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Impact of clouds on radiative heating rates in the
tropical lower stratosphere
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[1] We quantify the impact of tropospheric clouds on radiative heating rates in the tropical
lower stratosphere using the data collected from the Atmospheric Radiation Measurement
(ARM) Tropical Western Pacific (TWP) sites Manus and Nauru. The cloud fields are
retrieved from ground-based millimeter cloud radar observations. We find that the
radiative heating rate change due to enhanced upwelling shortwave fluxes only partially
compensates that due to reduced upwelling longwave fluxes, resulting in a net change of
about —0.2 K/day in the 70—30 hPa layer during the periods of frequent high cloud
occurrence. The impact of clouds is particularly large relative to clear sky radiative heating
rates around 60 hPa (435-475 K, the base of the “tropical pipe’”) where they show a
local minimum. The radiative heating rates in this layer with the consideration of cloud
effects are close to zero and can be even negative (i.e., diabatic descent). The seasonal
and spatial structures of tropical convection, and associated high cloud coverage, suggest
that their effect, leading to longitudinal (in addition to the well known latitudinal)
gradients in radiative heating rates, may be partially responsible for stratospheric mixing.
It is suggested that the effect of high tropospheric clouds on radiative heating rates cannot
fully explain the amplitude of diabatic descent in the lower stratosphere over the maritime

continent reported in previous studies.
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1. Introduction

[2] The wave-driven stratospheric Brewer-Dobson circu-
lation forces an upwelling over the tropics that is balanced
by radiative heating [Holton et al., 1995]. The heating rates
and upwelling show substantial spatial and temporal vari-
ability, with enhanced upwelling at the edges of the tropics
[e.g., Eluszkiewicz et al., 1997; Plumb and Eluszkiewickz,
1999]. Estimates of radiative heating rates [e.g., Rosenlof,
1995] provide important information about the mechanisms
of tropical upwelling. The radiative heating rates derived
from radiative transfer calculations are, among others,
sensitive to ozone concentrations, temperatures, and tropo-
spheric cloud fields. Sherwood [2000] analyzed operational
wind data over the Maritime continent area and found, in
order to close the energy budget over this region, a need for
an energy sink equivalent to a cooling of about 1.5 K/day,
which was hypothesized to be arising from mixing with
overshooting convection. Hartmann et al. [2001b] dis-
cussed the role of thin cirrus clouds overlaying thick anvil
clouds, which could lead to local (in the cloud layer)
radiative cooling, as an alternative to overshooting convec-
tion. Norton [2001] noted a strong anticorrelation between
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upper tropospheric cloud cover and lower stratospheric
heating rates in ECMWF data, which was interpreted as a
possible consequence of the reduced longwave heating in
the lower stratosphere in the presence of high clouds.
Descent over the tropical Western Pacific region was also
noted in the vertical wind fields of assimilated data by
Simmons et al. [1999] and Gettelman et al. [2000].

[3] The map of diabatic heating (in terms of potential
temperature) at 70 hPa shown by Norton [2001] indicates a
spatial variation of about 1.5 K/day near the equator, with
diabatic heating rates ranging from less than —0.3 K/day
over the maritime continent to larger than 1.2 K/day over
the eastern Pacific. Fueglistaler et al. [2004] studied the
diabatic motion with trajectory calculations based on
ECMWF wind fields and obtained similar patterns, in
particular a region of diabatic descent over the maritime
continent. Their analysis of the three-dimensional structure
showed diabatic descent from tropopause levels upward,
with diabatic descent of order a few Kelvin in potential
temperature per day.

[4] Here, we present calculations of radiative heating
rates where we specifically pay attention to an accurate
representation of clouds in order to better quantify their role,
and hence to allow for better constraining the processes that
affect the diabatic circulation of the tropical lower strato-
sphere. Clouds affect stratospheric heating rates in a number
of ways, depending on time of day, and altitude of cloud.
Briefly, the increased albedo in the presence of clouds leads
to an increase in reflected, upwelling shortwave radiation.
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Figure 1. Location of the ARM stations Manus and Nauru

(bold) and the SHADOQOZ stations Java, Fiji, and Samoa.

This effect leads to an increase in stratospheric heating rates,
and is not sensitive to the altitude of the cloud (the
shortwave absorption in the troposphere is small), but,
obviously, depends on the cloud optical depth and time of
day. Conversely, clouds reduce the upwelling longwave
radiation which leads to a reduction of stratospheric heating
rates, mainly due to a reduction in absorption at the 9.6 um
ozone band. This effect is independent of the time of day,
but depends on optical depth and the altitude of the clouds
(due to the cloud’s emission temperature). The low effective
emission temperature associated with high thick clouds has
strong impact on the outgoing longwave radiation. Con-
versely, low clouds have little impact because of small
difference between the cloud and surface temperatures.

[5] A number of studies have estimated the impact of
tropospheric clouds, typically with idealized cloud fields
[e.g., Eluszkiewicz et al., 1997; Hicke and Tuck, 1999;
Hartmann et al., 2001b; Gettelman et al., 2004]. Corti et
al. [2005] used the observations of tropical thin cirrus and
cloud top height during 10—19 September 1994 provided
by the Lidar-In Space Technology Experiment (LITE) to
complement cloud information provided by the Interna-
tional Satellite Cloud Climatology Project (ISCCP) to
calculate radiative heating rates. A careful analysis of
the effect of clouds on stratospheric heating rates is
warranted, using an accurate description of the cloud
field in terms of occurrence frequency (on annual, sea-
sonal and diurnal timescales), cloud altitudes and optical
depths.

[6] Here, we derive the cloud characteristics from the
Millimeter cloud radar (MMCR) observations of the ARM
sites Manus and Nauru. This allows an accurate descrip-
tion of the cloud field with respect to altitude, optical
depth, frequency of occurrence, and diurnal and seasonal
variability. The two sites are located in the western
Pacific warm pool, with frequent deep convection, and
a very high cloud occurrence frequency for high clouds
[e.g., Hartmann et al., 2001a]. Hence we may derive
from data of this region an upper bound of the impact of
clouds, with a smaller role of clouds in the zonal mean
radiative heating rates. Note that the cloud retrieval based
on MMCR data underestimates some high, thin cirrus
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clouds, and we will also discuss its implications to our
conclusions.

2. Data and Method

[7] We use data from the ARM stations Manus and
Nauru, complemented with ozone data from the Southern
Hemisphere Additional Ozone soundings (SHADOZ)
program [Thompson et al., 2003] stations Java, Fiji and
Samoa (locations shown in Figure 1). Data from the years
2000 (a weak La Nina year) and 2002 (a weak El Nino
situation that is developing over the course of the year) are
used to calculate radiative heating rates around the tropo-
pause and in the lower stratosphere over the sites Manus and
Nauru. Results of the radiative transfer calculations will be
shown in general from the upper troposphere upward.
However, we emphasize here the results from the tropo-
pause (about 380 K, equivalent to ~90 hPa, or 17 km)
upward, as heating rates in the tropical tropopause layer
(TTL, loosely defined as the layer between the level of zero
net radiative heating and the tropopause) may be affected by
the presence of thin cirrus, which may go undetected by the
radar system used for the cloud retrieval. (A discussion of
the sensitivity of our calculations to these thin cirrus clouds
is given in section 3.5.)

[8] Radiative heating rates reported in this paper are
always in terms of temperature change per day (as opposed
to changes in potential temperature, #). Assuming reversible
adiabatic expansion/contraction, these heating rates may be
converted to changes in potential temperature (#) using the
expression:

96/0t = dT /ot - (p/1000) /"

where ¢ is time, p is pressure (in hPa) and 7 is temperature.
In the pressure range of interest here, (p/1000) %7 =
1.72,1.93 and 2.35 for p = 150, 100 and 50 hPa,

respectively.

2.1. Data

[9] We use the temperature and water vapor (rawinsonde)
measurements from the ARM TWP sites of the years 2000
(Manus) and 2000/2002 (Nauru), when sufficient data are
available. These soundings are typically launched once or
twice a day, and reach well into the stratosphere with
altitudes higher than 30 hPa (about 24 km). The temperature
profiles are extended in the vertical using UKMO strato-
spheric analysis data. Hence the results of the radiative
transfer calculations in the region of interest here, namely
from the upper troposphere up to about 30 hPa are based on
the sonde temperatures, whereas higher up the results are
increasingly dominated by the UKMO temperature profiles.
To make use of the higher sampling rate (in time) of surface
temperature measurements at the ARM sites, the tempera-
ture profiles are interpolated in time with consideration of
these surface measurements, whereby the surface variations
are vertically extrapolated up to the upper troposphere, with
the weights decaying with height. Water vapor measure-
ments from radiosondes are known to be unreliable in the
upper troposphere, and suffer from a dry bias [Wang et al.,
2003; Miloshevich et al., 2004]. We have evaluated the
sensitivity of the radiative transfer calculations to changes in
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Figure 2. Monthly mean temperatures at pressure levels of
100, 70, and 50 hPa at (a) Manus in 2000, (b) Nauru in
2000, and (c¢) Nauru in 2002. Bold solid lines are
temperatures based on rawinsonde measurements at Manus
and Nauru (used for all calculations shown here). For
comparison, the thin lines show ERA-40 temperatures,
where the solid line is at the location of the station and the
dashed line is the tropical mean (zonally averaged, from
10°S to 10°N). (d) Temperature anomalies of tropical mean
temperatures after subtracting the mean annual cycle of this
period. Contour line spacing is 0.5 K, dashed lines show
negative anomalies, bold line is zero, and solid lines are
positive anomalies. Thin horizontal lines show isentropes
between 400 and 600 K. Temperature anomalies are
induced by the QBO, westerly wind shear corresponds to
positive anomalies. Note that ERA-40 data end August 2002.

water vapor concentrations in the pressure range of 300—
100 hPa. We find that absolute radiative heating rates in that
layer are sensitive to changes, a point we will further discuss
below. However, heating rates in the stratosphere are only
marginally different even when water vapor concentrations
in this layer were increased by 20%. More important, the
difference in stratospheric radiative heating rates between
all sky and clear sky calculations, the main focus of this
paper, are barely affected by changes of order 20% in upper
tropospheric water vapor concentrations. Water vapor con-
centrations in the stratosphere are set to typical values
(4.5 ppmv, results are not sensitive to this value).
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[10] Figure 2 shows the monthly mean temperatures (bold
lines) at 100, 70 and 50 hPa for Manus in 2000, and for
Nauru in 2000 and 2002. Figure 2 further shows the
monthly mean temperatures of the ECMWF reanalysis
project ERA-40 [Simmons and Gibson, 2000] for compar-
ison (note that ERA-40 data end in August 2002). The
monthly mean temperatures at the grid positions near
Manus and Nauru (thin solid lines) agree well with those
based on the ARM sondes. The temperatures show the
typical seasonal variability of the lower stratosphere. The
comparison with the tropical zonal mean (averaged from
10°S to 10°N) temperatures (thin dashed lines) shows that
the temperatures near the tropopause over the western
Pacific are substantially lower (about 4 K) than those of
the tropical mean, whereas those of the lower stratosphere
are close to the tropical mean. Figure 2d shows the
deseasonalized tropical mean temperature anomalies, mainly
induced by the stratospheric Quasi Biennial Oscillation
(QBO). In the region of interest here (up to about 30 hPa,
or 600 K potential temperature), the zonal mean temperatures
decrease by about 2 to 3 K during the year 2000. In 2002,
high temperature anomalies persist at higher levels until
about May. Note that the QBO-induced temperature anoma-
lies in the lower stratosphere are about a factor 2 smaller
than those of the seasonal cycle.

[11] Cloud information is retrieved from the ARM milli-
meter cloud radar (MMCR; [Moran et al., 1998]). The
availability of valid MMCR data is shown in Figure 3, with
the percentage of observations of each month resolved by
time of day (as previously discussed, cloud effects depend
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Figure 3. Data availability for Manus 2000, Nauru 2000
and Nauru 2002. Grey scale shows percentage of the
observational data available as a function of the time of the
day for each month. The sampling period used for
the radiative transfer calculations is 20 min.
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