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The climate system of the Third Pole region, including the (TP) and its
surroundings, is highly sensitive to global warming. Mesoscale convective
systems (MCSs) are understood to be a vital component of this climate system.
Driven by the monsoon circulation, surface heating, and large-scale and local
moisture supply, they frequently occur during summer and mostly over the
central and eastern TP as well as in the downstream regions. Further, MCSs
have been highlighted as important contributors to total precipitation as they
are efficient rain producers affecting water availability (seasonal precipitation)
and potential flood risk (extreme precipitation) in the densely populated
downstream regions. The availability of multi-decadal satellite observations and
high-resolution climate model datasets has made it possible to study the role
of MCSs in the under-observed TP water balance. However, the usage of
different methods for MCS identification and the different focuses on specific
subregions currently hamper a systematic and consistent assessment of the role
played by MCSs and their impact on precipitation over the TP headwaters and
its downstream regions. Here, we review observational and model studies of
MCSs in the TP region within a common framework to elucidate their main
characteristics, underlying mechanisms, and impact on seasonal and extreme
precipitation. We also identify major knowledge gaps and provide suggestions
on how these can be addressed using recently published high-resolution model
datasets. Three important identified knowledge gaps are 1) the feedback of MCSs
to other components of the TP climate system, 2) the impact of the changing
climate on future MCS characteristics, and 3) the basin-scale assessment of flood
and drought risks associated with changes in MCS frequency and intensity. A
particularly promising tool to address these knowledge gaps are convection-
permitting climate simulations. Therefore, the systematic evaluation of existing
historical convection-permitting climate simulations over the TP is an urgent
requirement for reliable future climate change assessments.
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1 Introduction

The Tibetan Plateau and its adjacent mountain ranges -
including the Hindu Kush, Karakoram, and Himalayas - are often
nicknamed the Third Pole (TP), because these mountain systems
altogether provide the third largest freshwater storage on Earth after
the Arctic and Antarctica. There are other parallels that can be
drawn between the TP and the first two poles, e.g., the amplified
warming (You et al., 2021) and the rapidly decreasing cryosphere
(Yang M. et al,, 2019), which has turned the region into a highly
sensitive ecosystem and a hotspot for climate change (Ehlers et al.,
2022; Yao et al., 2022). However, one water cycle component that
clearly distinguishes the regional climate of the TP from the
other polar climates is atmospheric convection and associated
precipitation. The TP is characterized by intense summer convection
(Flohn and Reiter, 1968; Qie et al., 2014) and its downstream regions
are global hotspots for organized convection over land (Laing and
Michael Fritsch, 1997; Feng et al.,, 2021a) owing to the interplay
of midlatitude atmospheric dynamics, moisture supply from the
tropics and the influence of mountainous weather systems from the
TP (Tao and Ding, 1981; Xu and Zipser, 2011; Curio et al., 2019).

Mesoscale convective systems (MCSs) are complexes or clusters
of convective storms that grow upscale into large precipitating
systems. MCSs have been found to frequently occur and affect
the precipitation in the TP region. Precipitation that is produced
by MCSs has crucial hydrological and socioeconomic implications
because it can trigger natural hazards such as landslides and flash
floods (Schumacher and Rasmussen, 2020) which pose a threat to
infrastructure, homes, and lives. Extreme events like rainstorms and
devastating floods have been attributed to MCSs that aggregated
from diurnally driven convective systems over the TP, at the
central TP (Wang S. et al,, 2021), the southern foothills of the TP
(Rasmussen and Houze, 2012), in the Sichuan basin (Xia et al,,
2021), in the Yangtze river basin (Yu, 2001; Yasunari and Miwa,
2006; Xu etal.,, 2008; Lietal, 2019) and farther away in Eastern
China (Tao and Ding, 1981). For example, a flash flood case in the
Himalayas was attributed to an MCS producing more than 200 mm
of rain within 3 h in a valley that usually has a desert-like climate
(Rasmussen and Houze, 2012). In one of the flood-producing MCS
cases in the Sichuan basin, gauge stations recorded that about a
quarter of the annual rainfall fell within only 24 h (Feng et al., 2014).
At the same time, MCSs may affect the seasonal water availability
in regions where they contribute substantially to the total rainfall
amount on sub-seasonal and seasonal scales (e.g., Kukulies et al.,
2021). In the river basins surrounding the TP, summer precipitation
is of particular importance because it has been found to play a central
role in runoff (e.g., Zhang et al., 2013).

MCSs are a type of organized convection with cloud shields
that can vary by more than one order of magnitude in size, but
have minimum horizontal extents of ~100 km in the precipitation
area (Houze Jr, 2004). The organization of convection into storms
involves many different physical mechanisms and the concept
of convective organization mainly helps to distinguish long-lived
clusters of convective clouds from isolated convection. While
isolated or unorganized convection refers to short-lived convective
clouds that occur randomly in time and space, organized convection
generates an internal circulation that results in the aggregation
of several convective cells. Consequently, organized convection is
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characterized by larger vertical and horizontal extents as well as
a longer duration compared to unorganized convection. Although
the term MCS is an umbrella that includes different storm types
(i.e., squall lines, mesoscale convective complex, efc.,; Maddox,
1980), they are clearly distinct from single isolated storm cells. The
interaction of multiple storms within an MCS generates mesoscale
circulations that help the system persist from several hours (typically
>3 h in the midlatitudes; Houze, 2004) to a day or longer. Globally,
MCSs are understood as efficient rain producers due to the relatively
long persistence of heavy precipitation and extensive areas of
stratiform precipitation associated with them (Houze Jr, 2004).

From a broader perspective, it has been suggested that the
anticipated increase in extreme precipitation with global warming
is related to an intensification of organized convection in the
tropics (Rossow et al., 2013; Roca and Fiolleau, 2020), midlatitudes
(Pendergrass et al., 2016; Pendergrass, 2020) and North America
(Prein etal., 2017; Haberlie and Ashley, 2019). While there is
a consensus that general conditions for storm formation such
as atmospheric moisture and instability will globally increase
(Schumacher and Rasmussen, 2020), there are many unknowns with
regard to the regional impact of such changes. The understanding of
climate change impacts on MCSs over the TP and adjacent region
is still a relatively new research field. In the TP region, the regional
climate and atmospheric moisture supply are to a large extent
controlled by large-scale atmospheric systems like the South Asian
High (Liu etal,, 2013; Lai et al., 2021), the Indian and East Asian
summer monsoons (Feng and Zhou, 2012; Lai et al., 2021) and the
westerly jetstream (Schiemann et al., 2009; Curio and Scherer, 2016).
Since MCSs are sufficiently large to interact with these synoptic
systems, it is reasonable to assume that future changes in moisture
transport and large-scale wind circulation will have a direct effect on
MCS genesis and maintenance. Establishing a solid understanding of
MCS characteristics and dynamics in the present climate is, however,
a necessary prerequisite for the assessment of region-specific MCS
responses to climate change.

The understanding of the multiple scales and processes of
mesoscale convective precipitation in the TP region has long
been hampered by three main challenges: 1) the low density
and heterogeneous nature of ground-based observation networks,
2) high uncertainties in precipitation retrievals from spaceborne
measurements over complex terrain, and 3) insufficient spatial
resolution of global climate models. We are, however, entering
an era wherein improved satellite retrievals and numerical model
simulations that can resolve micro- and meso-scale processes
are becoming available on multi-decadal time scales. Such novel
techniques and datasets represent new opportunities to advance our
understanding of MCS characteristics and dynamics in a climate
change context, especially in remote regions like the TP, where
ground-based observations are still limited.

The potential of new model and observational datasets has
resulted in increasing attention on global MCSs during the past
decade (e.g., Yuan and Houze, 2010; Prein et al., 2020; Feng et al.,
2021a; Schumacher and Rasmussen, 2020). A number of regional
climate studies that focus on MCSs in the TP region have
also emerged (e.g., Sugimoto and Ueno, 2012; Lietal, 2020;
Kukulies et al., 2021). Non-etheless, there are still many open
questions with regard to the role of MCSs in the TP water
cycle and a big picture is still missing despite the existence of a
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mosaic of individual studies that have a narrow focus on specific
MCS cases, processes, or subregions. In addition, the existing
climatological studies have used many different definitions and
methods for MCS identification, which has partly led to ambiguous
conclusions about their impact on regional precipitation. Overall,
there are two types of MCS studies: 1) those include or focus on
MCSs in the humid downstream regions (e.g., Zheng et al., 2008;
Li et al., 2020; Kukulies et al., 2021) and 2) those exclusively focus
on MCSs over the arid high altitudes of the TP (e.g., Yaodong et al.,
2008; Sugimoto and Ueno, 2010; Hu et al., 2016; Liu Y. et al., 2021;
Mai et al., 2021; Zhang et al., 2021). While it is certainly useful to
distinguish between different MCS types in a highly diversified
region like the TP and its surroundings, there is also a need to
disentangle the relative importance of these MCS types and to
revisit the role of convection over the TP for precipitation and
MCS formation in the downstream regions. The current literature
prompts several unanswered questions: How often do MCSs actually
occur over the TP given that the moisture supply is rather limited at
higher altitudes? How important are MCSs over high altitudes in terms
of total precipitation that potentially controls river runoff compared
to MCSs in the downstream regions? Do MCSs or smaller isolated
convection over the TP influence downstream MCS formation?

A holistic synthesis in which the TP and its downstream
regions are regarded as a coupled system might clarify some of
these questions and help to identify key processes that need to be
addressed in future studies. In this review, we aim to provide such a
synthesis with the ultimate goal to present the current understanding
and critical knowledge gaps that are relevant for the TP community
as well as for the wider research field. More specifically, we aim
to synthesize what we know about present-climate characteristics,
mechanisms, and precipitation impact of MCSs in the TP region by
linking their key statistics (what do we observe?) to their dynamics
and physical theory (what processes cause the observed features?).

The remainder of this paper is structured as follows: In
section 2, we review spatiotemporal characteristics of MCSs
revealed by satellite-based observations and their impact on regional
precipitation. In Section 3, we link these observed characteristics
with physical processes at different spatial scales and identify
key mechanisms that have been suggested for MCS genesis and
maintenance. Here, we also consider mechanisms that have been
found relevant in other major mountain regions and discuss their
potential relevance in the TP region. In Section 4, we summarize
general challenges and new opportunities in observing, modeling,
and identifying MCSs in the TP region. Finally, we present the
identified knowledge gaps and suggestions for how these can be
addressed in future research in Section 5.

2 Satellite-derived key characteristics

2.1 Identification of MCSs

One can easily observe MCSs from space because they produce
extensive stratiform cloud shields and deep convective clouds that
appear particularly cold in infrared (IR) and particularly bright in
visible satellite imagery owing to the low cloud-top temperatures and
high reflectance, respectively. The most common method to collect
information about MCSs over time is thus to identify large, cold
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cloud objects in satellite observations using an automated tracking
algorithm. For this, different meteorological fields that are relevant
for convection can be used, e.g., IR brightness temperatures (Tb;
as a proxy for cloud-top temperatures), radar reflectivity, or surface
precipitation (Feng et al., 2019; 2021a; Haberlie and Ashley, 2019).
Compared to case studies, such object-based analyses have the
advantage of capturing statistics about MCS frequency, intensity, and
duration over longer time periods, which helps to better understand
the role of MCSs in the water cycle and in the climate context.
However, the challenge with using automated tracking methods to
identify MCSs is finding a robust set of criteria and thresholds that
are applicable for regions with different background climates. For
example, the TP region includes large areas with elevations above
4,000 m a.s.l, whereas its surrounding areas are close to sea level.
The criteria that work well to identify MCSs in the surrounding
regions might therefore lead to biases in MCS detection over
the TP. In particular, the background brightness temperatures are
generally colder over the TP compared to lower elevation areas at the
same latitudes. Because many MCS tracking methods identify cold
features in IR satellite imagery, there may have been an overemphasis
on MCSs over the TP.

Fengetal. (2021a) and Kukuliesetal. (2021) showed that
the total number of identified MCSs over the TP reduces
substantially when intensity and area thresholds are applied
to surface precipitation and brightness temperatures instead of
brightness temperatures only. The reason for this is that high cirrus
clouds or synoptically-driven cloud systems over high mountain
regions can produce cold cloud features similar to deep convective
clouds in warm climate regions, as was also noted by Esmaili et al.
(2016). Combining brightness temperatures with precipitation
estimates provides additional constraints to the identified cold cloud
clusters that are associated with larger areas of heavy precipitation.
This type of multivariable tracking method helps eliminate cold
cloud systems that do not produce significant precipitation and
improves the detection of MCSs in the mid-latitudes where many
large cold cloud systems are not associated with MCSs. Moreover,
using precipitation as a proxy for MCSs is useful for application-
based studies due to its relevance for flooding. It can also be
easier to directly compare precipitation with climate model output,
even though outgoing longwave radiation, which is a standard
output variable, can be converted to brightness temperatures (e.g.,
Feng et al., 2021b). Despite the advantages of using precipitation as
an MCS proxy, most studies in the TP region have detected MCSs
based on IR satellite imagery only, because high-resolution satellite
retrievals of sub-daily precipitation have only recently become
available for multiple decades (e.g., Joyce et al., 2004; Huffman et al.,
2019).

Figure 1 shows two example snapshots of brightness
temperatures from geostationary satellites (NCEP/CPC) overlayed
with precipitation estimates from GPM IMERG (as in Feng et al.,
2021a; Kukulies etal.,, 2021; Zhangetal, 2021). The brightness
temperature data makes it possible to capture the full lifecycle
and spatial coverage of an MCS (not only its raining part), while
the precipitation data reveals which part of the detected cloud is
associated with surface precipitation. There are multiple MCSs in
Figure 1A including a relatively large and almost circular MCS close
to the eastern edge of the TP (~ 105°E). Figure 1B shows an MCS
detected within the 3000-m elevation boundary of the TP. While its
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Two example snapshots of hourly IR brightness temperatures overlaid with hourly precipitation estimates from GPM IMERG. The turquoise lines
indicate the 241 K contour, a commonly used threshold to define the cloud area of an MCS. (A) shows an MCS that occurred at the downwind side of
the TP in June 2020. (B) shows an MCS that formed over the TP. The white contour line over land is the 3000 m elevation contour of the TP.

cloud shield extends over a large area, the regions with heavy surface
precipitation are not organized into a larger contiguous area as in
typical, unambiguous MCS cases (e.g., Houze, 2004). The scattered
precipitation suggests that the convective features of this system
might be embedded in the synoptic circulation rather than having
its own mesoscale circulation. This exemplifies how characteristics
of convection over the TP might differ from MCSs in the lower
elevated downstream regions, even though both cases fulfill the
same minimum criteria to be classified as an MCS according to the
tracking algorithm in (Kukulies et al., 2021,; Table 1).

Using different meteorological fields to track MCSs is not the
only source of uncertainty in deriving climatological MCS features.
Currently, there is no common standard used for MCS tracking,
and the applied detection criteria on intensity, time persistence,
and spatial extent differ substantially in the literature. This is not
only true for the TP region, and makes it in general difficult
to interpret and compare the results from different MCS studies.
Table 1 summarizes the different criteria that have been used to
identify MCSs in the TP region based on satellite observations. For
studies that include the high mountains of the TP, the most common
set of thresholds is that the cloud shield (defined by IR Tb <221 K) of
an MCS must cover an area <5,000 km? for at least consecutive 3 h
(Table 1). However, the IR temperature and area thresholds exhibit
large variations even among studies that cover almost the same
regions. In the next section, we show how this has led to seemingly
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inconsistent conclusions about the importance of MCSs in different
regions and their impact on precipitation.

2.2 Spatial and temporal distribution and
scales

Figure 2 compares two estimations of MCS frequencies for
the wider TP region derived from the MCS climatologies created
by Kukuliesetal. (2021) and Fengetal. (2021a). While both
climatologies are based on the same data (brightness temperatures
from geostationary satellites co-located with gridded satellite
retrievals of surface precipitation), they have been constructed
using different criteria and tracking algorithms for MCS detection
(Table 1). The general spatial pattern is consistent and shows the
Indo-Gangetic Plains and the lower Mekong river basin as regions
with the largest numbers of MCSs over land. Another common
feature is the mid-latitudinal gradient of MCS frequencies over
China and the connected area between the eastern edge of the TP
and its eastern downstream region. In general, Feng et al. (2021a)
shows slightly higher counts of individual MCS tracks over some
land areas like Eastern China, whereas Kukulies et al. (2021) shows
higher MCS frequencies over the Bay of Bengal (Figure 2). Since
these discrepancies can only stem from the applied thresholds and
tracking method, they may reflect the difference in the required
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FIGURE 2

Spatial distribution of average MCS frequency throughout all lifecycle stages (upper panels) and MCS initiation frequency (lower panel) per year based
on the datasets constructed by Kukulies et al. (2021); Feng et al. (2021a). The total number of MCSs has been computed based on their center locations
on a 1x1° grid for every time step and for 1x1° on a 3x3° grid for the time steps of detection (initiation). The two MCS climatologies have been
constructed independently, but based on the same infrared brightness temperatures from geostationary satellites combined with GPM IMERG v06
precipitation estimates. The black and gray contours show the 3000 m and 5,000 m elevation boundaries, respectively.

MCS init count [yr~']

100°E

minimum cloud area (e.g., leading to more coherent and longer
tracks for lower thresholds and hence more frequent MCSs) as well
as the different treatment of merging and splitting (that affects the
total number of MCSs when individual tracks break off).

Figure 3 demonstrates that the total number of MCSs per
year exhibits generally large variations across the same regions
due to different tracking criteria (Table 1). Here, we compare the
average annual MCS frequencies normalized by the area of the
region in which the tracking was performed. The hatched bars
denote studies that have only focused on the TP and the black
edges denote studies that have included precipitation as verification
in their tracking method. The gray bars show the MCS counts
obtained from the global MCS tracking from Fengetal. (2021a)
matched to the same domain, time periods, and season to each
of the regional studies. Although the frequencies are normalized
by the area of the different study regions, there are considerable
differences in total MCS numbers between the studies. While it
is expected that larger regions that cover parts of the tropical
ocean (e.g., Jun etal,, 2012; Chen et al,, 2019), differ from smaller
regions that have a more homogenous climate (e.g., Sugimoto and
Ueno, 2010; Liu Y. et al., 2021), it is discernible that TP studies
show significantly different numbers, even though their domains
are similar (e.g., Huetal, 2016; Zhangetal.,, 2021) or identical
(e.g., Fengetal. (2021a) compared to Chenetal. (2019)). These
discrepancies can be partly explained by the fact that some studies
only include the warm season while others include the entire year
(Table 1). Although it is expected that most MCSs occurs during
the warm season near the TP and the lower plains, studies covering
large parts of the tropics would detect substantially higher numbers
of MCSs because MCSs occur also during the boreal winter season

Frontiers in Earth Science

07

in these regions (see Figure 11 in Feng et al., 2021a). However, the
comparison with Feng et al. (2021a) shows that the MCS number is
not a robust metric for the comparison of MCS statistics obtained
by different tracking algorithms because many factors influence how
an MCS track is defined. The large difference between Feng et al.
(2021a) and Chen et al. (2019) may, for example, result from the
fact that Chen et al. (2019) apply considerably lower thresholds and
use satellite data with a higher spatial resolution (hence allowing
for more clouds to be tracked) compared to Feng et al. (2021a). The
treatment of merging and splitting as well as the method to combine
cloud objects from different time steps are other factors that might
substantially affect the resulting number of tracks.

Furthermore, there is a large spread among different
downstream regions on the lee side of the TP (Cui et al., 2020b;
Lietal, 2020; Meng et al., 2021) which are most likely explained
by the different tracking methods but could also partly reflect the
regional and temporal differences in MCS occurrences over China.
As pointed out by Zheng et al. (2008), MCSs over land exhibit the
largest inter-annual fluctuations around the latitude band of ~ 30°N.
We note that this could be due to midlatitude eddies controlling
moisture supply and atmospheric instability in contrast to the
tropical monsoon regions, where moisture and energy supply are
almost always abundant. However, the current literature reveals only
little about the impact of inter-annual to sub-seasonal variations in
moisture transport on MCS distributions in the downstream regions
of the TP.

Since MCSs are closely linked to the propagation of the Asian
summer monsoon, they occur mainly between June and August.
Even though MCSs east of the TP are also present during the
springtime (Li et al., 2020), the summer peak of MCS occurrences
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Average number of MCSs / year or season / 1e6 km?

FIGURE 3

Overview of average MCS frequencies as found by different regional studies. The color-coded domains in the map correspond to the extent that was
used for MCS tracking in the studies with the same color in the bar plot. Hatched bars mark studies that have focused on the TP in contrast to studies
that have included or focused on the downstream regions. The bars with black edges denote the studies that have included precipitation as a criterion
in their tracking, in contrast to studies that have used brightness temperatures only. The gray bars are from the global MCS tracking dataset from

Feng et al. (2021b) matched to the same domain, time periods, and season to each of the regional studies. Note that, for a fair comparison, annual MCS
frequencies have been normalized by the area of the tracking domain, so the average number of detected MCSs refers to the same area size.

is consistent between all studies and sub-regions around the TP. The
diurnal cycles of MCS genesis and maturity show, in contrast, much
larger regional differences because these are controlled by local and
regional weather regimes such as mountain-valley breezes or land-
ocean contrasts of surface heating (e.g., Kukulies et al., 2021). The
duration of MCSs over the TP is generally shorter compared to
MCSs in the downstream regions, suggesting that convection over
the TP is less organized (Feng etal., 2021a; Kukulies et al., 2021).
This difference in lifetime is also linked to regional variations in the
diurnal cycle, because the shorter-lived systems over the moisture-
limited TP result in a single-peak of MCS genesis, whereas longer-
lived MCSs in the plains are marked by multi-peak diurnal cycles.
Where moisture is abundant, MCSs may decay in the evening
and re-intensify during nighttime (Zheng et al., 2008). MCSs over
mainland China are relatively long-lived with an average lifetime
of more than 6 h, even during spring and autumn (Li et al., 2020).
A region that is marked by particularly long-lived systems is the
Sichuan basin, where a quarter of detected MCSs prevail longer than
18 h (Li et al., 2020,; see Table 1 for criteria).

Although there is evidence that a large part of the plateau-
scale precipitation over the TP occurs as convective precipitation
(Maussion et al., 2014; Kukulies et al., 2019), the spatial scales of
summer convection have not yet been systematically quantified.
Observational studies based on space-borne radar measurements
have shown that convective precipitation over the TP occurs
in isolated rather than in organized form (Houze Jretal.,, 2007;
Romatschke and Houze, 2011; Houze Jr et al., 2015). For example,
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3D echoes from the Tropical Rainfall Measurement Mission show
that there are deep convective cores but no wide convective cores
over the TP during summer, where the latter are defined as intense
convection over areas ~ 1,000 km? (see Figure 6 in Houze Jr et al.
(2015)). In addition, Kukuliesetal. (2021) showed that MCSs
detected over the TP are substantially smaller in size than MCSs in
the east and south of the TP. It seems reasonable that the limited
moisture supply over the high mountains hampers the degree of
convective organization, and we notice that studies that emphasize
the high numbers of MCS occurrences over the TP mostly rely
on brightness temperatures only. Since the importance of MCSs
for the water cycle and for societal impact is mainly materialized
through the impact on precipitation, we will review how the spatial
characteristics of MCS activity are linked to seasonal and extreme
precipitation in the TP region.

2.3 Impact on mountain and downstream
precipitation

The impact of MCSs on regional precipitation in the TP region
is three-fold: 1) In some regions, MCSs contribute significantly to
the total annual precipitation. Even if the absolute amount of total
annual precipitation is small, this means that they represent an
important component in the regional water cycle with the potential
to control other components such as soil moisture and river runoff.
2) In regions that show high MCS contributions to total annual
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rainfall and total absolute amounts of annual rainfall, MCSs can
be seen as prolific rain producers with the potential to largely
affect and alter water availability. 3) In dry regions, MCSs are not
frequent, but might still be important for extreme precipitation, as
they can produce large amounts of rainfall over short periods of
time and trigger natural hazards, in particular in regions that are not
constantly exposed to large amounts of rainfall.

Figure 4 compares the first two aspects by showing the regional
distribution of MCS precipitation in relative (a,c) and absolute
(b,d) terms. The total annual mean precipitation is also shown for
comparison (e). There is a clear tropics-to-midlatitude gradient with
the largest contributions and the largest total amounts of MCS
rainfall south of the Himalayas, over the Indian continent, and in
the coastal areas. Over the TP, MCSs are estimated to contribute
between 20% and 30% to total annual precipitation. Similar fractions
of MCS rainfall can be found in the adjacent eastern downstream
regions, but it should be noted that the total amount of MCS
precipitation is considerably higher than MCS precipitation over the
TP (Figure 4E).

Similar to MCS frequency, different studies have estimated
significantly different contributions of MCSs to total precipitation
over the TP and in the surrounding regions (Table 2). For example,
Hu et al. (2016) found that about 70% of the total precipitation over
the TP can be attributed to MCSs, whereas Kukulies et al. (2021)
and Fengetal. (2021a) showed significantly lower contributions.
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While these estimations are affected by the different tracking criteria
and by the method how precipitation is attributed to an MCS, the
contribution to precipitation is a metric that should not be affected
by how different tracking algorithms count individual MCSs. This is
because the contribution of MCSs to total precipitation in a certain
region is mainly affected by how often MCSs occur and how large
and intense the detected systems are. It is, however, less important if
the MCSs are classified as one unique system or if they are counted
as multiple different systems. The total number of individual MCS
counts is highly dependent on how different tracking formulations
link the features between time steps and how they handle merging
and splitting. This implies that even if different tracking algorithms
detect comparable numbers of MCS features in each time step, these
features are likely to be divided into different numbers of individual
MCS tracks. Metrics that are not affected by the total count of
individual MCSs might, therefore, give a more robust estimate of
MCS occurrences. The relatively small contributions of MCSs to
total precipitation in Chen et al. (2019; Table 2) together with their
outstandingly high number of individual MCSs (Figure 3) show that
comparisons between MCS studies depend highly on the metric
that is chosen. In other words, tracking methods that detect high
numbers of MCSs do not necessarily show higher contributions
to total precipitation. Given that the MCS contributions are not
largely affected by the linking method or MCS counting, the large
discrepancies between studies (e.g., Hu etal. (2016) compared to
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Kulkulies et al. (2021); Table 2) point toward the importance of the
chosen thresholds that define the area and occurrence frequency of
cloud features classified as MCSs.

3 Factors that influence MCS genesis
and characteristics

The total amount of precipitation produced by an MCS and
its impact on society depends largely on how frequent, intense
and long-lived they are. It is thus essential to identify under what
conditions MCS genesis is favored and what factors control their
maintenance. This section reviews various factors that influence
MCS development in the TP region, ranging from favorable synoptic
circulation systems to mesoscale and microscale processes that affect
the growth of MCSs. Here, we also review the feedback from MCSs
back to the large-scale circulation to discuss their potential impact
on the water cycle.

A summary of the main factors and processes for MCS genesis
in the TP region is given in Table 3.

3.1 Large-scale/synoptic circulation and
favorable background conditions for MCS
genesis

3.1.1 Advection of water vapor and instability

As noted earlier, a key ingredient for MCS genesis over land
is moisture supply which can be either provided by local surface
evaporation or by large-scale advection of water vapor from distant
oceans and/or land. Because the Asian summer monsoons are
associated with low-level jets that transport large amounts of water
vapor from the ocean to the continental areas during summer, most
of the MCSs over the TP and in the surrounding regions occur in
the summer monsoon season. Another key ingredient of convective
organization is atmospheric instability in the lower troposphere
which can, for instance, be measured by the amount of convective
potential available energy (CAPE). The Indian continent is one of the
regions in the world, where large amounts of CAPE can accumulate,
which upon release produces very intense convection (Zipser et al.,
2006). The Asian summer monsoons affect MCS populations around
the Himalayan foothills not only by large-scale moisture supply but
also by modulating CAPE and wind shear (Choudhury et al., 2016).
While MCSs around the Himalayan foothills are associated with
the intensity of monsoon circulations and their moist air advection,
Virts and Houze (2016) pointed out that MCSs that are closer to
mountain regions respond to a larger extent to local CAPE than to
large-scale circulation systems. This suggests that markedly different
environments are relevant for MCS activities in mountain regions
compared to the lower elevated surrounding basins that have less
complex topography.

Convective systems over the TP can not only originate from
convective instability but also under different wind circulations such
as wind shear, vortex, and low-pressure systems (Hu et al., 2016).
While the convective systems investigated by Hu et al. (2016) refer
to smaller-scale, isolated systems, these might eventually develop
into MCSs at later stages. In general, MCSs over the TP might be
triggered by low-level convergence under a large-scale condition
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when upper tropospheric anticyclone expenses eastward with an
intensifying near-surface low pressure in the western plateau (Guofu
and Shoujun, 2003; Sugimoto and Ueno, 2010). A synoptic trough
accompanied by baroclinic instability could be also favorable for
MCS genesis over the TP (Guofu and Shoujun, 2003; Zhu and Chen,
2003). Chen and Li (2021) showed a case of MCS developed at the
eastern edge of the TP was under a condition with a western Pacific
subtropical high at the east of the precipitation area and a low-
pressure system over the TP. Another MCS case was thought to be
generated under the convergence between southwesterly monsoon
flow and northerly flow associated with a midlatitude trough (Ueno
etal., 2011).

3.1.2 Tibetan Plateau vortices

Tibetan Plateau vortices (TPVs) have widely been recognized
as weather systems that can affect heavy precipitation events in
the downstream areas east of the TP (e.g., in the Sichuan basin;
Curio etal.,, 2019). TPVs are frequently occurring meso-a-scale
cyclonic low-pressure systems that are commonly identified as local
maxima in relative vorticity close to the surface of the TP (around
500 hPa Feng et al., 2014; Curio et al., 2019). While they originate
mainly in the northwestern regions over the TP, they are transported
with the prevailing westerly circulation and can, under certain
conditions, move off the TP where they influence the weather and
potentially trigger precipitation. TPVs can even have far reaching
impacts. Sugimoto (2020) identified the eastward propagation of
TPVs as a driver of the abundant moisture transport leading to
extreme precipitation events over southwestern Japan. While it
has been suggested that TPVs can help to enhance or maintain
downstream MCS formation (Kukulies et al., revision submitted to
Journal of Climate), it has not yet been systematically quantified
how often TPVs act as a dynamical forcing for MCS formation.
Similar sub-synoptic scale disturbances propagating eastward over
the Rocky Mountains (Wang et al.,, 2011) have been linked to the
initiation of summer MCSs in the United States under unfavorable
large-scale environments (Song et al., 2021). The formation of TPV's
might, in turn, also be influenced by the convective organization
itself (Fuetal., 2019). The interaction between TPVs and MCSs
is therefore an open research topic that needs to be addressed to
elucidate the importance of TPVs in moderate and extreme MCS
events.

3.1.3 Leeside MCSs

Eastward-moving convective or low-pressure systems can
induce cyclogenesis downstream at the eastern edge of the TP
and MCS in the downstream area (Yasunari and Miwa, 2006).
Hu et al. (2016) showed that convective systems generated over the
TP can propagate out of the TP (e.g., 26% moving out eastward and
23% moving out southward), which are essential to the convective
precipitation and MCS downstream. Kumar et al. (2014) presented
a case of westward propagating MCS together with low-level moist
air from the Arabian Sea and Bay of Bengal caused heavy rainfall in
avalley near the southwestern TP. Another case showed an eastward
propagating cloud system due to prevailing westerly jets forming
a downstream rain band with moisture supply from the Western
North Pacific subtropical high (Chen Y. et al., 2020).

The diurnal propagation of precipitating systems from the
mountains moving eastward is similar to that in the Rocky
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Mountains (e.g., Carbone et al., 2002; Tucker and Crook, 1999). In
the initial phase, maintenance of deep convection and mesoscale
systems are locked to afternoon convection over the Rockies.
Later, the systems resulted in nocturnal maxima precipitation
downstream and moved in the general direction of “steering-level
winds” that are essential for not only the locations of the MCSs but
also provide a favorable environment for MCS development. The
Hovmoller diagrams in Figure 5 depict the diurnal cycle of eastward
propagation of summer precipitation downstream to the TP created
from 20 years of half-hourly satellite retrievals from GPM IMERG.
Here, we can see that rain rates increase in the eastern TP (~100
°E) during the afternoon. From late evening to early morning the
next day, the precipitating systems re-intensify when moving out
from the east edge of the TP into the more moist lower-elevated
basins (~103 °E). This relationship between mountain convection
and downstream precipitation can be seen in all three summer
months with June exhibiting the strongest convection over the
eastern TP (Figure 5).

3.14 Feedbacks of MCS to synoptic circulation

While most MCS studies in the TP region focus on the driving
mechanism of MCS formation, only few have explored how MCSs
feedback to the synoptic circulation. Overall, convective activity
over the TP can cause the formation of mesoscale plateau-edge
cyclogenesis (Yasunari and Miwa, 2006), which, in turn, triggers so-
called southwest vortices. In addition, these systems not only affect
features within the troposphere but are also crucial for transporting
water vapor to the global stratosphere during summer seasons
(Fu et al., 2006; Chen and Li, 2021) show that MCSs can modulate
the Asian monsoon cycles, such as onset dates, by providing diabatic
sources.

Over the TP, latent heat release by active cloud convections
contributes to the variations of the Asian monsoon circulation (Luo
and Yanai, 1984; Yanai and Li, 1994). Changes in temperature and
specific humidity affect large-scale condensation and circulation
(e.g., strength of the Asian monsoons; Li and Zhang, 2017). Large-
size MCSs generated over the TP have also been shown to contribute
to the eastward extension of the South Asian High (Sugimoto and
Ueno, 2012).

The feedback of MCSs in other regions (e.g., the United States) to
large-scale circulations has been widely studied. For example, MCSs
in the United States have been found to substantially redistribute
heat, moisture, and momentum in the lower and middle troposphere
(Houze Jr, 2004). In addition, the presence of MCSs can also
enhance the environments that are favorable for maintaining MCSs
themselves by strengthening the synoptic trough and enhancing
the mesoscale vortex behind the MCS (Yang et al., 2017; Feng et al.,
2018). Such feedback from MCSs over the TP area has not been well
explored and should be addressed in future research.

3.2 Mesoscale and microscale conditions
for MCSs

3.2.1 Mountain-valley breeze

The formation and development of convective activities and
phase differences in the diurnal cycle over the southern TP are
strongly influenced by mountain-valley terrain (Yang et al., 2004;
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Fujinami et al., 2005), low-level convergence by mountain-valley
breezes, and land-sea breezes (Ohsawa et al., 2001; Chen et al., 2005;
Fujinami et al., 2005; Hirose and Nakamura, 2005; Yaodong et al.,
2008). The dominant factors can be the regional heterogeneous
surface heating and the moisture blocking and lifting by the terrain.
The convective precipitation peaks often occur from the afternoon to
midnight (Kuwagata, 1997). With a more intensive effect from the
surface heating and the orographic effect, the convective activities
could be enhanced and develop into MCSs. The following will show
some examples in detail.

3.2.2 Sensible heating

As thermally-driven circulation is one of the key factors to force
vertical motion in convective systems, the relatively stronger solar
radiation and consequent diabatic heating at the high elevations
of the TP create a favorable environment for MCS development
(Fu et al.,, 2021). The TP is a heating source during summer because
surface heating at the high elevation is much higher than surface
heating at lower elevations at similar latitudes. Flohn (1957) and
Yeh (1957) found a thermal anticyclone in the mid-troposphere
above the highlands in Central Asia, slightly located toward the east
during summer. This high-pressure system weakens the westerly
subtropical jet over North India, reverses the meridional gradient
of pressure, and creates a new jet north of Tibet. The summertime
sensible heating is not only favorable for convection but the large
diurnal change of surface temperature also influences the diurnal
cycle of convective activities (Yanai et al., 1992).

The distinct diurnal cycle has not only been observed for
precipitation, but also for cloud activity over the TP during the
monsoon seasons (Yanai and Li, 1994; Asaietal, 1998)). Large
MCSs preferably generated during the daytime by the dominant land
surface heating with the low-level convergence under the condition
of a prevailing upper tropospheric anticyclone in reanalysis data
(Sugimoto and Ueno, 2010; 2012). Previous studies showed that
an MCS case over the TP was developed in a thick, convectively
unstable atmosphere with large CAPE due to the strong low-level

Frontiers in Earth Science

13

thermal forcing, which was very important in the energy supply for
its development (Guofu and Shoujun, 2003; Zhu and Chen, 2003).
Hence, the surface sensible heat flux and moving low-level vortex
triggered by surface heating are considered two key factors to form
a vertically unstable atmosphere that could induce MCSs.

Local circulations induced by the temperature differences from
the land-surface heating are also important for the diurnal cycles of
convective activities, especially in the southeastern and southern TP
(Ye and Wu, 1998; Kurosaki and Kimura, 2002; Shu et al., 2013). One
type of local circulation system that is induced by heterogeneous
surface diabatic heating is the mountain-plains solenoid (MPS).
MPSs can play an important role in the diurnal cycle of precipitation,
e.g., by enhancing nocturnal precipitation of downstream mesoscale
systems (e.g., in the leeward side of the eastern TP; Sun and
Zhang, 2012; Bao and Zhang, 2013). Similar effects from MPSs have
also been studied in other mountain regions, such as the Rockies
(Carbone and Tuttle, 2008).

3.2.3 Orographic effects

What distinguishes convective precipitation over the TP from
convection over land in the downstream regions is the interaction
between convective systems and the complex topography. This
interaction is also known as orographic effect which affects the
amount, type, and duration of precipitation. The orographic effect
contains three elements: moist and large-scale flow, orographic
lifting, and condensation to precipitation (Rotunno and Houze,
2007). The effect is especially important to the deep convective cores
that could develop into MCS at a later time by orographically lifting
low-level warm and moist air, breaking a capping stable layer and
leading to a more intensive convective system as well as broadening
the stratiform region. Around the TP, convective activities and
MCSs often occur on the south slope of the Himalayas due to
low-level warm and moist air being transported into this region
with dry air descending above from the mountains (Houze Jr et al.,
2007; Romatschke et al., 2010; Kotal et al., 2014). Such examples can
be also found in many high mountain areas such as the Andes
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(e.g., Zuluaga and Houze, 2015; Warner et al., 2003), the Rocky
Mountains (e.g., Houze Jr, 2012) and the Alpine (e.g., Morel and
Senesi, 2002).

3.2.4 The role of microphysical processes

Microphysics processes are involved in the water phase changes
between water vapor, cloud water, cloud ice, and precipitation.
With intensive vertical motions within an MCS, the microphysics
processes are essential for cloud structures as well as the amounts
and locations of precipitation (Bryan and Morrison, 2012). A
case of heavy precipitation originating from the TP was found to
be enhanced with dominant rimming and aggregation processes
due to the “seeder-feeder” mechanism, where the seeder was
the original cloud system and the feeder was from low-level
water vapor transportation (Chen Y. et al,, 2020). The mechanism
in this case though is not a typical “seeder-feeder” mechanism
where the seeder clouds are widespread clouds and the low-
level feeder clouds are forced by hills (Feng and Wang, 2011;
Kim et al., 2022). Nevertheless, the microphysics processes are
indeed essential to the MCSs development in this area. In numerical
weather models, summer precipitation over the TP has been
shown more sensitive to the cloud microphysics schemes than
other parameterization schemes, such as planetary boundary layer
and radiation schemes (Orr et al., 2017; Lv et al., 2020). Prein et al.
(2022) also showed that the uncertainties of microphysics schemes
are larger for cases of summer precipitation including an MCS
case over the TP than that in winter, which points to the
importance of further exploring the microphysics processes within
MCSs.

3.3 Surface features

3.3.1 Snow cover and surface types

The heterogeneous land surface of the TP influences surface-
atmosphere interactions such as momentum, heat, and water fluxes.
Therefore, surface features can not be neglected when investigating
the underlying mechanisms of the mesoscale organization of
convection. For example, snow cover has been identified as a factor
with indirect effects on convection and storm propagation through
altering synoptic circulation patterns via heat flux changes (Lau
and Kim, 2018; Luo and Lau, 2018). Luo and Lau (2018) and Lau
and Kim (2018) found a statistical correlation between reduced
snow cover and a strengthening of the South Asian High (SAH),
which controls, for instance, storm tracks, MCSs (Kukulies et al.,
2021) as well as precipitation features of TPVs (Feng et al., 2017).
However, the direct influence of snow cover on the organization
of mesoscale convection is not clear. Moreover, there are also
possible interactions between glaciers and MCSs, which have not
been explicitly addressed in the literature yet. Linetal. (2021)
suggested that Himalayan glaciers can retard the northward water
vapor transport associated with the Asian summer monsoons and
alter the local precipitation pattern. In consequence, the TP may
become less moist, thereby unfavorable for the formation and
development of MCSs. However, the proposed glacial effect on
MCSs remains to be confirmed and high-resolution monitoring
networks and/or modeling experiments might help investigate the
latter.
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3.3.2 Soil moisture and evapotranspiration

While Sugimoto and Ueno (2010) found a northwest-to-
southeast soil moisture gradient and attributed this to the formation
of MCSs in the southeastern parts of TP, new observations
from the Global Change Observation Mission - Water (https://
earth.jaxa.jp/en/data/products/soil-moisture/index.html) show a
slightly different soil moisture distribution with the wettest areas in
the central TP. Barton et al. (2021) also demonstrated that higher
soil moisture content favors strong convection over the TP, but they
also highlight this relationship was less evident when in regions
with vegetation, more complex topography, or strong background
winds. In addition; Huetal. (2021) found that mesoscale soil
moisture heterogeneity produced by early warm-season MCS
rainfall promotes summer afternoon non-MCS rainfall, and soil
moisture sourced from early MCS rainfall contribute to summer
MCS rainfall because higher intensity MCS rainfall percolates into
deeper soil that has a longer memory (Hu et al., 2020). Hence, these
results call for a reconsideration of soil moisture as a major driver
for convection, and other factors that can locally enhance moisture
need to be contemplated.

The drier conditions in the northwest, which is also the main
region for TPV genesis (Curio et al., 2018), could, on the other hand,
explain the occurrence of dry vortex systems (Feng et al., 2014) in
contrast to precipitating convective systems in the east (Hu et al.,
2016). Since the genesis of TPV can partly be explained by the strong
heating over dry land surfaces (Sugimoto and Ueno, 2010), surface
conditions might affect the nature of storm systems over the TP and
could be one of the determining factors which distinguishes TPV
from MCSs and smaller-scale convective cloud systems. Yamada
and Uyeda (2006) and (Yamada, 2008) showed that the moisture
supply through land and vegetation cover affects storm formation
and precipitation intensity over the TP in a wet versus dry surface
model experiment. However, it needs to be clarified to what extent
vegetation and soil moisture can affect the convective precipitation
component by altering surface energy balance and temperature.
Pang et al. (2022) suggested that vegetation changes could dominate
the variations of albedo that are closely related to the surface energy
budget on the eastern and southern TP. In contrast, how exactly
vegetation governs the surface heat fluxes and thereby controls MCS
characteristics, is not known and the importance of moisture supply
from land surfaces vs atmospheric large-scale transport for MCS
genesis needs to be quantified.

3.3.3 Lake effect

While it is obvious that convection over the TP occurs mainly
during the summer months when the monsoon circulation advects
moisture to the inland and mountains, it has been suggested that
vigorous convection can also result from the lake-effect snow, in
regions of the plateau where large lakes are present. While lake-effect
snow events are mesoscale systems with different dynamics from
MCSs, they are also linked to convective instability and structures, as
demonstrated by mesoscale numerical weather model simulations
in the Great Lake region (e.g., Niziol et al., 1995; Kristovich et al.,
2003). The relationship between the lake effect snow and convection
over the TP has not been addressed in previous studies, but case
studies of the lake effect in the TP have shown that it can be a
frequent phenomenon that explains most of the winter variability in
precipitation (Li et al., 2009; Kropacek et al., 2010; Dai et al., 2018).
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The lake effect over large areas such as the Namco is also seen as
a mesoscale moisture provider (Dai et al., 2020) and could hence
contribute to storm formation during winter.

4 Challenges and opportunities

4.1 High-resolution regional climate
modeling

The main challenge in simulating MCSs in regions with complex
terrain is that state-of-the-art global reanalyses and conventional
global and regional climate models have a relatively coarse spatial
resolution (>10 km), which is not sufficient to explicitly resolve deep
convective processes and small-scale land-atmosphere interactions.
Convection-permitting climate models provide a solution to this
shortcoming because these are run with km-scale horizontal grid
spacing, meaning that they do not have to rely on cumulus
parameterization schemes.

Cumulus parameterization schemes have been widely regarded
as one of the dominant sources of biases in modeling convection and
precipitation, in particular in regions where multi-scale processes
interact. For instance, the diurnal variations of precipitation over
the TP, which is closely related to convective processes over
complex terrain, exhibit large uncertainties associated with different
cumulus parameterizations (Huang and Gao, 2017; Ou et al., 2020;
Wang et al., 2021b). Simulating precipitation over the TP is therefore
a long-standing challenge and most conventional climate models
have a notable wet bias in this region. The improvements in
simulating precipitation over the TP between the global model
ensembles Coupled Model Intercomparison Project (CMIP) phase
3 (CMIP; Xu etal., 2010) (CMIP5; Su et al., 2013), and (CMIP6;
Zhao etal., 2022) are almost negligible. This suggests that the
cumulus parameterization and the coarse grid spacing in these
global simulations are the main sources of uncertainty and that
higher-resolution simulations are key to improving precipitation
simulations.

Sato et al. (2008) attributed the wet bias over the TP to delayed
cloud formation and too strong downward radiative fluxes that
induces larger instability, thus resulting in an overestimation
of heavy rainfall. Linetal. (2018) showed that the wet bias
could be reduced in simulations with really high resolution (i.e.,
2 km) because the excessive water vapor transport into the TP
is hampered by a more realistic orographic drag through a
better-resolved topography of the central Himalayas. A similar
reduction of the wet bias was also found by Lietal. (2021)
who demonstrated that convection-permitting configurations of
the Met Office Unified Model (MetUM) better captured the
diurnal variations in precipitation as well as precipitation frequency,
intensity, and structure over the TP. However, it still remains to
be quantified whether the detected improvements can really be
attributed to a better representation of MCSs and other elements of
deep convection or if the improvements have other causes.
the
simulations over the TP has been properly verified, they will

Once reliability of convection-permitting climate
help to significantly improve the understanding of the convective
organization and other fundamental processes in the regional

water cycle of the TP. In addition, they provide a new tool for
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application-based science because the reliable future projections
of MCS-associated precipitation and its hydrological implications
require that regional climate features are represented realistically.
The current literature lacks studies with a focus on the link between
MCS-associated precipitation, water availability for agriculture and
flooding in the river basins around the TP, even though there exist
several refined multi-decadal simulations that might be useful
for this purpose (Table 4). These include, for instance, the High
Asia Refined analysis (HAR; Maussion etal., 2014; Wang et al.,
2021c) with a horizontal grid spacing of 10km and a WRE-
based downscaling product with a horizontal grid spacing of 9 km
(Ouetal, 2020; 2023; Table 4). In addition, a CORDEX Flagship
Pilot study named “Convection-Permitting Third Pole” (Prein et al.,
2022) has been launched and endorsed by WCRP-CORDEX to
coordinate the high-resolution modeling work focusing on MCSs
and precipitation over the TP and its downstream regions. One
goal of this project is to systematically investigate the sensitivities
related to different modeling systems, model dynamics, and model
physics, in order to define an optimal model configuration for
multi-decadal past and future simulations over the TP. Most of the
simulations in this project are run at grid spacing around 4 km and
without cumulus parameterization, which offers new opportunities
to improve our current understanding of the water cycle over and
around the TP.

Another question that has not yet been solved for the TP region
is the sensitivity of MCS simulations to the horizontal grid spacing.
For example, Na et al. (2022) evaluated MCSs over China and the
central United States based on a global non-hydrostatic model
with 14 km grid spacing and found that warm-season MCSs were
significantly underestimated in both regions. Some of the data sets
in Table 4 at gray-zone resolutions of around 10 km use a cumulus
parameterization while others at similar grid spacings do not. An
intercomparison of these data sets with regard to their ability to
represent organized convection could help address this question,
in order to define a reasonable minimum grid spacing to resolve a
large portion of MCSs. Over the TP, the grid spacing might even
need to be smaller than in flat regions due to its heterogeneous
surface properties that can affect MCS formation (see Section 3.3).
However, if the majority of convective systems over the TP occurs as
single convective cells rather than larger-size MCSs (see Section 2),
this could mean that a critical part of convective modes is still
under-resolved in current convection-permitting simulations since
akm-scale grid spacing is insufficient to resolve narrow updrafts and
aspects of small-scale convection.

In particular, small-scale processes that influence the initiation
and organization of convection such as entrainment and vertical
mass fluxes are still parametrized (e.g., microphysical and planetary
boundary layer parameterizations, land-atmosphere interactions).
Because parameterization schemes often require tuning to specific
cases and regions, the choice of parameterization scheme affects
the representation of convective processes and results in different
precipitation characteristics (Lv et al., 2020; Prein et al., 2022). In
addition to that, the representation of convective processes is also
influenced by the dynamic core of the model system and the
general model configuration. For example, a case study within the
CPTP project demonstrated that the performance in simulating
a specific flood-producing MCS case in the Sichuan basin was
strongly dependent on the underlying model, on the domain size,
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and on the degree of large-scale constraint (i.e., if spectral nudging
was used or not). These results suggest that a number of different
choices may influence the representation of organized convection in
regional climate simulations at km-scales. More research is needed
to evaluate the representation of MCSs in these simulations from
multiple perspectives so that reliable future predictions can be
created over the TP. High-resolution and in particular convection-
permitting simulations (<4 km) have the potential to provide new
insights into how MCSs, their impact on regional precipitation, and
other related processes in the water cycle will change in a warmer
climate. Due to the few existing convection-permitting simulations
that extend into future periods, there are not many studies that have
focused on future changes in MCS frequency and intensity in the
downstream regions of the TP. This gap may be addressed with the
help of newly emerging data sets which allow for MCS studies under
different future scenarios.

Furthermore, data assimilation techniques can complement
dynamical downscaling to create more robust historical climate data
sets by combining model output with observations. Such techniques
have been widely used in operating forecast systems, e.g., ECMWEF-
IFS (Europe), NCEP GFS (United States), and CMA-GFS (China).
For example, Zhangetal. (2017) generated the China Regional
Reanalysis (CNRR) with data assimilation and spectral nudging to
improve the regional climate information over East Asia compared
to ERA-Interim. In addition, a regional reanalysis of the TP has been
produced with an ensemble Kalman filter (EnKF) data assimilation
system and the experiments showed improvements in specific
humidity, precipitation, and diurnal variation of precipitation over
the TP (He et al., 2020).

4.2 Ground-based and space-borne
observations

Observing snow and rain in remote mountain regions is a
long-standing challenge (Li et al., 2022) which is why precipitation
remains a major uncertainty in the water cycle over mountains.
In particular, frozen precipitation is a major unknown in the
mountain regions, and over the TP, it is likely that a large fraction
of precipitation over the high altitudes occurs in the form of
snow due to the low temperatures. In fact, Lundquist et al. (2019)
pointed out that annual precipitation simulated by high-resolution
atmospheric models over some mid-latitudinal mountain regions
shows a better resemblance with ground-based streamflow and
snowpack measurements than annual precipitation estimated from
gridded data sets based on interpolated gauge measurements. This
shows clearly that current observational datasets in these regions
contain many uncertainties, but at the same time, we highly depend
on these observations to have a reference against which models can
be evaluated.

Prein et al. (2022) showed that discrepancies among different
gridded observational data sets were the major source of uncertainty
in an ensemble-based evaluation of case simulations over the TP.
Hence, there is a need for high-density ground-based observations
of snow and rain to be able to address outstanding challenges
and model biases in convection-permitting climate modeling with
respect to convection and precipitation in mountain regions.
However, gauge measurements are still relatively sparse over the
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TP compared to those over eastern China, particularly over the
upwind slope of the Himalayas and the higher elevated northwestern
TP. Because most ground-based stations are located at lower
elevations, gauge measurements capture the evening to nighttime
precipitation peak associated with local-scale mountain-valley
circulations (Chen etal., 2012; Linetal.,, 2018; Ouetal., 2020).
However, many stations do not represent the afternoon to late-
afternoon rainfall peak associated with locations higher up on the
mountain slopes (Chen et al., 2012; Ou et al., 2020). Therefore, high-
density ground-based measurements with solid quality should be
further constructed, developed, and regularly-maintained over the
TP. While satellite retrievals of precipitation provide large coverage
over remote regions, these measurements are more indirect than
gauge measurements because they depend on the modeling of
radiative transfer or machine learning. Gauge measurements are
thus not only important as a direct reference for model evaluations,
but also as a ground truth to improve satellite retrieval techniques
and thereby create new useful observational data sets.

Advances in remote sensing of clouds and precipitation over
the past 2 decades offer new possibilities to gain insights into
cloud processes, and the full potential of satellite observations has
likely not been used yet. For example, the vertical structure of
MCSs in the TP region has not been extensively addressed. A
better leverage of satellite observations beyond the commonly used
gridded data products could help to more systematically evaluate
the ability of high-resolution/convection-permitting simulations to
represent MCSs and factors of organized convection that influence
precipitation. Spaceborne cloud and precipitation radars provide the
opportunity to view and assess simulated MCS characteristics by
considering the vertical structure (e.g., Zhang et al., 2022). Because
such active sensors are onboard polar-orbiting satellites, they
provide only a limited spatial and temporal view through each scan.
Therefore, they are not suitable to capture the full MCS life cycle and
the vertical structure of MCSs can only be captured in snapshots
rather than in a continuous way. They could, however, be used to
evaluate long-term model data sets (see Table 4) that contain a lot
of MCS samples so that climatological MCS characteristics can be
inferred in a process-oriented manner. Combining the 3D structure
of convection observed by spaceborne radars with MCS tracking
from geostationary satellites (e.g., Futyan and Del Genio, 2007;
Liu N. et al.,, 2021) provides additional insights into the evolution of
MCS structures that could be used to evaluate convective-permitting
model simulations. Additional satellite observations of cloud-related
properties and other variables that are linked MCSs could be useful
to address remaining uncertainties (e.g., uncertainties from the
microphysical parameterization) in high-resolution simulations as
they are more directly linked to convective processes than surface
precipitation which may still be affected by parameter tuning.

A major drawback with satellite-derived surface precipitation
is that it tends to significantly underestimate high rain rates from
convective systems. For example, Cuietal. (2020a) found that
occurrences of rain rates >10 mm h™" in MCSs over the United States
were significantly underestimated by IMERG compared to ground-
based radars. This is due to sensor-related uncertainties and because
gridded products like GPM IMERG represent average precipitation
over a larger area rather than on a specific location. In addition,
precipitation retrievals from passive microwave measurements
over the TP contain large uncertainties because microwave
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TABLE 5 Identified knowledge gaps and suggestions on how to address these.

‘ Identified knowledge gaps

10.3389/feart.2023.1143380

‘ Suggestions ‘

Dynamic and

thermodynamic processes

What are the different spatial scales of convective modes over the
TP?

Quantify the occurrence of convection with different horizontal
dimensions over the TP based on satellite observations and data
assimilation products

What is the role of capping inversions for lee cyclogenesis close
to the TP?

Focus on factors that have been found relevant in other mountain
regions in existing observational and model datasets (e.g.,
capping inversions)

Remote vs local moisture sources - where does the moisture for
MCSs come from?

Apply moisture tracking methods based on MCSs to establish a
better understanding of where the moisture comes from

The impact of seasonal to sub-seasonal variations in moisture
transport on MCS variability

How do TPVs and MCSs interact on climatological time scales?

Perform object-based analyses (e.g., based on open-source
libraries) of MCSs and other weather systems in historical
convection-permitting climate simulations to study their
interactions

Feedbacks of MCSs to large-scale heat, moisture, and momentum
redistribution

Land-atmosphere interactions (in particular the effect of snow
and glacier surfaces on the convective organization)

Modeling MCSs

Can the improvements in simulating precipitation characteristics
over and around the TP with convection-permitting models be

Strengthen collaborations between the observation and modeling
communities to better leverage ground-based and space-borne

attributed to the better representation of MCSs?

observations for the validation of convection-permitting model
simulations and use data beyond the commonly gridded satellite
products (e.g., include vertical structure) Assess the effect of
biases in the large-scale circulation in model simulations on MCS
genesis

scenarios

MCS populations in the TP region under different future

Coordinate modeling efforts between different communities
to systematically assess uncertainties to ensure robust future
simulations (see CORDEX Flagship Pilot Study CPTP)

Application-based science
and flood events

Basin-scale quantification of MCS impact on seasonal streamflow

Study hydrological responses of MCSs in current historical and
future simulations and observations, e.g., by using hydrological
models or “ingredient-based approaches” Dougherty and
Rasmussen, (2020) Strengthen collaboration with hydrologists

scenarios

MCS populations in the TP region under different future

Assess not only a potential increase in flooding, but also the
possibility of droughts and water scarcity due to the absence of
MCSs

retrievals are most challenging over snowy and icy surface types
(Huffman et al., 2015; Dai et al.,, 2017). While these uncertainties
may not significantly affect the detection rates of MCSs when
using automated tracking methods, they hamper the evaluation of
extreme storm cases and the quantification of the total amount
of precipitation produced by an MCS. In addition, there are
large discrepancies between different satellite-derived precipitation
estimates over the TP, which make it currently difficult to use
these data products to robustly validate high-resolution climate
simulations (Ou et al., 2020). showed, for instance, that CMORPH
microwave precipitation estimates exhibit notably larger mean
precipitation amounts over lake regions than those from GPM
IMERG.
Ground-based
continuous observations of the vertical structure of MCSs through

cloud and precipitation radars provide
their entire lifetime (if the MCS is located within the radar scope).
Such measurements might serve as a complement to spaceborne

radars but are featured with a spatially limited coverage. While
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three-dimensional S-band radar mosaics that detect rainfall have
been used to evaluate satellite-derived MCS characteristics over
China in a few studies (Chen D. et al., 2020; Feng et al., 2021a), this
data is generally difficult to access and limited to the downstream
regions. Cloud radars over the TP such as from the measurements
presented in (Uyeda et al., 2001) are mainly carried out during field
experiments, thus providing insights on specific cases rather than
climatological observations (Uyeda et al., 2001).

4.3 Object-based analyses of MCSs

The summarized results from various studies demonstrate
that object-based analyses are indispensable for a process-
oriented evaluation of organized convection in high-resolution
satellite and model data sets. However, as shown in the previous
sections, the choice of tracking criteria that are used for MCS
identification considerably influences various MCS statistics
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in a certain subregion. While these discrepancies might not
be problematic when the same criteria are consistently used
to compare the representation of MCSs in different datasets
(e.g., observations vs models), they affect conclusions about
the impact of MCSs on regional precipitation. In regions like
the TP, it needs to be considered that the background climate
is significantly different from other mid-latitude regions. In
particular, there has been an overemphasis on MCSs over the
high plateau when one single parameter is used to identify
MCSs (i.e., brightness temperatures). The combination of different
data sets and co-locations of various observations may help to
address uncertainties related to tracking criteria and applied
thresholds.

Given that MCS tracking over targeted regions is relevant
for a wide range of scientific questions (i.e., climate dynamics,
future changes in precipitation, and hydrological applications), the
development of open source libraries for automated tracking is
essential to allow different research communities to share their tools
and knowledge. In addition, such libraries provide transparency,
reproducibility, and eventually integrated testing that may reduce
errors in the tracking method used. This is particularly useful
for region-specific climate assessments that are often carried out
by many different research groups. Two examples of open source
tools for automated tracking and object-based analyses are tobac
(Tracking and object-based analysis of clouds; Heikenfeld et al., 2019,;
Sokolowsky et al. (manuscript in prep.) and PyFLEXTRKR (Feng
et al., 2022; preprint available at https://doi.org/10.5194/egusphere-
2022-1136).

5 Synthesis of knowledge gaps and
future outlook

In summary, we find that there remain significant knowledge
gaps about MCSs in the TP region despite the relatively high
number of recent studies focusing on specific aspects of MCSs over
and around the TP. Table 5 presents the major knowledge gaps
with regard to the understanding of dynamic and thermodynamic
processes that are relevant for MCS genesis, model development and
evaluation as well as open questions that are relevant for practical
applications. We give suggestions on how the identified knowledge
gaps can be addressed in future research based on existing and
upcoming high-resolution data sets that were discussed in the
previous section.
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