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ABSTRACT: Some new features concerning the diurnal variation of precipitation over the Tibetan Plateau (TP) are
revealed from rainfall data acquired by a network of rain gauge stations and estimated by the Climate Precipitation Center
Morphing (CMORPH) technique collected during the summer of 2010 and 2011. Maxima in precipitation amount and
frequency are associated with the afternoon-to-evening precipitation regime at approximately 60% of the stations in the
network. CMORPH data also capture this pattern, but miss the late morning peak that occurs at some stations. The
timing of maximum occurrence agrees well with the diurnal cycle of synoptic conditions favouring the development of
precipitation over this area. There is no distinct west-to-east propagation of the diurnal cycle, implying that the diurnal
cycle is more driven by local effects than by large-scale circulation. It turns out that the diurnal cycle in precipitation
frequency depends largely on topography and landscape. The geographical transition in precipitation peak time is distinct
from hilly regions (daytime peak) towards lakes and valleys (evening-to-nocturnal peaks). Stations located in mountainous
regions (valleys) tend to experience more precipitation in either late morning or early afternoon (late afternoon or evening).
Overall, precipitation amount shows a similar topographic dependence, as does the precipitation frequency, suggesting that
local-scale effects, such as the mountain valley circulation effect, has a great impact on the diurnal variation in precipitation
when large-scale dynamical processes are weak. A possible mechanism for the non-uniform diurnal cycle of precipitation
over the TP is proposed. The major conclusion is that plateau-scale synoptic systems, as well as local circulation systems
caused by the complex topography, should be taken into account when determining the diurnal variation in precipitation
over the TP.
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1. Introduction effects on weather and climate over Eurasia (Ding,
1994). The TP has a strong influence on the formation
of the Asian monsoon (Yanai and Wu, 2006) because
the uplifted plateau exerts direct dynamic and thermal
forcings on the regional atmospheric circulation (Ye
and Gao, 1979; Yanai et al., 1992). The atmospheric
circulation over the TP also has a distinct diurnal cycle in
the summer (Krishnamurti and Kishtawal, 2000), which,
along with local topographic and thermodynamic effects,
likely complicates the diurnal variation in precipitation.

The diurnal cycle of precipitation has great implica-
tions not only for local weather, but also for local climate
(Dai, 2001). In addition, the diurnal variation in precip-
itation is an important aspect of the hydrological cycle.
From a modelling perspective, if these diurnal cycles can
* Correspondence to: Panmao Zhai, Chinese Academy of Meteoro- D€ captured objectively in numerical models, the warm-
logical Sciences, 46, Zhongguancun South Avenue, Haidian District, ~season rainfall predictability would be largely improved
Beijing 100081, China. E-mail: pmzhai@cma.gov.cn (Carbone and Tuttle, 2008).

The Tibetan Plateau (TP) refers broadly to the region
4000 m above sea level (ASL) in western China, which
also partly covers the territories of Bhutan, Nepal,
India, Pakistan, and Afghanistan. The TP is the highest
and largest plateau in the world. The surface elevation
varies greatly across the plateau, particularly in the
southernmost part, and strong contrasts in both land
surface features (e.g. land cover type) and meteorological
characteristics (moisture, temperature, precipitation, etc.)
exist between western and eastern parts of the region
(Ye and Gao, 1979). For some time, the TP has been
receiving increasing attention because of its important
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Recent studies have investigated the diurnal variation
in precipitation over the TP from ground-based measure-
ments alone (Liu ef al., 2002; Yu et al., 2007b). It was
found that precipitation occurs most frequently during
the late afternoon to evening over the northern part of the
TP, which is largely attributed to existent thermodynamic
conditions. Precipitation characteristics over the more
complex terrain of the TP are yet to be determined due
to the sparseness of stations collecting precipitation mea-
surements. The merits of using satellite measurements,
which can be collected over large areas, have prompted
a proliferation of studies about the diurnal cycle of pre-
cipitation in this region (Sorooshian et al., 2002; Wang
et al., 2005; Bai et al., 2008; Yin et al., 2008; Liu et al.,
2009; Singh and Nakamura, 2009).

On the basis of the Tropical Rainfall Measurement
Mission (TRMM) precipitation radar (PR) data, both
convective precipitation in the daytime (particularly in
the afternoon) and stratiform precipitation in the evening
and at night were thought to be the main precipitation
types generating much of the rainfall in the northern part
of the TP (Shimizu ef al., 2001). The diurnal variation
of summertime precipitation over the eastern part of
Tibet has been characterized using hourly infrared (IR)
brightness temperatures derived from the Geostationary
Meteorological Satellite (GMS; Wang et al., 2005). Also,
GMS/IR satellite data have been used to detect relative
precipitation differences, such as contrasts in rainfall
characteristics between the western and eastern parts of
the TP (Ueno, 1998).

Although remote sensing from satellites generates pre-
cipitation information with a better spatial coverage com-
pared to in situ ground-based measurements, the accu-
rate retrieval of precipitation characteristics from space
still faces many challenges. For example, the low Earth-
orbiting TRMM PR, which has a high spatial resolu-
tion, cannot obtain measurements down to the Earth’s
surface over mountainous terrain (Houze, 2012). IR
instruments onboard geostationary satellites have a rel-
atively coarse spatial resolution, so cirrus or cold non-
precipitating clouds can be easily mistaken for precipita-
tion if IR data alone are used (Joyce et al., 2004). The
inconsistency between rain gauge-derived and TRMM
microwave (MW)-retrieved rainfall has drawn attention
to the extreme sensitivity of MW signals from clouds
over complex topography and highly variable land sur-
faces found in mountainous regions (Habib et al., 2012).

To exploit the advantages of using disparate sources of
precipitation estimates from space for weather, climate
and hydrological applications, a wide range of high-
resolution precipitation products have been developed
from the merging of data from spaceborne PR/MW/IR
sensors. These products include TRMM’s Multi-Satellite
Precipitation Analysis (TMPA; Huffman et al., 2007), the
Climate Prediction Center (CPC) Morphing technique
dataset (CMORPH; Joyce et al., 2004), the Precipita-
tion Estimation from Remote Sensing Information using
an artificial neural network (PERSIANN; Hsu et al,
1997), and the Global Satellite Mapping of Precipitation
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(GSMaP; Kubota et al., 2007). However, few validation
studies of these products against rain gauge data col-
lected in mountainous regions like the TP have been
performed due to the difficulty in obtaining warm precip-
itation retrievals from spaceborne MW radiometres and
the sparse distribution of rain gauges in such regions. For
example, GSMaP-derived rainfall amounts and detection
rates become less accurate with increasing altitude over
the Nepalese portion of the Himalayas (Shrestha et al.,
2012). Precipitation peak times from TMPA, CMORPH,
PERSIANN, and GSMaP datasets either lag behind or are
ahead of rain gauge-observed precipitation peak times by
several hours over south-facing slopes of the Himalayas
(Yamamoto et al., 2011).

As an important source of complementary data to satel-
lite retrievals, rain gauge data can reveal the diurnal cycle
of precipitation at a high temporal resolution (Dai, 2001;
Li et al., 2008), as well as identify the source of precip-
itation processes. For instance, the warm-season rainfall
to the east of the TP has been found to originate over
the highlands in the mid-afternoon hours and then prop-
agate eastward or southeastward to adjacent lowlands at
night or in the early morning (Yu et al., 2007a, 2007b;
Huang et al., 2010). But this finding is limited to transi-
tion regions between the TP and its nearby plain. Studies
about the diurnal variation in precipitation using in situ
precipitation data are still not available over the main
part of the TP. Moreover, the accuracy of the diurnal
variation in precipitation relies on the density of rain
gauge sites (Huffman et al., 2007; Xie et al., 2007). The
topography of the TP has also been proven to strongly
affect diurnal variations in precipitation and convective
clouds, as observed from satellite data (Fujinami et al.,
2005). The satellite precipitation product merged with
rain gauge measurements (e.g. the TRMM 3B42 product)
has characterized the topographic effect of the diurnal
variation of precipitation over the TP better than other
products (Yamamoto et al., 2011). Given the dual influ-
ences of complex topography and highly variable land
surfaces, diurnal variations in warm-season precipitation
over the TP deserve further in-depth analyses using high-
resolution satellite precipitation products, combined with
in situ measurements from a high-density network of rain
gauge sites. Such a network has recently been established
and consists of 129 stations spread over the TP, except
for parts of the northwestern region. The investigation of
the diurnal cycle of precipitation from this high-density
gauge-based network may provide important guidance
for the development of rainfall retrieval algorithms from
satellite and model verifications over the TP.

The objectives of this study are to (1) describe the
spatial pattern of the diurnal cycle of rainfall over the
TP, including not only frequency but also amounts with
respect to both short- and long durations of rainfall, (2)
identify regional characteristics of the diurnal variation in
precipitation in relation to topography, and (3) perform a
preliminary validation of the CMORPH product against
rain gauge measurements and, in turn, explain any
differences found in their respective rainfall diurnal
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Figure 1. Spatial distribution of 39 rain gauge stations (white triangles) established prior to 2010 and 86 rain gauge stations (white circles)
established in 2010 across the Tibetan Plateau. A GTOPO30 digital elevation model at 30-arc second resolution is superimposed on the map.

Table 1. Number of weather stations on the Tibetan Plateau at different altitudes.

Altitude (km)  <2.75 2.75-3 3-325 3.25-35
N 9 5 8 6

3.5-3.75
17 25 14 18 18 5

375-4  4-425 425-45 45-475 =475

Table 2. Information about the 12 rain gauge-equipped stations
selected to study the diurnal cycle of precipitation over terrain
types typical of the Tibetan Plateau.

Station ID# Lat Lon Altitude Terrain

N (B (m) type
Bomi 0 29.87 9577 2736  Valley
Changdu 1 31.15 97.17 3315 Valley
Zedang 2 2925 91.77 3551  Valley
Lhasa 3 29.67 91.13 3648  Valley
Nielamu 4 28.18 85.97 3810 Valley
Rikaze 5 2925 88.88 3836  Valley
Shiquanhe 6 325 80.08 4278  Highland
Dingri 7 28.63 87.08 4300 Highland
Naqu 8 3148 92.07 4507 Highland
Namucuo 9 3091 90.17 4751 Lake
Milashankou 10 29.8 9235 4841  Mountain ridge
Mt. Everest 11 28.12 86.49 5032  Mountain ridge

cycles during the summertime over the TP. Data collected
during the summer of 2010 and 2011 are used.

Section 2 provides a description of datasets and
the methodology used in the study. Characteristics of
the diurnal variation in precipitation fields from both
CMORPH and the rain gauge network are examined
in Section 3. Section 4 discusses possible mechanisms
explaining the diurnal variation in precipitation using
reanalysis data. Finally, conclusions are drawn in
Section 5.

© 2013 Royal Meteorological Society

2. Data and methods

2.1.

The premise of this study is that the TP, with its complex
topography and high elevation, often experiences fre-
quent precipitation events and exhibits a strong diurnal
variation in precipitation during the summer when
particular large-scale atmospheric conditions occur (e.g.
the Asian summer monsoon). The Tibet Autonomous
Region (Tibet for short) covers an area of over 1.2
million km?, taking up about three-quarters of the TP.
Most parts of Tibet receive limited amounts of rainfall
because they lie in the rain shadow of the Himalayas
(Ramstein et al., 1997; Xie et al., 2006). The 129
weather stations established by the China Meteorological
Administration (CMA) are geographically distributed
across Tibet (Figure 1); site elevations range from 952 m
to 5032 m. All weather stations include rain gauges and
autonomous data-logging systems. Roughly 74% of the
weather stations in Tibet are located at elevations ranging
from 3.5 to 4.75km ASL (Table 1). To our knowledge,
this is the densest network of weather stations covering a
wide range of altitudes and orographic settings over the
central part of the TP. To assess the effects of altitude
and topography (e.g. valleys or mountain ridges) on diur-
nal variations in precipitation, 12 stations representing
different terrain types (Table 2), marked by white circles
in Figure 2, have been selected for further analyses.

Study area

Int. J. Climatol. 34: 2940—2956 (2014)
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Figure 2. Locations of areas selected to study the meridional diurnal variation in precipitation over the Tibetan Plateau (rectangles a, b, ¢, and d).

Rectangle b is further subdivided into four subregions: the Himalayan Mountain Range (1), the Yarlung TsangPo River Valley (2), the Nianqing

Tanggulashan Mountain (3), and the North Tibet grassland (4). A GTOPO30 digital elevation model at 30-arc second resolution is superimposed
on the map. The 12 rain gauge stations located on different terrain types typical of the Tibetan Plateau are denoted by white dots.

2.2. Rain gauge data

The Tibet Meteorological Services collect precipitation
measurements at the 129 weather stations on an hourly
basis. Data from the summer seasons of 2010 and 2011
are used in this study because these years contain full
records of measurements from both newly established
and existing stations. The summer season is defined as
the months of June, July, August, and September. All
data from each site are subject to the following quality
checks. Temporal homogeneity tests described by Ding
et al. (2008) and Feng et al. (2004) are first performed.
A further requirement is that out of the total number of
days of measurements over the two summer seasons at a
site, more than 90% of the days must contain a complete
set of measurements. Out of 129 rain gauge stations, 125
stations passed these quality control checks, so data from
these sites are used in this study.

2.3.  CMORPH precipitation data

The satellite precipitation data under consideration in this
study is CMORPH (Joyce et al., 2004), which incorpo-
rates precipitation estimates derived from four types of
MW sensors onboard Sun-synchronous low earth-orbiting
satellites. These sensors include the TRMM MW imager,
the Advanced Microwave Sounding Unit, the Special
Sensor Microwave Imager, and the Advanced Microwave
Scanning Radiometer.

© 2013 Royal Meteorological Society

IR data onboard five geosynchronous meteorological
satellites are used to infer the cloud motion vectors
derived from spatial lag correlations of successive geo-
stationary satellite IR images during time periods when
MW data are not available. Owing to the limited coverage
of MW images, time and space gaps of MW-based pre-
cipitation characteristics inevitably exist during the time
period between the two successive MW overpasses. The
flexible ‘morphing’ technique, a combination of various
existing MW rainfall algorithms (Joyce et al., 2004), is
then applied to modify the shape and intensity of rainfall
patterns. In particular, the vectors are used to propa-
gate MW-based precipitation features through the time
gap between the two successive MW overpasses. The
shape and intensity of rainfall patterns in the interven-
ing time periods between MW scans are then morphed
using time-weighting linear interpolation. The weights
are determined from forward (backward) advection, from
the previous (the most current) to the most current (the
previous) MW ‘snapshot’ of precipitation features.

The CMORPH precipitation product has been widely
validated (e.g. Xie et al., 2007; Dinku et al., 2008; Sohn
et al., 2009; Kidd et al., 2011; Stampoulis et al., 2013),
suggesting that it has great potential in identifying large-
scale patterns and diurnal cycles of precipitation, among
other applications. Given the topographically complex
terrain characterizing the TP, satellite precipitation data
with very high spatial resolution is especially needed. Of

Int. J. Climatol. 34: 2940-2956 (2014)
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the several merged satellite precipitation products (i.e.
TMPA, PERSIANN, and GSMaP), the CMORPH product
has the highest resolution (8 km) and so it is the most
suitable product to use in studying precipitation patterns
over the TP.

For a detailed description of the CMORPH algorithm,
the readers are directed to refer Joyce et al. (2004). The
version 1.0 CMORPH product, available starting from
January 1998 at various spatial and temporal resolutions
for regions between 60°N and 60°S, was used in this
study. Gridded CMORPH data over the TP at an 8-km
spatial resolution and a 30-minute temporal resolution
was deemed adequate for the purposes of this study in
terms of plateau- and local-scale analyses.

2.4. Reanalysis data

The diurnal variation of precipitation in the extra-tropics
is closely related to synoptic conditions. In order to
discover a possible link between meteorological condi-
tions and precipitation features, the European Centre for
Medium-Range Weather Forecasts (ECMWF) and Re-
Analysis Interim reanalysis data (ERA-Interim) (Uppala
et al., 2008) are used to examine seasonal averages and
diurnal variations in both plateau- and local-scale circu-
lation. The ERA-Interim dataset has 37 vertical levels
ranging from 1000 hPa to 1hPa, with a horizontal spa-
tial resolution of 0.75° x 0.75° and a 6-hourly temporal
resolution.

2.5.

All measurements are recorded in Beijing time (BJT). To
consider the effect of solar radiation on the diurnal vari-
ation in precipitation, the time coordinate was converted
to local solar time (LST) using the equation

Methodology

LST = BJT — 8 + Lon/15 (1)

where Lon refers to the longitude of a given station. Each
daily 24-hour period is divided into eight 3-hourly inter-
vals and defined as follows (Singh and Nakamura, 2009):
late night (00:00 hours—03:00 hours LST), early morning
(03:00 hours—06:00 hours LST), morning (06:00 hours—
09:00 hours LST), late morning (09:00 hours—12:00 hours
LST), early afternoon (12:00hours—15:00 hours LST),
late afternoon (15:00hours—18:00hours LT), evening
(18:00 hours—21:00 hours LST), and night (21:00 hours—
24:00 hours LST).

In a complex orographic environment like this study
area, differences in elevation over short distances can lead
to significant changes in the distribution of precipitation
due to the interaction between topography and the
atmospheric flow. So a separate analysis of the diurnal
cycle has to be performed at each station. Although
Wallace (1975) demonstrated that harmonic analysis
is a good method to use for examining the diurnal
variation in precipitation, the simple harmonic pattern
can differ greatly from the diurnal precipitation curve
(Dai et al., 1999). Direct examination of the hourly data
collected during a day is made instead to determine the

© 2013 Royal Meteorological Society

J. GUO et al.

maximum amount of precipitation and the preferred time
of occurrence, i.e. the mean solar local time at which the
maximum in precipitation amount occurs.

The diurnal cycle of rainfall amount and frequency are
examined on the basis of the daily average distribution
of hourly time series for the consecutive summertime
seasons during 2010-2011. According to Sorooshian
et al. (2002), the mean precipitation at a particular hour
of the day, E(x,y, 1), is expressed as

d=day

R(x,y,0)= ) R(x,y,1,d)/day 2)
d=1

where R(x,y.t,d) is the precipitation amount at ‘¢’
oclock (r=1, 2, ..., 24) on day number ‘d’ at
a given station with coordinates (x, y), and ‘day’ is
the total number of days during the two summertime
periods when precipitation was observed. When the
total precipitation amount accumulated in an hour is
greater than or equal to 0.1 mm, this hour is called
a precipitation hour. The average hourly precipitation
was examined to identify the maximum in precipitation
amount (amplitude) and the preferred time of occurrence
(phase) during a particular day. The amplitude was then
normalized, i.e. the maximum minus the 24-hour mean
(Wallace, 1975; Dai et al., 1999; Yu et al., 2007a). The
normalized amplitude is given in units of percent, which
provides a measure of the magnitude of the diurnal cycle
with respect to the 24-hour mean precipitation amount.
For example, a normalized amplitude of 50% means that
the magnitude of the maximum amount of precipitation
is 1.5 times the 24-hour mean. The frequency of rain
on a given day is calculated by noting if precipitation
was recorded at ‘¢’ o’clock. If the precipitation amount
at ‘¢’ o’clock and station (x, y) is more than 0.1 mm,
R(x,y,t,d)=1; otherwise, it is equal to 0. In this way,
time series of hourly precipitation amount and frequency
during any time period can be obtained for each station.

Precipitation events were further classified according
to duration, which is defined as the number of hours
between the beginning and the end of one rainfall event.
Methods described by Yu et al. (2007a) were used to
discriminate precipitation types and their corresponding
diurnal cycles. The intensity of rainfall during a short
(e.g. convective rainfall) or long (e.g. stratiform rainfall)
rainfall event can vary. A short (long) duration rainfall
event that may be intermittent is defined here as rain
falling for 1-2hours (more than 3 hours) with no more
than a total of 1hour of no rain falling within the event.
If the non-raining period lasts 2 hours and subsequently,
rain begins again, this is classified as a new rainfall event.

3. Results

3.1. Large-scale seasonal variations in precipitation
and the wind fields

Seasonal mean synoptic states and how the rain band and
wind circulation progresses from spring to winter over the

Int. J. Climatol. 34: 2940—2956 (2014)
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Figure 3. Average precipitation amount (filled contours) over the Tibetan Plateau derived from CMORPH data from 2001 to 2011, overlaid with
the coincident large-scale wind field (arrows) at 500 hPa from ERA-Interim reanalysis for (a) spring, (b) summer, (c) autumn, and (d) winter.

TP are investigated. Figure 3 shows spatial patterns of
mean precipitation amounts and wind vectors at 500 hPa
during the four seasons. Over areas north of 32°N, winds
change from north-westerlies (spring) to north-easterlies
(summer), and then to westerlies in autumn and winter.
Strong westerlies prevail in the lower troposphere across
the whole plateau in winter.

In general, precipitation amounts increase steadily
from spring to summer, then decrease during the autumn
season and finally fizzle out in winter. In summer, the
steering wind is south-westerly over most parts of the
TP South-westerlies and north-easterlies converge along
33°N, leading to more atmospheric instability which
causes sporadic rainfall events. High-level prevailing
south-westerlies (not shown in Figure 3) transport a large
amount of water vapour from the Indian Ocean and the
Bay of Bengal into the central-eastern part of the TP,
resulting in a greater amount of precipitation in this
region during the summer than in other seasons.

3.2. Diurnal variation in synoptic conditions

Divergence and relative humidity (RH) fields at 500 hPa
and 200 hPa from ERA-Interim reanalysis data are exam-
ined to determine synoptic conditions affecting the occur-
rence and diurnal variation in summer precipitation over
the TP. In this high-altitude region, the 500 hPa level
roughly represents the surface level.

In the high troposphere over the TP (200 hPa), diver-
gence dominates over almost all of the TP, except for
peripheral regions; the highest RH is located in the south
and decreases towards the north (Figure 4(a)). The dif-
ferential divergence field at 200 hPa (Figure 4(b)) shows

© 2013 Royal Meteorological Society

stronger divergence in the late afternoon (18:00hours
LST) relative to the daily mean in the central part of
the TP, while the reverse is seen along the southeast-
ern edge. At the 500-hPa level, convergence dominates
(Figure 4(c)), except along southern and northern edges
of the plateau. In the central plateau, a stronger conver-
gence prevails at 12:00 hours LST, relative to the daily
mean (Figure 4(d)); divergence dominates over the south-
ern and northern edges. By and large, lower-level conver-
gence and upper-level divergence, along with the higher
RH in the lower atmosphere, favour summer convection
and precipitation production over the TP.

As shown in Figure 5, convergence at the 500 hPa level
increases from early morning to late afternoon in the
central part of the TP, then decreases towards midnight,
when the moisture level is at its highest. Divergence in
the upper atmosphere (Figure 6) varies diurnally in the
same way as convergence, both of which have maxima
over the central part of the TP during late afternoon into
early evening. Over the northern part of the TP, morning
peaks in precipitation are more likely seen (Figures 5(b)
and 6(b)). In general, this examination of the diurnal cycle
of synoptic conditions at two different atmospheric levels
reveals that the time of day when precipitation events tend
to occur over most of the TP is late afternoon to early
evening.

3.3. Diurnal cycle of gauge-measured total
precipitation

The spatial distribution of the time when the maximum
precipitation occurs is used to discern spatial features of
the diurnal peak phase. Vector plots represented by an

Int. J. Climatol. 34: 2940-2956 (2014)
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Figure 4. Daily mean RH (black contours, in %) superimposed on the divergence field (filled contours) at (a) 200 hPa (in units of 107¢s~!) and

(c) 500 hPa (in units of 1075 s71). Daily mean differences in RH (black contours, in %) superimposed on the differential divergence field (filled
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value minus the daily mean value. Negative values indicate convergence. The Tibetan Plateau is outlined in white.
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Figure 5. Average RH at 500hPa (black contours, in %) superimposed on the divergence field (filled contours, in units of 1070571 at (a)
00:00 hours UTC (06:00 hours LST), (b) 06:00 hours UTC (12:00 hours LST), (c) 12:00 hours UTC (18:00 hours LST), and (d) 18:00 hours UTC
(00:00 hours LST). Negative values indicate convergence. The Tibetan Plateau is outlined in white.

arrow pointer on a circular 24-hour clock dial are used
to display the prevailing time (phase) of the maximum
precipitation amount or frequency (Higgins et al., 1996;
Dai etal, 1999; Yu etal, 2007a). Figure 7(a) and
(b) shows spatial distributions of the maximum hourly
rainfall amount (frequency) and its corresponding phase
at sites in Tibet during the summer seasons of 2010 and

© 2013 Royal Meteorological Society

2011. The arrow direction represents the phase at a given
station and the length of the arrow represents precipitation
amount (Figure 7(a)) or frequency (Figure 7(b)). Overall,
about 60% of the 125 stations experience the greatest
precipitation amounts and number of precipitation events
in the afternoon-to-evening period. In western Tibet,
both maximum precipitation amount and frequency are

Int. J. Climatol. 34: 2940—2956 (2014)



DIURNAL VARIATION OF PRECIPITATION IN TIBET

5N

BO°E B5°t 90°E 95% 100°E

BO°E B85°E 90°E 95°E

2947

BO°E B5°E 90°E 95°E 100°E

100°
CE— —
4 =2 =1 0 1 2 4 (10e—6#s—1)
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relatively smaller in magnitude, presumably because the
water vapour content over that area is lower (Figure 4(a)).

The non-uniform spatial distribution of the timing of
the maximum frequency and amount of precipitation
shown in Figure 7 is similar to that found in India, which
is located immediately to the south of the TP (Deshpande
and Goswami, 2013). This figure suggests that a single
mechanism alone cannot account for the complicated
nature of diurnal variations in precipitation over the TP.
It is to be noticed that no prevailing nocturnal maximum
in precipitation can be identified across Tibet, either in
terms of amount or in terms of frequency. Geographically
speaking, the afternoon-to-evening peak in precipitation
dominates at stations located in the Yarlung TsangPo
Valley of the central TP. Along the north slope of the
Himalayas, a morning peak is observed while on the
south slope of the Himalayas, nocturnal precipitation
dominates (Yamamoto et al., 2011). The latter may be
caused by the huge shielding effect of the Himalayas and
the Karakoram Mountain range (Lin and Wu, 1990; Avey
et al., 2007).

A cluster in the diurnal phase distribution of precip-
itation frequency can be found in the region south of
31°N. Maxima in frequency are seen in the late morn-
ing or early afternoon at stations located near mountain
ridges, and in either late afternoon or evening for those
stations located in valleys. Although some general pat-
terns in the diurnal cycle of precipitation amount are seen,
the cycle over the TP is still complicated. For example,
in the southeastern part of the TP where the elevation
is relatively lower, neighbouring stations can experi-
ence both daytime and nocturnal maxima in precipitation
amount.

© 2013 Royal Meteorological Society

3.4. Diurnal cycle of gauge-measured short- and
long-duration precipitation events

The diurnal variation in precipitation with respect to
the duration of precipitation events is examined in
this section. A short-duration rainfall event is defined
as one lasting from 1 to 2hours and a long-duration
rainfall event is defined as the one lasting for more than
3 hours. Figure 8 shows the distribution of percentages
of rainfall amount and frequency associated with short-
and long-duration precipitation events and Figure 9 sum-
marizes the timing of maximum hourly rainfall amount
and frequency associated with short- and long-duration
precipitation events at all stations in the TP. As revealed
in Figure 8(c) and (d), short-duration precipitation events
are more frequent than long-duration precipitation events
(by about 10-30%). More than 70% of total rainfall
amounts accumulate during long-duration rainfall events
over the TP (Figure 8(b)), which mainly occur during the
late morning to the afternoon (Figure 9(b)). The afternoon
peak can be attributed to convective precipitation caused
by the solar heating effect, which is corroborated by the
diurnal cycle of the large-scale circulation generated from
reanalysis data (Figures 5 and 6). Note that the late morn-
ing maxima in precipitation seen in rain gauge data and
also in radar measurements collected during a field cam-
paign carried out in the central part of the TP (Hirose and
Nakamura, 2005) are missing in the reanalysis dataset.
The presence of a late-morning maxima in precipitation
is attributed to a persistent mesoscale system located in
this region, which more often than not produces long-
duration precipitation events during that time of the day.
An interesting feature is that there is no coherent spatial
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Figure 7. Diurnal phase and amplitude of rainfall averaged over the
summer months of 2010 and 2011 according to (a) maximum hourly
rainfall amount and (b) maximum hourly rainfall frequency. The
direction towards which an arrow points denotes the local solar time
(LST) when the maximum occurs (shown on the clock dial in the lower
left corner of each plot) and the arrow length represents magnitudes
of rainfall amount or frequency. The arrow direction denotes when the
diurnal phases of a certain rain gauge occur: quadrant one (00:00-06:00
hours LST), quadrant two (06:00—12:00 hours LST), quadrant three
(12:00-18:00 hours LST), and quadrant four (18:00—24:00 hours LST).
Reference arrows represent 1mm hour™' and 50% in panels (a) and (b),
respectively. The grey shaded background shows the elevation.

pattern in rainfall amount from short-duration precipita-
tion events (Figure 9(a)). Concerning rainfall frequency,
Figure 9(c) shows that short-duration rainfall events tend
to occur during the morning (03:00 hours—12:00 hours
LST, corresponding to early morning, morning and late
morning as defined in Section 2.5), whereas long-duration
rainfall events have a coherent afternoon—evening—night
diurnal cycle (12:00 hours—24:00 hours LST) except at
some stations, where late morning maxima are evident
(yellow arrows in Figure 9(d)).

Diurnal cycles associated with long-duration precipi-
tation events have an overlap in the afternoon in terms
of precipitation amount and frequency (Figure 9(b) and
9(d)). In addition, more than 70% of total rainfall amounts
accumulate during long-duration rainfall events over
the TP (Figure 8(b)). This suggests that oft-occurring
(roughly 50% as shown in Figure 9(d)) long-duration
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precipitation events in the afternoon are responsible for
most of the rainfall amount for the whole day.

3.5.

The gauge-based diurnal cycle of precipitation demon-
strates that the distribution of the diurnal phase over
much of the TP is non-uniform, especially in the east-
ern and southernmost parts of the TP where the terrain
is complex. Local-scale phenomena, such as ridge-valley
effects, are expected to have their greatest impact on the
distribution of the peak time of precipitation in places
where large-scale dynamical processes are weak. To ver-
ify this, CMORPH precipitation data is used to inves-
tigate diurnal variations and their relation to topogra-
phy over four regions from west to east over the TP
(Figure 2). Prior to the analysis, a preliminary valida-
tion of CMORPH precipitation data against rain gauge
data was performed. Regarding the diurnal phase of
the precipitation amount, CMORPH-retrieved precipita-
tion peaks generally lag O—12hours behind those seen
in rain gauge data (Figure 10(a)). Figure 10(b) shows
that CMORPH-derived total precipitation amounts are
systematically overestimated, irrespective of station ele-
vation. This overestimation of precipitation is probably
due to contamination from signals that are scattered from
all over the complex terrain.

Figure 11 shows the uniform nighttime and early morn-
ing local peaks in precipitation over the southern slope
of the Himalayas from west to east, broadly consistent
with previous findings (Yamamoto ef al., 2008; Singh
and Nakamura, 2009; Deshpande and Goswami, 2013).
This is possibly due to an increase in convection by the
nighttime low-level convergence produced by katabatic
mountain winds (Deshpande and Goswami, 2013). Pro-
ceeding northward from the foothills to the mountaintops
of the Himalayas, the peak time of precipitation varies
greatly from late night or early morning to late morning
or afternoon.

Upon reaching the plateau area, large diurnal variations
in precipitation are no longer seen in the meridional
direction and precipitation mainly occurs in the late
afternoon into evening, regardless of terrain. As will be
shown in the following section, rain gauge data can better
capture changes in the diurnal cycle of precipitation due
to terrain.

Diurnal cycle of CMORPH-based precipitation

3.6. Diurnal cycle over typical terrain: gauge versus
CMORPH data

The terrain and land surface play significant roles in the
diurnal cycle of precipitation due to the complexity of
earth—atmosphere interactions. In order to characterize
specific diurnal variations in precipitation from both rain
gauge and CMORPH data over a given location on the
TP, 12 stations with varying geographic characteristics
were selected for a further detailed analysis (Table 2).
Locations of these stations include mountain ridges and
valleys, as well as a lake in central Tibet and highlands
in northern Tibet.

Int. J. Climatol. 34: 2940—2956 (2014)
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Figures 12 and 13 show diurnal cycles of the nor-
malized precipitation amount and precipitation frequency,
respectively, based on rain gauge and CMORPH data. In
general, the peak time of the CMORPH-retrieved maxi-
mum precipitation amount lags systematically behind that
from rain gauge measurements by several hours (e.g.
9 hours at Namcuo). At Mt. Everest, peak timings of pre-
cipitation amount and frequency from CMORPH and rain
gauge data are out of phase, suggesting that there are
large uncertainties in the CMORPH precipitation product
over regions covered by a perennial snowpack.

Rain gauge-based precipitation amounts and frequen-
cies over the hilly region of the TP have generally larger
values during the daytime. Sites located in valleys and by
lakes show large late afternoon or evening peaks; a minor
morning rainfall peak is seen at Namcuo. The amplitude
of the diurnal variation near the lake site is lower than
that at sites located in valleys and hilly regions. Com-
pared to the latter sites, the mean precipitation amount at
Namcuo is slightly higher and has a much weaker diurnal
cycle because of the large body of water near this site.
At the Shiquanhe station in the western part of the TP,
a late-morning (09:00 hours—12:00 hours LST) secondary
rainfall peak is observed.

Characteristics of the diurnal variation in precipitation
vary with different land cover type. The following three
pairs of neighbouring stations with different land surface
types were chosen to explore possible differences in
precipitation peak times between sites located close to
one another: (1) Milashankou (ridge) and Lhasa (valley),
(2) Mt. Everest (mountain top) and Dingri (valley), and
(3) Naqu (highland) and Namcuo (large lake). There
are distinct transitions in the peak time of gauge-based
precipitation amounts from hilly regions down toward
lakes or valleys, indicating that local circulation plays
an important role in such a topographically complex

© 2013 Royal Meteorological Society

region as the TP. The finding of a phase transition
agrees with previous results (Liu et al., 2009; Singh and
Nakamura, 2009). CMORPH data does not show such a
phenomenon.

3.7. Zonal propagation of precipitation revealed from
CMORPH data

The mean diurnal cycle of summertime precipitation over
the TP is summarized in Figure 14, which shows a time-
longitude diagram for the 27°N—34°N latitudinal band.
Note that over almost all of the TP (82°E—99°E), more
precipitation occurs during the time period of 15:00 hours
to 21:00 hours LST. By contrast, the early morning or late
night precipitation peak dominates over the westernmost
part of the TP (79°E—82°E). Compared to the non-
uniform pattern in precipitation phase shown in Figures 7
and 8, CMORPH data fails to capture local effects (for
instance, the mountain ridge—valley effect) on diurnal
variations in both precipitation amount and frequency.

The uniform diurnal peak time of late-afternoon-to-
evening precipitation over the TP shows that there is
no apparent propagation of this pattern in the west—east
direction. This result stands out in stark contrast to the
eastward propagation of precipitation from the eastern TP
to the Sichuan Basin reported by Huang et al. (2010) and
Yu et al. (2007a).

4. Discussion

4.1.
data

Discrepancies between CMORPH and rain gauge

Data from a dense network of rain gauge stations,
together with CMORPH data, have been used to charac-
terize the diurnal cycle of precipitation over the TP. Rain
gauge data provide more detailed information at a local

Int. J. Climatol. 34: 2940—2956 (2014)
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hourly precipitation during the period of June to September of 2010
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intervals (48 per day). In the absence of any diurnal cycle, the expected
percentage is 4.2% for a 1-hour interval.

scale with regard to the diurnal variation of precipitation,
especially at locations where the terrain is highly vari-
able. CMORPH data can provide insight into the diurnal
cycle over the TP on a plateau scale due to its wide spatial
coverage. Certain discrepancies between the two datasets
in capturing the diurnal cycle have been discovered and
are discussed here.

In terms of both precipitation amount and its diurnal
cycle, there are large uncertainties in the CMORPH

© 2013 Royal Meteorological Society

dataset, as illustrated in Figure 10. The half-hourly
8-km CMORPH dataset was resampled onto a 0.5°-
latitude/longitude grid centred over each rain gauge
site collecting data on an hourly basis. Mean values
of the co-located spatial and temporal ensemble were
then used in the regression analysis. Uncertainties will
inevitably be introduced during the process of point-to-
pixel collocation of precipitation data over the TP.

MW signals (the precipitation proxy for CMORPH)
scattered by clouds are sensitive to complex terrain
(Habib et al., 2012). Precipitation estimates from the
CMORPH product are mainly retrieved from four
types of MW sensors (Joyce et al., 2004). The under-
representation of hydrometeor variability within precip-
itating clouds and partial beam filling generally lead to
inherent uncertainties in precipitation products from pas-
sive MW sensors like the TMI or TRMM (Harris et al.,
2003). On the other hand, the estimation method involv-
ing morphing cannot retrieve precipitation over snow- or
ice-covered surfaces, which are found on some parts of
the TP. These may be factors contributing to the discrep-
ancy in diurnal cycles of precipitation derived from both
satellite and rain gauge data over the TP.

Figure 14 shows that morning peaks in precipitation
do not appear in the CMORPH dataset even though such
peaks are occasionally seen in rain gauge data from sites
located in the highlands (Figure 7). Except at a few
mountain stations, peaks in rainfall amount from rain
gauges are generally a few hours ahead of the peak
time observed from CMORPH data. The same significant

Int. J. Climatol. 34: 2940—2956 (2014)
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discrepancy was also observed on the south-facing slope
of the Himalayas by Yamamoto et al. (2011), suggesting
that a further validation of satellite precipitation products
should be done in mountainous areas like the TP. A
detailed description of the validation of high-resolution
CMORPH precipitation products against rain gauge data
is in preparation by the authors.

4.2. Possible mechanisms for the variability in diurnal
cycles

The TRMM PR was reportedly able to detect both
large- and small-scale precipitation systems over central
Tibet (Hirose and Nakamura, 2005). The PR is expected
to play a critical role in discriminating between con-
vective and stratiform rainfall, which would deepen
the understanding of possible mechanisms involved in
explaining the diurnal variation in precipitation over the
TP. However, ground-based radar measurements from
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the first and second TP Experiment during the summers
of 1979 and 1998 showed that more than 60% of rain
events in most parts of the plateau, and in particular,
more than 90% of rain events in the central plateau, such
as along the Yarlung TsangPo Valley, were convective
during the summertime (Qian et al., 1984). These surface
observations were in contradiction to retrievals from
the TRMM PR, which showed that stratiform rainfall
dominated during the summer (Fu and Liu, 2007). This
discrepancy was attributed to the misidentification of the
TRMM PR bright band due to the relatively high eleva-
tion of the TP land surface. This is why rainfall duration,
rather than rainfall type, was considered in this study.
Figure 15 shows a latitude-pressure cross-section of
RH and divergence fields averaged over 88°E—89°E.
During the daytime, solar heating dominates over the
TP. At 00:00 hours UTC (06:00 hours LST), there is
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Figure 15. Pressure-latitude cross-sections of vertical wind velocity (black contour lines, in units of ms~') and the divergence field (filled

contours, in units of x 10~s~!) at 00:00 hours UTC, 06:00 hours UTC, 12:00hours UTC, and 18:00 hours UTC, which are averaged over

88°—89°E (strip b in Figure 2) during the period of June to September of 2010 and 2011. Black contours lines are plotted in 0.1 ms~ intervals

for panels (a) and (b) and in 0.2ms™! intervals for panels (c) and (d). ERA-Interim data is used here. Lines (1), (2), (3), and (4) shown in
Figure 2 are drawn as well.
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no distinct atmospheric motion in the vertical direc-
tion over the TP. From 06:00 hours UTC (12:00 hours
LST) to 18:00 hours UTC (00:00 hours LST), a promi-
nent upward motion is seen over the entirety of the
TP. The upward motion increases and reaches a max-
imum at 12:00hours UTC due to the stronger sur-
face heating. During the time period of 12:00hours
UTC (18:00 hours LST) to 18:00 hours UTC (00:00 hours
LST), the ascending motion over the TP decreases grad-
ually and almost disappears by 06:00 hours UTC. The
diurnal variation in vertical motion corresponds well
with the time period when precipitation events tend to
occur (15:00hours—21:00 hours LST), as revealed by
CMORPH data. Again, local mountain-valley flows, low-
level nocturnal jets, and so on, which determine the
predilection for precipitation events in the morning or
late night as seen from rain gauge data, are not captured
in the CMORPH dataset. The relatively coarse resolution
of the ERA-Interim reanalysis (0.75°) is one of the main
reasons why it cannot resolve local effects.

It has been historically recognized that both local
weather and precipitation are readily influenced by
orography (Riehl, 1954). So, local-scale topography
(lake—land contrast and ridge—valley effects) could play
an important role in rainfall distributions where large-
scale dynamical processes are weak. A possible mecha-
nism is that daytime heating and nighttime cooling over
high terrain generates convergence over mountaintops
during the day and divergence at night, respectively.
Nighttime cooling over the higher terrain suppresses con-
vection at the mountaintop. However, if the downslope
motion resulting from radiative cooling at night con-
verges with a low-level, moist, and unstable air current,
then nocturnal precipitation may occur (Barros et al.,
2000, 2004; Kuwagata et al., 2001; Lang and Barros,
2002). This effect is especially pronounced over the high-
est parts of the Himalayan range that are located at lower
latitudes where solar insolation is direct (Houze, 2012).

Note that this analysis was conducted using data
collected over the TP during only two warm seasons.
Some apparent diurnal variations (e.g. the morning peak
with respect to long-duration precipitation) may be due
to strong mesoscale systems that produced precipitation
not linked to any diurnally varying forcing mechanism.
Further study focused on interactions between plateau-
scale synoptic systems and regional mountain—valley
circulation systems, and their impact on the specific
diurnal cycle of precipitation at a given location on the
TP, is required.

5. Conclusions

Diurnal cycles of mean precipitation amount and fre-
quency over the TP have been investigated using two
years (2010—2011) of summertime hourly precipitation
data from a dense network of automatic weather stations
and a high-resolution satellite precipitation product
(CMORPH). Maxima in precipitation amount and
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frequency from both datasets are associated with the
afternoon-to-evening precipitation regime at approxi-
mately 60% of the stations comprising the rain gauge
network. No west-to-east propagation of any diurnal
variation in the timing of the maximum precipitation
amount over the TP is seen.

The diurnal variation in the duration of rainfall events
in the TP is also investigated. Short-duration rainfall
events are more common than long-duration rainfall
events (by about 10-30%), but the latter is responsible
for the bulk of total precipitation amounts. More than
70% of total rainfall amounts come from long-duration
rainfall events. Also, rain gauge measurements show that
the diurnal variation in precipitation changes noticeably
with respect to local topography. For instance, sites
located in hilly regions tend to have a daytime peak
in precipitation amount while those along lakes and in
valleys have peaks in the evening into the nighttime.
Rain events occur more frequently in the late morning
or early afternoon at high-lying mountain stations and in
the late afternoon or evening at sites located in valleys. In
general, the diurnal variation in precipitation amount and
frequency is similar, consistent with results from other
studies.

A preliminary validation of CMORPH-retrieved pre-
cipitation amounts over the TP using rain gauge measure-
ments as the ground truth has been performed. CMORPH
retrievals overestimate precipitation amounts, while peak
times of the maximum precipitation amount systemat-
ically lag behind those derived from rain gauge data.
These discrepancies are partly due to high uncertain-
ties inherent to MW sensors, which have difficulty in
acquiring scattered signals over such a complex terrain
as the TP

Using ERA-Interim reanalysis data (0.75° resolution),
possible causes for the observed discrepancy between
rain gauge-calculated and CMORPH-retrieved precipita-
tion diurnal cycles from the perspective of large-scale cir-
culation have been investigated. Local mountain—valley
flows, low-level nocturnal jets, and so on, presumably
reflecting the predilection for precipitation events in the
morning or late night as seen from rain gauge data, are not
captured by the CMORPH dataset. Its relatively coarse
resolution is one of the main reasons why this dataset can-
not resolve local effects. This suggests that satellite obser-
vations like CMORPH alone, even with its high temporal
and spatial resolutions, cannot meet the requirement of
determining the diurnal cycle of precipitation over the TP.

Therefore, a collective approach incorporating the indi-
vidual merits of satellite retrievals, in situ ground-based
measurements, and model estimations, while minimiz-
ing their limitations, should be undertaken. In particu-
lar, plateau-scale synoptic systems should be taken into
account, combined with local circulation systems caused
by the complex topography of the region. This would
deepen, to some extent, our understanding of the diurnal
cycle of precipitation over the TP.
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