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Abstract

Mesoscale convective systems (MCSs) have been identified as an important source
of precipitation in the Tibetan Plateau (TP) region. However, the characteristics and
structure of MCS-induced precipitation are not well understood in this location. Infrared
(IR) satellite imagery has been used for MCS tracking, but cirrus clouds or cold surfaces
can lead to false MCS classification over mountain regions. Here, we combine brightness
temperatures from IR imagery with satellite precipitation estimates from GPM IMERG
and track MCSs over the TP, at the boundary of the TP (TPB), and in the surround-
ing lower-elevation plains (LE), between 2000 and 2019. In most parts of LE and TPB,
MCSs produced 50 to 80 % of the total summer precipitation (60 to 90% of summer heavy
precipitation), whereas MCSs over the TP account for below 10 % of the total summer
precipitation (10 to 30 % of summer heavy precipitation). Our results also show that MCSs
that produce the largest amounts of heavy precipitation are characterised by longevity
and large extents rather than by high intensities. These are mainly located in the pop-
ulous areas south and east of the TP. A tracking of meso- convective systems over the
TP shows that small-scale convection makes a large contribution to total and heavy pre-
cipitation. This suggests that more localised convective systems are important for the
regional water cycle over the higher terrain and highlights the importance of convective-
scale modelling to improve our understanding of precipitation dynamics in the TP re-
gion.

Plain Language Summary

Storm systems that extend over several hundred kilometres can represent a risk to
people’s lives and livelihoods, as they may lead to flooding, extreme winds and heavy
rainfall. The Tibetan Plateau (TP) has received increasing attention over the last few
decades because it has experienced drastic changes in the water cycle as a response to
global warming. Although it is known that large storm systems develop in the populous
surrounding regions of the TP, the rainfall characteristics from these storms are not well
understood. It is difficult to identify storm systems in satellite images over high moun-
tain regions, because high clouds and low surface temperatures can give signals similar
to those of storm clouds. We therefore used a new method to track large storm systems
in satellite images over the TP to clarify their role in the water cycle. Our results show
that most of the storms that produce heavy rainfall occurred in the regions south and
east of the TP. Storm systems over the TP are generally smaller in size and shorter in
duration, which means that climate model simulations at high spatial resolution are needed
to further investigate them.

1 Introduction

Mesoscale convective systems (MCSs) are organised convective storm complexes,
which extend over several hundreds of kilometres and produce large areas of convective
and stratiform precipitation (Houze, 2004). MCSs have more complex dynamics than
unicellular convective storms, but are primarily defined by their spatial extent (Houze Jr,
2004). Many different forces can drive mesoscale organisation of convection. Thus, the
structure and precipitation characteristics of MCSs can take different forms depending
on the region of genesis and underlying processes. In the continental mid-latitudes, MCSs
often occur in areas downstream regions of high-altitude regions, as MCS formation is
related to mountain flow dynamics. On the leeside of the Rocky Mountains (over the Great
Plains) (Hitchcock et al., 2019; Cheeks et al., 2020; Hu et al., 2020), in the West-African
Sahel (Redelsperger et al., 2002; Vondou et al., 2010; Klein et al., 2018) and in the Eu-
ropean Alps (Morel & Senesi, 2002; Feidas, 2017), MCSs produce a significant portion
of the total precipitation in a season and can lead to severe weather.
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The Tibetan Plateau (TP) covers an area of two and a half million square kilome-
tres and is the world’s most extensive mountain region. The headwaters of most of Asia’s
major rivers are located in the mountains of the TP, and their discharge regimes are mainly
controlled by monsoonal precipitation (Zhang et al., 2013). A distinct characteristic of
the TP is its high elevation and steep topography, which results in complex interactions
between local mountain features and large-scale atmospheric dynamics. Many studies
have identified MCSs as one of the most important precipitation-producing mechanisms
over the TP (Tao & Ding 1981; Wang et al., 1987; Li et al., 2008; Sugimoto & Ueno, 2010;
Hu et al., 2017). Some extreme rainfall and flood hazards in the heavily populated down-
stream regions to the south and east of the TP have been attributed to MCSs, as have
mesoscale vortices that form over the TP (Yasunari & Miwa, 2006; Shi et al., 2008; Xi-
ang et al., 2013; Rasmussen & Houze, 2012). This demonstrates that MCSs can pose a
direct threat to life, people’s livelihoods, crop yields and infrastructure. On the other
hand, MCSs play an important role in the hydrological cycle, as they may account for
a significant amount of the annual or seasonal rainfall, for example in North America (Fritsch
et al., 1986; Feng et al. 2021). Convection-permitting model simulations project increases
in MCS intensity for some regions (Prein et al., 2017; Fitzpatrick et al., 2020) and con-
vective precipitation is likely to increase at much larger rates than a precipitation increase
of 7 % per degree of warming, which would correspond to the Clausius-Clapeyron rela-
tion (Berg et al., 2013; Ban et al., 2015). It is therefore crucial that we understand the
scales and formation processes of heavy precipitation, particularly for mountain regions
like the TP, which are likely to experience drastic environmental changes due to global
warming (Bibi et al., 2018; Yao et al., 2019).

Although many studies on convection in the TP region focus on MCSs, the main
drivers behind the systems and their significance for current and future precipitation regimes
are not well understood. It is not clear how characteristics of MCSs that are generated
over the TP differ from those of monsoon-related convective systems that occur along
the Himalayas (Houze et al., 2007; Romatschke et al., 2010). A number of studies that
investigated MCSs at elevations higher than 3,000 m above sea level (a.s.l.) have iden-
tified the central and eastern parts of the TP as the main source regions for convection
(Jiang et al. 2002; Li et al. 2008; Sugimoto & Ueno, 2010; Hu et al., 2017). However,
due to the difficulty in attributing precipitation events to specific storm systems, the im-
portance of MCSs for precipitation could only be roughly estimated. Radar observations
of clouds over the southern Himalayas show clear signatures of convection (Houze et al.,
2007) with high radar reflectivities over a height range between 5 and 14 km a.s.l. dur-
ing summer (Kukulies et al., 2019). This may indicate organised convection in this re-
gion, but the poor temporal resolution and spatial coverage of spaceborne radar obser-
vations raise the question of whether this feature really can be attributed to MCSs or
if it derives from isolated deep convection. Additionally, convective cells can be misclas-
sified when infrared (IR) satellite imagery is used to track MCSs in a high mountain re-
gion and image scenes include cold cirrus cloud tops (Rossow & Schiffer, 1999; Yuan &
Houze, 2010) or cold surfaces under clear-sky conditions that result in a similar IR bright-
ness temperature (Esmaili et al., 2016). Observation-based studies of MCSs are there-
fore more limited than model studies for the TP region and often cover only a few years,
because high-resolution satellite records of more than a decade in length have only re-
cently become available. It is crucial that we establish an accurate climatology of MCSs
and understand their importance for precipitation, in order to advance our knowledge
about precipitation dynamics in the TP region and to evaluate how well MCSs charac-
teristics are represented in regional climate model simulations. The effect of MCSs on
precipitation is key to an improved understanding of the drivers and scales of heavy pre-
cipitation which in turn is necessary for more accurate estimates of future changes of pre-
cipitation regimes and extreme events.

This study aims to describe MCS characteristics in the TP region using a novel track-
ing method to interpret satellite observations covering the past two decades (i.e. from
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2000 to 2019). To provide a broad overview of different types of MCSs, we compare MCSs
over the TP with MCSs that cross the TP boundary (TPB) and MCSs that develop over
the surrounding lower-elevation (LE) regions. We focus on the structure and character-
istics of MCS-induced precipitation, the contribution of MCSs to seasonal and heavy pre-
cipitation as well as the large-scale environments that are associated with different MCS

types.

We have organised this paper into four further sections. In Section 2, we compare
MCS tracking methods of previous studies and describe the tracking algorithm and datasets
used in this study. We also briefly explain the implementation of different MCS stan-
dards, to test the sensitivity of the tracking to different thresholds and criteria. In Sec-
tion 3, we present a comparison of the different tracking methods and an overview of the
spatial and temporal characteristics of MCS tracks as well as their precipitation features
and associated large-scale atmospheric conditions. Section 4 discusses the role of MCSs
in precipitation, retrieval uncertainties and possible driving mechanisms for MCS for-
mation. Finally, a summary and the main conclusions are given in Section 5.

2 Data and Methods
2.1 Previous MCS studies

One of the most commonly used methods to identify MCSs is to detect contigu-
ous areas of brightness temperature minima in IR satellite imagery. A specific type of
MCS is a so-called mesoscale convective complex (MCC), originally defined by Maddox
(1980). MCCs are cloud systems with a contiguous area of at least 100 000 km?, within
which the maximum temperature is -32°C (241 K) and which includes a region of at least
50,000 km?, within which the maximum temperature is -52°C (221 K). An additional
criterion is that these two conditions must persist for at least six hours for an MCC to
be identified. Many studies have used a similar approach for global and regional MCS
tracking (e.g. Rossow et al., 1999; Zheng et al., 2008; Esmaili et al., 2016; Huang et al.,
2018). However, there is a wide range of thresholds used for brightness temperatures and
minimum areas, dependent on whether the aim is to capture the entire evolution of the
cloud system or focus on the deep convective part.

Table 1 summarises the tracking criteria used in previous studies that focused on
MCSs over the TP or in South-East Asia. Brightness temperature thresholds vary be-
tween 219 K and 245 K over minimum areas that range from 1,000 km? to 50,000 km?.
The highly varying thresholds reflect that there is no common standard for what defines
a MCS in this region. Hence, the large differences in the amount of tracked MCSs per
year are not only explained by the different domain sizes and time periods, but also by
the different criteria chosen to define a MCS (Table 1). Most studies that only focused
on the high altitudes of the TP have used minimum extents of <5,000 km 2. These smaller,
and consequently more short-lived, systems correspond to the meso-3 scale (horizontal
dimensions of 20 to 200 km) according to the definition of Orlanski (1975), whereas the
tracking studies that focused on larger areas in South-East Asia were predominantly de-
signed to identify MCSs at the meso-« scale (horizontal dimensions 200 to 2,000 km).

Some of the studies listed in Table 1 have used global databases for convection track-
ing (e.g. Li et al., 2008) or thresholds that are also used in global analyses for MCS iden-
tification (Guo et al., 2006). However, using universal thresholds can be problematic in
a mountain environment like the TP, where low surface temperatures from high moun-
tain tops can be confused with high cloud tops from deep convective clusters, particu-
larly at night and during winter. This has, for example, been discussed in Esmaili et al.
(2016), who presented a global cloud cluster tracking with unrealistically high amounts
of convective cloud clusters over the TP during winter when only brightness tempera-
tures are used. The atmospheric transmittance at wavelengths corresponding to the IR
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channels used for tracking (~ 10.8 um) is relatively high, while surface emissivity at these
wavelengths is generally low for dry regions (Schédlich et al., 2001). This means that re-
trieved clear-sky brightness temperatures are on average lower than the actual surface
temperatures, which poses an additional risk of confusing cold surfaces with high cloud

tops in dry high-altitude regions.
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Figure 1. Study area (15— 50 °N, 60 — 120 °E) for regional MCS tracking. The colours show
elevations [m a.s.l.] and the red line indicates the 3,000 m boundary of the TP. MCSs are divided
into systems located outside of this boundary (LE), systems over the TP, and systems which
cross the 3,000 m boundary during their lifetime (TPB).

Another risk of exclusively using IR brightness temperatures as a proxy for con-
vective activity in mountain regions is that convective systems can also be confused with
cirrus or stratiform cloud shields that are not necessarily the remnants of a storm sys-
tem. Kukulies et al. (2019) found that cirrus clouds are among the most frequent cloud
types over the central and southern parts of the TP between May and September. Thus,
it is likely that these cloud shields do not always originate from old convection. The high
number of MCS tracks that has been identified by Chen et al. (2019) (Table 1) reveals,
for instance, potential issues when the brightness temperature threshold is set too low
and when no additional data or criteria are used to assure that the low brightness tem-
peratures are linked to deep convection. To address the above-named issues, we followed
a similar approach to Feng et al. (2021) who created an updated global MCS dataset
based on an objective tracking method that combines IR imagery with precipitation data
and therefore reduces misclassifications of MCSs attributable to cirrus cloud layers and
cold surfaces.

2.2 Data and Tracking algorithm

Figure 1 shows the domain (15 — 50 ° N, 60 — 120 °E) in which the MCS tracking
was performed. The study area encompasses regions with substantially different precip-
itation regimes, such as the Indo-Gangetic Plain, which is dominated by frequent mon-
soon depressions (Hurley & Boos, 2015; Boos et al., 2017) and the generally drier TP.
Considering such a wide area with diversified background climates, this study provides
a regional overview of MCSs, allowing those over the TP to be compared with those that
are initiated over more populous areas in the downstream regions. In this study, we there-
fore distinguish between three main types of systems: MCSs and precipitation events that
are initiated within the 3,000 m boundary of the plateau (TP), MCSs that cross the 3,000
m elevation boundary during their lifetime (TPB), and MCSs and precipitation events
at lower elevations (LE), outside the 3,000 m boundary (Fig. 1).

We used half-hourly satellite precipitation estimates from the Global Precipitation
Measurement Mission (GPM) in combination with brightness temperatures from IR im-
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agery. The merged and angle-corrected brightness temperatures used in this study are
provided by NCEP/CPC (National centres for Environmental Prediction/Climate Pre-
diction centre) and were acquired by various sensors on board Meteosat, GMS/Himawari,
Meteosat and GOES (Janowiak et al., 2017). The dataset can be downloaded from the
data provider NASA GES DISC at 30 min resolution and with 4 km grid spacing. In or-
der to obtain the same spatial resolution as the satellite precipitation data product GPM
IMERG V06 (Huffman et al., 2019), which has a spatial resolution of 0.1 °. To facilitate
co-locating the two datasets, we regridded the brightness temperature data to match the
GPM IMERG grid using first-order conservative mapping with the software Climate Data
Operators (https://code.mpimet.mpg.de/projects/cdo). The tracking was performed
in 30 min time steps to match the original temporal resolution of both datasets, for the
period 2000 to 2019.

The tracking procedure consists of three main steps: 1) cloud feature detection us-
ing IR brightness temperatures, 2) linking of cloud features over time and 3) applying
additional criteria based on co-locations with precipitation. Using the python package
tobac (Heikenfeld et al., 2019), cloud features were identified in each time step in the re-
gridded field of IR brightness temperatures (7}). The tracking library allows for smooth-
ing the input field using a Gaussian filter. However, after testing different smoothing op-
tions, we set the Gaussian filter to 0.5, which results in a minimal smoothing of the bright-
ness temperatures and keeps the details of the cloud structure in the original data. To
detect cloud features, we adapted the brightness temperature threshold of 221 K used
in the original paper by Maddox (1980) and more recently in the same study region by
Zheng et al. (2008). Because the focus of this paper is on MCSs with potentially large
impacts on surface precipitation, we performed a tracking at the meso-a scale that re-
quires a minimum cloud area of 50,000 km?. A cloud feature is hence defined as a con-
tiguous area over 50,000 km? with brightness temperatures < 221 K. In summer, cloud
top temperatures below 221 K correspond to cloud top heights of about 10 km a.s.l. over
the TP (Chen et al., 2018), which let us assume that brightness temperatures below this
threshold are likely to be associated with deep convection at least during the warm sea-
son.

Once cloud features have been identified in each time step, these features were linked
over time based on their location and propagation speed. This was done by predicting
the location of the cloud feature in the next time step using its average propagation speed
from the previous time steps (or the average propagation speed of the closest feature for
the first time step). Potential features within a restricted radius around the predicted
location were then identified and the closest feature was connected with the trajectory,
if its location was within a realistic distance to the previous cloud feature. More details
about this linking method can be found in Heikenfeld et al. (2019). To be retained as
a potential MCS, the minimum area of 50,000 km? has to persist for at least 3 hours (6
time steps). Due to limited computational resources the feature linking was performed
on yearly aggregated files, which means that MCSs at the boundary between two years
appear as separate tracks. However, this does not significantly affect the results, since
most MCSs in the study region occur during the summer season (see Section 3.2). It should
also be noted that the merging and splitting of MCSs does not have any explicit treat-
ment in the algorithm, but results in the survival of the MCS with the most similar travel
direction (Heikenfeld et al., 2019). This way, we can identify long-lived MCSs that grow
upscale when multiple cells merge into one larger MCS.

To assure that identified cloud features are indeed precipitation-producing systems
with a region of deep convection, we filtered the connected cloud features based on two
additional criteria that have been suggested by Yuan and Houze (2010) and Chen et al.
(2018): the presence of a cold core reflected by an even higher temperature threshold within
the cloud feature and the presence of heavy rainfall during the MCS lifetime. To be clas-
sified as a MCS, brightness temperatures had to drop below 200 K (as in Yuan and Houze
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Figure 2. PDF and percentiles of hourly rain rates from GPM IMERG v06 2000 - 2019 for a)
the whole study area (15 — 50 ° N, 60 — 120 °E) and b) the TP > 3,000 m a.s.l.

(2010)) and contain an area that is at least 10 % of the minimum cloud area threshold

of 50,000 km? (or 5,000 km? for meso-3) with rain rates above 5 mm h~! once during

the MCS lifetime (as in Chen et al. (2018)). The precipitation threshold was chosen based
on the evaluation of the probability density function (PDF) of IMERG precipitation pix-
els in the study region. The PDF shows that a rain rate of 5 mm h~! corresponds ap-
proximately to the 95" percentile of all hourly rain rates (Fig. 2).

In summary, a MCS in this paper is defined as a contiguous area of < 221 K over
at least 50,000 km? that persists for at least 3 hours, develops an area below 200 K and
a precipitating area with rain rates > 5 mm h~!). The tracking procedure and criteria
are visualised in Figure 3. If the cloud feature in one time step does not fulfil the min-
imum area and brightness temperature criteria anymore, it is regarded as dissipated.

We also performed a meso-3 tracking over the TP that requires an area of at least
5 000 km? below the same threshold (221 K), as suggested in Mai et al. (2021). These
systems are referred to as TCSs (Tibetan Convective Systems) and be used to discuss
small-scale convective systems in the mountainous region. Systems that grow into meso-
« systems at a later stage are excluded from this subgroup, so that the characteristics
of systems that do not grow larger than meso-8 scale can be compared to the systems
from the meso-a tracking. The meso-3 tracking is hence limited to systems that develop
at most dimensions at the meso-#-scale, whereas the meso-« tracking contains MCSs that
grow upscale (which means that these may have been meso-j3 systems before they reached
meso-a dimensions). The purpose of tracking cloud features at two different spatial scales
is to investigate the role of convective systems at the lower bounds of the mesoscale over
the TP compared to larger MCSs. Due to limited computational resources, the meso-
[ tracking could not be implemented for the entire study area as it would result in too
many cloud feature combinations that had to be assessed to determine linkages across
time steps. In the surrounding downstream regions, the focus is thus on convective sys-
tems at the meso-a scale, which we assume are more important for severe events and in-
teractions with the large-scale atmospheric circulation.
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2.3 Analysis of MCS types and associated precipitation features

All tracked MCSs were assigned to one of four classes based on their dominant prop-
agation direction (eastward or westward) and genesis location. These are denoted as TPB
+ TP east, TPB + TP west, LE east and LE west, where TPB + TP refers to MCSs
over and at the boundary of the TP and LE refers to systems in the lower elevated sur-
rounding regions that do not cross the 3,000 m boundary of the TP during any stage in
their lifetime (Fig. 1). TP systems are defined as MCSs that have their cloud feature
(221 K contour) within the 3,000 m boundary in the first detected time step, whereas
TPB systems are defined as MCSs that show at least one time step where more than half
of the cloud feature is located within the 3,000 m boundary. We focus on east-moving
and west-moving systems because these were the two dominant propagation directions.
East-moving MCSs reflect the transport of weather systems by mid-latitude westerlies
and the other propagation directions result from an interaction between westerlies, the
southerly Indian summer monsoon circulation and the easterly flow of the East Asian
Monsoon. The propagation directions were determined using least-square fitting of all
centre locations that belong to the same MCS track, so that MCSs that move along curved
lines are assigned to the direction of their regression line.

The motivation for separating MCS trajectories into TPB + TP and LE was to
distinguish between MCSs that originate at higher elevations and/or interact with the
topography compared with MCSs in the plains. We used the cloud feature character-
istics at each time step (area, brightness temperature intensity, precipitation features)
and the characteristics of the track that describe the MCS evolution (lifetime, total pre-
cipitation, total heavy precipitation, propagation direction) to compare the different MCS
types. Since the python package tobac allows for feature tracking using multiple thresh-
olds, each identified cloud feature was also assigned to an intensity category (see Sec-
tion 3.3.3). The intensity categories are defined as contiguous areas within the detected

—10—
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cloud feature where a specific brightness temperature threshold is exceeded (between 190
K and 221 K).

To investigate the importance of MCS-associated precipitation for the water cy-
cle, the total amount of precipitation was calculated for each of the detected cloud fea-
tures and compared to the total seasonal precipitation received in each grid cell for the
period 2000 to 2019. An MCS-associated precipitation feature is defined by all matched
precipitation pixels within the detected cloud feature. We also included contiguous pre-
cipitation up to 1.0 mm h~' outside of the cloud feature when it was directly connected
to the main precipitation feature, in order to take account of stratiform precipitation be-
hind or around the convective core. Because other precipitation-forming mechanisms than
MCSs may dominate the total annual and seasonal precipitation in some subregions, we
also examined the importance of MCS-associated rainfall for heavy precipitation events
only. The range of rainfall intensities that are typically used to classify convective pre-
cipitation is wide (Gadl et al., 2014) and what can be called heavy or extreme precip-
itation depends on the regional conditions. After the evaluation of the PDF of hourly
rain rates estimated by GPM IMERG (Fig. 2), we refer to heavy precipitation in the study
region as precipitation produced by rain rates exceeding 5 mm h~!. This rain rate thresh-
old corresponds to the 99" percentile of rain rates over the TP and to the 95" in the
surrounding monsoon-affected areas in the GPM IMERG dataset.

2.4 Sensitivity tests

It is important to note that the atmospheric variable selected as a proxy for storms
and convection (e.g. brightness/cloud top temperature, outgoing longwave radiation, pre-
cipitation, vorticity or geopotential) determines the spatial and temporal characteristics
of the tracked MCSs. There are many advantages to using precipitation, as it is a key
component in the water cycle that has direct impacts on hydrology and society. It is also
straightforward to compare precipitation tracks with model and reanalysis data, whereas
IR brightness temperatures as seen by satellites are usually not available as a standard
output variable from models. However, the part of a MCS in which precipitation is pro-
duced is usually smaller and more short-lived than the cloud system as a whole. Hence,
using precipitation as a proxy for convection provides a more limited view of both the
structure and evolution of tracked storm systems compared to brightness/ cloud top tem-
perature.

To understand the implications of different MCS tracking methods on the key sta-
tistical features, we tested our tracking with four different methods. First, we performed
tracking using only brightness temperatures (T3) with the temperature threshold of 221
K for the cloud feature identification. We then added the cold core criterion (T} cold core)
and the heavy rain criterion ( T} heavy rain core) that were described in Section 2.2. The
MCS criteria for each tracking method are also summarised in Figure 3.

We also tested the sensitivity of the minimum area threshold for the heavy rain core,
but no significant differences could be detected between 1 and 25 grid cells. Finally, we
also implemented a tracking based on precipitation only, following the criteria used in
Li et al. (2020) with minimum rain rates of 3 mm h=! over a minimum area of 3 600 km?
persisting for at least 6 hours (Precip). Considering the PDF of rain rates in the TP re-
gion compared to the surroundings (Fig. 2), this threshold represents a reasonable com-
promise to track precipitation cells in the more humid parts of the study domain as well
as over the drier TP.

Table 2 summarises the criteria of the four different methods for the meso-a and
meso-f tracking as well as the number of MCSs identified in each tracking. The tested
criteria are the same for the meso-g tracking over the TP, to check whether the effect
of the criteria also depends on region and scale. The number of MCS tracks in Table 2
is substantially higher when only precipitation cells are tracked (Precip) than for the other
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Table 2. Criteria and total number of tracks for different tracking methods from 2000 to 2019

Test Threshold Extra Min extent Min time MCS tracks
criterion [km?] [hrs] [avg per year]

meso-« tracking

Ty <221 K 50,000 >3 1,787
Ty cold core <221 K 200 K 50,000 >3 1,305
Ty heavy rain core < 221 K 10% > 5 mm h~' 50,000 >3 1,267
Precip >3 mmh! 3,600 >6 4,680

meso-f tracking

Ty <221 K 5,000 >3 1,283
Ty cold core <221 K 200K 5,000 >3 447
Ty heavy rain core < 221 K 10% 5 mm h~! 5,000 >3 429
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tracking methods. However, as will be shown in more detail in the next section, the area
distribution of the precipitation cells reveals much smaller spatial extents. Furthermore,
because tracked precipitation events are not always as continuous in time and space as
in the clearest cases of well-developed MCSs, the tracking results in many more individ-
ual cells. The additional criteria result in fewer MCS tracks compared to the T3 track-
ing, meaning that there are large cloud clusters > 221 K that do not produce precipi-
tation (Table 2). This effect is particularly visible for the meso-8 tracking that has been
limited to the TP, presumably due to the previously mentioned concerns regarding cold
surfaces and cirrus clouds (see Section 2.1). Interestingly, the difference in the total num-
ber of tracks between Ty, cold core and Tp rain core is very small for both the meso-a
tracking and meso-f3 tracking, meaning that the cold core criterion seems to automat-
ically assure that heavy rainfall is produced in most of the identified cloud features. In
the next Section, we present more detailed MCS characteristics for each tracking method.

3 Results
3.1 Comparison of tracking methods

Figure 4a exemplifies co-located IR brightness temperatures with GPM IMERG
precipitation data for the study area. The snapshot shows a mature MCS on July 20",
2008 and the succeeding plots show the evolution of the MCS track (Fig. 4b-e). The MCS
persisted for 18.5 hours and produced substantial amounts of heavy rainfall in the down-
stream region to the east of the TP. We used this well-known event, which was likely trig-
gered by a Tibetan Plateau vortex (Curio et al., 2019), as a case study to check whether
our tracking algorithm is able to capture the evolution of the system. In this example,
the amount of precipitation over time follows approximately the evolution of the cloud
area and peaks about six hours after the initiation, just before the cloud area reaches
its maximum (Fig. 4g).

For other MCS cases, however, the lifetime of contiguous heavy precipitation may
be much shorter than the lifetime of the cloud cluster it is embedded in. As the chosen
tracking criteria can have a substantial effect on the main characteristics of a MCS cli-
matology, we summarise the key features of tracked MCSs identified by the four differ-
ent tracking methods (T3, T} cold core, T}, heavy rain core, Precip) in Figure 5. The high
number of Precip tracks in each month compared to the other tracking methods can partly
be explained by the smaller area threshold that needs to be met (Table 2), but also by
the fact that precipitation in a MCS may cease and be re-initiated into the same cloud
cluster (Fig. 5a). On top of that, precipitation is not necessarily contiguous in time and
space, but can occur as separate cells that are not identified as the same system in the
Precip tracking and hence result in larger numbers of individual tracks. The main dif-
ference between T, compared to Ty cold core and Ty, heavy rain core is the higher num-
ber of tracks for T} that are identified between January and April. This can mainly be
attributed to features over the cold TP that are probably mistakenly identified as MCSs,
as shown in Figure 6.

The diurnal cycle for MCSs identified using Precip has multiple peaks (Fig. 5b),
whereas the other tracking methods are marked by a bimodal distribution with a clear
afternoon and a night/early morning peak. This difference in initiation time can also be
a side effect from the fact that Precip is limited to the MCS features that produce pre-
cipitation, while the other tracking methods capture the evolution of the MCSs more com-
pletely, including non-precipitating hours. In addition, the Precip tracking includes smaller
systems, since the area threshold has to be set relatively low, in order to capture most
systems that produce a contiguous area with heavy precipitation. Even though we cap-
tured Precip systems which have on average longer lifetimes than the majority of the cloud
cells (Fig. 5c¢), these have much smaller spatial extents that barely overlap with the MCS
area distributions derived from the other three tracking methods (Fig. 5d). The rela-
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Figure 4. Example of a tracked MCS at the eastern boundary of the TP on 20-21*" July,
2008. The upper panel shows a snapshot of half-hourly IR brightness temperatures and GPM
IMERG precipitation (a). The evolution of the tracked cloud and precipitation feature are shown
in the following panels (b-f), where the black line indicates the MCS centre locations at the
preceding and succeeding time steps and the yellow dot marks the MCS centre location in the
imaged time step. The evolution of the cloud feature area (blue), total precipitation (red) and

total precipitation >5 mm h™! (orange) is shown in the time series graph (g).
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Figure 5. Comparison of characteristics for MCSs identified using four different tracking
methods. The histograms show the a) annual cycle of tracks and the relative frequencies [%] for

b) initiation time [UTC+6 hrs], ¢) lifetime [hrs] and d) mean extent [number of grid cells].

tive frequency of systems with spatial extents around the minimum area threshold (250
grid cells) is slightly higher for T} than for T} cold core and T, heavy rain core, but all
three exhibit the largest frequency for systems between 350 and 500 grid cells (Fig. 5d).
This horizontal dimension corresponds to an area of about 80 000 km? and is thereby
close to the extent of a MCC (Maddox, 1980).

Contiguous precipitation cells are less common over high altitudes, which is shown
by the results of the Precip tracking over the TP that exhibits only a very small num-
ber of cells despite the relatively small area threshold (Fig. 6a). The Precip tracking could,
for instance, miss MCSs that are initiated over the TP (e.g. through Tibetan Plateau
vortices (Curio et al., 2018)), but first grow into larger precipitation cells in the moister
downstream regions. Additionally, the biases of satellite-derived precipitation estimates
over high and complex terrain are only poorly understood, so it is unclear to which ex-
tent the detection of contiguous precipitation is influenced by these (see more detailed
discussion in Section 4.2). Using precipitation only is therefore less useful to investigate
the role of weather systems originating over the mountains that result in organised con-
vection in the downstream regions. We conclude that the combined brightness temperature-
precipitation tracking (7T, heavy rain core) is clearly advantageous, because it can cap-
ture a more complete cloud cell evolution and at the same time the precipitation evo-
lution, which is the most relevant parameter in a MCS.

The difference in total tracks between Ty, and Ty cold core/ Ty heavy rain core is
even more pronounced for the meso-g tracking over the TP (Table 2), particularly dur-
ing the winter months (Fig. 6a). The seasonal cycle is clearly influenced by the higher
amounts of TCSs between January and April for T}, compared to Ty cold core/ Ty heavy
rain core (Fig. 6a). A similar result was observed by Hu et al. (2017), who used MCS
data from the global ISCCP Convective Tracking Database (Wang et al., 2018) to ex-
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amine convective systems over the TP. By filtering the tracked cloud features based on

an additional threshold for optical depth, they found that the winter maximum for MCS
events changed to a summer maximum, which is more consistent with the well-established
understanding of summer convection over the TP (Flohn & Reiter, 1968; Ye & Wu, 1998).
Hence, the seasonal cycle in Figure 6a shows the effect of falsely classified MCSs over the
mountains due to cold surfaces or cirrus clouds which was discussed earlier (see Section
2.1). When precipitation data is used to verify the presence of MCSs, we see a notable
reduction of such erroneous MCS classifications during the cold season. This is consis-
tent with the global dataset of Feng et al. (2021), who found a reduction of MCS tracks
over the TP by more than 50 %, when applying precipitation-based and brightness temperature-
based criteria compared to a tracking based on brightness temperatures only.

In addition, the results of the meso-3 tracking show differences in lifetime and spa-
tial extent between T}, and T}, cold core/ T}, heavy rain core, where T} results in gener-
ally more short-lived and smaller cells. This is also in line with our assumption that the
wrong cloud features or the background in the mountains are classified as MCSs, because
these are most likely less persistent than organised storm systems.

It is worth noticing that T cold core and Ty heavy rain core exhibit the same key
characteristics and almost the same number of monthly tracks in both the meso-a (Fig.
5) and the meso-3 tracking (Fig. 6). This means that most of the MCSs that develop
a rain core with > 5 mm h~! over at least 10 % of the minimum area at least once dur-
ing their lifetime also exhibit brightness temperatures < 200 K. From this observation,
we conclude that the extra criterion for brightness temperatures that assures the devel-
opment of a convective core is enough to simultaneously assure that the system produces
heavy precipitation. Nevertheless, it remains advantageous to include precipitation data
in the tracking, in order to derive comparative information on the precipitation features
in the identified MCSs.

3.2 Spatial and temporal characteristics

As shown in Figure 7a, most of the TP + TPB systems are initiated in the east-
ern and southern TP. The Himalayas appear as a separator of MCS tracks, because the
low track density along the 3,000 m contour line in the south indicates that only few MCSs
can cross the mountain range. Instead, they are blocked by the orographic barrier and
produce rainfall over the Indo-Gangetic Plains and at the southern foothills of the Hi-
malayas, where a large amount of rainfall occurs (Kukulies et al., 2020). The same pat-
tern can be seen for TP + TPB west, but with generally smaller numbers of MCS tracks
over the TP (Fig. 7b). The highest initiation density of MCSs in the LE region are over
the Bay of Bengal for LE east (Fig. 7c) and over the Indian subcontinent for LE west
(Fig. 7d).

Figure 8 shows histograms of monthly occurrences (a), initiation time (b), lifetime
(¢) and mean extent (d) for the MCS types LE west, LE east, TP + TPB west and TP
+ TPB east. The total number of LE east and LE west are significantly higher than MCSs
that interact with the TP (TP + TPB). The maximum occurrence for LE east and TP
+ TPB systems is in July, when the Indian summer monsoon season over the TP has
already started and matured, whereas LE west systems have their maximum in June (Fig.
8a). The MCS season for LE systems is generally more prolonged over the entire mon-
soon season with relatively high occurrences during May and October, where only very
few cases occur for TP + TPB (Fig. 8a).

An interesting feature of the diurnal cycle for MCS initiation is that TP + TPB
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