remote sensing m\py

Article

Evaluation of Hourly Precipitation Characteristics

from a Global Reanalysis and Variable-Resolution Global
Model over the Tibetan Plateau by Using a Satellite-Gauge
Merged Rainfall Product

Tianru Chen 20, Jian Li >>*©, Yi Zhang 50, Haoming Chen 3>*{, Puxi Li 34 and Huizheng Che *°

check for
updates

Citation: Chen, T,; Li, J.; Zhang, Y.;
Chen, H,; Li, P; Che, H. Evaluation
of Hourly Precipitation
Characteristics from a Global
Reanalysis and Variable-Resolution
Global Model over the Tibetan
Plateau by Using a Satellite-Gauge
Merged Rainfall Product. Remote
Sens. 2023, 15,1013. https://
doi.org/10.3390/rs15041013

Academic Editor: Ralph R. Ferraro

Received: 13 December 2022
Revised: 2 February 2023
Accepted: 9 February 2023
Published: 12 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Atmospheric Science, Nanjing University of Information Science & Technology,

Nanjing 210044, China

State Key Laboratory of Severe Weather and Institute of Tibetan Plateau Meteorology, Chinese Academy
of Meteorological Sciences, China Meteorological Administration, Beijing 100081, China

Research Center for Disastrous Weather over Hengduan Mountains and Low-Latitude Plateau,

China Meteorological Administration, Kunming 650034, China

State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, China Meteorological
Administration, Beijing 100081, China

5 2035 Future Laboratory, PIESAT Information Technology Co., Ltd., Beijing 100105, China

State Key Laboratory of Atmospheric Chemistry, Chinese Academy of Meteorological Sciences,

China Meteorological Administration, Beijing 100081, China

*  Correspondence: lij@cma.gov.cn

Abstract: High-resolution meteorological datasets are urgently needed for understanding the hy-
drological cycle of the Tibetan Plateau (TP), where ground-based meteorological stations are sparse.
Rapid advances in remote sensing create possibilities to represent spatiotemporal properties of precip-
itation at a high resolution. In this study, the hourly precipitation characteristics over the TP from two
gridded precipitation products, one from global reanalysis (the fifth generation of the European
Center for Medium-Range Weather Forecasts atmospheric reanalysis of the global climate; ERA5)
and the other is simulated by Global-to-Regional Integrated forecast SysTem (GRIST) global nonhy-
drostatic model, are compared against satellite-gauge merged precipitation analysis (China Merged
Precipitation Analysis; CMPA) from 27 July to 31 August 2014, and a satellite-retrieved precipitation
estimate from the Integrated Multi-satellitE Retrievals for the Global Precipitation Measurement
(IMERG) is also evolved. Two aspects are mainly focused on: the spatial distribution and the eleva-
tion dependence of hourly precipitation characteristics (including precipitation amount, frequency,
intensity, diurnal variations, and frequency-intensity structure). Results indicate that: (1) The precipi-
tation amount, frequency, and intensity of CMPA and IMERG decrease with altitude in the Yarlung
Tsangpo river valley (YTRV), but increase at first and then decrease with altitude (except for inten-
sity) in the eastern periphery of TP (EPTP). ERA5 performed well on the variation of precipitation
amount with altitude (especially in EPTP), but poorly on the frequency and intensity. GRIST is
the antithesis of ERA5, but they all overestimate (underestimate) the frequency (intensity) at all
heights; (2) With increasing altitude, the diurnal phase of precipitation of CMPA and IMERG shifted
from night to evening in the two sub-regions. IMERG’s diurnal phase is 1 to 3 h earlier than CMPA’s,
and the discrepancy decreases (increases) as the altitude increases in YTRV (EPTP). The diurnal
phase of precipitation amount and frequency in ERA5 and GRIST is significantly earlier than CMPA,
and the frequency peaks around midday except in the basin. GRIST’s simulation of the diurnal
variation in intensity at various altitudes is consistent with CMPA; (3) ERA5 and GRIST overestimate
(underestimate) the frequency of weak (intense) precipitation, with ERA5’s deviance being the most
severe. The deviations increased with altitude. These findings provide intensive metrics to evaluate
precipitation in complex terrain and are helpful for deepening the understanding of simulated biases
for further improving performance in high-resolution simulation.
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1. Introduction

The Tibetan Plateau (TP), also called the Third Pole, is the highest and most extensive
upland region in the world [1]. The thermodynamic and mechanical effects of the high
terrain have crucial influences on global and regional atmospheric circulation. Many
of Asia’s large rivers originate from the TP (e.g., Indus, Ganges, Brahmaputra, Yangtze,
Yellow, and Mekong). It is also considered the “water tower of Asia” [2,3]. More accurate
forecasting of precipitation over the TP is of critical significance for managing water
resources in Asia [4].

However, precipitation can be extremely complicated in regions with complex terrain,
including the TP. Precipitation over the TP exhibits complicated and various characteristics
in different complex terrains. The precipitation’s well-known overall features over and
around the TP are wet Indian plains, the dry interior of Tibet, an intense band of precipi-
tation along the southern flank of the Himalayas, and a general drying trend toward the
west [5]. In addition, there also shows some remarkable smaller-scale structures. A double
band stretches along the central portion of the Himalayas and corresponds approximately
to the Lesser and Great Himalaya; at the scale of the largest valleys and ridges (>30 km),
valleys receive much more precipitation than adjacent ridges [6]. Significant precipitation
is found to reach these high elevations even at smaller scales [7], presumably through
the advection of cloud water and hydrometeors. This scale dependence of the precipitation
pattern is an important aspect of orographic precipitation [8].

The hourly-scale precipitation characteristics over the TP are also influenced by to-
pography. Early investigations of the diurnal variation of precipitation on the TP relied
heavily on satellite data and limited ground-based observations [9-12]; these findings
yielded some inconsistent results in this area. By using data collected from intensive ob-
servations across a mountain range in the southeastern plateau, Chen et al. [13] found
that the diurnal variation is closely related to the locations of stations, i.e., precipitation
over hillsides and mountaintops (in the valley) peaked in the afternoon (at night). Their
findings also contribute to understanding the differences in diurnal phases between station
observations and satellite data in regions with complex terrain. More recently, Ouyang
et al. [14] using ground-based observations found that the monsoon precipitation diurnal
variations of the valleys in central Himalaya present obvious afternoon and nighttime peaks
at high altitudes and a single nighttime peak at low altitudes. The frequency—intensity
structure is an important precipitation feature closely related to the precipitation mecha-
nism. By statistically classifying the intensity and corresponding frequency of the hourly
precipitation data on the TP, Li [15] obtained four categories of stations with distinct
frequency—intensity structures, and the distribution of these four types of stations exhibits
regional features. Both hourly frequency and intensity are high (low) over the southeastern
(western and northern) plateau. In the Yarlung Tsangpo River valley, which is located
on the central southern plateau, the precipitation frequency is low and the intensity is high.
The proportion of strong (weak) precipitation, in terms of frequency, is relatively large
(small) in this valley. Similar features with respect to the frequency—intensity structure were
also found for the northeastern plateau. In contrast, precipitation over the southern edge
of the plateau is characterized by high frequency and low intensity, and the percentage
of weak precipitation hours is higher than in other regions.

Most of the climate models, as well as regional models, have trouble reasonably re-
producing the precipitation on the TP [16-20]. For example, models from Phase 5 and 6
of the Coupled Model Intercomparison Project (CMP5 and CMIP6) greatly overestimate
the precipitation amount over the TP [16,19,20]. Even the reanalysis data, in which surface
precipitation is generated by model physics that is typically forced by relatively more real-
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istic large-scale circulations and is only integrated for a few days, show an overestimation
of the rainfall amount over the TP [21]. Previous studies show that increasing the spatial
resolution of climate models can effectively improve simulation accuracy by resolving
small-scale physical processes, especially over complex terrain [22-24]. With the advent
of emerging supercomputing platforms and with the progress in kilometer-scale numerical
modeling, there is now considerable research that has utilized kilometer-scale models to
investigate precipitation in TP. The kilometer-scale model also has shown its ability to
reproduce a more reasonable spatial pattern and more realistic diurnal cycle of the pre-
cipitation over the TP and other mountainous regions [25-28]. Lundquist et al. [29] even
pointed out that, in mountainous areas, high-resolution atmospheric models can represent
total annual precipitation better than the collective network of precipitation gauges.

With these high spatial and high temporal resolution, and potentially high accuracy
results, there is still much to discover about what and how to evaluate these results
in regions with complex topography. Prein et al. [30] reviewed the current research
progress of high-resolution models and outlined the four main aspects of precipitation
evaluation, spatial patterns, diurnal cycle, biases in mean and extreme precipitation, and soil
moisture-precipitation feedback. However, in regions with complex terrain, new metrics
are needed to assist us in better evaluating and interpreting the high spatial and temporal
resolution model results. Some works on satellite or model precipitation evaluation have
begun to incorporate the elevation dependence of precipitation. Li et al. [31] found that,
in the glacierized regions of the western TP, while the precipitation amount was generally
similar among the four datasets they evaluated (including observation-based gridded
data APHRODITE, satellite product IMERG, reanalysis data ERA5, and WRF simulation
HARI10) at lower altitudes, the altitudinal dependence of precipitation in high altitudes
was markedly different among the products. Zhou et al. [32] evaluated three simulated
precipitation and revealed that the simulations tend to show the precipitation maximum at
a higher altitude compared to observational data.

To sum up, precipitation characteristics of the TP have strong correlations with its
topography, but only a few evaluations paid attention to this. Therefore, this paper attempts
to evaluate two sets of precipitation data from different sources in two aspects, the spatial
distribution of hourly precipitation characteristics and the elevation dependence of hourly
precipitation characteristics. The remainder of the article is organized as follows: Section 2
provides a brief description of the study case, model configuration, datasets, and methodol-
ogy used in the study. Section 3 presents the evaluation results of precipitation over the TP.
The discussion is provided in Section 4 and followed by a summary in Section 5.

2. Materials and Methods
2.1. Description of the Selected Case

The monsoon significantly impacts precipitation over and around the TP [5], and
the summer monsoon develops in most of the TP until August. August 2014 was one
of the wettest Augusts in recent decades due to active monsoon precipitation and embedded
extreme precipitation episodes. This study’s core simulation period runs from 27 July 2014
at 00 UTC to 1 September 2014 at 00 UTC. Meanwhile, this is one of the three cases
chosen by the Convection-Permitting Third Pole (CPTP, a Flagship Pilot Study launched
by the Coordinated Regional Climate Downscaling Experiment in 2019) project as test
experiments to enhance our understanding of the water cycle over the TP region through
kilometer-scale climate modeling.

2.2. GRIST Model and Its Configuration

The Global-to-Regional Integrated forecast SysTem (GRIST) is a unified model system
for global weather and climate modeling. Its layer-averaged dry-mass unstructured-mesh
dynamical core solves the primitive equations but has an option to restore the vertical
acceleration term for nonhydrostatic modeling [33,34]. The horizontal grid is fully un-
structured, which permits the use of multiresolution modeling technique that enables
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variable-resolution simulations [35]. The moist-atmospheric model exactly conserves
the dry air mass to within machine roundoff [34]. The full-physics model setup used here
is based on a numerical weather prediction (NWP) physics suite as in Zhang et al. [36].
The nonhydrostatic dynamical core is used, following a similar configuration as in
Zhang et al. [37] for kilometer-scale modeling, except that cumulus parameterization
was activated here due to a varying global grid from 50 to 3.5 km. Some model configura-
tion options are presented in Table 1. The study area of this paper is denoted by a black
polygon in Figure 1, and the 3.5 km contour covers most of the area.
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Figure 1. The variable-resolution (VR) mesh of GRIST with 2,427,967 horizontal cells (3.5-50 km).
The filled color area denotes the surface elevation used in GRIST (m). The black contour with a label
presents the horizontal resolution (km), and the black polygon indicates the study region.

Table 1. Model configuration of GRIST used in the study.

D . Vertical levels 30
omam Horizontal resolution 3.5-50 km
Tim. Simulation period 27 July 2014-1 September 2014
€ Time steps Dycore =4 s, Tracer =20 s
Initial conditions ERA5
Forcing strat SST ERA5
oramng strategy Run start time 00:00 UTC
Run duration 36 days
Radiation RRTMG [38]
Convection Tiedtke-Betchtold [39,40]
Physical scheme Microphysics WSM6 [41]
Land model Noah-MP [42]
Boundary layer YSU [43]

“Dycore” denotes dry dynamical core, and “tracer” denotes the transport of moist species.

2.3. Datasets

*  The density of the rain-gauge stations is relatively sparse over the TP. To better un-
derstand the observed spatial distribution of precipitation characteristics, diurnal
cycle, and the elevation dependence of precipitation, we used a merged satellite-gauge
gridded hourly dataset for China (China Merged Precipitation Analysis; CMPA) with
a horizontal resolution of 0.1° [44] that was developed by the National Meteorological
Information Center of the China Meteorological Administration. Initially, the hourly
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precipitation measurements from nearly 30,000 automatic weather stations over China
are interpolated into 0.1° x 0.1° grids. The raw Climate Prediction Center’s morphing
technique (CMORPH [45]) estimates are then resampled and summed into 0.1° x 0.1°
grids and hourly accumulation. The resampled CMORPH data are calibrated based
on the probability density function technique and merged with gauge data using
an improved optimum interpolation technique. The final CMPA estimate covers a pe-
riod from January 2008 to the present. This merged precipitation estimate combines
the advantages of both the raw satellite-based data and the gauge observations over
Mainland China [46].

e The Global Precipitation Measurement (GPM), which is led by the National Aeronau-
tics and Space Administration and the Japan Aerospace Exploration Agency, provides
the next generation of rainfall products at a temporal resolution of 30 min and spatial
resolution of 0.1° [47,48]. The GPM core satellite carries a dual-frequency precipitation
radar (DPR) and a conical-scanning multi-channel GPM Microwave Imager, which
largely extends the sensor packages and expands the frequency of sensors. In addi-
tion, GPM has increased the orbital inclination of 65° from 35° of Tropical Rainfall
Measuring Mission (TRMM), to afford wider coverage of important climate zones [49].
These upgraded sensors are used together with other sensors on the constellation
satellites to develop the new Day-1 Integrated Multi-satellitE calibration algorithm
for GPM (IMERG). IMERG is also utilized in this study to represent uncertainties
among different observations.

¢ ERAG is the fifth generation European Center for Medium-Range Weather Forecast
(ECMWF) atmospheric reanalysis of the global climate, with a horizontal resolution
of 0.25°. ERADJ5 global reanalysis combines observations and models via 4D-Var
data assimilation to provide a consistent record of the atmosphere, land, and ocean
surfaces from 1979 [50]. Observations are assimilated in 12 h windows (09-21 UTC,
and 21-09 UTC) within ECMWF’s Integrated Forecasting System (IFS) Cy41r2, with
the atmosphere coupled to land and ocean. ERAS5 has a finer spatiotemporal resolution
(0.25° and hourly) than its predecessor, ERA-Interim, for capturing weather systems,
as well as an improved representation of global precipitation. Furthermore, the diurnal
cycle of convection is improved due to changes to the closure of CAPE [51], such that
land-based precipitation now maximizes in the late afternoon rather than midday [50].

*  The Global 30 Arc Second Elevation (GTOPO30) dataset produced by the Earth Re-
sources Observation Systems (EROS) Data Center of the U.S. Geological Survey was
used to obtain the terrain height. Elevations in GTOPO30 are regularly spaced at 30-arc
seconds. For this study, data were interpolated into the CMPA grids (0.1° x 0.1°).

2.4. Methodology

To qualitatively evaluate the two datasets against CMPA, a series of statistical error
indexes including Mean Bias (MB), Root Mean Square Error (RMSE), and Spatial Correlation
Coefficient (CORR) were utilized. These metrics’ calculation formulas and best values are
listed in Table 2.

Table 2. Equations and the best values of three statistical indices.

Statistic Index Equation ! Perfect Value
MB (Mean Bias) MB = w « 100% 0
i=1 i
RMSE (Root Mean Square Error) RMSE = % YL (P — Ol,)Z 0
CORR (Spatial Correlation Coefficient) CORR — \/ Y (0i=0)* (P—P)* 1
£ (0i=0) X Tl (P—P)”

1 Notation: O;, the precipitation variables of CMPA; O, the average values of CMPA; P;, the estimated precipitation
of IMERG, ERA5 and GRIST, respectively; P, the average values of IMERG, ERA5 and GRIST, respectively;
n, the corresponding grids of CMPA and the other three datasets.
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3. Results

In this section, the reanalysis precipitation ERA5, and the simulation precipitation
GRIST are evaluated against the merged observational precipitation CMPA. To describe
the uncertainty of the observational data, the same analysis was conducted for the satellite
precipitation IMERG. Before comparison, IMERG, ERA5, and GRIST data were bilinearly
interpolated to the CMPA grids. The objective was to provide a general overview of how
well the two simulation datasets can capture key features, including the precipitation’s
spatial pattern, the precipitation diurnal cycle, and the elevation dependence of precipita-
tion. The spatial statistical error metrics for precipitation amount, frequency, and intensity
derived from IMERG, ERAS5, and GRIST versus CMPA are given in Table 3.

Table 3. Statistical error metrics of precipitation derived from IMERG, ERA5, and GRIST versus
CMPA at the grids’ elevation levels higher than 2000 m for the study period.

Variables Metrics CMPA IMERG ERA5 GRIST
Amount Mean 0.09 0.12 0.19 0.18
(mm /b, except MB / 0.03 0.10 0.08
Coi&)cep RMSE / 0.08 0.17 0.17
CORR / 0.85 0.77 0.75

Mean 8.69 13.52 37.24 24.43

Frequency MB / 4.83 28.55 15.73
(%, except CORR) RMSE / 9.01 33.10 21.32
CORR / 0.85 0.84 0.83

Intensit Mean 0.90 0.75 0.45 0.60
(mm/h Xy . MB / ~0.15 —0.45 ~0.30
Coi&)cep RMSE / 0.47 0.64 0.56
CORR / 0.89 0.88 0.87

MB is the mean difference, RMSE is the root mean square error, and CORR is the spatial pattern correlation
coefficient.

3.1. Spatial Pattern of Hourly Precipitation Characteristics

Figure 2 shows the mean precipitation distribution in CMPA, IMERG, ERA5, and GRIST
averaged over the study period. The precipitation amount distribution (Figure 2a,d,g,j) is
consistent among the four datasets: all show a large amount of precipitation along the Hi-
malayas, and the amount decreases toward the northwest TP. Similar to the amount distribu-
tion, the frequency distribution (Figure 2b,e,h k) exhibits a decreasing trend from the south-
east TP to the northwest and has a large value center to the south of the Himalayas and
the eastern periphery of the TP. The intensity (Figure 2¢,f,i,]) is strongest over South Asia.
Over the main body of the TP, the central and eastern areas see more intense precipitation
than other parts of the TP. The CORRs between CMPA and the other three datasets are also
calculated. Among the three sets of pattern correlations, the CORRs between CMPA and
IMERG are the highest (0.9 for precipitation amount, 0.89 for frequency, and 0.88 for inten-
sity). This demonstrates that the spatial distribution of IMERG satellite observation and
CMPA, which combines station data with CMORPH satellite data, are well matched. The
CORRs between CMPA and GRIST are higher than 0.8 (0.81 for amount, 0.87 for frequency,
and 0.83 for intensity), which are very close to the correlations between CMPA and ERA5
(0.82 for amount, 0.88 for frequency, and 0.84 for intensity).
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Figure 2. Precipitation spatial pattern (left: amount (mm/h), middle: frequency (%), right: intensity
(mm/h)) derived from CMPA (a—c), GPM (d—f), ERA5 (g-i), and GRIST (j—1). The superscript numbers
in the rightmost trio of columns are the pattern correlations between CMPA and the other three
datasets separately. The thick black contour depicts terrain heights of 2000 m, and the thin black
contours represent 1000 and 4750 m.

Though ERA5 and GRIST both show a strong pattern correlation with CMPA, these
two obviously overestimated the amount (Figure 2g,j) and frequency (Figure 2h,k) over
South Asia to the South of Himalaya and the southeastern part of TP, while underestimat-
ing the intensity across the whole study region (Figure 2i,1). The precipitation differences
of precipitation estimated by IMERG, ERA5, and GRIST against CMPA are shown in
Figure 3 separately. All simulation products indicate overestimates of the precipita-
tion amount to a certain extent in the TP, with the most serious center mainly located
in South Asia to the Himalayas. The average differences between IMERG and CMPA are
0.04 mm/h for precipitation amount, 5.39% for frequency, and —0.31 mm/h for intensity.
ERA5’s precipitation amount bias (0.09 mm/h) is lower than that of IMERG, while its
frequency (25.08%) and intensity (—0.7 mm/h) bias are far greater than those of IMERG
(5.39% and —0.31 mm/h) and GRIST (16.01% and —0.47 mm/h). Comparing the two
simulation results, ERA5’s and GRIST’s bias spatial distribution has similarities. Except
for a significant overestimation of the precipitation amount along the Himalayas and
the eastern edge of the TP, both datasets tend to overestimate the precipitation in the central
TP. The overestimation is especially severe in regions with complex terrain. All of these
amount’s wet biases mainly stem from an overestimation of frequency, with ERA5 and
GRIST underestimating precipitation intensity in the study region, particularly in the south
of the Himalayas and the central part of the TP. Furthermore, ERA5 and GRIST overestimate
the precipitation intensity along the Himalayas to varying extents.
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Figure 3. Precipitation difference between GPM and CMPA (a—c), between ERA5 and CMPA (d—f),
and between GRIST and CMPA (g-i) (left: amount (mm/h); middle: frequency (%); right: intensity
(mm/h)). The superscript numbers are the area mean differences correspondingly. The thick black
contour depicts terrain heights of 2000 m, and the thin black contours represent 1000 and 4750 m.

Furthermore, grids with elevations higher than 2000 m are considered as grids
on the main body of the TP. These grids’ precipitation from IMERG, ERA5, and GRIST are
evaluated against the precipitation from CMPA. The MB and RMSE are widely used to
quantitatively represent the error characteristics between the estimates and reference value.
In addition, the CORR describes the agreement between the precipitation estimates and
CMPA with a value from 0 to 1. The equation and perfect values of these metrics are listed in
Table 2. The difference between IMERG and CMPA is occasionally refferd to as “bias” (such
as mean bias, etc.) for ease of writing, but this is not a bias strictly speaking.

According to Table 3, IMERG still corresponds well with CMPA over the main
body of the TP. In terms of MB, IMERG shows less difference over the TP (0.03 mm/h
for amount, 4.83% for frequency, and —0.15 mm /h for intensity) than the entire study region
(0.04 mm/h, 5.39%, and —0.31 mm/h, respectively). This indicates that, on the one hand,
IMERG can generally reflect the spatial pattern of precipitation; on the other hand, CMPA
highly relies on satellite data due to the scarcity of weather stations on the main body
of the TP. Compared to the MB of the study region, ERA5 exhibits a greater bias of amount
(0.1 mm/h) and frequency (28.55%) over the main body of TP, indicating that ERA5’s
simulation of precipitation at high elevations is relatively unsatisfactory. In contrast, GRIST
exhibits smaller biases (0.08 mm/h for amount, 5.73% for frequency, and —0.3 mm/h
for intensity) over the TP. RMSE presents similar features to MB because the three precipi-
tation products generally exhibit consistent differences with CMPA of all grids at altitudes
over 2000 m, namely negative bias in intensity and positive bias in amount and frequency.
The CORRs with CMPA for all three datasets over the main body of TP are slightly lower
than the CORRs over the study region. These results, together with Figure 2 and 3, demon-
strate that IMERG and CMPA have comparable spatial properties of TP precipitation.
ERAS and GRIST have moderate wet biases in precipitation amount but significant positive
(negative) biases in frequency (intensity), with ERA5 exhibiting the largest biases.

The timing of the diurnal peak of precipitation can yield additional insights into
a model’s performance when simulating subdiurnal-scale processes. Chen et al. [13]
found that the precipitation diurnal phase is strongly related to the station’s location over
the TP. They suggested that, when analyzing the rainfall diurnal variations in regions
with complex topography, the combination of station observation and satellite products
is essential. The CMPA data offer an excellent combination of raw satellite-based data



Remote Sens. 2023, 15, 1013

9o0f21

40°N
38°N
36°N
34°N
32°N
30°N 3
28°N 448
26°N 4+

CMPA

and gauge observations for evaluation. The Fourier transformation and the component
of the 24-h rainfall cycle are frequently used to analyze the phase of the diurnal cycle [52,53].
In this study, the time series of precipitation is averaged into a composite 24-h cycle, and
the Fourier analysis is then applied to the 24-h cycle. The single-peak diurnal feature is more
pronounced in grids with a greater first (diurnal) harmonic variance of Fourier analysis,
and grids with a diurnal variance of at least 60% are referred to as single-peak grids.

Only 14.4% and 25.6% of grids in the spatial distribution of the diurnal variance
of CMPA’s precipitation amount and frequency can be classified as single-peak grids
(Figure 4a,b). The Himalayan ridge, the Yarlung Tsangpo river valley (YTRV), and the east-
ern periphery of the TP (EPTP) are the main locations for single-peak grids. In the spatial
distribution of the diurnal variance of IMERG’s amount and frequency, about thirty percent
of the grids (29.2% and 33.4%) are single-peak grids (Figure 4d,e). With a larger value
and a wider area extent, IMERG's precipitation amount and frequency in the three afore-
mentioned sub-regions also present significant single-peak characteristics. Precipitation
amount and frequency derived from ERA5 and GRIST all show a much stronger single-
peak diurnal feature throughout the entire TP region compared to CMPA (Figure 4g,h,j k).
Especially for the GRIST’s diurnal variance of frequency, 64.6% of the grids is characterized
by a single peak. However, ERA5 and GRIST failed to capture the frequency’s single-peak
feature in areas with relatively low elevations (ERAS5 in the lowlands of YTRV and GRIST
in the areas where altitude is lower than 1000 m of EPTP). Compared to amount and
frequency, all four datasets’ precipitation intensity shows fewer single-peak features over
the TP. CMPA’s single-peak grids of rainfall intensity only take up 5.8% of the study region.
With 20.1%, GRIST has the largest percentage of single-peak grids, though this is just a
third of its frequency single-peak percentage.
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Figure 4. Spatial distribution of the first harmonic’s variance of Fourier analysis (%; left: amount;
middle: frequency; right: intensity). Fourier transformation is applied to the 24-h rainfall cycle of
CMPA (a—c), GPM (d—f), ERA5 (g—i), and GRIST (j-1). The superscript numbers are the fraction
of single-peak grids. The two black rectangles indicate selected sub-regions with a strong diur-
nal features (YTRV: Yarlung Tsangpo River Valley; EPTP: Eastern Periphery of Tibetan Plateau).
The pentagram indicates the location of Lhasa. The thick black contour depicts terrain heights of
2000 m, and the thin black contours represent 1000 and 4750 m.
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YTRV and EPTP exhibit a notable single diurnal peak in all four datasets. ERA5
and GRIST also present a significant overestimation of the precipitation in these two sub-
regions. Importantly, YTRV and EPTP represent two different topographic scales across
the TP. YTRYV refers to the valley with a scale of tens of kilometers, which requires modeling
at the kilometer scale. EPTP refers to ascending terrain with a scale of hundreds of kilo-
meters, which global climate models can describe, despite their coarse spatial resolution.
Taking all these into account, YTRV and EPTP were the two sub-regions selected for further
investigation of the diurnal cycle and the elevation dependence. The black rectangles
in Figure 4 indicate the coverage of the two sub-regions.

Figure 5 presents the diurnal harmonic phase derived from CMPA, IMERG, ERA5,
and GRIST. Over the main body of TP, the precipitation diurnal phase of most grids
occurs in the late afternoon to midnight (around 18-00 LT, where LT stands for the lo-
cal time) for the two observational datasets (CMPA and IMERG, Figure 5a—f). The two
models” (ERA5 and GRIST, Figure 5g,h,j,k) precipitation amount and frequency show
a pronounced diurnal phase in the afternoon (around 12-18 LT) with only a few valleys
and basins showing a morning phase. Finer details can be revealed when zooming in on
smaller-scale regions. In YTRV, CMPA'’s rainfall amount and frequency diurnal phase
show a reliance on elevation (Figure 5a,b). In the low-lying river valley areas, especially
the northern part of the valley and the northwest of Lhasa (marked by a pentagram), CMPA
shows a rather late diurnal phase around midnight, while on the mountains to the north
and south of the valley, the diurnal phase is more likely to occur in the late afternoon.
IMERG’s diurnal phase in YTRV (Figure 5d,e) shows a similar pattern from afternoon
to midnight, 1-2 h earlier than CMPA. GRIST also demonstrates the elevation dependence
of precipitation amount and frequency’s diurnal phase (Figure 5 j,k) in YTRV. The valleys’
diurnal phase occurs in the late afternoon (18-20 LT), while the mountains” diurnal phase
occurs in the afternoon (13-16 LT). Though ERA5 underestimated frequency’s single-peak
feature in YTRYV, its amount and frequency diurnal phase have a similar distribution pattern
to that of GRIST.

CMPA

70E 80E 90E 100E 70E 80E 90E 100E 70E 80E 90E 100E

T2 s [+ Ts [T 8 ] s [1o[ 11[12[1s[i«[s[i6[i7[18[o[20[ 22228 .
Figure 5. Spatial distribution of the diurnal peaks (LT, left: amount, middle: frequency, right:
intensity) derived from CMPA (a—c), IMERG (d-f), ERA5 (g-i), and GRIST (j-1). The pentagram
indicates the location of Lhasa. The thick black contour depicts terrain heights of 2000 m, and the thin
black contours represent 1000 and 4750 m.
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In the EPTP region, CMPA’s amount and frequency diurnal phase have an intriguing
color pattern that changes from rose to dark blue and then to light blue and green from west
to east, indicating a transition in phase time from the late afternoon to midnight, and
then to the early morning (Figure 5a,b). IMERG also exhibits this color pattern, but with
a greater proportion of rosy hues, suggesting that more grids have a diurnal phase in the late
afternoon than CMPA (Figure 5d,e). ERA5 and GRIST failed to simulate the gentle transition
of the diurnal phase from west to east, but they show an abrupt shift from the afternoon
to late night. In the amount diurnal phase distribution (Figure 5gj), grids with an elevation
over 2000 m (thick black contour) present an afternoon diurnal phase. Grids between 1000
(thin black contour) and 2000 m show a mixture of a late night and early morning (ERA5)
or of an afternoon and midnight (GRIST) diurnal phase, and grids with an elevation
below 1000 m have a late night diurnal phase. However, in the frequency diurnal phase
distribution (Figure 5h,k), grids with an elevation above (below) 1000 m show an afternoon
(a late night) diurnal phase.

The intensity diurnal phase shows the fewest single-peak features among the three
precipitation variables across the TP. Thus, the spatial distributions of the intensity diurnal
phase in CMPA and IMERG both exhibit ‘image noises’ (Figure 5c¢,f). In other words, most
grids present rose and blue tones (late afternoon to late night) mixed with some green
and yellow tones (early morning to forenoon). Except for the image noises, CMPA’s and
IMERG's intensity diurnal phases are similar to their amount’s diurnal phases, respectively.
ERA5’s and GRIST’s intensity diurnal phases, which differ from their amount and fre-
quency afternoon phases, display more rose to light blue tones (late afternoon to late night)
over the TP (Figure 5i,1). Particularly for ERAS, there are more green and yellow grids
(early morning to afternoon) at the edge of the TP and large basins.

Figure 5 shows that, over the TP, the precipitation diurnal phases of ERA5 and
GRIST tend to occur several hours earlier than CMPA. Even the satellite observation
data, IMERG, show more late afternoon peaks, while CMPA presents more midnight to late
night peaks. The diurnal phase difference between the three datasets and CMPA is shown in
Figure 6. Blue (red) shading denotes an earlier (a later) diurnal phase than that of CMPA.
The advance or delay phenomena are more pronounced as the shading becomes darker, and
the dark gray shading denotes a diurnal phase difference of more than 10 h.
Except for regions north of 35° N and the southeastern fringe of the TP, where the di-
urnal phase variation is small, the diurnal phase difference between IMERG and CMPA
precipitation amount and frequency is minor (Figure 6a,b), ranging from —2 to 2 h (60.6%
of the grids for amount, and 58.8% for frequency). Since the distribution characteristics
of the precipitation amount and frequency diurnal phase difference of IMERG are relatively
similar, the precipitation amount is used as a representative for analysis here. In YTRYV,
51.6% of the grids are blue (phase difference between —1 and —10) and 29.8% are red
(1 to 10), and the blue grids are mostly concentrated in the low-altitude areas with the
late-night diurnal phase in CMPA. In EPTP, the coloring tone is almost exclusively light
blue, and the phase difference primarily ranges from 0 to —2 (77.4%). For the two simula-
tion datasets, ERA5 and GRIST, the diurnal phase differences in precipitation amount and
frequency have darker hues. In addition to South Asia and the two major basins (Tarim
and Qaidam), dark blue and dark red are predominantly distributed in locations with
substantial relief amplitude, such as the edges of the TP and the river valleys on the TP. In
the study area, the diurnal phase differences of the two datasets are mainly earlier than
CMPA. Among them, 52.2% (63.7%) of the grids of ERA5 have a precipitation amount (fre-
quency) with a diurnal phase deviation of —1 to —10 h, about 4.8 (5.2) h earlier than that of
CMPA on average (Figure 6d,e). GRIST has 56.5% (65.8%) of the grids” amount (frequency)
diurnal phase deviations between —1 and —10 h, with an average advance of about 5 (5.1) h
(Figure 6g,h). In the YTRV region, ERA5 and GRIST also largely underestimate nocturnal
rainfall. The valley’s north side is dominated by dark blue and gray hues, while the color
fades on the north and south sides of the mountain slopes. The diurnal phase difference
of ERADb rainfall frequency even has a small fraction of red area in the northeast of Lhasa,
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where ERA5 shows an early morning peak. In EPTP, the relationship between phase dif-
ference and terrain altitude is more visible. The dark area with a large deviation nearly
never appears below 1000 m, and, with the ERA5 precipitation amount, it rarely appears
below 2000 m. The dark color in Figure 6e,g,h is predominantly blue. These dark blue
and black portions are mainly distributed around the 2000 m contour line, and the color
blue becomes lighter (the diurnal phase difference decreases) in the western part of the
TP. The diurnal phase difference of the ERA5 precipitation amount has a narrow red band
to the west of the 2000 m contour line in EPTP. In this region, the amount of ERA5 peaks
in the morning. This is mostly owing to the fact that the region’s rainfall intensity peaks
in the early morning. Intensity shows the fewest single-peak features among the three
precipitation features. Consequently, the distribution of the diurnal phase difference in pre-
cipitation across the three datasets is more disorderly (Figure 6¢,f,i). In each set of data,
the distribution of the intensity diurnal phase difference is analogous to that of the rainfall
amount’s diurnal phase difference. However, there are fewer blue grids (50.2% for IMERG,
38.1% for ERA5, and 41% for GRIST) than those of the amount. In conjunction with altitude,
the diurnal phase of intensity will be analyzed in more detail in Section 3.2.

(b) frq
N 4=

e

IMERG-CMPA

At

70E 80E 90E 100E 70E 80E 90E 100E 70E 80E 90E 100E

70E 80E 90E 100E 70E 80E 90E 100E 70E 80E 90E 100E

[T [ [ [ 1 1 [ .

-11-10 9 8 -7 6 5 4 3 -2 1 0 1 2 83 4 5 6 7 8 9 10 11

Figure 6. Spatial distribution of the diurnal phase differences (hour, left: amount; middle: frequency;
right: intensity) between IMERG and CMPA (a—c), between ERA5 and CMPA (d-f), and between
GRIST and CMPA (g-i).The pentagram indicates the location of Lhasa. The thick black contour
depicts terrain heights of 2000 m, and the thin black contours represent 1000 and 4750 m.

3.2. Elevation Dependence of Hourly Precipitation Characteristics

As shown in Section 3.1, ERA5 and GRIST can nicely reflect the spatial character-
istics of precipitation amount over the TP. However, the evaluation of the distribution
of frequency and intensity, as well as the diurnal phase of precipitation, has shown that
these two products also possess issues in most numerical models that employ cumulus
parameterization schemes. In addition, these issues are closely related to the elevation
of the TP. Thus, the elevation dependence of different precipitation features is analyzed
for further assessment.

Figure 7 shows the elevation dependence of precipitation amount, frequency, and
intensity in the YTRV and EPTP regions. In YTRYV, the two simulation datasets consis-
tently overestimate the amount and frequency of precipitation at all elevations compared
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to CMPA (Figure 7a,b), whereas they all underestimate the intensity, except at 3000-3500 m
(Figure 7c). Comparing IMERG and the two simulation datasets to CMPA, the deviation
of the IMERG (red line and dots) precipitation is minimal at almost all heights. ERA5’s
(violet line and dots) bias in frequency and intensity is the most severe at all heights;
However, below 5000 m, GRIST (green line and dots) has the most significant deviation
in precipitation amount. The probability distribution function (PDF) of elevation in YTRV
is shown in Figure 7d. Most grids (81.6%) have an elevation between 4500 and 5500 m,
whereas just 0.3% (5 grids) have an elevation between 3000 and 3500 m. Therefore, only
the grids over 3500 m in YTRYV are discussed. The amount and frequency of CMPA (black
line and dots) peak between 4000 and 4500 m, while the intensity peaks at low altitudes;
and all three variables decrease as altitude rises. Differing from CMPA, IMERG’s precipi-
tation frequency increases as elevation rises and reaches a maximum between 5000 and
5500 m. Though ERA5’s rainfall intensity varies little with altitude, ERA5 and GRIST can
reproduce the relationship between precipitation and altitude changes in YTRV.
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Figure 7. Elevation dependence of mean precipitation variables (first column: amount (mm/h);
second column: frequency (%); third column: intensity (mm/h)) in selected sub-regions, YTRV
(a—c) and EPTP (e-g). The black line and dots stand for the CMPA dataset, red for IMERG, violet
for ERA5, and green for GRIST. The right-most column shows the probability density function (PDF)
of elevation ((d): YTRV and (h): EPTP).

The altitude range in the EPTP region is quite extensive, with the lowest altitude
being 390 m and the highest being 5122 m. According to Figure 7h, the elevation of nearly
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half of the grids (48.9%) lies between 3500 and 4500 m, while only one grid is higher
than 5000 m. The following analysis mainly focuses on grids below 5000 m in EPTP.
Except for the underestimation of precipitation intensity above 3500 m, the precipita-
tion with the altitude curve of IMERG in EPTP is nearly identical to that of CMPA
(Figure 7e-g). The simulated precipitation amount against altitude curves generated
by ERAS5 is comparable to CMPA, with only a tiny overestimation above 1000 m
(Figure 7e). In contrast, GRIST considerably overestimates the amount of EPTP at all alti-
tudes, although this wet bias diminishes as height increases. However, ERA5 significantly
overstates the frequency of precipitation (Figure 7f) at each height and underestimates
the intensity (Figure 7g). In regions above 1000 m, the CMPA precipitation frequency
is approximately 25%, whereas the ERA5 frequency surpasses 60% (Figure 7f). GRIST’s
frequency is less than ERA5’s but still exceeds 45%. At an altitude of 3000-3500 m, CMPA
precipitation intensity is at its lowest (Figure 7g). However, the intensity of precipitation
simulated by ERA5 and GRIST diminishes with height. Furthermore, ERA5 has the most
apparent underestimation of precipitation intensity in low-altitude regions (0-500 m,
—1.42 mm/h) because its intensity remains weak at various altitudes. In contrast, GRIST’s
intensity underestimation is more evident in high-altitude regions (4500-5000 m,
—0.62 mm /h) since the model failed to replicate the rise in precipitation intensity above
3000 m.

Figure 8 and 9 depict the elevation dependency of the diurnal harmonic in YTRV
and EPTDP, respectively. In YTRYV, altitude ranges are separated into five 500 m blocks
(e.g., 3500—4000 m, 40004500 m, etc.). In EPTP, altitude ranges are separated into five
1000 m blocks (e.g., 0-1000 m, 1000-2000 m, etc.). Horizontal solid black lines separate
different altitude blocks, and the dashed gray line in the center of each block represents
the zero line. The elevation of each panel rises from bottom to top, and the top panel
displays the mean diurnal harmonic of the region. As the altitude of YTRV rises from
3500 to 6000 m, the diurnal phase of CMPA precipitation changes from 17 to 20 LT
(Figure 8a). The diurnal phase changes from 18 to 19 LT and from 16 to 21 LT, respectively,
for the CMPA’s frequency and intensity (Figure 8b,c). IMERG shows more high-altitude
(less nocturnal precipitation) features here, with its diurnal phase in amount, frequency,
and intensity all present 1-2 h earlier than CMPA at almost all heights. In YTRYV, the ability
of ERAS to replicate the diurnal phase of precipitation with altitude is insufficient, and
the diurnal phase precipitation amount and frequency are almost unchanged by height, re-
maining between 13-14 LT and 12-13 LT. Although the diurnal phase of ERA5 precipitation
intensity changes from 19 to 16 LT as altitude increases, it occurs 1-2 h earlier than CMPA.
GRIST can simulate the characteristic that the diurnal phase of precipitation advances
gradually with altitude. The changes in the amount, frequency, and intensity’s diurnal
phases with increases in altitude are from 16 to 13 LT, from 14 to 12 LT, and from 19 to 17 LT,
respectively, all occurring earlier than CMPA. For ERA5 and GRIST’s precipitation diurnal
phases in YTRYV, the lower the altitude, the more pronounced this earlier characteristic.

With increasing elevation, the diurnal phase of precipitation amount, frequency, and in-
tensity in CMPA transitioned from midnight to evening in EPTP (from 0 to 18 LT for amount,
from 23 to 18 LT for frequency, and from 23 to 19 LT for intensity; Figure 9a—c). IMERG has
the same characteristics as CMPA, but the diurnal phase is 1-3 h earlier, and the higher
the altitude, the more pronounced this earlier characteristic becomes. Although ERA5 can
simulate the midnight peak of amount and intensity below 2000 m, its forenoon (amount
and frequency) or early morning (intensity) peak time in the region above 2000 m is dra-
matically different from CMPA and IMERG. Therefore, there is still a significant deviation
in the simulation of the diurnal phase of precipitation in EPTP by ERAS5. The characteristic
that the diurnal phase of precipitation increases with altitude can be simulated by GRIST.
The variations of the amount, frequency, and intensity’s diurnal phases with increases in
altitude are from 21 to 12 LT, from 14 to 12 LT, and from 19 to 17 LT, respectively, and all
occur earlier than CMPA with the maximum biases appearing at 2000-3000 m. Even so,
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the bias of GRIST intensity’s diurnal phase is relatively tiny, occurring no more than 2 h
earlier than CMPA.

In addition, the diurnal harmonic curves can reflect the the elevation dependence of
diurnal amplitude in each dataset. IMERG’s diurnal amplitudes in the two sub-regions
are consistent with CMPA, except for its diurnal amplitudes of precipitation amount and
frequency in YTRV, which are slightly larger than CMPA. ERA5 and GRIST, especially
GRIST, significantly overstated the diurnal amplitude of precipitation frequency. ERA5
greatly underestimated the diurnal amplitude of precipitation intensity at all elevations.
In the two sets of observational data, the diurnal amplitude of precipitation amount and
intensity declines with height, and the diurnal amplitude of frequency does not exhibit
a noticeable change pattern with height. However, the two models” diurnal amplitude
of frequency increases with altitude. Combining Figures 8b and 9b indicate that, at areas
above 1000 m, the precipitation frequencies of ERA5 and GRIST exhibit a fairly consistent
peak around midday. It is nearly in the opposite phase of the observed data at certain
heights. These two features of model precipitation frequency may have a strong connection
to cumulus parameterization.
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Figure 8. Elevation dependence of the diurnal harmonic of precipitation variables ((a) amount
(mm/h); (b) frequency (%); (c) intensity (mm/h)) in YTRV. Horizontal solid black lines separate
different altitude blocks, and the horizontal dashed gray line in the center of each block marks the zero
line. The altitude of each block increases from bottom to top, with the mean diurnal harmonic of YTRV
displayed in the block at the top. The labels on the right Y-axis represent the values of the diurnal
harmonic curve, with positive (negative) values above (below) the zero line (negative). The labels
on the left Y-axis indicate the altitude intervals represented by each subgraph. The X-axis indicates
the hour (local time) of the 24-h rainfall cycle. Black stands in for the CMPA dataset, red for IMERG,
violet for ERA5, and green for GRIST.
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Figure 9. Elevation dependence of the diurnal harmonic of precipitation variables ((a) amount
(mm/h); (b) frequency (%); (c) intensity (mm/h)) in EPTP. Horizontal solid black lines separate
different altitude blocks, and the horizontal dashed gray line in the center of each block marks
the zero line. The altitude of each block increases from bottom to top, with the mean diurnal
harmonic of EPTP displayed in the block at the top. The labels on the right Y-axis represent the values
of the diurnal harmonic curve, with positive (negative) values above (below) the zero line (negative).
The labels on the left Y-axis indicate the altitude intervals represented by each subgraph. The X-axis
indicates the hour (local time) of the 24-h rainfall cycle. Black stands in for the CMPA dataset, red
for IMERG, violet for ERA5, and green for GRIST.

The frequency—intensity distribution is a critical element of climatological rainfall
features and a crucial metric for assessing model competence [23]. Figures 10 and 11 present
the precipitation frequency-intensity structure at various altitudes averaged in YTRV and
EPTP; the altitude bins are the same as Figures 8 and 9, respectively. The precipitation
frequency distribution for weak intensities (0.1-1 mm/h) is shown in the left column, and
the frequency distribution for all intensities (0.1-5 mm/h) is shown in the right column
with logarithmic coordinates. The bias in the precipitation intensity structure is a prevalent
issue in climate models [23,54,55], where light precipitation is overestimated and heavy
precipitation is underestimated The hourly frequencies of all three datasets are more than
that of CMPA (black line) for intensities less than 0.7 mm/h (Figures 10a and 11a) and less
than that of CMPA for intensities greater than 1 mm/h (Figures 10b and 11b). In YTRV
and EPTP, the frequency of CMPA heavy precipitation varies little with height, whereas
the frequency of light precipitation increases somewhat with altitude. The frequency-
intensity structure of IMERG is the most similar to that of CMPA, followed by GRIST,
while ERAS is the worst. For these three datasets, the frequency of heavy precipitation
reduces with height, and the increase of light rain with altitude is more pronounced than
that of CMPA. Consequently, in the two studied sub-regions, the precipitation frequency—
intensity structures of the three datasets are more consistent with CMPA at relatively
lower altitudes, and the overestimation of the weak precipitation and the underestimation
of the heavy rainfall become more apparent as the altitude increases.
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Figure 10. Elevation dependence of frequency-intensity structure in YTRV. (a) precipitation fre-
quency distribution for weak intensities (0.1-1 mm/h); (b) precipitation frequency distribution for all
intensities (0.1-5 mm/h) with logarithmic coordinates. Horizontal solid black lines separate different
altitude blocks. The altitude of each block increases from bottom to top, with the mean frequency-
intensity structure of YTRV displayed in the block at the top. The labels on the right Y-axis represent
the frequency (%). The labels on the left Y-axis indicate the altitude intervals represented by each
subgraph. The X-axis indicated different rainfall intensities (mm/h). Black stands in for the CMPA
dataset, red for IMERG, violet for ERA5, and green for GRIST.
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Figure 11. Elevation dependence of frequency-intensity structure in EPTP. (a) precipitation frequency
distribution for weak intensities (0.1-1 mm/h); (b) precipitation frequency distribution for all in-
tensities (0.1-5 mm /h) with logarithmic coordinates. Horizontal solid black lines separate different
altitude blocks. The altitude of each block increases from bottom to top, with the mean frequency-
intensity structure of EPTP displayed in the block at the top. The labels on the right Y-axis represent
the frequency (%). The labels on the left Y-axis indicate the altitude intervals represented by each
subgraph. The X-axis indicated different rainfall intensities (mm/h). Black stands in for the CMPA
dataset, red for IMERG, violet for ERA5, and green for GRIST.
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4. Discussion

The diurnal phase deviation characteristics of the two sets of model results (ERA5
and GRIST) have a clear relation with the topography, and their deviations are similar.
These biases in the diurnal phase may be related to the convective parameterization
schemes, while the advantages of the two models manifest themselves in various ways.
The relationship between elevation and precipitation amount of ERA5 is much closer
to that of CMPA in EPTP. GRIST reproduces the spatial distribution of frequency and
intensity, frequency—intensity structure, as well as their variations with altitude more realis-
tically. This demonstrates that the realistic circulation in ERA5 can generate a more reliable
precipitation amount under resolvable large-scale terrain. Nonetheless, the simulation
of precipitation in ERAD is less satisfactory under small-scale terrain that the grid spacing
cannot resolve. The kilometer-scale GRIST depicts finer topography and performs more
realistic hourly-scale precipitation characteristics as well as precipitation under small-scale
terrain. Despite the metrics provided in this study, an in-depth investigation is still needed
to understand the processes that terrain affects in complicated terrain areas in numerical
models. Subsequent research may focus on the variable scale circulation and investigate
the key parameters that influence the distribution and evolution of precipitation.

The horizontal resolution is another key element influencing the performance of the two
datasets. We compared the current 36 day integration results and the 5 year integration
results of GRIST. The two sets of GRIST model experiments with different resolutions and
integration periods exhibit a similar diurnal phase of precipitation amount over the TP [56].
This demonstrates the consistency and robustness of the GRIST simulation under different
resolutions. To further understand the influences of model resolution, future work is also
needed to compare the results of GRIST with various resolutions.

CPTP is a project dedicated to enhancing our understanding of precipitation in the TP
region with the help of high-resolution modeling. The study period coincides with the mon-
soon case of CPTP, with the vision of providing references for this project. To better
comprehend the performance of high-resolution precipitation data, such as satellite and
model products over the Tibetan Plateau, the elevation dependence of precipitation is
a useful metric. At the same time, these features provide an insightful perspective to
analyze the influence of topography on the bias of model precipitation.

5. Conclusions

In this study, the detailed hourly precipitation characteristics from two different
precipitation products (i.e., global reanalysis ERA5 and variable-resolution global model
GRIST) over the TP have been thoroughly investigated by using the satellite-gauge merged
rainfall product (CMPA), and the satellite-retrieved precipitation estimate from IMERG is
also evolved to represent uncertainties among different observations.

The main findings of this study are summarized as follows:

1. The precipitation of IMERG generally has a good consistency with CMPA, although
its diurnal peak occurs 1-2 h earlier. This kind of difference in the diurnal variations
exhibits different behaviors at different altitudes. Compared with CMPA, IMERG
depicts the same midnight peak in low-altitude regions (namely the Sichuan Basin)
but shows less nocturnal precipitation over the TP. Therefore, the difference between
the precipitation phase of IMERG and CMPA in YTRV (EPTP) diminishes (increases)
with altitude.

2. ERAD5 could well represent the spatial distribution of the precipitation amount and its
variations changing with altitudes (especially in a large-scale terrain such as EPTP).
However, in terms of the diurnal variations, as well as the hourly precipitation
frequency and intensity, there is a notable difference between ERA5 and CMPA.
Over the TP, ERAS failed to reproduce the diurnal phase and the amplitude of pre-
cipitation. The precipitation frequency in ERA5 has a near-uniform peak at local
noon time above 1000 m, while the diurnal amplitude of precipitation intensity is
small. ERAS5 significantly overestimates (underestimates) the frequency (intensity)
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of precipitation at various altitudes because it frequently generates weak precipitation
and underestimates the frequency of heavy precipitation.

3. GRIST has a greater resemblance to the CMPA, in terms of the spatial distribution
of precipitation frequency and intensity, as well as the elevation dependence, com-
pared with ERAS. Although the precipitation frequency in GRIST also tends to peak
at noon time, the diurnal cycle of the precipitation intensity at different altitudes
is comparable to CMPA, which contributes to its diurnal phase of the precipitation
amount with a smaller bias than that of ERA5. In addition, the hourly precipita-
tion frequency—-intensity structure at various altitudes has also been well simulated
in GRIST, although there is a larger overestimation (underestimation) of the frequency
of light precipitation (heavy precipitation) as the altitude increases, which results
in a negative bias of precipitation intensity, and a positive bias of amount and fre-
quency over the TP.

This analysis provides important insight regarding the spatial distribution and eleva-
tion dependence of the hourly-scale precipitation characteristics of CMPA, IMERG, ERAS,
and GRIST over the Tibetan Plateau. As such, the results are helpful for understanding
the biases of simulated precipitation in complex terrain.
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