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ABSTRACT

Previous studies have recognized reflectivity maxima above the freezing level (RMAF) within stratiform precipitation
over mountain slopes, however, quantitative studies are limited due to the lack of adequate identification criteria. Here, we
establish an identification method for RMAF precipitation and apply it to the Tropical Rainfall Measuring Mission
(TRMM) Precipitation Radar (PR) observations. Using the TRMM 2A25 product from 1998 to 2013, we show that the
RMAF structure in reflectivity profiles can be effectively identified. RMAF exists not only in stratiform precipitation but
also in convective precipitation. RMAF frequency is positively correlated with elevation, which is thought to be caused by
enhanced updrafts in the middle layers of stratiform precipitation, or in the low to middle layers of convective precipitation
over mountains. The average RMAF heights in stratiform and convective precipitation were 1.35 and 2.01 km above the
freezing level, respectively, which is lower than previous results. In addition, our results indicate that the RMAF structure
increased the echo top height and enhanced precipitation processes above the RMAF height, but it suppressed the
downward propagation of ice particles and the near-surface rain rate. Future studies of orographic precipitation should take
into account the impact of the RMAF structure and its relevant dynamic triggers.
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Article Highlights:

* An identification procedure for reflectivity maxima above the freezing level (RMAF) based on radar echoes was

developed.

* RMAF frequency was positively correlated with elevation, corresponding to enhanced updrafts within precipitation over

mountains.

¢ The average RMAF height in stratiform precipitation was 1.35 km above the freezing level, which is lower than the

previous reports.

* The RMAF structure increased the echo top height whereas it suppressed the near-surface rain rate.

1. Introduction

Reflectivity profiles detected by ground-based or space-
borne radar are widely used to study precipitation (Houze,
1997; Kummerow et al., 2000; Fu et al., 2003; Chen and Fu,
2017). Due to the strong correlation between rain rate (R)
and echo reflectivity (Z) measured by precipitation radar, a
simple Z-R relationship (R = aZb, where a and b are coeffi-
cients to be determined) is widely used to estimate the precip-
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itation rate (Cocks et al., 2017). The variations of the ver-
tical reflectivity gradient suggest various microphysical pro-
cesses of precipitation droplets, which include ice pro-
cesses (e.g deposition, riming, and aggregation), mixed-
phase processes (e.g. melting), and liquid processes (e.g con-
densation, collision, and evaporation) (Houze, 2014). It is
commonly observed that backscattering from droplets usu-
ally reaches its peak during the melting process (Mason,
1972). This is attributed to the optical features of partially-
melted droplets exhibiting similarities to water droplets that
have a larger volume. The melting layer is quite uniform in
stratiform precipitation, resulting in a clear bright band near
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the freezing height (FzH) in the reflectivity profile. In con-
trast, there is no bright band for convective precipitation.
This feature is therefore a key criterion for identifying rain
type (Byers and Braham, 1949; Houze, 1997).

Terrain affects atmospheric circulations through both
its thermal and dynamic influences, and significantly
impacts the formation and development of precipitation sys-
tems (Wu et al., 2007; Boos and Kuang, 2010; Zhang et al.,
2018). Precipitation enhancement often occurs on the wind-
ward slope of mountains; correspondingly, the precipitation
on the leeward slope is significantly reduced (Miltenberger
et al., 2016; Fu et al., 2018). A “seeder—feeder” mechanism
is widely used to explain the phenomenon of increased precip-
itation over mountains, especially upon the windward
slopes (Bergeron, 1935, 1965). The pre-existing, upper-
level precipitating cloud (seeder) produces numerous small
droplets, while the low-level cloud or fog (feeder) is formed
due to orographic lift of moist flow. When small droplets
fall to the feeder cloud, they quickly grow via collision,
coalescence or accretion (Browning, 1980; Viale et al.,
2013). Thus, the near-surface droplet number density
depends on the seeder cloud, whereas its mass mainly
comes from the feeder cloud. Another important microphys-
ical mechanism related to orographic precipitation is the
warm rain process. This process occurs when precipitation
droplets form below the FzH, and quickly grow and fall to
ground when the upslope flow is very humid (White et al.,
2003; Neiman et al., 2005; Kingsmill et al., 2006). Com-
pared to the “seeder—feeder” mechanism, the warm rain pro-
cess produces smaller droplets. Using S-band radar to invest-
igate the droplet size distribution of precipitation in the
coastal mountains of California in 2003 and 2004, Martner
et al. (2008) found that the warm rain process is mainly asso-
ciated with convective precipitation (with no bright band in
the profile), while the “seeder—feeder’” mechanism mainly cor-
responds to stratiform precipitation (with a bright band).

Compared with either the “seeder—feeder” mechanism
or the warm rain process, other microphysical mechanisms
within orographic precipitation, including reflectivity max-
ima above the freezing level (RMAF), have received less
attention. The existence of RMAF was first noted by Houze
and Medina (2005) on the windward slopes of the Cascade
Mountains of Oregon. Kingsmill et al. (2006) suggested that
RMAF is only an inherent feature of baroclinic systems
since they observed it in both hillsides and valleys in north-
ern California. However, the occurrence of RMAF in val-
leys could be explained by their location downstream of the
hillsides (Medina, 2007). In response to this debate, McMur-
die etal. (2018) compared reflectivity properties between pre-
cipitation over the ocean surface and precipitation over the
windward slopes near the Olympic Mountains. The authors
found that RMAF was clearly evident over land whereas it
was absent over the ocean, confirming the importance of oro-
graphic lifting for RMAF. They also suggested that RMAF
is favored when deep, moist, neutrally-stratified, air flow is
lifted by a mountain range. These previous studies also
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showed that the RMAF height usually appears at 1.5 to 2.5 km
above FzH in stratiform precipitation (Medina et al., 2007;
Zagrodnik et al., 2019). The existence of RMAF was sugges-
ted to inhibit near-surface rain rate over slopes, which coun-
ters the effect of the “seeder—feeder” and warm rain mechan-
isms (Medina et al., 2007; McMurdie et al., 2018). There-
fore, detailed studies of RMAF can improve our physical
knowledge of orographic precipitation as well as our ability
to accurately simulate and predict this phenomenon.

So far, the underlying physics of RMAF is not entirely
clear. Garvert et al. (2007) found that the RMAF coincided
with the enhanced updraft associated with gravity wave activ-
ity. It was suggested that the terrain enhanced the middle-
level updraft within stratiform precipitation and therefore
affected RMAF. However, these previous studies have gener-
ally been based on several ground-based observation experi-
ments, which were focused on the west coast of North Amer-
ica. Also, RMAF was previously thought to be related to the
activities of baroclinic systems, due to the lack of observa-
tions at lower latitudes. Although McMurdie et al. (2018)
pointed out that spaceborne radar can be used to study
RMATF precipitation, there is currently no quantitative cri-
teria for identifying RMAF. In this manuscript, using fif-
teen years of orbital precipitation data from the Tropical Rain-
fall Measuring Mission (TRMM) Precipitation Radar (PR),
we first establish a quantitative identification method for the
RMAF structure within radar echoes. We then reveal the
global distribution of RMAF frequency and its relation to ter-
rain elevation, and finally further investigate the differ-
ences in the vertical structure and microphysical processes
between precipitation systems with and without RMAF.

2. Data and Methods

2.1. TRMM 2A2S product

TRMM PR is the first space-borne Ku-band (13.8
GHz) meteorological radar, with a geographic coverage of
38°S to 38°N and 15 orbits per day. PR has a swath width
of 220 km and a sensitivity of ~17 dBZ, which corresponds
to a rain rate of 0.4—0.5 mm h~! (Nuijens et al., 2009). We
used the TRMM PR orbital product 2A25 Version 7 (V7)
from 1998 to 2013, which provides three-dimensional precip-
itation information from 20 km down to the surface with a
horizontal resolution of 4.3 km (5 km after an orbit boost in
August 2001) and a vertical resolution of 250 m. We also
used corrected reflectivity profiles, rain-rate profiles, rain
type, and FzH from the 2A25 V7 product (Awaka et al.,
1997). Specifically, the FzH was estimated from a climatolo-
gical data set of sea level temperatures in TRMM PR Level-
2 products (Awaka et al., 2009); noting that the actual FzH
within convective clouds would be higher due to strong
updrafts.

Consistent with previous studies (e.g., Chen and Fu,
2018), the echo top height in TRMM PR pixels was defined
as the highest height with three consecutive layers greater
than 17 dBZ. Precipitating pixels were identified as those
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with a near-surface rain rate greater than 0.4 mm h-1.

The environmental information used in case studies
was from the fifth-generation European Centre for Medium-
Range Weather Forecasts (ECMWF) atmospheric reana-
lysis data set (ERAS). ERAS data was provided on a hori-
zontal resolution of 0.25x0.25 degrees and a vertical resolu-
tion of 37 pressure levels.

In addition, we also used Digital Elevation Model
(DEM) data provided by the National Geophysical Data Cen-
ter (NGDC), with a horizontal resolution of 1/30th of a
degree in longitude/latitude (~3 km). The NGDC DEM data
is available from the US Geological Survey (www.ngdc.
noaa.gov).

2.2. RMAF identification

RMAF was previously known as the secondary reflectiv-
ity maximum aloft in the reflectivity profiles of stratiform pre-
cipitation, which usually occurs 1.5-2.5 km above FzH
(Houze and Medina, 2005; McMurdie et al., 2018).
However, the details of RMAF within convective precipita-
tion are still unknown. Despite several reports confirming
the existence of RMAF (Kingsmill et al., 2006; Zagrodnik
et al., 2019), there is currently no quantitative identification
criteria for RMAF. Therefore, the first step in this study was
to develop an identification procedure based on radar
echoes, as follows:

1. This method is applied on reflectivity profiles of
near-surface liquid precipitation with non-warm rain pro-
cess.

2. RMAF occurs at a certain height between echo top
height and FzH.

3. The echoes near the RMAF are all greater than 17 dBZ.

4. There are three consecutive layers with reflectivity
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(Z) at least 1 dBZ larger than the lower layer starting from
the RMAF layer. Supposing RMAF layer is the i-th layer,
then Z(i) > Z(i+1) + 1 dBZ; Z(i—-1) > Z(i) + 1 dBZ; Z(i-2) >
Z(i—1) + 1 dBZ, where i increases with decreasing height.

5. If there were consecutive multiple layers that meet
the four criteria above, the lowest layer would be identified
as RMAF. That means Z(i+1) < Z(i+2) + 1 dBZ.

We applied this identification method to all precipita-
tion profiles in the TRMM 2A25 dataset for 1998-2013.
Those meeting the above criteria were recorded as RMAF pre-
cipitation events; other liquid, non-warm-rain precipitation
events were recorded as NRMAF (non-RMAF) precipita-
tion. In total, there were 2,736,225 RMAF events and
854,622,978 NRMAF events, respectively. Specifically, the
1 dBZ threshold in the fifth criteria did not significantly
affect our results (see Fig. S1 and S2 in the supplementary
file).

A contoured frequency by altitude diagram (CFAD) ana-
lysis of radar reflectivity provides a good representation of
the structural properties of precipitation, and has been used
in numerous studies (e.g., Yuter and Houze, 1995; Zhang et
al., 2020). Figure 1 shows the CFAD distributions of Ku-
band reflectivity for RMAF and NRMAF precipitation with
an FzH between 4 + 0.125 km independent of their loca-
tions. There were a total of ~ 47 million NRMAF pixels and
163 thousand RMATF pixels used in Fig. 1. Each CFAD was
normalized by its overall maximum at a horizontal interval
of 1 dBZ and a vertical interval of 0.25 km. Specifically
these maximums are 3,330,827 and 19,994 for NRMAF and
RMAF precipitation types, respectively. An outward protru-
sion at ~6 km can be clearly seen in the CFAD for RMAF pre-
cipitation, whereas it is absent for NRMAF precipitation,
which helps validate our identification criteria. The differ-
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Fig. 1. Contoured frequency by altitude diagrams of Ku-band reflectivity for (a) RMAF and (b) NRMAF
precipitation with FzH between 3.875 and 4.125 km, based on TRMM PR data for 1998-2013.
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ent characteristics of RMAF and NRMAF precipitation are
discussed further in the next section.

3. Results

3.1. Case studies

The case studies can serve as a good foundation for fur-
ther statistical studies. Since previous studies of RMAF pre-
cipitation focused on the stratiform variety, we also showed
two differing demonstrations of stratiform events. For pur-
poses of contrast and comparison, these include a NRMAF
event and a RMAF event, both of which occurred in East
China.

For stratiform precipitation without RMAF structure,
the vertical air motions in the lower and upper layers are
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downdrafts, while those that occur in the middle layers are
updrafts; the peak of the updraft appears around the FzH
(Houze et al., 1997). A typical NRMAF stratiform event
was selected to characterize the above theory. It occurred on
the North China Plain at 0105 UTC (0905 LST) 7 Septem-
ber 2000 and the underlying surface height was below 200 m
(Fig. 2a). The precipitation pixels detected by TRMM PR
were almost all classified as stratiform pixels without
RMAF structure (Fig. 2b). Since the near-surface echo of
TRMM PR is vulnerable to surface clutter, we present the ver-
tical cross-section of Ku-band reflectivity from 2-10 km
along the AB line in Fig. 2a. In this event, the FzH (0°C
layer) was about 4 km high and there existed a significant
echo peak near the FzH, which indicates the bright band;
the reflectivity decreased significantly with increasing
height above the bright band (Fig. 2¢). Using ERAS reana-
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Fig. 2. Horizontal distributions of near-surface rain rate (a) and rain type (b), vertical cross section of Ku-band
reflectivity along the AB line (c), and average vertical velocity of stratiform pixels (d) for a NRMAF case occurred at
0105 UTC (0905 LST) 7 September 2000. The dashed lines in Fig. 2c indicate the 0°C and —15°C isotherms. The
precipitation information was derived from TRMM PR, while the environmental information was derived from
ERAS. The grayscale contours in Fig. 2a indicates the elevation. The dashed line in Fig. 2¢ indicates the FzH from

TRMM 2A25.
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lysis data and data merging method (nearest point), we calcu-
lated the average vertical velocity profile of stratiform
pixels within this event (Fig. 2d). The updraft existed
between 3.5-7.5 km with a peak updraft velocity of 0.15
Pa s7! at a height of 4—6 km, which was consistent with the
stratiform precipitation structure proposed by Houze et al.
(1997).

The RMAF precipitation event occurred at 2204 UTC 7
June (0604 LST 8 June) 2000 near the junction of North
China Plain and the Qinling Mountains where the underly-
ing surface height was 0.2 to 1 km (Fig. 3a). The precipita-
tion pixels detected by TRMM PR were almost all strati-
form pixels, in which 37 pixels were associated with a signi-
ficant RMAF structure (Fig. 3b). The vertical cross-section
along the CD line showed that the FzH of this case also
appeared around 4 km (Fig. 3c). There existed yet another
reflectivity peak at 1.5-3 km above the bright band around
FzH, indicating the existence of RMAF structure. The atmo-
spheric temperature at the top of the RMAF layer was
around —15°C, corresponding to an area highly prone to
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aggregation processes (Houze and Medina, 2005). Com-
pared with the NRMAF event, the low-level downdraft was
weaker and the middle-level updraft was higher and
stronger within this event (Fig. 3d). The peak of updraft was
around 0.4 Pa s~! at the height of 5.5 to 7.5 km, signific-
antly higher than at the FzH level, which suggests that it
was caused by the uplift of the underlying surface. The
stronger and more elevated middle-level updraft holds a
large number of aggregating ice particles around —15°C,
thus forming the RMAF structure.

3.2. Orographic impact on RMAF frequency

Previous studies have pointed out the close relation-
ship between RMAF and orographic lifting (McMurdie et
al., 2018). However, quantitative statistics on this correla-
tion are still lacking. Figure 4b—d shows the global distribu-
tions of RMAF frequency over the middle and lower latit-
udes on a 1° x 1° grid, based on the TRMM PR dataset for
1998-2013. The total number of samples for all precipita-
tion cases, stratiform-only precipitation, and convective-
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Fig. 3. The same as Fig.2, but for a RMAF case occurred at 2204 UTC 7 June (0604 LST 8 June) 2000. The blue line
in Fig. 3d indicates the average vertical velocity of the RMAF pixels in Fig. 3c.
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Fig. 4. Spatial distributions of elevation (a) and the RMAF frequency (%) for (b) all, (c) stratiform and (d)
convective precipitation events in the TRMM PR dataset for 1998-2013.

only precipitation are around 855 million, 688 million, and
166 million, respectively. The total number of RMAF
samples for all precipitation cases, stratiform-only, and con-
vective-only precipitation are around 2.72 million, 2.10 mil-
lion, and 605 thousand, respectively (the same in the follow-
ing figures). The RMAF frequency is calculated as the per-
centage of RMAF samples compared to the total samples at
each 1° x 1° grid.

The distribution characteristics of the RMAF fre-
quency for all precipitation cases, stratiform-only, and con-
vective-only precipitation are consistent, but do reveal two
distinct features. The first and most prominent feature is

that the RMAF frequency over land was higher than that
over the ocean, and further more exhibited a direct relation-
ship between altitude and RMAF frequency. In the Tibetan
Plateau, Iranian Plateau and Andes region, RMAF precipita-
tion can account for more than 2% of all precipitation cases,
while the proportion of RMAF precipitation over the ocean
generally accounts for less than 0.6%. This result supports
the aforementioned relationship between RMAF and terrain
elevation.

The second distinct feature is that the proportion of
RMAF precipitation at high latitudes was found to be higher
than that at lower latitudes. For example, in oceanic regions
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the RMAF frequency near the equator was around 0.2%,
while at latitudes around 30°N or 30°S, RMAF occurred
nearly twice as often at almost 0.4%. We suggest that this fea-
ture is linked to lower FzH in higher latitudes. Future r stud-
ies concerning the relationship between FzH and RMAF fre-
quency are warranted.

In addition, the RMAF frequency of stratiform precipita-
tion reaches 0.4% over the Central African region near the
equator (Fig. 4b), indicating the RMAF is not necessarily
related to baroclinic activity.

The causes of RMAF within stratiform and convective
precipitation are dissimilar due to differences regarding
their internal structure. As described by Houze (1997), the
air motions in stratiform precipitation can be divided into
three layers; the upper and lower layers, which are diver-
gent, and the middle layer, which is convergent. This tends
to explain the presence of weak updrafts in the middle lay-
ers of stratiform precipitation (above FzH), which was
thought to be the trigger of RMAF in many studies (e. g.,
Medina et al., 2007). Therefore, RMAF usually appears
above the middle-layer updraft where numerous ice-phase
particles aggregate.

When ice particles fall to within about 2.5 km of the
FzH, aggregation processes can occur and alter the precipita-
tion particle spectrum towards fewer numbers of larger hydro-
meteors, which significantly increases the radar echo
(Houze, 2014). However, the original updraft within strati-
form precipitation is usually too weak to support enough
aggregation and justify the existence of RMAF. Orographic
lifting can enhance the middle-layer updraft, which is condu-
cive to the aggregation process and therefore RMAF. The
RMAF frequency of stratiform precipitation shows a clear
increasing trend with increasing elevation (Fig. 5a). On the
other hand, the increase in FzH inhibits the propagation of sur-
face disturbances to the middle layer, so the RMAF fre-

0.8

ol

0.7

PR

0.6 1

P

0.5
All

---- Stratiform
Convective

0.4

0.3

RMAF frequency (%)

02 +——7———"—
00 05 10 15 2.

elevation (km)

L T

2.5

ZHANG ET AL.

633

quency is reduced with increasing FzH (Fig. 5b).

The vertical air motions in convective precipitation are
divided into two layers: convergence in the lower-middle lay-
ers and divergence in the upper layer (Houze, 1997). Thus,
there is a strong updraft in the lower-middle layers of convect-
ive precipitation. The ice particles within convective precipita-
tion may also aggregate at a certain height and form RMAF
under the influence of the updraft. For the same reason as
stratiform precipitation, the RMAF frequency of convect-
ive precipitation increases with elevation but at a smaller
rate (Fig. 5a).

In addition, the impact of FzH on the RMAF fre-
quency within convective precipitation is different from that
within a stratiform precipitation regime (Fig. 5b). The rela-
tionship between RMAF frequency and FzH for convective
precipitation shows a bimodal structure. The RMAF fre-
quency within convective precipitation reaches a local max-
imum when FzH is around 4.2 km. The reason for this phe-
nomenon is still unknown, although it may be that insuffi-
cient surface heating under low-FzH conditions limits the
strength of the updraft within convective precipitation.

3.3. RMAF height

Previous studies have shown that RMAF usually occurs
1.5-2.5 km above FzH in stratiform precipitation (Houze
and Medina, 2005; Medina et al., 2007; Zagrodnik et al.,
2019). In light of the strong dependence of RMAF height on
FzH, we analyzed the probability distribution function
(PDF) of FzH (Fig. 6a—c). The PDFs of FzH are unimodal,
with a peak at about 4.9 km, and are characterized by negat-
ive skewness; less than 5% of precipitation cases corres-
pond to an FzH higher than 5.4 km. The FzH of convective
precipitation was higher than that of stratiform precipita-
tion (Fig. 6b—c), which is related to the higher proportion of
convective precipitation occurring at low latitudes than at
mid-high latitudes. The FzH of stratiform precipitation with
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Fig. 5. Relationship between (a) RMAF frequency and terrain elevation, and (b) RMAF frequency and FzH for all
(black line), stratiform (dashed blue line), and convective (dashed red line) precipitation events. The spacing of the x-

axis is 0.25 km for both panels.
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RMAF was slightly lower than that without RMAF (Fig. 6b),
consistent with a decrease in RMAF frequency with increas-
ing FzH (Fig. 5b).

The PDFs of RMAF height - FzH are shown in Fig. 6d-
f. The RMAF height is mostly distributed in the range 0.25
to 3 km above FzH (Fig. 6d). The average RMAF height
was 1.52, 1.35, and 2.01 km above FzH for all, stratiform,
and convective precipitation, respectively (Fig. 6d—f). These
values, based on multi-year satellite observations, are lower
than the RMAF height suggested by Houze and Medina
(2005). Empirical evidence indicates that aggregation
occurs at ambient temperatures of 0°C to ~ —15°C (Hobbs,
1974), which corresponds to the height of 0 km to ~ 3.5 km
above FzH. Thus, it is suggested that the main microphys-
ical process of RMAF should be the aggregation process.

We also analyzed the relationships between RMAF
height and ice layer depth (echo top height - FzH), and
between RMAF height and elevation (Fig. 7). There was a
clear positive correlation between RMAF height and ice
layer depth which was independent of the precipitation type
(Fig. 7a—c). With an increase of ice layer depth from 1 km
to 9 km, the median RMAF height increases significantly
from 0.5 km to 3.5 km above FzH (Fig. 7a—c), which corres-
ponds to the main distribution interval of RMAF height

(Fig. 6d). The small fluctuations in Figure 7a—c may be a con-
sequence of the small ice layer depth intervals that were
used.

In contrast, upon increasing the elevation from 0 to
2.5 km, the median RMAF height gradually decreases from
1.25 km to 1.0 km above FzH (Fig. 7d). This may be related
to the tendency for terrain to “squeeze” the moisture out and
reduce the precipitation depth, as precipitation which occurs
over the plains tends to be deeper than over the adjacent
slope regions (Fu et al., 2018). Such orographic squeezing
is more profound in convective precipitation (Fig. 7f) than
in stratiform precipitation (Fig. 7e).

3.4. Precipitation structures

The vertical structure of precipitation reflects both the
dynamic and microphysical processes of precipitation
droplets (Zipser and Lutz, 1994; Li et al., 2019). The exist-
ence of RMAF is a newly discovered and less conventional
characteristic describing the vertical structure of precipita-
tion. In this section, we focus on its impact upon several com-
mon precipitation parameters in order to better understand
RMAF precipitation.

The PDFs of near-surface rain rate for RMAF and
NRMAF precipitation are shown in Fig. 8a—c. Considering
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the sensitivity of TRMM PR (0.4-0.5 mm h~!; Nuijens et
al., 2009), only precipitation events having a near-surface
rain rate exceeding 0.4 mm h~! were included in our ana-
lysis. For all precipitation events (Fig. 8a), the PDF of
RMAF decreases with increasing near-surface rain rate; the
peak value at 0.4 mm h~! is ~5.3%. In contrast, the PDF of
NRMAF has a unimodal distribution peaking at 1.05 mm h-!
with a value of ~3.6%. This evidence suggests that the mean
near-surface rain rate for RMAF precipitation is less than
that for NRMAF precipitation.

The PDFs of the near-surface rain rate for stratiform pre-
cipitation (Fig. 8b) are similar to those for all precipitation
cases in both their distribution modes and peak rain rates.
The peak values are ~6.1% and ~4.3% for RMAF and
NRMAF precipitation, respectively. For convective precipita-
tion (Fig. 8c), the PDFs are unimodal for both RMAF and
NRMAF precipitation. The PDF of RMAF precipitation
peaks at 3.2 mm h~! with a value of 3.2%, whereas that of
NRMAF precipitation peaks at 7 mm h-! with a value of
3.9%.

The PDFs of echo top height are similarly presented in
Fig. 8d—f. The PDFs for both RMAF and NRMAF precipita-
tion show a quasi-normal distribution. For all RMAF precipit-
ation cases, the peaks are at 7.5 km having a value of
around 4.5%, whereas that peaks at 5.5 km have a value of
7% for all NRMAF precipitation (Fig. 8d). It follows that

the echo top height of convective precipitation is on aver-
age higher than that of stratiform precipitation (Fig. 8e, f),
while the differences between the PDFs of RMAF and
NRMATF precipitation seems to be less affected by rain type.

In conclusion, the results shown in Fig. 8 indicate that
the near-surface rain rate was suppressed by the existence of
RMAF whereas the echo top height was promoted.

For detailed knowledge of the impact of the RMAF struc-
ture on precipitation microphysical processes, we carried
out CFAD analysis on the Ku-band reflectivity profiles of
RMAF and NRMAF precipitation. Each CFAD was normal-
ized by its overall maximum at a horizontal interval of
1 dBZ and a vertical interval of 0.25 km. Specifically, the
maximums are around 277 thousand, 53.8 million, 46.6 thou-
sand, and 8.57 million for Fig. 9a—d, respectively. As
RMAF height is directly related to FzH, the zero point on
the y-axis indicates the FzH. Precipitation droplets above
FzH are mainly ice, whereas they are mainly liquid below
FzH.

The characteristics of near-surface droplets in strati-
form precipitation mainly depend on the ice processes, there-
fore the reflectivity remains constant or slightly decreases
(due to evaporation) with decreasing height below FzH
(Fig. 9a, b). There is a distinct outward protrusion above
FzH in the CFAD for stratiform precipitation with RMAF,
which indicates the average RMAF height (Fig. 9a). Com-
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pared with NRMAF precipitation (Fig. 9b), the CFAD for
stratiform precipitation with RMAF is more concentrated in
the area above FzH, and the reflectivity is weaker below
FzH (Fig. 9a), indicating the RMAF structure is not condu-
cive to the downward propagation of ice particles.

For convective precipitation (Fig. 9c, d), the reflectiv-
ity increases significantly with decreasing height due to the
collision—coalescence process below FzH. This makes sense
since there is usually a strong updraft and plentiful water
vapor in the lower layers. By no means does this imply that
ice processes are not important in convective precipitation.
On the contrary, RMAF within the ice layer can also limit
the downward propagation of particles in convective precipita-
tion, resulting in weaker reflectivity below FzH than in
NRMAF precipitation. Due to the accumulation of ice
droplets above the RMAF height, the reflectivity is large
and the echo top is high.

A notable phenomenon is that the outward protrusion in
the outer regions of the convective RMAF precipitation is
clearly lower than the average RMAF height (Fig. 9c). We
think the protrusion here is more likely to be the result of
the melting process, which is likely attributed to the lifting
of FzH by intense updrafts within the convective cloud,
rather than the aggregation of ice droplets, and therefore
should not be identified as RMAF. Taking this into considera-

tion, the actual RMAF frequency of convective precipita-
tion would be lower than our results.

Figure 10 showsthe two-dimensional probability distribu-
tions of near-surface rain rate for precipitation with and
without RMAF. To better analyze the impact of echo top
height on rain rate, these distributions were normalized by
the column maximums. With an increased echo top height,
the mode of rain rate for RMAF precipitation is maintained
at around 0.4 mm h-!, equivalent to the minimum effective
value of rain rate (Fig. 10a). In contrast, the mode of NRMAF
precipitation increases from 1 mm h~! to 10 mm h-! with an
increase in echo top height from 3 km to 12 km (Fig. 10d).
Compared with stratiform precipitation (Fig. 10b, e), the
rate of increase of rain rate with echo top height was greater
for convective precipitation (Fig. 10c, f). In addition, the
rate of increase was significantly smaller for convective pre-
cipitation with RMAF (Fig. 10c) than that without RMAF
(Fig. 8f). As Hamada et al. (2015) pointed out, the tallest
storms do not necessarily produce the largest rainfall rates;
the existence of the RMAF structure is one important reason
why this may be the case.

4. Conclusion and Discussion

To better understand the impacts of RMAF structure on
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precipitation, we established a quantitative identification
method for RMAF based on TRMM PR reflectivity pro-
files. Then, using TRMM 2A25 data from 1998 to 2013 and
NGDC topology data, we investigated the relationships
between RMAF frequency and terrain elevation, RMAF
height, and the structure of RMAF precipitation. The main
conclusions of this study are as follows.

The RMAF structure in reflectivity profiles can be effect-
ively identified using our method. RMAF exists in both strati-
form precipitation and convective precipitation regimes.
Global distribution patterns show that RMAF frequency is

not strongly affected by rain type. For the period of study,
the RMAF frequency over land was higher than it was over
the ocean. It is further noted that over land, the higher the
elevation the higher the RMAF frequency. RMAF is not
necessarily related to the activities of baroclinic systems
since RMAF precipitation can occur in equatorial regions.
Further analysis suggests that orographic lifting can
enhance the middle-layer updraft in stratiform precipitation
or the mid—lower layer updraft in convective precipitation,
which is conducive to aggregation process and the occur-
rence of RMAF. RMAF frequency was lower in the lower lat-
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itudes than in the mid-latitudes due to the higher FzH,
which inhibits the propagation of surface disturbances to the
middle layer.

RMAF height was found to bein the range of 0.25-3 km
above FzH. The average RMAF height within stratiform pre-
cipitation was around 1.35 km above FzH and lower than
the previous observations of 1.5-2.5 km (Houze and Med-
ina, 2005), which may be due to the fact that previous obser-
vations were carried out over the western Mountains of
North America. The average RMAF height within convect-
ive precipitation was around 2.01 km above FzH. In addi-
tion, RMAF height and ice layer depth exhibited a strong pos-
itive correlation. The RMAF height decreased with increas-
ing elevation, which is consistent with the notion that elev-
ated terrain tends to “squeeze” out the moisture and reduce
the precipitation depth.

We found that the existence of RMAF increases echo
top height, whereas it suppresses the near-surface rain rate
regardless of the precipitation type. The PDFs of near-sur-
face rain rate for precipitation with and without RMAF
peaked at 0.4 mm h~! and 1.05 mm h-! respectively, while
that of echo top height peaked at 7.5 km and 5.5 km. Fur-
ther CFAD analysis showed that the RMAF structure
enhanced the storm top height and precipitation processes

above RMAF height, whereas it suppressed the downward
propagation of ice particles and the near-surface rain rate.
The existence of the RMAF structure could, at least, par-
tially explain the weak linkage between the heaviest rain-
fall and tallest storms (Hamada et al., 2015).

The uncertainties and limitations of this study are as fol-
lows. Since the analyses performed in this study are mainly
based on pixel-level values, the RMAF structure was
shownto suppress the local near-surface rain rate. However,
it may actually serve to increase the surrounding precipita-
tion when analyzed from the perspective of precipitating sys-
tems, This possibility needs to be addressed in future
research.. The RMAF structure in intense convective precipit-
ation could be induced by the melting process rather than
aggregation of ice particles.. This phenomenon would lead
to an overestimation of RMAF frequency and an underestima-
tion of RMAF height for convective precipitation. Future stud-
ies should optimize the identification criteria for RMAF in
convective precipitation. Lastly, most of our results were
based on the analysis of multi-year satellite observations. In
future work, we will further investigate the triggering mechan-
ism of the RMAF structure over mountainous regions like
the Himalayas, by combining radar observations and reana-
lysis data.



APRIL 2021

Acknowledgements. This work was supported by the Spe-
cial Program for Key Research and Development of Guangdong
Province (Grant Number 2019B111101002), the Fundamental
Research Funds for the Guangzhou Science and Technology Plan
project (Grant Number 201903010036), National Natural Science
Foundation of China (Grant Numbers 41675043, 41775094, and
42005062), and the Fundamental Research Funds for the Central

Universities (Grant Number 201gpy27).

REFERENCES

Awaka, J., T. Iguchi, H. Kumagai, and K. Okamoto, 1997: Rain
type classification algorithm for TRMM precipitation radar.
Proc. 1997 IEEE International Geoscience and Remote Sens-
ing Symposium Proceedings. Remote Sensing-A Scientific Vis-
ion for Sustainable Development, Singapore, IEEE,
1633-1635.

Awaka, J., T. Iguchi, and K. Okamoto, 2009: TRMM PR stand-
ard algorithm 2A23 and its performance on bright band detec-
tion. J. Meteor. Soc. Japan, 8TA, 31-52, https://doi.org/
10.2151/jmsj.87A.31.

Bergeron, T., 1935: On the physics of clouds and precipitation.
Proc. 5th Assembly of the International Union of Geodesy
and Geophysics, Lisbon, Portugal, Paul Dupont, 156—180.

Bergeron, T., 1965: On the low-level redistribution of atmo-
spheric water caused by orography. Proc. International
Conf. on Cloud Physics, Tokyo, Japan, IAMAP/WMO,
96-100.

Boos, W. R., and Z. M. Kuang, 2010: Dominant control of the
South Asian monsoon by orographic insulation versus plat-
eau heating. Nature, 463(7278), 218-222, https://doi.org/
10.1038/nature08707.

Browning, K. A., 1980: Structure, mechanism and prediction of
orographically enhanced rain in Britain. Orographic Effects
in Planetary Flows, R. Hide and P. W. White, Eds., GARP
Publication Series No. 23, WMO, Geneva.

Byers, H. R., and R. R. Braham, 1949: The Thunderstorm:
Report of the Thunderstorm Project. US Government Print-
ing Office.

Chen, Y. L., and Y. F. Fu, 2017: Characteristics of VIRS signals
within pixels of TRMM PR for warm rain in the tropics and
subtropics. J. Appl. Meteorol. Climatol., 56(3), 789-801,
https://doi.org/10.1175/JAMC-D-16-0198.1.

Chen, Y. L., and Y. F. Fu, 2018: Tropical echo-top height for pre-
cipitating clouds observed by multiple active instruments
aboard satellites. Atmospheric Research, 199, 54-61,
https://doi.org/10.1016/j.atmosres.2017.08.008.

Cocks, S. B., J. Zhang, S. M. Martinaitis, Y. C. Qi, B. Kaney, and
K. Howard, 2017: MRMS QPE performance east of the Rock-
ies during the 2014 warm season. Journal of Hydrometeoro-
logy, 18(3), 761-775, https://doi.org/10.1175/JTHM-D-16-
0179.1.

Fu, Y. F., and Coauthors, 2018: Precipitation characteristics over
the steep slope of the Himalayas in rainy season observed by
TRMM PR and VIRS. Climate Dyn., 51(5-6), 1971-1989,
https://doi.org/10.1007/s00382-017-3992-3.

Fu, Y.F., Y. H. Lin, G. S. Liu, and Q. Wang, 2003: Seasonal char-
acteristics of precipitation in 1998 over East Asia as derived
from TRMM PR. Adv. Atmos. Sci., 20(4), 511-529,
https://doi.org/10.1007/BF02915495.

Garvert, M. F., B. Smull, and C. Mass, 2007: Multiscale moun-

ZHANG ET AL. 639

tain waves influencing a major orographic precipitation
event. Journal of Atmospheric Sciences, 64, T711-734,
https://doi.org/10.1175/JAS3876.1.

Hamada, A., Y. N. Takayabu, C. T. Liu, and E. J. Zipser, 2015:
Weak linkage between the heaviest rainfall and tallest
storms. Nature Communications, 6, 6213, https://doi.org/
10.1038/ncomms7213.

Hobbs, P. V., 1974: Ice Physics. Oxford University Press, 837
pp-

Houze, R. A., 1997: Stratiform precipitation in regions of convec-
tion: A meteorological paradox? Bull. Amer. Meteor. Soc.,
78(10),2179-2196, https://doi.org/10.1175/1520-0477(1997)
078<2179:SPIROC>2.0.CO;2.

Houze, R. A., and S. Medina, 2005: Turbulence as a mechanism
for orographic precipitation enhancement. J. Atmos. Sci.,
62(10), 3599-3623, https://doi.org/10.1175/JAS3555.1.

Houze, R. A., 2014: Cloud Dynamics. 2nd ed. Academic Press.

Kingsmill, D. E., P. J. Neiman, F. M. Ralph, and A. B. White,
2006: Synoptic and topographic variability of Northern Cali-
fornia precipitation characteristics in landfalling winter
storms observed during CALJET. Mon. Wea. Rev., 134(8),
2072-2094, https://doi.org/10.1175/MWR3166.1.

Kummerow, C., and Coauthors, 2000: The status of the Tropical
Rainfall Measuring Mission (TRMM) after two years in
orbit. Journal of Applied Meteorology, 39(12), 1965-1982,
https://doi.org/10.1175/1520-0450(2001)040<1965: TSOTTR>
2.0.CO;2.

Li, R., W. C. Shao, J. C. Guo, Y. F. Fu, Y. Wang, G. S. Liu, R. J.
Zhou, and W. Z. Li, 2019: A simplified algorithm to estim-
ate latent heating rate using vertical rainfall profiles over the
Tibetan Plateau. J. Geophys. Res., 124(2), 942-963,
https://doi.org/10.1029/2018JD029297.

Martner, B. E., S. E. Yuter, A. B. White, S. Y. Matrosov, D. E.
Kingsmill, and F. M. Ralph, 2008: Raindrop size distribu-
tions and rain characteristics in California coastal rainfall for
periods with and without a radar bright band. Journal of
Hydrometeorology, 9(3), 408-425, https://doi.org/10.1175/
2007JTHM924.1.

Mason, B. J., 1972: The physics of the thunderstorm. Proceed-
ings of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 327(1571), 433-466, https://doi.org/
10.1098/rspa.1972.0056.

McMurdie, L. A., A. K. Rowe, R. A. Houze Jr., S. R. Brodzik, J.
P. Zagrodnik, and T. M. Schuldt, 2018: Terrain-enhanced pre-
cipitation processes above the melting layer: Results from
OLYMPEX. J. Geophys. Res., 123(21), 12 194-12 209,
https://doi.org/10.1029/2018JD029161.

Medina, S., E. Sukovich, and R. A. Houze Jr., 2007: Vertical struc-
tures of precipitation in cyclones crossing the Oregon cas-
cades. Mon. Wea. Rev., 135(10), 3565-3586, https://doi.org/
10.1175/MWR3470.1.

Miltenberger, A. K., S. Reynolds, and M. Sprenger, 2016: Revisit-
ing the latent heating contribution to foehn warming: Lag-
rangian analysis of two foehn events over the Swiss Alps.
Quart. J. Roy. Meteor. Soc., 142(698A), 2194-2204,
https://doi.org/10.1002/qj.2816.

Neiman, P. J., G. A. Wick, F. M. Ralph, B. E. Martner, A. B.
White, and D. E. Kingsmill, 2005: Wintertime nonbright-
band rain in California and Oregon during CALJET and
PACIJET: Geographic, interannual, and synoptic variability.
Mon. Wea. Rev., 133(5), 1199-1223, https://doi.org/10.
1175/MWR2919.1.


https://doi.org/10.2151/jmsj.87A.31
https://doi.org/10.2151/jmsj.87A.31
https://doi.org/10.1038/nature08707
https://doi.org/10.1038/nature08707
https://doi.org/10.1175/JAMC-D-16-0198.1
https://doi.org/10.1016/j.atmosres.2017.08.008
https://doi.org/10.1175/JHM-D-16-0179.1
https://doi.org/10.1175/JHM-D-16-0179.1
https://doi.org/10.1007/s00382-017-3992-3
https://doi.org/10.1007/BF02915495
https://doi.org/10.1175/JAS3876.1
https://doi.org/10.1038/ncomms7213
https://doi.org/10.1038/ncomms7213
https://doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
https://doi.org/10.1175/JAS3555.1
https://doi.org/10.1175/MWR3166.1
https://doi.org/10.1175/1520-0450(2001)040%3C1965:TSOTTR%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2001)040%3C1965:TSOTTR%3E2.0.CO;2
https://doi.org/10.1029/2018JD029297
https://doi.org/10.1175/2007JHM924.1
https://doi.org/10.1175/2007JHM924.1
https://doi.org/10.1098/rspa.1972.0056
https://doi.org/10.1098/rspa.1972.0056
https://doi.org/10.1029/2018JD029161
https://doi.org/10.1175/MWR3470.1
https://doi.org/10.1175/MWR3470.1
https://doi.org/10.1002/qj.2816
https://doi.org/10.1175/MWR2919.1
https://doi.org/10.1175/MWR2919.1
https://doi.org/10.2151/jmsj.87A.31
https://doi.org/10.2151/jmsj.87A.31
https://doi.org/10.1038/nature08707
https://doi.org/10.1038/nature08707
https://doi.org/10.1175/JAMC-D-16-0198.1
https://doi.org/10.1016/j.atmosres.2017.08.008
https://doi.org/10.1175/JHM-D-16-0179.1
https://doi.org/10.1175/JHM-D-16-0179.1
https://doi.org/10.1007/s00382-017-3992-3
https://doi.org/10.1007/BF02915495
https://doi.org/10.1175/JAS3876.1
https://doi.org/10.1038/ncomms7213
https://doi.org/10.1038/ncomms7213
https://doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C2179:SPIROC%3E2.0.CO;2
https://doi.org/10.1175/JAS3555.1
https://doi.org/10.1175/MWR3166.1
https://doi.org/10.1175/1520-0450(2001)040%3C1965:TSOTTR%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2001)040%3C1965:TSOTTR%3E2.0.CO;2
https://doi.org/10.1029/2018JD029297
https://doi.org/10.1175/2007JHM924.1
https://doi.org/10.1175/2007JHM924.1
https://doi.org/10.1098/rspa.1972.0056
https://doi.org/10.1098/rspa.1972.0056
https://doi.org/10.1029/2018JD029161
https://doi.org/10.1175/MWR3470.1
https://doi.org/10.1175/MWR3470.1
https://doi.org/10.1002/qj.2816
https://doi.org/10.1175/MWR2919.1
https://doi.org/10.1175/MWR2919.1

640 REFLECTIVITY MAXIMA ABOVE THE FREEZING LEVEL

Nuijens, L., B. Stevens, and A. P. Siebesma, 2009: The environ-
ment of precipitating shallow cumulus convection. J. Atmos.
Sci., 66, 1962-1979, https://doi.org/10.1175/2008JAS28
41.1.

Viale, M., R. A. Houze Jr, and K. L. Rasmussen, 2013:
Upstream orographic enhancement of a narrow cold-frontal
rainband approaching the Andes. Mon. Wea. Rev., 141(5),
1708-1730, https://doi.org/10.1175/MWR-D-12-00138.1.

White, A. B., P. J. Neiman, F. M. Ralph, D. E. Kingsmill, and P.
O. G. Persson, 2003: Coastal orographic rainfall processes
observed by radar during the California Land-Falling Jets
Experiment. Journal of Hydrometeorology, 4(2), 264-282,
https://doi.org/10.1175/1525-7541(2003)4<264: CORPOB>
2.0.CO;2.

Wu, G. X., and Coauthors, 2007: The influence of mechanical
and thermal forcing by the Tibetan Plateau on Asian climate.
Journal of Hydrometeorology, 8(4), 770-789, https://doi.org/
10.1175/JHM609.1.

Yuter, S. E., and R. A. Houze Jr., 1995: Three-dimensional kin-
ematic and microphysical evolution of Florida cumulonim-
bus. Part II: Frequency distributions of vertical velocity,
reflectivity, and differential reflectivity. Mon. Wea. Rev.,

VOLUME 38

123(7),1941-1963, https://doi.org/10.1175/1520-0493(1995)
123<1941:.TDKAME>2.0.CO;2.

Zagrodnik, J. P., L. A. McMurdie, R. A. Houze Jr., and S. Tan-
elli, 2019: Vertical structure and microphysical characterist-
ics of frontal systems passing over a three-dimensional
coastal mountain range. J. Atmos. Sci., 76(6), 1521-1546,
https://doi.org/10.1175/JAS-D-18-0279.1.

Zhang, A. Q., Y. F. Fu, Y. L. Chen, G. S. Liu, and X. D. Zhang,
2018: Impact of the surface wind flow on precipitation charac-
teristics over the southern Himalayas: GPM observations.
Atmospheric Research, 202, 10-22, https://doi.org/10.1016/
j-atmosres.2017.11.001.

Zhang, A. Q., Y. L. Chen, X. D. Zhang, Q. Zhang, and Y. F. Fu,
2020: Structure of cyclonic precipitation in the Northern
Pacific storm track measured by GPM DPR. Journal of Hydro-
meteorology, 21(2), 227-240, https://doi.org/10.1175/JHM-
D-19-0161.1.

Zipser, E. J., and K. R. Lutz, 1994: The vertical profile of radar
reflectivity of convective cells: A strong indicator of storm
intensity and lightning probability? Mon. Wea. Rev., 122(8),
1751-1759,  https://doi.org/10.1175/1520-0493(1994)122
<1751:TVPORR>2.0.CO:;2.


https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/MWR-D-12-00138.1
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-18-0279.1
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2
https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/MWR-D-12-00138.1
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-18-0279.1
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2
https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/2008JAS2841.1
https://doi.org/10.1175/MWR-D-12-00138.1
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)4%3C264:CORPOB%3E2.0.CO;2
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C1941:TDKAME%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-18-0279.1
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1016/j.atmosres.2017.11.001
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/JHM-D-19-0161.1
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1994)122%3C1751:TVPORR%3E2.0.CO;2

	1 Introduction
	2 Data and Methods
	2.1 TRMM 2A25 product
	2.2 RMAF identification

	3 Results
	3.1 Case studies
	3.2 Orographic impact on RMAF frequency
	3.3 RMAF height
	3.4 Precipitation structures

	4 Conclusion and Discussion

