie
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calculations using liquid water content and mean effective
radius [35].

2.3. RRTM

The RRTM uses the correlated k-distribution method to
parameterize the nongray gaseous absorption by H2O,
CO2, O3, N2O, CH4, O2, N2, and CFCs [17,36,37]. The water
vapor continuum absorption coefficients are from
MT_CKD_2.5. The fluxes and cooling rates are calculated
in the LW (10–3250 cm�1) and SW (820–50,000 cm�1),
which were divided into sixteen and fourteen bands,
respectively. The DIScrete Ordinate Radiative Transfer
(DISORT) [38] is used to perform scattering calculations
in SW. The parameterizations of single-scattering

properties of water and ice clouds follow Hu and Stamnes
[35] and Fu [10] and Fu et al. [11].

2.4. SBDART

SBDART is a radiative transfer model for the analysis of
radiative transfer problems encountered in satellite
remote sensing and atmospheric energy budget studies
[18]. SBDART relies on low resolution band models
developed for the LOWTRAN 7 atmospheric transmission
code, which provide the clear sky atmospheric transmis-
son from 0 to 50,000 cm�1 and include the effects of all
radiatively active molecular species in the earth’s atmo-
sphere. The band models were derived from detailed LBL
calculations which were degraded to 20 cm�1 resolution

Fig. 1. (a) Long-wave (LW) radiative heating rates for the standard tropical atmosphere from LBLRTM-D4S and LBLRTM. (b) LW heating rate difference

between LBLRTM-D4S and LBLRTM. (c) Short-wave (SW) radiative heating rates from LBLRTM-D4S and GENLN2. (d) SW heating rate difference between

LBLRTM-D4S and GENLN2. The surface emissivity of one is used in LW calculations while the SW calculations assume a solar zenith angle of 601 with a

daytime fraction of 0.5 and a surface albedo of 0.2.
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in LOWTRAN. The band models are approximated with a
three term exponential fit [39] to be used in DISORT.

3. Atmospheric profiles

The atmospheric profiles of temperatures, water vapor,
and ozone from observations follow Yang et al. [1,16] and
only a brief description is given here. Balloon-borne
observations of temperature, ozone and water vapor were
collected from the tropics between �101N and 201S. In
total, 3303 simultaneously measured temperature and
ozone profiles of at least up to 28 km were obtained from
fourteen SHADOZ [12] stations during 1998–2007. A total
of 137 water vapor profiles, measured by the cryogenic
frostpoint hygrometer as well as the frost-point hygro-
meter balloon soundings, were obtained from seven
tropical stations. The observed atmospheric profiles are
extended up to 0.2 hPa by blending in the United King-
dom Meteorological Office (UKMO) monthly stratospheric
analysis of temperature data and HALogen Occultation
Experiment (HALOE) monthly ozone and water vapor
data [40].

4. Comparison of radiative heating rates in the tropical
clear sky

In this study, we use 12 monthly mean atmospheric
temperature and ozone profiles (averaged over 14 SHADOZ
sites) as the inputs to the radiative transfer model. We only
use the seasonal mean water vapor profiles in the calcula-
tions. These atmospheric profiles have a vertical resolution of
100 m below 30 km and a vertical resolution of 1 km above
30 km. The solar surface albedo and thermal surface emis-
sivity are set to be 0.07 and 1.0, respectively. The diurnal
mean solar radiative heating rates are calculated by using a
daytime mean solar zenith angle along with the solar
constant multiplied by the fraction of daytime as for the
15th of each month at 81S. The concentrations of chemical
species including 375.60 ppmv for CO2, 1.775 ppmv for CH4,
0.32 ppmv for N2O, 0.25 ppbv for CFC-11, 0.535 ppbv for CFC-
12, and 0.18 ppbv for CFC-22, are used. The HITRAN 2008
version is used in the LBLRTM-D4S that considers 31 absorb-
ing gases (i.e., H2O, CO2, O3, N2O, CH4, CFC-11, CFC-12,
CFC-22, CO, O2, NO, SO2, NO2, NH3, HNO3, OH, HF, HCL,
HBR, HI, CLO, OCS, H2CO, HOCL, N2, HCN, CH3CL, H2O2, C2H2,
C2H6, PH3). The concentrations of these gases are taken from
the LBLRTM except for the first eight. Fig. 2 shows tropical
annual mean radiative heating rate profiles (LW, SW,
and net) from the LBLRTM-D4S using atmospheric profiles
described above.

Fig. 3(a) shows the annual mean radiative heating rate
in tropical upper troposphere and lower stratosphere
from LBLRTM-D4S, which are the same as those in Fig. 2
but from 10 to 25 km. It is seen that the radiative heating
rate changes the sign from negative to positive at �15 km
[40], which defines the base of the tropical tropopause
layer [41]. The minimum net radiative heating rate in the
lower stratosphere is about 0.2 k/day. The differences in
radiative heating rates between the efficient radiation
models and the LBLRTM-D4S are shown in Fig. 3(b), (c),
and (d) for Fu-Liou, RRTM, and SBDART radiation models,

respectively. The errors in net radiative heating rates are
less than about 0.1 K/day for all three radiation models
in tropical upper troposphere and lower stratosphere,
which are dominated by the errors in the LW. The errors
in the Fu-Liou radiation model are smallest above
�20 km while the RRTM has the smallest errors below it.
The accuracy of these efficient radiation models in esti-
mating tropical upward mass fluxes, especially in the
lower stratosphere, will be examined in next section.

The radiation models except the detailed LBL calcula-
tions usually do not include all radiatively active gases in
the atmosphere. For example, the Fu-Liou radiation model
only considers H2O, CO2, O3, CH4, N2O, CFCs in LW, and
H2O, O3, CO2, and O2 in SW, which are referred to major
gases in this paper. Fig. 4(a) shows the differences in
radiative heating rates in tropical upper troposphere and
lower stratosphere between LBLRTM-D4S considering the
major gases and LBLRTM-D4S considering all radiatively
active gases. They are smaller than 0.003 k/day in LW and
0.02 k/day in SW. After adding CH4 in the calculation of
solar radiative heating rates, the differences become smal-
ler than 0.01 k/day (Fig. 4b). The role of CH4 in the solar
radiative heating rates is also discussed by Li et al. [42].
Therefore the impact of neglecting the minor gases is small
and the differences shown in Fig. 3 are largely a result of
the parameterizations of absorption for the major gases.
The effect of CH4 in SW, however, is not negligible [20,42].

5. Upward mass fluxes in tropical upper troposphere and
lower stratosphere

By neglecting the time tendency, meridional advection,
and eddy flux divergence in the TEM thermodynamic

Fig. 2. Annual mean radiative heating rate profiles in the tropical clear-

sky atmosphere based on the line-by-line calculations using the

LBLRTM-D4S that considers 31 absorbing gases and multiple scattering

associated with Rayleigh scattering. See the detailed description of the

LBLRTM-D4S and atmospheric profiles used in the text.
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equation [1,5], we have

wn @y
@z

T

y
¼Q ð1Þ

where y is the potential temperature, T the temperature,
Q the diabatic heating in terms of rate of change of

temperature, and wn is the vertical velocity. The overbar
represents a zonal area mean. In tropical upper troposphere
and lower stratosphere, latent heat release is negligible, and
Q becomes the radiative heating rate. The vertical velocity
can then be derived from Eq. (1) by calculating Q from a
radiative transfer model. For a given level, the vertical mass

Fig. 3. (a) Annual mean radiative heating rates in tropical upper troposphere and lower stratosphere from LBLRTM-D4S and the differences in radiative

heating rates between an efficient radiation model and LBLRTM-D4S for (b) Fu-Liou radiation model, (c) RRTM, and (d) SBDART.

Fig. 4. (a) Differences in radiative heating rates between LBLRTM-D4S that considers major gases and LBLRTM-D4S that considers all 31 absorbing gases.

(b) Same as in (a) but for LBLRTM-D4S that considers major gases plus CH4 in SW. The major gases include H2O, CO2, O3, CH4, N2O, CFCs in LW, and H2O,

O3, CO2, and O2 in SW, as in the Fu-Liou radiation model.
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flux (Fmass) is derived from

Fmass ¼ rwn
ð2Þ

where r is the air density.
Yang et al. [1] used Eqs. (1) and (2) to estimate the

upward mass flux of the BDC in the tropical lower
stratosphere based on observations. They employed the
Fu-Liou radiation scheme along with 8-year balloon-
borne observations of atmospheric profiles from SHADOZ
network (see Section 3 and [1,16] for more details). The
cloud distributions were from the ISCCP [13]. Here we
revisit the calculations by using LBLRTM-D4S and RRTM
and SBDART in addition to the Fu-Liou radiation model.

Yang et al. [16] recently quantified the cloud impact on
the radiative heating rate profiles by blending cloud retrievals
from CALIPSO [43,44] and CloudSat [45], and ISCCP [13]. For
cloud columns through which CALIPSO lidar can penetrate
without becoming saturated, the optical depths retrieved
from CALIPSO were used. For columns in which the lowest
cloud layer is opaque to CALIPSO, the cloud optical depth and
vertical structure retrieved from CALIPSO were used for the
non-opaque cloud layers above while the ISCCP cloud optical
depth and CloudSat cloud vertical structure were blended
for the opaque cloud layer. Since the optical depth from
ISCCP is the total optical depth for the whole column, the
optical depth for the opaque cloud layer is topaque ¼ tISCCP�P

non-opaquetCALIPSO where the summation is the total optical
depth for the non-opaque cloud layers above the opaque
cloud layer from the CALIPSO observations. For opaque cloud
layers, Yang et al. [16] used cloud top height from lidar but
cloud base height from CloudSat to better represent the cloud
vertical extent. The cloud radiative forcing, i.e., the difference
between the radiative heating rates in all sky and those in
clear sky, was determined from the Fu-Liou radiation models
in Yang et al. [16].

In this study, we obtain the all-sky radiative heating
rate profile as the summation of that in clear sky and the
cloud radiative forcing profile from Yang et al. [16], which
explicitly considers tropical thin/subvisible cirrus clouds
as well as cloud vertical distribution. The approach in
Yang et al. [16] can not only improve the estimate of the
cloud impact on the radiative heating rates in the lower
stratosphere as compared to using ISCCP data only, but
also obtain reliable cloud radiative forcing profile in
tropical upper troposphere. We can therefore derive the
upward mass flux and vertical velocity profiles in tropical
upper troposphere and lower stratosphere in all-sky
conditions. Note that it is not practical to use the
LBLRTM-D4S scheme to estimate the cloud radiative
forcing since it is extremely computationally expensive.
We found that the cloud radiative forcings from the

Fu-Liou radiation model and those from the LBLRTM-D4S
are in excellent agreement for typical cloud profiles.

Table 1 shows the mean upward mass fluxes of
1.16 (1.49) kg m�2 day�1 for 30–40 hPa layer and 1.30
(1.87) kg m�2 day�1 for 50–70 hPa layer under all-sky
(clear-sky) conditions from LBLRTM-D4S. The magnitudes
of the corresponding all-sky and clear-sky differences are
0.33 and 0.57 kg m�2 day�1, which are similar to the
magnitudes of 0.33 and 0.52 kg m�2 day�1 from Yang
et al. [1]. Under all-sky conditions, the relative errors in
estimated upward fluxes are 5% for Fu-Liou, �30% for
RRTM, and 37% for SBDART for the 30–40 hPa layer, while
the corresponding errors are �38%, �35%, and 9% for the
50–70 hPa layer. Thus the errors associated with these
three efficient radiation models can be as large as �35%
for the estimation of upward mass fluxes in tropical lower
stratosphere. Note that RRTMG, which is widely used for
GCM applications [46], is more efficient but less accurate
than the RRTM examined here.

For given atmospheric profiles, the LBL calculation
provides the most accurate radiative heating rates and
thus the most accurate upward mass flux estimates.
The comparison of LBLRTM-D4S-estimated upward mass
fluxes for the layers of 30–40 hPa and 50–70 hPa with
those from the NCAR/WACCM3 and GFDL/AMTRAC GCMs
is shown in Table 2. See Yang et al. [1] for the detailed
description of these two GCMs. The 2-s uncertainties in
LBLRTM-D4S-estimated upward mass fluxes are a result
of the measurement errors in temperatures, water vapor,
and ozone, and atmospheric variability following Yang
et al. [1]. Table 2 shows that the mass fluxes from both
AMTRAC and WACCM3 agree well with LBLRTM-D4S for
the 30–40 hPa layer [1] while for the 50–70 layer, the
GCM results are about 50% larger than the LBLRTM-D4S
value.

Fig. 5 shows the vertical profiles of upward mass flux
and vertical velocity in both clear-sky and all-sky conditions
from LBLRTM-D4S and corresponding impact of clouds in

Table 1
Annual mean upward mass fluxes (kg m�2 day�1) in tropical lower stratosphere derived from radiative transfer calculations using observed atmospheric

profiles and cloud fields for both clear-and all-skies. The numbers in parentheses are the relative differences as compared with results from LBLRTM-D4S.

LBLRTM-D4S Fu-Liou RRTM SBDART

Clear-sky All-sky Clear-sky All-sky Clear-sky All-sky Clear-sky All-sky

30–40 hPa (22–24 km) 1.49 1.16 1.54 (3%) 1.22 (5%) 1.14 (�24%) 0.81 (�30%) 1.91 (28%) 1.59 (37%)

50–70 hPa (18.5–20.5 km) 1.87 1.30 1.36 (�27%) 0.80 (�38%) 1.41 (�25%) 0.84 (�35%) 1.99 (6%) 1.42 (9%)

Table 2
Annual mean upward mass fluxes (kg m�2 day�1) in tropical lower

stratosphere as derived from LBLRTM-D4S using observed atmospheric

profiles and cloud fields for all sky and from two GCMs. The errors

are 2-s uncertainties associated with the measurement errors in

temperatures, water vapor, and ozone, and atmospheric variability.

LBLRTM-

D4S

NCAR/

WACCM3

GFDL/

AMTRAC

30–40 hPa (22–24 km) 1.1670.35 1.37 1.18

50–70 hPa (18.5–

20.5 km)

1.3070.37 1.95 1.95
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tropical upper troposphere and lower stratosphere. The
mass fluxes and vertical velocities are �14 kg m�2 day�1

and 0.77 mm s�1, respectively, at 120 hPa (15.5 km), and
�1.2 kg m�2 day�1 and 0.13 mm s�1 at 60 hPa (19.5 km),
under all-sky condition. The cloud impact on the derived
mass flux and vertical velocity is �7 kg m�2 day�1 and
0.38 mm s�1, respectively, at 120 hPa (15.5 km), which
decreases with height and changes sign at �95 hPa
(17 km).

6. Summary and conclusions

In this paper, we revisit the calculations in Yang
et al. [1] using a line-by-line radiative transfer model
along with RRTM and SBDRT radiation models in addition
to the Fu-Liou radiation model. We also consider the
cloud impact using the cloud fields based on the active
lidar and radar observations from CALIPSO and CloudSat

satellites, which provides the information on tropical
thin/subvisible cirrus clouds and cloud vertical structures.

We develop a line-by-line radiation model for multiple
scattering atmosphere by integrating the absorbing opti-
cal depth of gases from LBLRTM with the delta-four-
stream scheme for radiative transfer, which is referred
to LBLRTM-D4S. The comparison with LBLRTM and
GENLN2 shows a difference of �0.01 K/day in LW and
�0.02 K/day in tropical upper troposphere and lower
stratosphere. It is also shown that the errors in radiative
heating rates there are about 0.1 K/day for Fu-Liou, RRTM,
and SBDART radiation models.

The layer-mean upward mass fluxes from LBLRTM-D4S
are 1.1670.35 kg m�2 day�1 for 30–40 hPa layer and
1.3070.37 kg m�2 day�1 for 50–70 hPa layer. The upward
mass fluxes from two GCMs (i.e., WACCM3 and AMTRAC)
agree well with LBLRTM-D4S for the upper layer but
are 50% larger for the lower layer. The relative errors in

Fig. 5. Annual mean (a) upward mass fluxes and (c) vertical velocities in tropical upper troposphere and lower stratosphere from LBLRTM-D4S with and

without incorporating cloud impact, and the cloud impact on derived (b) upward mass flux and (d) vertical velocity.
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estimated mass fluxes from Fu-Liou, RRTM, and SBDART
can be as large as �35%. Finally the mass fluxes and
vertical velocities from LBLRTM-D4S are �14 kg m�2

day�1 and 0.77 mm s�1, respectively, at 120 hPa (15.5 km),
and �1.2 kg m�2 day�1 and 0.13 mm s�1 at 60 hPa
(19.5 km). It is shown that the cloud impact on the derived
mass flux and vertical velocity is �7 kg m�2 day�1 and
0.38 mm s�1, respectively, at 120 hPa (15.5 km), which
decreases with height and changes sign at �95 hPa (17 km).
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