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1. Introduction
Convective activity in the tropical western
Paciﬁc strongly inﬂuences frequency of occurrence
and microphysical properties of cirrus clouds. High
clouds typical of convectively active regions tend to
have larger depths and more structure than those
observed in suppressed regions, where cirrus are
often thin and laminar. In this study, we examine
cirrus occurrence and radiative properties
observed over two sites in the tropical western
Paciﬁc (TWP). Ground-based lidar measurements
demonstrate the differences in cirrus properties
and cloud occurrence at each location. The
dynamical mechanisms typically responsible for
cirrus formation greatly impacts local cirrus
radiative properties and heating rates, which
inﬂuences both the radiation budget and dynamical
response of the upper troposphere to the presence
of cirrus clouds. Tropical cirrus may also play a role
in the exchange of water vapor between the
stratosphere and troposphere, which can inﬂuence
stratospheric ozone destruction (Sherwood 1999;
Kirk-Davidoff et al. 1999).

Southern Paciﬁc Convergence Zone (SPCZ),
which increases the frequency of convective
activity in the region. Nauru lies farther east, and
therefore, in a typical La Nina period, experiences
only small amounts of local convection. However,
during El Nino and active phases of the MaddenJulian Oscillation, the Nauru region will experience
increased convective activity. Annual movement of
the ITCZ and SPCZ will also affect convective
activity and can provide sources of upper level
moisture to the equatorial convective gap
increasing the potential for in situ cirrus formation.
Monthly mean outgoing longwave radiation (OLR)
from NCEP data (Fig. 1) show that with rare
exceptions (like the 1997 El Nino), the region
around Manus is convectively active (indicated by
low OLR values) while Nauru is much more
variable. Since the 1997 El Nino, Nauru has
experienced convectively suppressed conditions;
however, measurements indicate that OLR is
decreasing as low OLR values shift toward the
East through January 2002 (Fig. 1).
3. Tropical cirrus formation mechanisms

2. Measurements and Location

300

Manus (1.058°S, 147.425°E) and Nauru
(0.521°S, 166.916°E) islands are located in the
equatorial region of the western Paciﬁc Ocean and
are fully equipped with a wide variety of active and
passive remote sensors as part of the U. S.
Department of Energy, Atmospheric Radiation
Measurement (ARM) program (www.arm.gov). In
this study, we use the Micropulse Lidar (MPL;
Spinhirne 1993; Campbell et al. 2002) to determine
cloud properties such as visible optical depth and
cloud height.
Manus lies near the intersection of the
Intertropical Convergence Zone (ITCZ) and the
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Fig. 1. Time series of OLR comparing Nauru (light
dashed line) and Manus (dark solid line) between June
1974 and January 2002.
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Fig. 2. Frequency of occurrence of cloud top (a) and
base (b) height detected by the MPL at Nauru (light line)
and Manus (dark line).

Two mechanisms are important in the
formation of cirrus clouds in the tropics
(Prabhakara et al. 1988; Jensen et al. 1996). First,
cirrus form as outﬂow from cumulonimbus clouds
(anvil cirrus). Anvil microphysical properties may
vary depending on strength of convection,
temperature, and distance of cirrus from the
convective core (Heymsﬁeld and McFarquhar
1996; McFarquhar and Heymsﬁeld 1996).
Second, tropopause cirrus (TC) form in situ as
a result of large-scale processes, producing thin,
laminar clouds located near the tropical
tropopause. Observations suggest that TC is not
directly associated with local convection, but is a
separate class from anvil cirrus (Winker and Trepte
1988; Comstock et al. 2002). The exact
mechanism that forms tropopause cirrus is
uncertain. One study has linked cirrus occurrence
with cold temperature perturbations in the upper
troposphere that occur as downward propagating
Kelvin waves extend from the stratosphere (Boehm
and Verlinde 2000; BV hereafter). Large-scale
uplift is also suggested as a possible mechanism
(Jensen et al. 1996). Little is known about the
microphysical properties of tropopause cirrus
because they exist above 15 km and are difﬁcult to
sample with aircraft probes. A few cases are
examined in McFarquhar et al. (2000).
4. Cloud properties statistics

τ are derived from MPL backscatter proﬁles
(Clothiaux et al. 1998; Comstock and Sassen
2001). This method uses the above cloud
molecular signal to normalize the backscatter
proﬁle, and therefore is subject to errors as the
lidar signal becomes fully attenuated.
Due to instrument problems, we do not have a
signiﬁcant time period when data are concurrently
available at each site. Therefore, we analyze MPL
measurements from Nauru in 1999 and Manus in
2000. Upon examination of shortwave cloud forcing
at the surface (not shown), we conclude that
convective activity at Nauru is similar during both
years. While this comparison is not ideal, it still
provides a useful comparison between sites for
typical La Nina periods. Frequency of occurrence
of cloud base (zb) and top (zt) height (Fig. 2)
reveals a higher frequency of clouds with zb>10 km
at Nauru than observed at Manus. However,
Manus has a higher frequency of lower clouds with
zb<7 km, which corresponds with a higher
frequency of local convection during this time
period. The lidar is likely attenuated for lower,
thicker clouds. Therefore, zt is best trusted for
clouds with zt>10 km (Fig. 2a).
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Fig. 3. Visible optical depth divided into 4 categories
based on height comparing Nauru (light line) and Manus
(dark line). (a) zb>14 km, (b) 12<zb<14 km, (c)
10<zb<12 km and (d) 8<zb<10 km.
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Fig. 4. Temperature anomalies (K) derived from radiosonde proﬁles at Nauru during 1999.

Frequency of occurrence of τ is divided into 4
groups according to cloud base height (Fig. 3).
When zb>14 km, distributions of τ at both sites are
similar, with nearly 90% having τ<0.1. This implies
that the frequency or strength of local convection
does not inﬂuence the cloud properties of TC. This
means that TC is not directly inﬂuenced by
convective activity. However, it is commonly
believed that tropical convection deposits the
moisture needed to form TC.
As zb lowers, differences in τ at each site
become apparent. Due to the higher frequency of
lower, thicker clouds, it is not surprising that τ is
larger at Manus when zb<14 km (Fig. 3c). Since
convection generally detrains below 14 km, it is
assumed that clouds with zb<14 km are anvils.
Since convection rarely occurs at Nauru during this
time period, anvil cirrus observations at this site
are likely farther away from the convective core,
and thus have lower optical depths. Manus, on the
other hand, experiences frequent local convection.
Subsequently, measurements of anvils at Manus
are often close to the convective core and have
larger τ, lower zb and are thicker.
5. Tropopause Cirrus Formation
As discussed in Sec. 4, tropical cirrus
properties are inﬂuenced by their formation
mechanisms.
The
speciﬁc
mechanisms
responsible for the formation of TC is uncertain;
however, it appears that convection does not

directly affect the basic cloud properties. One
mechanism that may inﬂuence TC formation is
stratospheric waves (BV). To explore how often TC
is correlated with stratospheric waves, we calculate
temperature anomalies using a 30-day running
average at each height level (200m resolution)
between 10-20 km (Fig. 4). Each proﬁle represents
a 12 hour time period during 1999 at Nauru.
Negative temperature anomalies are identiﬁed as
Kelvin waves propagating downward from the
stratosphere (Holton et al. 2001). There are distinct
periods between April and September when strong
cold anomalies extend below 16 km where TC is
often located. However, in October through
December, the frequency of these anomalies
decreases.
To further examine the BV mechanism, we
correlate cirrus observations when at least one
cloud layer has zb>15 km with temperature
anomalies at Nauru during 1999. Temperature
anomalies are taken at the height of the highest
cloud top in the column. TC correlates with cold
anomalies ~75% of the time in May through July,
but only 45% in August through October. Since BV
studied cirrus during the Nauru99 intensive
observing period (17 June-17 July, 1999), they
found a good correlation between TC and cold
anomalies. By adding several months of cirrus
observations, it is clear that the correlation may
have a seasonal dependence. As more data
becomes available, we can examine this
mechanism further.

6. Summary
Cloud properties measured at Nauru and
Manus Islands in the TWP reveal distinct
characteristics that are likely linked to the relative
frequency of local convection. Tropopause cirrus
have distinct radiative and macrophysical
properties when compared with anvil cirrus, and
appear to form detached from local convection.
However, convection is the likely source of the
water vapor needed to form TC.
Speciﬁc mechanisms that are important in the
formation and persistence of TC are difﬁcult to
verify with ground-based measurements; however
our results indicate that the correlation inﬂuence of
stratospheric waves on TC formation is not always
apparent. Future work on this subject will include
analysis of satellite imagery and trajectory analysis
to help determine the source of water vapor and
determine speciﬁc mechanisms associated with
tropical cirrus. We also plan to compare our
ground-based retrievals with MODIS and MISR
cloud algorithms.
7. Acknowledgements
The Paciﬁc Northwest National Laboratory is
operated by Battelle for the U. S. Department of
Energy (DOE). This research was supported by the
DOE Ofﬁce of Biological and Environmental
Research under contract number DE-AC0676RL01830 as part of the Atmospheric Radiation
Measurement Program.
8. References
Boehm, M. T., and J. Verlinde, 2000: Stratospheric
inﬂuence on upper tropospheric tropical cirrus.
Geophys. Res. Let., 27, 3209-3212.
Campbell, J. R., and D. L. Hlavka, E. J. Welton, C.
J. Flynn, D. D. Turner, J. D. Spinhirne, V. S.
Scott III, and I. H. Hwang, 2002: Full-time, eyesafe cloud and aerosol lidar observation at
atmospheric radiation measurement program
sites: instruments and data processing. J.
Atmos. Oceanic Technol., 19, 431-442.
Clothiaux, E. E., G. G. Mace, T. P. Ackerman, T. J.
Kane, J. D. Spinhirne, and V. S. Scott, 1998:
An automated algorithm for detection of
hydrometeor returns in micropulse lidar data. J.
Atmos. Oceanic Technol., 15, 1035-1042.
Comstock, J. M., T. P. Ackerman, and G. G. Mace,
2002: Ground based remote sensing of tropical
cirrus clouds at Nauru Island: cloud statistics

and radiative impacts. Accepted to J. Geophys.
Res.
Comstock, J. M. and K. Sassen, 2001: Retrieval of
cirrus cloud radiative and backscattering
properties using combined lidar and infrared
radiometer (LIRAD) measurements. J. Atmos.
Oceanic Technol., 18, 1658-1673.
Heymsﬁeld, A. J., and G. M. McFarquhar, 1996:
High albedos of cirrus in the tropical Paciﬁc
warm pool: microphysical interpretations from
CEPEX and from Kwajalein, Marshall Islands.
J. Atmos. Sci., 53, 2424-2451.
Holton, J. R., M. J. Alexander and M. T. Boehm,
2001: Evidence for short vertical wavelength
Kelvin waves in the Department of EnergyAtmospheric Radiation Measurement Nauru99
radiosonde observations. J. Geophys. Res.,
106, 125-20,129.
Jensen, E. J., O. B. Toon, H. B. Selkirk, J. D.
Spinhirne, and M. R. Schoeberl, 1996: On the
formation and persistence of subvisible cirrus
clouds near the tropical tropopause. J.
Geophys. Res., 101, 21,361-21,375.
Kirk-Davidoff, D. B., E. J. Hintsa, J. G. Anderson,
and D. W. Keith, 1999: The effect of climate
change on ozone depletion through changes in
stratospheric water vapour. Nature, 402, 399401.
McFarquhar, G. M., and A. J. Heymsﬁeld, 1996:
Microphysical characteristics of three anvils
sampled during the central equatorial paciﬁc
experiment. J. Atmos. Sci., 53, 2401-2423.
McFarquhar, G. M., A. J. Heymsﬁeld, J. Spinhirne,
and B. Hart, 2000: Thin and subvisual
tropopause tropical cirrus: observations and
radiative impacts. J. Atmos. Sci., 57, 18411853.
Prabhakara, C., R. S. Fraser, G. Dalu, M. C. Wu,
and R. J. Curran, 1988: Thin cirrus clouds:
seasonal distribution over oceans deduced
from Nimbus-4 IRIS. J. Appl. Meteor., 27, 379399.
Sherwood, S. C., 1999: On moistening of the
tropical troposphere by cirrus clouds. J. of
Geophys. Res., 104, 11949-11960.
Spinhirne, J.D., 1993: Micro Pulse Lidar. IEEE
Trans. on Geosci. and Rem. Sens., 31, 48-55.
Winker, D. M., and C. R. Trepte, 1998: Laminar
cirrus observed near the topical tropopause by
LITE. Geophys. Res. Let., 25, 3351-3354.

