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Abstract: This study presents an assessment of the version-6 (V06) of the Integrated Multi-satellitE
Retrievals for Global Precipitation Measurement (IMERG) product from June 2014 to December 2017
over different hydro-climatic regimes in the Tianshan Mountains. The performance of IMERG-V06
was compared with IMERG-V05 and the Tropical Rainfall Measuring Mission (TRMM) 3B42V7
precipitation products. The precipitation products were assessed against gauge-based daily and
monthly precipitation observations over the entire spatial domain and five hydro-climatologically
distinct sub-regions. Results showed that: (1) The spatiotemporal variability of average daily
precipitation over the study domain was well represented by all products. (2) All products showed
better correlations with the monthly gauge-based observations than the daily data. Compared
to 3B42V7, both IMERG products presented a better agreement with gauge-based observations.
(3) The estimation skills of all precipitation products showed significant spatial variations. Overall
performance of all precipitation products was better in the Eastern region compared to the Middle
and Western regions. (4) Satellite products were able to detect tiny precipitation events, but they were
uncertain in capturing light and moderate precipitation events. (5) No significant improvements in the
precipitation estimation skill of IMERG-V06 were found as compared to IMERG-V05. We deduce that
the IMERG-V06 precipitation detection capability could not outperform the efficiency of IMERG-V05.
This comparative evaluation of the research products of Global Precipitation Measurement (GPM)
and TRMM products in the Tianshan Mountains is useful for data users and algorithm developers.

Keywords: satellite precipitation; GPM; IMERG-V06; TRMM; Tianshan Mountains; performance
evaluation

1. Introduction

Precipitation plays a key role in the hydrological cycle, and the acquisition of accurate and reliable
precipitation data is pre-requisite for many hydrological, climatological, meteorological, ecological,
and environmental applications. Traditionally, rain gauges are regarded as the most reliable and direct
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source of precipitation information [1]. However, in many physically inaccessible and developing areas,
rain gauges are usually unavailable or sparse, causing uncertainties in the delineation of the spatial
distribution of precipitation [2,3]. Furthermore, heterogeneity, wind-induced errors, and missing
values in the gauge-based observations hamper their use for several applications [4]. These limitations
of gauge-based observations are also true for the Tianshan Mountains in Central Asia [5]. Thus, it is
essential to discover other suitable proxies of precipitation data. The satellite-based precipitation
products (SPPs) are able to overcome the limitation of data sparsity by providing uninterrupted
precipitation estimates at fine spatiotemporal resolutions [6,7].

Currently, several SPPs are available for research and scientific applications [8,9]. Generally, these
products provide precipitation estimates from the infrared (IR) or passive microwave (MW) fields [10],
or by merging both of these fields [11,12]. Satellite-based precipitation estimation algorithms are
designed to retrieve the amount of precipitation from the cloud top temperature and atmospheric water
content data from the IR sensors mounted on satellites in geosynchronous orbit (GEO) [9]. Similarly,
satellite-based precipitation retrieval algorithms are able to estimate precipitation rates from the cloud
profiles and atmospheric constituent information from the passive MW sensors mounted on the satellite
in low Earth orbit (LEO) [13]. The estimates obtained from IR sensors (with fine spatiotemporal
coverage) and MW sensors (higher precision and good relationship with rainfall) are often merged
to provide better information of precipitation occurrence [14]. Many satellite-based products have
been introduced by merging IR and MW data, such as the Global Satellite Mapping of Precipitation
(GSMaP) [15], Tropical Rainfall Measurement Mission (TRMM) Multi-Satellite Precipitation Analysis
(TMPA) [9], the Climate Prediction Center Morphing Technique (CMORPH) [16], and Precipitation
Estimation from Remotely Sensed Information using Artificial Neural Network (PERSIANN) [17].
Among all of these products, the TRMM-based precipitation estimates have been widely utilized
for different applications in tropical and sub-tropical regions [18–21]. The TRMM, developed by the
National Aeronautics and Space Agency (NASA) and the Japan Aerospace and Exploration Agency
(JAXA), has been providing uninterrupted precipitation estimates since 1997. To directly estimate
the precipitation quantity from space, a space-borne precipitation radar (PR) was incorporated in the
TRMM. This project provides precipitation estimates over a spatial domain of 50◦ N to 50◦ S at fine
spatial (0.25◦ × 0.25◦) and temporal (3 h) resolutions. The precipitation estimates from TRMM have been
assessed against in situ gauge-based observations in different topographic, hydrological, and climatic
regimes, and have been recommended for hydrological simulations [18,22–24], agriculture [25], flood
monitoring [26], drought analysis [21], and soil moisture estimation [27].

After the success of the TRMM project, the core satellite for the Global Precipitation Measurement
(GPM) Mission was launched by NASA and JAXA in February 2014. With the aim of providing more
precise and reliable precipitation estimates at fine spatiotemporal resolutions, the dual-frequency
precipitation radar (DPR), the first of its kind, was incorporated in the GPM core observatory.
This mission is providing Integrated Multi-satellitE Retrievals for GPM (IMERG) precipitation estimates
at 30-min time intervals and 0.1◦ grid-scale [28]. The algorithm of IMERG provides precipitation
estimates after integrating, interpolating, and intercalibrating IR and MW information obtained from
the algorithms of TRMM, PERSIANN, and CMORPH. The GPM-based precipitation estimates are
available at Early-run, Late-run, and Final-run levels. Among these runs, only Final-run estimates
are adjusted using monthly precipitation data of the Global Precipitation Climatology Centre (GPCC).
The first research version (V03) of precipitation estimates from IMERG was released in early 2014.
The advantages and disadvantages of IMERG-V03 were widely investigated in different topographical,
hydrological, and climatic conditions worldwide [29–32]. After improving the algorithm, a new
version (V04) of IMERG was released in March 2017. Likewise IMERG-V03, the precision and error
characteristics of IMERG-V04 were also investigated worldwide [11,33–36]. Considering the reported
performance of IMERG-V04 in different climatic and topographic conditions, the precipitation retrieval
algorithm was modified again, and the new version (V05) of IMERG was introduced in November 2017.
Several studies have documented the performance of the IMERG-V05 product worldwide [37–41].
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After enhancing the precipitation retrieval algorithm, NASA Goddard Space Flight Center (GSFC)
released the latest version (V06) of IMERG in March 2019. The main aim of the enhancements in the
algorithms of IMERG products is to provide the most suitable alternative to ground-based stations.

Although several previous studies have reported the performance of satellite-based precipitation
products (including GPM- and TRMM-based products) in central Asia [41–44], the error characteristics
and enhancements in the latest version of IMERG-V06 have not yet been reported. Comparative
evaluations of this newly released precipitation product in different topographic conditions and
climatic systems are very important for further enhancements in algorithms, and for hydrological,
meteorological, agricultural, environmental, and ecological studies.

In this study, advantages and error characteristics of the recently released IMERG-V06 product
were assessed and compared with the IMERG-V05 and 3B42V7 products in the Tianshan Mountains
range, North-Western China. The satellite-based precipitation products were evaluated with reference
to the in situ gauge-based daily and monthly precipitation data over the entire spatial domain and five
sub-regions for the period from June 2014 to December 2017. This is the first study aiming to provide
information about the error characteristics of IMERG-V06 in the Tianshan Mountains. The IMERG-V05
and 3B42V7 products were assessed to provide a clear perspective of the advantages and disadvantages
of the latest version of IMERG.

2. Materials and Methods

2.1. Study Area

The performance of three SPPs was assessed over the Tianshan Mountains (Figure 1), the largest
mountain system in central Asia. These mountains are located on the northwestern periphery of
China [45], and their estimated area is about 800,000 km2 [5]. The total stretch (from east to west)
of the Tianshan Mountains is about 2000 km, and about 1700 km is in China [46]. This region has
a very complex topography; the elevation varies from 7094 to 1173 m with a west to east gradient.
The orientation and altitude of these mountains have a substantial influence on the patterns of regional
weather and spatiotemporal distribution of precipitation [5]. These mountains experience a continental
arid climate because they are at the furthest distance from the oceans (compared to the other large
mountain systems in the world) [45]. These mountains contain several intermountainous river basins,
glaciers, desert oases, and valleys [45,47]. The westerly circulation system and regional orographic
lifting are the main sources of precipitation. Precipitation varies greatly with space and time (Figure 2),
with more precipitation in summer and less precipitation in winter. Considering the accessibility of
gauge-based precipitation data, only the Chinese part of these mountains (between latitudes 39◦–46◦ N
and longitudes 74◦–96◦ E) (Figure 1) was selected for the assessment of SPPs. On the basis of distinct
hydroclimatic conditions, these mountains can be divided into five sub-regions: East Tianshan (1),
Middle Tianshan (2), Yili Valley (3), Boertala Valley (4), and West Tianshan (5). The sub-regional
boundaries (as shown in Figure 1) were delineated by following Xu et al. [5]. The general characteristics
of considered sub-regions are presented in Table 1. The Yili Valley experienced the highest average
annual precipitation, while the lowest average precipitation was observed in the West Tianshan region
(Figure 2). In the study domain, June was the month of highest precipitation while February was the
month of lowest precipitation.
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Figure 1. (a) Geographical location of the Tianshan Mountains. (b) Extent and topography of the
Tianshan Mountains, boundaries of the sub-regions, and locations of the rain gauges.

Figure 2. Average monthly precipitation over the (a) five sub-regions and (b) entire study domain.
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Table 1. Characteristics of five sub-regions of the Tianshan Mountains.

Subregion Area (km2)
Elevation Range

(m)
Mean Elevation

(m) Gauging Stations

East Tianshan 58,850.36 1203–5426 2001.60 11
Middle Tianshan 55,118.30 1223–5152 2808.20 9
Boertala Valley 19,062.98 1173–4685 2372.30 4

Yili Valley 33,096.75 1225–4501 2366.50 4
West Tianshan 87,860.41 1218–7094 2542.00 9

2.2. Datasets

The daily precipitation records of 37 in situ gauges were obtained from the China Meteorological
Administration (CMA). The geographical locations of considered gauging stations are presented in
Figure 1. The Chinese National Meteorological Information Centre had ensured the high quality of daily
time-series data of the selected gauging stations. Moreover, many recent hydrological and climatological
studies have successfully utilized the precipitation data of the considered gauging stations [5,41,44,48].
Considering the availability and quality of the gauge-based observations, this study was designed for
the period from June 2014 to December 2017.

The TRMM-based precipitation estimates at 0.25◦ × 0.25◦ spatial and 3-h temporal resolutions
were acquired from the website of NASA (http://disc2.nascom.nasa.gov/tovas/). The GPM-based
half-hourly estimates at 0.1◦ × 0.1◦ grid-scale were downloaded from the website (http://pmm.nasa.gov/

data-access/downloads/gms). The daily precipitation estimates of both IMERG products were obtained
by accumulating half-hourly estimates, whereas the daily TRMM-based precipitation estimates were
obtained by accumulating the three-hourly estimates. The GPM- and TRMM-based precipitation
products are accessible at UTC 0, whereas gauge-based observations in the Tianshan Mountains are
available at UTC 8. Considering the different reporting times of the gauge- and satellite-based data,
we followed Cai et al. [49] to convert the satellite-based estimates to UTC 8.

2.3. Methods

The quality of three SPPs (IMERG-V05, IMERG-V06, and 3B42V7) was assessed against
gauge-based daily and monthly observations in the Tianshan Mountains. The SPPs were evaluated at
the point-to-pixel, sub-regional, and regional scales for the period from June 2014 to December 2017.
For the analysis, only those grids of IMERG-V05, IMERG-V06, and 3B42V7 products containing the in
situ gauging stations were selected, following Wang et al. [40].

The statistical measures used to assess the performance of SPPs were the correlation coefficient
(CC), root mean square error (RMSE), BIAS, relative Bias (rBias), probability of detection (POD), false
alarm ratio (FAR), success ratio (SR), and critical success index (CSI). Previously, several researchers
have computed these measures to assess the performance of satellite-based products in different
regions of the world [3,11,42,50–54]. The ability of SPPs to track the spatial and temporal variabilities of
precipitation over the study domain was also analyzed. Maps of the spatial distribution of gauge-based
and remotely sensed precipitation data were developed to analyze the ability of SPPs to represent the
spatial variation of observed precipitation. The time series of gauge-based and satellite-based average
daily precipitation were compared to analyze the ability of SPPs to monitor the temporal variability of
observed precipitation.

The CC (dimensionless) was computed to analyze the linear consistency between the satellite-based
and gauge-based (reference) precipitation data. The BIAS was estimated to measure the dissimilarity
(in mm), overestimation or underestimation, between the reference and satellite-based estimates.
The rBias was estimated to quantify the relative difference (%) between reference and satellite-based
data. The RMSE was estimated to know the average magnitude of error (in mm) in the estimates
of SPPs.

http://disc2.nascom.nasa.gov/tovas/
http://pmm.nasa.gov/data-access/downloads/gms
http://pmm.nasa.gov/data-access/downloads/gms
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The CC, BIAS, rBias, and RMSE were estimated using the following equations:

CC =

∑n
i=1 (Ri − S)(Si − S)√∑n

i=1 (Ri −R)
2
×

√∑n
i=1 (Si − S)

2
, (1)

BIAS =

∑n
i=1 (Si −Ri)

n
, (2)

rBias =
∑n

i=1 (Si −Ri)∑n
i=1 Ri

× 100, (3)

RMSE =

√√
1
n

n∑
i=1

(Si −Ri)
2, (4)

where Ri indicates the reference precipitation; R shows the average of the reference precipitation;
Si represents the satellite precipitation; S shows the average of satellite precipitation; and n represents
the total number of observations from the gauges/satellite-based products.

A satellite-based product is regarded as perfect if the BIAS and RMSE are zero, and the CC is
1. Previous studies [54,55] have defined the threshold values of rBIAS and CC for the acceptable
performance of precipitation products. According to those studies, the performance of a precipitation
product is satisfactory if the estimated value of rBias is within the range of −10% to 10% and CC is
higher than 0.7. The positive/negative values of BIAS represent the overestimation/underestimation of
precipitation magnitude.

The probability density function (PDF) of daily precipitation events recorded by the reference
gauges and three satellite products (3B42V7, IMERG-V05, and IMERG-V06) was assessed at different
thresholds. In this study, the thresholds of daily precipitation rates were selected by following the
guidelines of the World Meteorological Organization (WMO). The PDFs were evaluated for the entire
study domain and for the five sub-regions.

The POD was estimated to analyze the fraction of precipitation events that were accurately
reported by the satellite product to the total events recorded by the gauging station. The FAR was
computed to describe the ratio of precipitation events that were falsely reported by the product to
the total number of events reported by that product. The CSI was estimated to know the ratio of
precipitation events that were accurately reported by the product to the total number of recorded and
reported events. A high value of POD indicates a better detection skill of a precipitation product,
a high value of FAR indicates a high ratio of falsely detected events, and a high value of CSI indicates a
high ratio of accurately detected events. In this analysis, the threshold value for the estimation of POD,
FAR, and CSI was selected as 1 mm/day, following [18,39].

The mathematical expressions for POD, FAR, and CSI are presented below:

POD =
H

H + M
, (5)

FAR =
F

H + F
, (6)

CSI =
H

H + F + M
. (7)

In these equations, H indicates the total number of events when a precipitation product was
successful in capturing the occurrence of precipitation recorded by the reference station; F is the total
number of events that were falsely represented by the precipitation product; and M represents the total
number of events that were missed by the precipitation product. The perfect values for both POD and
CSI are unity, while the perfect value for FAR is zero.
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Moreover, Taylor diagrams were used to provide a concise summary of the performances of the
SPPs with reference to the gauge-based data. These mathematical diagrams are able to display the
relative skill of SPPs by exploiting the relationship between CC and normalized RMSE and standard
deviation (SD) [56]. In these fan-shaped diagrams, the angular coordinates represent the CC values,
concentric semi-circles indicate the RMSE values, and radical coordinates show the values of SD.
In these diagrams, a lesser distance between the reference point and satellite point represents a better
performance of that product. The performance of a satellite-based precipitation product was considered
satisfactory if its CC value was higher than 0.70 and its value of normalized RMSE was lower than
0.50 [57].

3. Results

3.1. Ability of Satellite Products to Represent. the Spatiotemporal Variability of Precipitation

Figure 3 demonstrates the comparison of the spatial variation of average daily precipitation
obtained from the in situ gauging stations and three SPPs over the entire study domain from June
2014 to December 2017. A strong influence of local topographic transitions on the magnitude of daily
precipitation was found. The spatial distribution of average daily precipitation from all data sources
(gauge-based and satellite-based) showed higher magnitudes of precipitation over relatively high
altitudes. The magnitude of daily precipitation was less over the intermountainous areas. Compared
to other sub-regions of the Tianshan Mountains, the average daily precipitation was highest in the Yili
Valley (1.25 mm/day). The southern fringe of the study domain had lower precipitation. Gauge-based
records showed a gradual decrease in the average daily precipitation amounts from the northwest to
the southeast. Similar distributions of average daily precipitation in the Tianshan Mountains were
found in a previous study [41]. Generally, all SPPs were able to capture the spatial distribution
of precipitation, albeit SPPs showed considerable overestimation/underestimation of precipitation
amounts at different stations.

Figure 3. Spatial distribution of average daily precipitation obtained from (a) in situ gauges,
(b) IMERG-V05, (c) IMERG-V06, and (d) 3B42V7 over the Tianshan Mountains from June 2014
to December 2017.
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Figure 4 shows the comparison of temporal variations of average daily precipitation obtained
from the in situ gauging stations and three SPPs in the study domain. The time series of average
daily precipitation was estimated by taking an average of daily data from the gauges, IMERG-V05,
IMERG-V06, and 3B42V7 for the period from June 2014 to December 2017. Previously, Palomino-Angel
et al. [10] used the same method to compare the reference and satellite-based mean daily precipitation
over northwestern South America. Visual inspection of the results suggests that all SPPs were generally
able to reproduce the temporal variation of observed precipitation. However, two months (July and
September) of high-intensity precipitation were identified; these months were captured well by all
SPPs. However, observed daily precipitation data (from gauges) varied more than the estimated
precipitation data (from SPPs). Gauge-based daily precipitation varied between 0.00 and 5.95 mm/day,
with an average of 0.65 mm/day. In comparison, the precipitation estimates from the SPPs varied
between 0.00 and 4.08 mm/day (average daily = 0.67 mm/day) for IMERG-V05, between 0.00 and
4.03 mm/day (average daily = 0.64) for IMERG-V06, and between 0.00 and 4.95 mm/day (average daily
= 0.61 mm/day) for 3B42V7.

Figure 4. Comparison of average daily precipitation time series obtained from the reference gauging
stations and three precipitation products ((a) IMERG-V06, (b) IMERG-V05, and (c) 3B42V7) over the
entire study domain for the period from June 2014 to December 2017.

3.2. Performance of Satellite Products at Monthly Scale

Figure 5 provides a summary of the performances of three SPPs over the entire Tianshan Mountains
domain and its five sub-regions in the form of Taylor diagrams. Generally, the degree of correspondence
between the monthly precipitation data from the gauging stations and three precipitation products
(IMERG-V05, IMERG-V06, and 3B42V7) was better over the entire study domain, Eastern Tianshan,
and Western Tianshan with CC > 0.90 and normalized RMSE < 0.50. In contrast, the performance of all
SPPs was poor over the Boertala Valley with CC < 0.80 and normalized RMSE > 0.50. Compared to the
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3B42V7 data, the precipitation estimates from both IMERG products (IMERG-V05 and IMERG-V06)
showed good agreement with the reference data over the Middle Tianshan and Yili Valley. Overall,
the GPM-based products showed clear improvements in CC and considerable reduction in RMSE
compared to the TRMM-based product (3B42V7). Comparison of the accuracies of both IMERG
products over the studied region revealed that the improvement in precipitation estimation skill of
IMERG-V06 was not considerable compared to the IMERG-V05.

Figure 5. Taylor diagrams displaying the relative performances of the monthly precipitation estimates
from IMERG-V05, IMERG-V06, and 3B42V7 products for the (a) Entire study domain, (b) Eastern
Tianshan, (c) Middle Tianshan, (d) Western Tianshan, (e) Boertala Valley, and (f) Yili Valley. The values
of root mean square error (RMSE) are represented by concentric semi-circular green lines.
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Figure 6 displays the relative biases (%) computed for three SPPs against in situ monthly data over
the entire study domain and considered sub-regions. Considerable inconsistencies in the performance
(in terms of relative bias) of SPPs were found in different sub-regions. All SPPs were able to provide
reliable estimates of precipitation over the entire domain and Eastern Tianshan with rBias lower than
10%. Conversely, all SPPs failed to provide reliable estimates of precipitation over the Boertala and Yili
Valleys, with rBias higher than 10%. Both IMERG products performed poorly over Western Tianshan
with rBias (higher than 10%), whereas the performance of 3B42V7 was not acceptable over the Middle
Tianshan due to the considerable underestimation of precipitation amount.

Figure 6. Relative bias (rBias; %) for three satellite-based precipitation products over the considered
regions. Dashed lines represent the thresholds (± 10%) of rBias.

Figure 7 shows the variations in the values of CC, RMSE, and BIAS computed for the IMERG-V05,
IMERG-V06, and 3B42V7 products at monthly scale in the entire study domain and sub-regions.
Compared to the TRMM-based product, both IMERG products showed considerable improvements
in CC and RMSE, but improvements in BIAS were not evident. Generally, the box lengths of CC for
the 3B42V7 product were greater than the lengths for both IMERG products for the entire spatial
domain (Figure 7a), which indicated that the agreement of reference data with the 3B42V7 data was
not consistent. The box lengths of CC for IMERG-V06 were shorter than other products for the
entire domain, Eastern Tianshan, Middle Tianshan, and Yili Valley, which indicated relatively higher
consistency and linear correlation of IMERG-V06 data with the reference data. In terms of variation in
the estimation of precipitation amounts, the 3B42V7 performed better than both IMERG products over
the entire domain, Middle Tianshan, and Yili Valley, as witnessed by shorter box lengths of BIAS for
3B42V7 in those regions (Figure 7b). In terms of RMSE, the performance of the latest version of IMERG
(IMERG-V06) was slightly better than IMERG-V05 and 3B42V7 products (Figure 7c).

Figure 8 shows the comparisons of CC, BIAS, and RMSE calculated at each gauging station for
three SPPs at a monthly scale. Compared to the 3B42V7 data, the correlations between the gauge-based
observations and precipitation estimates from both IMERG products were generally higher at most of
the stations. Generally, values of CC were lower over the southern fringe of the Eastern Tianshan and
the northern fringe of Middle Tianshan (Figure 8a–c), where average precipitation was comparatively
low. Comparisons of both versions of IMERG showed no significant improvement in CC of version 6 as
compared to that of version 5. Spatial distribution of the values of BIAS of three SPPs indicated that all
products were less biased with the reference data over the southern fringe of the Tianshan Mountains.
Most of the negative values of BIAS were found in the Boertala Valley. Generally, both IMERG products
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were more biased compared to the 3B42V7 product (Figure 8d–f). Likewise CC, no considerable
enhancement in the BIAS of IMERG-V06 was witnessed as compared to the IMERG-V05 product.
Compared to the 3V42V7 product, IMERG products generally showed slightly smaller values of RMSE
(Figure 8g–i).

Figure 7. Box plots of (a) correlation coefficient (CC), (b) BIAS, and (c) RMSE for monthly precipitation
estimates from IMERG-V05, IMERG-V06, and 3B42V7 products over different spatial domains of
Tianshan Mountains. The horizontal lines inside the boxes show the median values and small squares
indicate the mean values.
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Figure 8. Spatial distribution of CC (a–c), BIAS (d–f), and RMSE (g–i) computed for the IMERG-V05,
IMERG-V06, and 3B42V7 products at a monthly scale.

3.3. Performance of Precipitation Products at Daily Scale

The accuracies of three SPPs were evaluated at daily scale with reference to the gauge-based
data in the Tianshan Mountains. Figure 9 shows the relative agreements of IMERG-V05, IMERG-V06,
and 3B42V7 products with the daily reference data for the entire spatial domain and for five sub-regions.
For all considered regions, the degree of correspondence between the reference and IMERG-based
products was higher than that for the 3B42V7 product. The values of CC for the 3B42V7 product were
lower than 0.70 for all spatial domains, which advocated that the daily estimates from the 3B42V7
were less consistent. Higher values of RMSE (>0.70) for the 3B42V7 product also revealed its poor
performance for all considered regions. The CC values for both IMERG products were similar for
all regions, which indicated that the improvement in CC from IMERG-V05 to IMERG-V06 was not
considerable. Likewise CC, no significant improvement in RMSE from IMERG-V05 to IMERG-V06
was noticed. The daily precipitation estimates from all SPPs showed relatively worse agreements with
the reference data for the Western Tianshan and Boertala Valley, as indicated by lower values of CC
(<0.70) and higher values of RMSE (>0.75).
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Figure 9. Performances of precipitation estimates retrieved from IMERG-V05, IMERG-V06, and 3B42V7
with reference to the daily ground-based measurements for the (a) Entire domain, (b) Eastern Tianshan,
(c) Middle Tianshan, (d) Western Tianshan, (e) Boertala Valley, and (f) Yili Valley presented in the form
of Taylor diagrams. The concentric semi-circles in green lines show the values of RMSE.

Figure 10 displays the spatial variations in the CC, RMSE, and BIAS calculated for the daily
precipitation estimates from IMERG-V05, IMERG-V06, and 3B42V7 over the entire spatial domain
and five sub-regions. It shows that both IMERG products performed better than the 3B42V7 product
in terms of CC and RMSE, while enhancements in BIAS from TRMM to GPM were not evident for
the Tianshan Mountains. Comparisons of the boxplots of CC showed that the precipitation estimate
from both IMERG products had relatively better consistency and higher linear correlations with the
gauge-based data, which indicated a clear improvement in CC from TRMM- to GPM-based daily
precipitation estimates. Comparison of the boxplots of BIAS shows that both IMERG products had
higher uncertainties in the estimations of accurate daily precipitation amounts as compared to the
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3B42V7 product, except for the Boertala Valley. Comparisons of the boxplots of performance measures
for both IMERG products revealed that the improvements in CC, BIAS, and RMSE from IMERG-V05
to IMERG-V06 were not evident at the daily scale.

Figure 10. Boxplots of (a) CC, (b) BIAS, and (c) RMSE for three SPPs at daily scale over the entire
Tianshan Mountains and considered sub-regions. The horizontal lines inside the boxes show the
median values and small squares indicate the mean values.

3.4. Spatial Distribution of Key Quality Measures

Figure 11 presents the spatial variation of BIAS, CC, and RMSE for the IMERG-V05, IMERG-V06,
and 3B42V7 products at a daily scale over the Tianshan Mountains. The inverse-distance weighting
(IDW) technique was used to interpolate the results of key quality measures at the locations of reference
gauges. Substantial spatial variations in the values of all measures were found in the different spatial



Remote Sens. 2019, 11, 2314 15 of 23

domains. Generally, all SPPs showed a considerable underestimation of precipitation amounts in the
Yili Valley, Middle Tianshan, and in the western fringe of the East Tianshan (Figure 11a–c). The spatial
patterns of BIAS for all SPPs were similar in the East Tianshan, Middle Tianshan, and Yili Valley.
The 3B42V7 product showed considerable overestimation over the western fringe of the Boertala Valley,
while both IMERG products overestimated the precipitation over the central parts of Western Tianshan.
The spatial patterns of BIAS for both IMERG products were generally similar in the entire study domain.
The spatial patterns of CC for all SPPs were comparable in the entire study domain (Figure 11d–f), albeit
the consistency of 3B42V7 product in terms of CC was poorer than both IMERG products. All SPPs
exhibited relatively higher CC in the Yili Valley, Middle Tianshan, and East Tianshan. The precipitation
estimates from all SPPs exhibited poor agreement with the reference data in the West Tianshan and
Boertala Valley. The spatial variations in the values of RMSE for all products were consistent with
the spatial patterns of their BIAS values in the study domain. Analysis of the spatial variation of
the evaluation measures indicated significant enhancements in the precipitation estimates of IMERG
products as compared to the 3B42V7 product, but the advantages in the precipitation retrievals from
the latest product of IMERG-V06 compared to its predecessor IMERG-V05 were not evident.

Figure 11. Spatial distribution of three key performance measures computed for the three SPPs at daily
scale: (a) CC, (b) BIAS, and (c) RMSE.

The skill of SPPs in capturing the occurrence of precipitation events was illustrated in terms of
POD, CSI, SR (1-FAR), and BIAS. We used the Roebber performance diagram (known as a performance
diagram) to represent the geometric relationship between these four quality measures. Many researchers
have utilized this diagram to elaborate the performance of remotely sensed precipitation estimates
in different regions, such as Pakistan [11], Egypt [2], and Brazil [58,59]. In a performance diagram,
if the values of POD, SR, CSI, and BIAS for an SPP are closer to unity, then the performance of
that SPP is considered as reliable. Figure 12 shows the relative abilities of IMERG-V05, IMERG-V06,
and 3B42V7 products against daily reference data in the entire study domain and considered sub-regions.
In all spatial domains, both IMERG products showed better performance than the 3B42V7 product,
as indicated by relatively closer positions of IMERG-V05 and IMERG-V06 to the reference point.
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The enhancement in precipitation detection skills of the IMERG products was mainly due to the
increase of POD and SR. All SPPs were able to detect the occurrence of precipitation events in the
entire study domain. Conversely, the performance of all SPPs was poor in the Boertala Valley, albeit
their POD values were greater than 0.70. Interestingly, as with other quality measures, no considerable
enhancements in the quality measures (POD, SR (1-FAR), CSI, and BIAS) for IMERG-V06 were noticed
as compared to the values of these measures for IMERG-V05 for all spatial domains.

Figure 12. Performance diagrams for the precipitation detection abilities of IMERG-V05, IMERG-V06,
and 3B42V7 for the (a) entire study domain, (b) Eastern Tianshan, (c) Middle Tianshan, (d) Western
Tianshan, (e) Boertala Valley, and (f) Yili Valley. The straight and curved lines indicate BIAS and critical
success index (CSI) values, respectively. The black point represents the perfect scores of all quality
measures. FAR: false alarm ratio.
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3.5. Analysis of Probability Density Function

Figure 13 displays the probability density function (PDF) of daily precipitation events recorded
by in situ gauging stations and three SPPs in the entire study domain and considered sub-regions for
the period from June 2014 to December 2017. Results indicated that the frequency of tiny precipitation
events (≤1 mm/day) was significantly higher than other precipitation intensity events in the Tianshan
Mountains. The proportion of tiny precipitation events observed by rain gauges was 82.22% of total
precipitation events in the Tianshan Mountains (Figure 13a). The frequency of the occurrence of the
light precipitation events (1–2 mm/day) was sharply decreased to 9.85% of total events. The frequency
of moderate (2–10 mm/day) precipitation events observed by rain gauges was 7.93%. No heavy
precipitation events (>10 mm/day) over the entire study region were recorded by gauging stations.
The performances of all SPPs in capturing the occurrence of precipitation events at different intensities
were comparable for the entire study domain, Eastern Tianshan, Middle Tianshan, and Western
Tianshan. Generally, all SPPs were able to detect the tiny precipitation events over all considered
spatial domains, except for the Boertala Valley, where all SPPs underestimated the occurrence of
tiny precipitation events by 14.23 %, 12.32%, and 27.46% for IMERG-V05, IMERG-V06, and 3B42V7,
respectively. The frequencies of light precipitation events over the entire domain detected by the
IMERG-V05, IMERG-V06, and 3B42V7 products were 13.05%, 12.81%, and 13.37%, respectively, which
revealed that the occurrence of the light precipitation was slightly overestimated by all of the SPPs.
The skill of all SPPs in representing the light precipitation over the Eastern Tianshan was very poor,
as witnessed by considerable overestimations by all products (Figure 13b). The performances of all
SPPs in capturing precipitation events at different intensities over the Boertala Valley were very poor.
Over the Yili Valley, 3B42V7 performed better than both IMERG products (Figure 13f).

Figure 13. Cont.
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Figure 13. The probability density function (PDF) computed for precipitation data obtained from the in
situ gauging stations, IMERG-V05, IMERG-V06, and 3B42V7 at different precipitation intensities in (a)
the entire Tianshan Mountains, (b) East Tianshan, (c) Middle Tianshan, (d) West Tianshan, (e) Boertala
Valley, and (f) Yili Valley for the period from June 2014 to December 2017.

4. Discussion

Previously, several studies have reported the performance of TRMM- and GPM-based precipitation
products in different topographic and climatic conditions [7,11,31,34,51,59–62]. Most of these studies
concluded that the accuracy of precipitation retrieval algorithms used in the GPM and TRMM was
strongly associated with the regional climatic system and topography. For example, Kim et al. [62]
compared the error characteristics of 3B42V7 and IMERG-V03 products over different topographic
conditions in East Asia and found that the accuracy of both products was strongly affected by the
regional topography. Anjum et al. [11] reported that the performance of the IMERG-V04 product
was better than the 3B42V7 for a complex terrain—the Himalayan Range of Pakistan. Wang et al. [39]
compared the performance of IMERG-V05 and 3B42V7 products in the northeastern region of Tibetan
Plateau of China and found that both regional climatic system and topography influenced the
performance of both products.

In the present study, we evaluated the performance of the latest version 6 (V06) of the GPM-based
Final Run precipitation product (IMERG-V06) and compared it with its predecessor IMERG-V05 and the
TRMM-based research product (3B42V7) in the Tianshan Mountains of China. All SPPs were assessed
against 37 in situ gauging stations at different spatial (point-to-pixel, sub-regional, and regional) and
temporal (daily and monthly) scales for the period from June 2014 to December 2017. Our findings
revealed evidence of the significant influence of the regional topographic and climatic conditions
on the relative performance of the GPM and TRMM products, which were consistent with previous
assessments of these products in mountainous regions [11,34,39]. All SPPs were able to track the
spatial variation of observed precipitation. Compared to the 3B42V7 product, the correlation between
the precipitation estimates retrieved from the IMERG products and the gauge-based observations
were higher at most of the observation stations. However, both IMERG products showed the best
values of CC at the stations over the relatively lower altitudes where the 3B42V7 product displayed
good values of CC with the reference data. The spatial distribution of BIAS values revealed that both
IMERG products were more biased with the reference data over the high altitudes as compared to
the 3V42V7 product. Similar performance of IMERG and 3B42V7 products over the mountainous
domain of Hexi region was reported by Wang et al. [39]. Compared to the daily and monthly estimates
of 3B42V7, both IMERG products exhibited considerable enhancements in CC, RMSE, POD, and
CSI. Such enhancements in GPM-based products were also reported in Singapore [35], Pakistan [11],
Myanmar [40], Brazil [51], and China [39]. Improvements in the key performance measures of both
IMERG products might be associated with improvements in the spatiotemporal resolution. Although
both IMERG products showed better agreement with the gauge-based observations as compared to
the 3B42V7 product, both IMERGs were relatively more biased than the 3B42V7 product. Similar
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behavior of IMERG and 3B42V7 products in the mountainous regions was previously reported in
many studies [11,39]. The performance of both IMERG products in terms of precipitation detection
skill was better than that of the 3B42V7. The retrieval algorithms of both IMERG products are able to
report precipitation estimates at a 30-min time interval with a better skill in capturing short-duration
precipitation events, while precipitation retrieval algorithms of TRMM precipitation products are able
to provide precipitation information at a 3-h time interval. The retrieval of precipitation information at
shorter time interval is very useful in the representation of tiny (0–1 mm/day) and light (1–2 mm/day)
events that are common in the North-Western mountainous regions of China. Due to a comparatively
coarser data retrieval period, the TRMM-based precipitation retrieval algorithms are unable to represent
some of the short-duration precipitation events, which caused a comparatively poor performance of
the 3B42V7 product.

All SPPs showed better performance at a monthly scale as compared to a daily scale. A possible
explanation of this finding is the correction of TRMM- and GPM-based products with reference to the
monthly precipitation records of the GPCC. Comparisons of the results of all performance measures
for the Final Run products of IMERG version 6 (V06) and for its predecessor version 5 revealed that
the performance of both products was comparable. Although several major improvements (a new
morphing scheme, refinement in the CMORPH-Kalman filter, and improvements in the calibration)
has been incorporated in the retrieval algorithm of IMERG-V06, no significant enhancements in the
precipitation estimates retrieved from IMERG-V06 were found compared to the IMERG-V05 in the high
mountains covered with snow/ice. The comparable performances of IMERG-V06 and IMERG-V05 over
the Tianshan Mountains might be due to the dominant performance of IR datasets in both versions
over the snow/ice dominated regions [63].

5. Conclusions

This study presented the performance of daily and monthly precipitation estimates retrieved from
the most recent Final Run product of IMERG-V06 with reference to the in situ gauge-based precipitation
records over the Chinese Tianshan Mountains in Central Asia. For comparison, the performance of
IMERG-V05 and 3B42V7 precipitation products were also assessed at the same spatiotemporal scales
for the period from June 2014 to December 2017. The main findings of this study are as follows:

1. All SPPs (3B42V7, IMERG-V05, and IMERG-V06) were well trained to capture the spatiotemporal
variability of daily precipitation over the Tianshan Mountains, which indicated that these products
could be used for understanding the precipitation variability over the Tianshan Mountains.

2. All SPPs showed better performance on a monthly scale as compared to a daily scale for all
spatial domains. The overall best performance of monthly precipitation estimates from all satellite
products was obtained for the entire study domain and East Tianshan, with CC values higher
than 0.90, normalized RMSE values lower than 0.50, and rBias values between 10% and −10%.

3. Compared to the daily and monthly precipitation estimates from the 3B42V7 product, the estimates
from both IMERG products presented overall better agreement with the reference data at both
temporal scales. Both IMERG products showed significant superiority in terms of CC and RMSE;
however, enhancement in the BIAS (rBias) of both IMERG products was not evident as compared
to the 3B42V7 product.

4. The performance of all SPPs was significantly influenced by the spatial scale. All SPPs showed
comparatively better performance for the large spatial domains (i.e., entire Tianshan, East Tianshan,
and West Tianshan) as compared to the small-scale regions (i.e., Middle Tianshan, Boertala Valley,
and Yili Valley). Thus, application of the precipitation data obtained from the IMERG-V05,
IMERG-V06, and 3B42V7 products in small-scale regions (e.g., watersheds) can cause uncertainties
in the hydrometeorological simulations.

5. The precipitation detection skill of all SPPs was region dependent. All SPPs showed good
values of POD (> 0.65), SR (> 0.55), and CSI (> 0.45) for the entire spatial domain. Generally,
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the precipitation detection skill of IMERG-V05 and IMERG-V06 was better than that of the
3B42V7 product.

6. The proportions of tiny (0–1 mm/day), light (1–2 mm/day), moderate (2–10 mm/day), and heavy
(>10 mm/day) precipitation events recorded by the gauging stations in the Tianshan Mountains
were 82.2%, 9.9%, 7.9%, and 0.0 %, respectively. The performance of all SPPs in capturing the tiny
precipitation events over the Tianshan Mountains was reliable, but all SPPs overestimated the
light precipitation events. The performance of the 3B42V7 product in capturing the moderate
precipitation events was relatively better than that of both IMERG products.

7. Comparison of the performance of both IMERG products revealed that the transition from
the IMERG-V05 to IMERG-V06 constituted no significant enhancement in the estimation of
precipitation over the Tianshan Mountains.

The findings of this preliminary evaluation of the latest Final Run product of GPM revealed that
the IMERG-V06 failed to outperform its predecessor IMERG-V05 in the Tianshan Mountains, albeit
IMERG products outperformed the 3B42V7 product. It was deduced that the spatial scale, regional
climatic system, and topography had strong influences on the accuracy of the SPPs. Although the
values of CC were higher and RMSEs were lower, both IMERG products were uncertain in providing
accurate daily and monthly precipitation amounts in three western parts (Boertala Valley, Yili Valley,
and West Tianshan) of the Tianshan Mountains. We recommend the use of precipitation estimates
from IMERG-V05, IMER-V06, and 3B42V7 products for understanding the precipitation trends for
the entire Tianshan region and East Tianshan. Nevertheless, caution should be taken when utilizing
precipitation data of both IMERG products for hydrological and related applications in the western
parts (Boertala Valley, Yili Valley, and West Tianshan) of the study domain.
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