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ABSTRACT

Cloud vertical structures and precipitation over the Tibetan Plateau (TP) are analyzed and compared
with its neighboring land and tropical oceans based on CloudSat/CALIPSO satellite measurements
and TRMM precipitation data. Results show that the TP generally has a compression effect on cloud
systems, as manifested by a shrinking cloud depth and lowering cloud top. Precipitation is weaker
over the TP than its neighboring regions and exhibits large seasonal variations. In summer, cloud
ice particles over the TP are mostly located at lower altitude (5-10 km), with a larger variability
of sizes and aggregation (particle number concentration) under no-rain conditions compared to
other regions. Ice water content becomes abundant and the number concentration tends to be
dense at higher altitudes when precipitation is enhanced. However, even for heavy rainstorms, the
aggregation is most likely between 100 and 250 L~', whereas it can reach as high as 500 L' over its
neighboring land and tropical oceans. Given the same magnitude of precipitation, the spectrum of
ice particle sizes is found to be wider over the TP than other regions.
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1. Introduction

Clouds play a pivotal role in modulating the global radi-
ation budget through reflection of solar radiation and
absorption of thermal radiance (Ramanathan et al. 1989;
Li, Barker, and Moreau 1995; Kubar, Hartmann, and Wood
2009). However, clouds remain one of the key sources
of uncertainty in climate modeling (Dufresne and Bony
2008; Zelinka et al. 2013). One reason is that cloud verti-
cal structures and its microphysical processes are poorly
represented (Zhang et al. 2005; Jiang et al. 2012). As an
intermediate link between water vapor evaporation and
condensation, the effect of cloud on the water cycle is
related to both cloud microphysical characteristics and
cloud macroscopic characteristics (Charlson et al. 1987).
Moreover, cloud vertical structures particularly affect the

occurrence and intensity of precipitation (Jakob and Klein
1999). The Tibetan Plateau (TP) significantly affects the
atmospheric circulation and climate of Asia through its
dynamic and thermal forcing (Wu and Zhang 1998; Duan
and Wu 2005; Liu et al. 2007). The transformation pro-
cess between clouds and precipitation has considerable
effects on manipulating atmospheric heating profiles and
generating plateau-scale uplifting force, which is a major
forcing for establishing and maintaining the TP monsoon
circulation (Kuo and Qian 1981). Therefore, exploring cloud
vertical structures and its relationship with precipitation
over the TP is not only beneficial to further understanding
the complexity of the climate system over the plateau, but
also helpful in improving the representation of the moist
processes that modulate the distribution and variability of
clouds and precipitation in numerical models over the TP.
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Many studies have investigated the characteristics
of cloud over the TP, especially following the advent of
satellite-based passive remote sensing (e.g. Fujinami and
Yasunari 2001; Kurosaki and Kimura 2002; Chen and Liu
2005; Li, Liu, and Chen 2006; Fu, Li, and Zi 2007). The launch
of the CloudSat satellite (Stephens et al. 2002) carrying
cloud profile radar, and the CALIPSO satellite (Winker,
Hunt, and McGill 2007) carrying the Cloud-Aerosol Lidar
with Orthogonal Polarization, in 2006, by NASA, provides
an unprecedented opportunity to explore cloud internal
properties and vertical structures based on active sensors.
Based on CloudSat/CALIPSO products, previous studies
have analyzed the vertical structures of cloud microphys-
ical and macrophysical properties over the TP (Wang et
al. 2010; Luo, Zhang, and Qian 2011; Rathrich et al. 2013;
Chen and Zhou 2015; Hong and Liu 2015), as well as the
relationship between cloud vertical properties and pre-
cipitation (Yin, Wang, and Zhai 2011; Zhao, Wang, and Yin
2014). However, little attention has been paid to cloud
vertical structures at different precipitation magnitudes.

In operational forecasting, precipitation strength is
categorized into light rain (0-10 mm d~'), moderate rain
(10-25 mm d™"), heavy rain (25-50 mm d~'), rainstorms
(50-100 mm d=") and heavy rainstorms (>100 mm d').
But what are the corresponding characteristics of cloud
macro- and microphysics in the vertical direction? In this
paper, we aim to understand the nature of cloud vertical
structures over the TP in association with the precipitation
magnitudes used in operational forecasting. For compar-
ison, the TP’s neighboring regions, which we refer to as
NIST (northern India and south of the Tibetan Plateau) and
TO (tropical ocean), are also analyzed. Following Yan, Liu,
and Lu (2016), the three areas are defined as follows: TP
(27°-40°N, 70°-103°E; altitude >3000 m); NIST (20°-27°N,
70°-103°E); and TO (20S°-20°N, 60°-150°E; over ocean
only).

The rest of the paper is organized as follows: Section 2
describes the data and methodology. Section 3 presents
the relationship between cloud macrophysical structures
and precipitation, as well as the spectral distribution of
cloud vertical microphysics in terms of different precipita-
tion magnitudes. Section 4 presents our conclusions and
offers additional discussion.

2. Data and methodology

Two datasets (2B-CWC-RO and 2B-CLDCLASS-LIDAR)
(Stephens et al. 2002; 2008), from January 2007 to
December 2010, obtained by CloudSat/CALIPSO, are
used in this study. The periods when the products failed
to provide retrievals are excluded from the diagnostics
(Table 1). The 2B-CWC-RO product retrieves estimates of
cloud water content, particle effective radius, and number
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Table 1. The periods when the products failed to provide retriev-
als.

Product Year Periods (Julian Days)
2B-CWC-RO 2007 77-79,103-105, 111, 128, 157
2008 19-21, 38, 144-148
2009 45,58,76,342-365
2010 1-15,41,54
2B-CLDCLASS-LI- 2007 16,77-79,103-105, 115, 178, 193,
DAR 206-208, 289-292, 336, 344, 346,
350-351, 354
2008 16, 19-21,63-67, 144-148, 156-161,
199, 201-203, 242-256, 269-270,
272-275
2009 24-29,48-75,163-165, 335-365
2010 1-15, 153-159, 186, 200, 215-217, 227,
365

concentration in liquid or ice phase. The portion of the
profile colder than —20 °C is deemed to be pure ice, and
warmer than 0 °C pure liquid. When the temperature is
between 0 °C and —20 °C, the ice and liquid solutions are
scaled linearly with temperature by adjusting their parti-
cle number concentrations (Austin 2007). Based on this
product, GCMs have been evaluated (Su etal. 2011), reveal-
ing that models underestimate ice water content in the
upper troposphere. Cloud radar has proven to be a highly
valuable tool for studies on rainfall and thick precipitat-
ing clouds (Matrosov 2007). It has been found that cloud
radar can accurately sense between —28 and 6 dBZe, and
above 6 dBZe with uncertainties of +50% (Heymsfield et
al. 2008). Thus, especially for heavy rainstorm conditions,
the uncertainties in satellite data should be kept in mind.
The 2B-CLDCLASS-LIDAR product identifies each cloud
detected as one of the eight cloud types (cumulus, stra-
tocumulus, stratus, altocumulus, altostratus, nimbostratus,
cirrus, and deep convective cloud), and provides cloud-top
height and cloud-base height (Sassen and Wang 2008).
We use the same period of three-hourly precipitation
data from TRMM 3B42 (Version 6 (Huffman et al. 2007) with
a horizontal resolution of 0.25 x 0.25°), together with the
CloudSat/CALIPSO datasets, to calculate the relationship
between cloud vertical structures and precipitation. This
TRMM product has been shown to agree well with gauge
measurements and have a weak dependence on topog-
raphy over the TP (Gao and Liu 2013; Tong et al. 2014). It
should be clarified that original orbital profile data (hori-
zontal resolution: ~1.3 km in the across-track direction and
~1.1 km in the along-track direction; vertical resolution:
~240 m) from the 2B-CLDCLASS-LIDAR and 2B-CWC-RO
products are used in this study. The sorting method to
match the CloudSat/CALIPSO orbital data and TRMM
grid data is similar to that used by Yan, Liu, and Lu (2016),
which ensures the cloud and precipitation to be almost
synchronous (sorted within 1.5 h in the spatial range of
12.5 x 12.5 km). In this study, we define the precipitation
rate bins in 10 mm d=" intervals. In total, 26 bins from
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0 mmd~'to 260 mm d=', and 1 bin greater than 260 mm
d~', are used, which can provide an intuitive reference for
operational forecasting. The joint probability distribution
functions (PDFs) are only calculated over precipitating
samples, to facilitate comparison of the three regions.
The height above sea surface level is used in the analysis.

3. Results
3.1. Cloud vertical macrophysical structures

Figure 1 indicates that the TP’s terrain has a compression
effect on both precipitation intensity and cloud total
thickness (with the clear-sky thickness between adjacent
cloud layers deducted). Given that cirrus cloud has little
effect on precipitation and may be advected from other
regions, it is excluded in the diagnosis. It is found that,
even in summer, when precipitation most likely occurs,
the main magnitude of precipitation is light, moderate or
heavy, while the occurrence of rainstorms or greater mag-
nitude on the plateau is much less than for other regions
(Figure 1(d)), which is consistent with the findings of Pan
and Fu (2015). The likely reason for this is the restriction
of moisture transport caused by high terrain. By calculat-
ing the vertically integrated water vapor transport, Zhang
(2001) and Yan, Liu, and Lu (2016) found that the abundant
water vapor transported from the Indian Ocean is con-
sumed mostly over the southern slopes of the Himalaya.
In July, the average divergence of the vertically integrated
moisture flux over the three regions is 0.18, —0.59 and
—0.08 (units: 1074 kg s™' m™2), respectively. In addition, in
summer, the total cloud thickness is 0-12 km over the TP
when precipitation is smaller than 50 mm d~', contrasting
to 0-16 km over NIST and TO. It is a common feature that
clouds thicken with an increase in precipitation magni-
tude when precipitation is greater than 50 mm d~'. The
dominant thickness is 8-12 km over the TP — far thinner
compared with the other regions (12-17 km over NIST and
TO) (Figure 1(d-f)), demonstrating the limitation imposed
by the plateau on the vertical expansion of precipitating
clouds.

The PDF of precipitation intensity and cloud-top height
(Figure 2) further illustrates the suppression effect of the
plateau’s topography on precipitation intensity and cloud
vertical expansion. When moderate or heavy rain occurs,
the main range of cloud-top height over the TP is 4-17 km,
indicating that precipitation over the TP during summer
is mainly due to shallow convection — consistent with Fu
and Liu (2007). While the cloud-top height between 12
and 18 km over TO is more frequent for any precipitation
magnitude, combined with the distribution of total cloud
thickness (Figure 1), it is clear that more frequent deep con-
vection occurs over TO. The cloud-top height above 18 km

overTO in all four seasons, and over NIST in the warm sea-
sons, is related to the activities of overshooting convection
(Jensen, Ackerman, and Smith 2007). The variational range
of cloud-top height associated with a certain precipitation
magnitude shows visible seasonal variation over the TP.
For example, when heavy rainstorms occur in spring, the
cloud-top heightis around 12 km and with a narrow varia-
tional range (Figure 2(a)), whereas the top height increases
and the variational range expands to 12-18 km in summer,
demonstrating strong seasonal variation of cloud vertical
structures associated with precipitation magnitudes over
the TP.

3.2. Cloud vertical microphysical structures

We focus on the primary rainfall season, summer (June-
August), to analyze the vertical distributions of cloud
microphysics corresponding to different precipitation
magnitudes. Taking into account that the presence of
precipitation causes large uncertainty in liquid water
inversion (Austin 2007), the features of the liquid phase
are not given.

Figure 3 shows the normalized frequency by altitude
diagram of cloud ice microphysics for no-rain conditions.
In total, there are 566 006, 465 134,and 6 087 019 profiles
over the TP, NIST, and TO, respectively. The cloud ice parti-
cles are mainly concentrated within 5-10 km, wherein lies
the maximum frequency of radar reflectivity (Zhao, Wang,
and Yin 2014). The height with maximum probability of
cloud ice water content (CIWC) is 7.5 km over the TP, 13 km
over NIST, and 12 km over TO, as shown by the curve’s peak
on the right-hand side of each plot. Large number concen-
trations (i.e. >400 L") of ice particles are less likely to occur
in upper layers of the troposphere (higher than 10 km) over
the TP, while moderate values of ice number concentra-
tion (<200 L") occur more frequently in the whole verti-
cal column compared with other regions (Figure 3(d-f)).
Moreover, ice particles distribute over a wider spectrum
in lower layers (lower than 10 km) over the plateau, and
there are even large particles with sizes greater than
160 pm (Figure 3(g)). The normalized frequency by alti-
tude diagram of CIWC and effective radius under no-rain
conditions are generally consistent with all-sky conditions
(Zhang, Duan, and Shi 2015). This is because, compared
with precipitation profile samples, no-rain profile samples
are dominant in the multi-year average over broad areas.
A wider variety of ice particle sizes (Figure 3(g)) and num-
ber concentration (Figure 3(d)) at 5-10 km in the vertical
direction makes a plentiful drift of the CIWC value over the
TP (Figure 3(a)). In short, cloud ice particles over the TP are
mostly located within 5-10 km, with a wide variety of sizes
and aggregation, under no-rain conditions, as compared
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Figure 1. Probability distribution function of precipitation intensity and total cloud thickness for (a—c) spring (March-May), (d—f) summer
(June-August), (g—i) autumn (September-November), (j-I) winter (December—February), and (m-o) the annual mean.

to the other regions. Above 12 km, particles with large
number concentrations appear more over NIST and TO
than over the TP.

When precipitation occurs, the spectrum of large CIWC
increases with an increase in rainfall intensity (Figure 4(a-
¢); Figure 5(a—c)). Moreover, the particles are more inclined
to belargein size at low layers, but still small at high layers

(Figure 4(g-i); Figure 5(g-i)), and the radius decreases
obviously with height (Figure 5(g-i)). Again, the TP shows
unique features, reflected as follows: The CIWC is more
diverse over the TP than the other two regions at the same
rainfall intensity (Figure 4(a—c); Figure 5(a-c)), and the CIWC
over the TP is largely concentrated between 4 and 10 km.
When rain is heavy (25-50 mm d™') (8922, 18 525, and
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Figure 2. Probability distribution function of precipitation intensity and cloud top height for (a—c) spring (March—-May), (d—f) summer
(June-August), (g—i) autumn (September-November), (j-I) winter (December—February), and (m-o) the annual mean.

234 938 profiles over the TP, NIST, and TO regions, respec-
tively), the CIWC, as well as the ice number concentration,
increases with altitude below 8 km over the TP (Figure 4(a)
and (d)). Above 8 km, the CIWC decreases mainly due to
the sharp reduction in the ice effective radius, although the
probability of a larger number concentration is increased

(Figures 3(d) and 4(d)). Despite heavy rain, the maximum
probability of the CIWC is still located near 8 km. Large
number concentrations (>600 L") seldom occur, and ice
clouds are more inclined to gather at moderate concentra-
tions (100-250 L~") above 9 km over the TP compared with
the other regions. This also shows that the plateau features
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Figure 3. The normalized frequency by (a—c) altitude diagram (color) of CIWC, (d—f) number concentration, and (g—i) effective radius over
the TP (left), NIST (middle), and TO (right) under no rain condition in summer. The X-axis bin for (a—c) is 0.1 (the corresponding value of
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plot is PDF on different altitude. While the curve on the bottom of each plot is PDF on different variable values.

102

a relatively wider range of particle sizes at the same alti- corresponding to maximum probability, increase remark-
tude (shown by the red or deeper colors in Figure 4(g-i)). ably. For example, in heavy rainstorms, the order of dom-

For heavy rainstorms (>100 mm d-') (1613, 9175, and inant CIWC is € mg m~3 (Figure 5(a)), while it is @ mg m=3
91 333 profiles over the TP, NIST, and TO regions respec- during heavy rain, over the TP (Figure 4(a)). Above 9 km, the
tively), the CIWC, as well as the ice number concentration, probability of the ice number concentration being greater
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Figure 4. The normalized frequency by (a—c) altitude diagram (color) of CIWC, (d—f) number concentration, and (g-i) effective radius over
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than 200 L' enlarges too, indicating ice clouds consist of
much more abundant particles during heavy rainstorms.
However, like heavy rain, the probability of a larger number
concentration (i.e. >600 L™") is still less over the TP than

over the other regions (Figure 5(d-f)). The particle sizes
over the TP display a remarkable decreasing trend with
increased altitude, similar to over TO and NIST. The larger
occurrence frequencies (red shades) are narrowed (Figure
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5(g)) at the same altitude compared with smaller magni-
tudes of precipitation (Figure 4(g)) over the TP, suggesting
that the more even the sizes of cloud ice particles are, the

larger the precipitation magnitude.

4. Conclusions and discussion

Based on CloudSat/CALIPSO satellite measurements and
TRMM precipitation data, we analyze the characteristics
of cloud vertical macro- and microphysical structures
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associated with precipitation magnitudes over the TP
through comparison with neighboring land and ocean
regions. The main conclusions are as follows:

(1) The precipitation magnitude and cloud total thick-
ness are compressed over the TP. Restrictions of
water vapor supply induced by topography lead
to a lower probability of the precipitation magni-
tude being greater than ‘rainstorm’over the TP.

(2) Cloud vertical expansion, as well as cloud-top
height, for the same magnitude of precipitation,
is severely confined over the TP compared with
other regions. Also, cloud vertical structures
associated with precipitation magnitudes show
large seasonal variation over the TP.

(3) Under no-rain conditions, cloud ice particles
over the TP are mostly located at lower alti-
tude (5-10 km), with a wide variety of sizes and
aggregation, during summer. With an increase
in precipitation magnitude, the CIWC and num-
ber concentration at high levels (above 10 km)
enhance markedly. The low levels are dominated
by large particles (100-140 pm).

(4) Similar to under no-rain conditions, the vertical
distributions of cloud ice microphysics are unique
over the TP compared to the other regions, even
for the same magnitude of precipitation, includ-
ing a wider range of particle sizes and more
moderate particle number concentrations, but a
lower probability of dense aggregation (600 L™").

The results revealed here provide useful information for
the potential relationship between cloud and precipita-
tion. However, due to the limitation of local time sampling
by CloudSat/CALIPSO, more precise information on the full
diurnal cycle needs to be obtained by combining geosta-
tionary satellite measurements and ground-based obser-
vations. In addition, since uncertainties related to cloud
radar retrievals increase with enhanced radar reflectivity,
the results revealed here — especially for heavy rainstorm
conditions — need to be verified using other datasets.
Separating precipitation into convective and stratiform
cases is also helpful to reveal associated cloud structures.
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