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Impact of Atmospheric Aerosols on the Accuracy of
IMERG Precipitation Estimates Over Northern China

Xiaoying Li

Abstract—Accurate satellite precipitation estimates are vital for
understanding global and large-scale regional water cycles. Among
the many factors influencing satellite precipitation data quality,
the detection and accuracy of precipitation products at different
atmospheric aerosol concentrations are not well studied. In this
study, we investigated the impact of atmospheric aerosols on the
accuracy of satellite precipitation products IMERG) over North
China by comparing performance metrics such as bias, normal-
ized root mean squared error, probability of detection (POD),
and false alarm ratio (FAR) under different atmospheric aerosol
conditions. The results revealed that IMERG generally exhibits
poorer detectability and quantification under pollution condition.
Based on the error decomposition, the estimated errors in autumn
and winter were dominated by false biases, which are mainly
affected by atmospheric aerosols. At the sensor level, the FARs of
both infrared (IR) and passive microwave sensors show escalating
trends as pollutant concentrations increase. The POD of IR sensors
is affected by pollution. Pollution has a significant impact on IR
detection capability. Our findings suggest that atmospheric aerosols
may impact the accuracy of IMERG precipitation estimates over
Northern China and need to be taken into consideration in the
IMERG retrieval process and data utilization.

Index Terms—Atmospheric aerosols, detectability, IMERG,
North China (NC), precipitation estimates.

I. INTRODUCTION

RECIPITATION is a fundamental component of the global
water cycle, crucial for understanding hydrological pro-
cesses and climate change impacts on water resources [1],
[2]. Therefore, reliable precipitation data are vital for agricul-
tural and hydrological studies, water resource management, and
climate-related applications [3].
In addition to ground-based gauge observations or radar re-
mote sensing, which are two sources that are widely used for
near real-time collection of precipitation information, satellite
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precipitation products (SPPs) have become an indispensable
source of precipitation estimation at a large-scale across the
globe [4], [5]. As a new generation of satellite-based retrieval
products, the IMERG product provides quasi-global precipita-
tion data at a high level of spatio-temporal resolution [6], [7].
In particular, GPM IMERG is better suited for capturing solid
precipitation and light precipitation [8], [9], [10], [11]. Since
its first release in 2014, the IMERG dataset has been utilized
in various hydrological applications [12], [13], [14], [15]. To
assess the data quality and guide further improvements, GPM
IMERG has been extensively evaluated through comparison
with ground-based observational data. Many studies have re-
ported its error characteristics and identified factors that can
affect retrieval accuracy [16], [17], [18], [19].

Various studies have explored the performance of IMERG
under different climatic factors, topographic conditions, and
precipitation phases [20], [21]. However, the detection and
accuracy of IMERG precipitation products at different atmo-
spheric aerosol concentrations are poorly understood. Aerosols
can affect precipitation processes in complex ways, influencing
cloud properties and the formation of precipitation, and, thereby,
they can alter the precipitation efficiency of clouds [22], [23],
[24]. Increased complexities in cloud-water systems under the
influence of aerosols bring more uncertainties to satellite precip-
itation detection. Notably, no study has yet examined the impacts
of varying aerosol levels on IMERG precipitation detection
accuracy. To fill this research gap, this study focuses on the
detection accuracy of IMERG products under different aerosol
concentrations, in order to comprehensively assess the impact
of aerosols on satellite precipitation detection and improve the
robustness of precipitation estimation algorithms.

The purpose of this study is: 1) to investigate the accuracy
of the IMERG data under different atmospheric aerosol concen-
trations; and 2) to reveal error sources and quantify the error
magnitudes of IMERG under pollution conditions.

This study is structured as follows. The study area and data
sources are introduced in Section II. Section III presents the
statistical metrics used in the study. Section IV details the
results and discussion. Finally, Section V summarizes the main
conclusions.

II. STUDY AREA, USED DATA
A. Study Area

North China (NC), encompassing the metropolitan areas
of Beijing and Tianjin and part of the provinces with rapid
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Fig. 1. Annual mean | km-resolution PM2 5 map and seasonal mean 1 km-resolution PM2.5 maps (a) Spring, (b)Summer, (c) Autumn and (d) Winter averaged
over the period 2014-2020. NC shows a remarkably higher aerosol concentration than other subregions. The eight regions include the Xinjiang (XJ), North China
(NC), Southwestern China (SW), Southeast China (SE), Tibetan Plateau (TP), Northeast China (NE), Northwestern China (NW), and Changjiang (Yangtze) River
(C)).

industrialization and urbanization [25], consists of groups of region (Fig. 1) frequently suffers from serious aerosol pollution
large, nearly contiguous cities [26]. Due to its dense population  [27], [28].

and anthropogenic emission sources (e.g., from industrial ac- The NC area is therefore suitable for exploring the accuracy of
tivities, motor vehicle exhaust, and biomass burning), the NC  SPPs under the impact of atmospheric aerosols. Fine particulate
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Fig. 2. Frequency of hourly and daily precipitation under clean (blue) and polluted (gray) conditions derived from combined winter and autumn data.

matter (PMs 5) is a precursor to air pollution [29]. Particularly
high PMs 5 concentrations were observed in winter (December,
January, and February), as shown in Fig. 1(d) and autumn
(September, October, and November), as shown in Fig. 1(c).
The concentrations of PMs 5 in winter are evidently higher than
in other seasons (Fig. 1) due to stronger emissions related to
heating for residential areas and stable atmospheric stratification
[30], [31]. In this study, autumn and winter were chosen as the
main study periods.

B. Precipitation Datasets

1) Precipitation Gauge Dataset: Daily and hourly precipi-
tation data collected from gauges over the NC region for the
period of January 1, 2014 through December 31, 2020 have
been used as the reference data to assess the quality of IMERG
in this study. The China Meteorological Administration (CMA)
supplied quality management for the observation data. The
resolution of the rain gauges was 0.1 mm/h.

Fig. 2 displays the frequency of daily and hourly precipitation
recorded by gauge monitoring stations under clean and polluted
conditions from both fall and winter seasons during the study
period over NC. For hourly rain events in winter and autumn,
the vast majority of precipitation events were less than 10 mm/h.
Based on the precipitation characteristics shown in Fig. 2, the

hourly precipitation events with less than 10 mm/h were selected
for the hourly scale study.

The two main precipitation intensities for the daily scale study
were drizzle (<1 mm/d) and light precipitation (<10 mm/d) in
winter and autumn both on polluted and clean days, as they were
the most common precipitation events.

2) Satellite Precipitation Dataset: IMERG V06B is high-
resolution multi-SPPs which has a 0.1° x 0.1° spatial resolution
and a 30-min temporal in three runs: IMERG-early, IMERG-
Late, and IMERG-Final [32]. The IMERG-Final precipitation
products are generated using two types of input data.

The gauge-adjusted products (PrecipitationCal) incorporate
monthly precipitation data from the Global Precipitation Cli-
matology Centre to adjust and improve the accuracy of satellite
precipitation estimates.

The uncalibrated products (PrecipitationUnCal) are derived
directly from different satellite precipitation estimation algo-
rithms without gauge adjustment [33].

In this article, we chose the IMERG Final Run Version 06B
PrecipitationUnCal products. And in order to better evaluate
the impact of atmospheric aerosols on different data sources
estimates, IMERG pixels were categorized into three groups
based on their KF weights value. 1) Pixels with a KF-weight of
100% [infrared (IR)-only estimates]; 2) Pixels with a KF-weight
of 0% [passive microwave (PMW)-only observations]; and
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3) Pixels with a KF-weight between 0 and 100% (a mixture
of PMW and IR). We set the precipitation detection threshold of
IMERG estimates to be 0.1 mm/h to distinguish rain and no-rain
events. The threshold represents the minimum rainfall rate that
IMERG can detect, i.e., the resolution of IMERG precipitation
estimates [34].

3) Air Monitoring Data: The daily atmospheric aerosols data
with a 1-km resolution from 2014 to 2020 were obtained from
the China High Air Pollutants dataset, which has been verified
to be highly accurate and has been used in relevant studies [35],
[36]. To investigate the impact of daily atmospheric aerosol
concentrations on the accuracy of daily IMERG precipitation
estimates, we categorized concentrations of daily PMs 5 into
two groups: 1) clean day, when daily PMs 5 concentration was
less than 75 ,ug/m3; and 2) pollution day, when the daily PM 5
concentration was above 75 pg/m?.

Hourly atmospheric aerosol data were collected from the air
monitoring gauges established by the Ministry of Ecology and
Environment of China. The air monitoring network now includes
more than 1650 sites located in 278 cities and regions in China
[37]. There are 473 air monitoring sites in NC. To reduce errors in
the monitoring network dataset due to the lack of quality control
before 2017, hourly ambient mass concentrations of PMs 5 from
2017 to 2020 were finally chosen for this research. Hourly PM5 5
concentrations were similarly categorized into clean conditions
(<75 pg/m3) and polluted conditions (>75 pg/m3) at the time
of precipitation events to examine the impact on the accuracy of
hourly IMERG precipitation estimates.

Considering that precipitation has a wet scavenging effect on
PM, 5, we divided the hourly precipitation events under polluted
conditions into two types. The precipitation event had a wet
scavenging effect on PMy 5 when hourly PMs 5 concentration
was polluted (>75 pg/m?) 1 h before a precipitation event and
was clean (<75 ug/m?) 1 h after a precipitation event, marked
as PC. For well represent the scavenging effect in a PC situation,
we removed events where the difference in PMs 5 values before
and after rainfall was less than 30. The precipitation event had no
effect on the removal of PM,, 5, as evidenced by the fact that the
hourly concentration of PMs 5 was polluted (>75 pg/m?) in the
hour before the precipitation event, and the hourly concentration
of PMy 5 was also polluted (>75 pg/m?) in the hour after the
precipitation event, which is expressed as PP. indicated as PP.
We marked precipitation events under clean condition as CC.

III. METHOD
A. Data Matching

A point-to-pixel approach was used to validate the accuracy
of the daily and hourly IMERG against rain gauge observations.
For consistency with the air monitoring data provided in Beijing
Time, the Universal Time Coordinated time of IMERG estimates
and the gauge observation data were transformed to local time.

Nearest neighborhood analysis was utilized to match the air
monitoring station and the rain gauges. This method measures
the distance between each air monitoring station centroid and its
nearest rain gauge centroid and finds the nearest neighbor within
a 10 km radius. A total of 175 meteorological stations with the
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Fig. 3. Spatial distribution of ground air monitoring stations and rain gauges
in NC, overlaid on the background of annual average PMjy 5 concentration
distribution from 2014 to 2020.

nearest air monitoring data were matched in NC as shown in
Fig. 3.

B. Evaluation Metrics

The performance of IMERG under different atmospheric
aerosol concentrations was evaluated by comparing them against
ground-based observations with commonly used statics indica-
tors. Normalized root mean squared error (NRMSE) [38], [39]
was used to evaluate the precision of IMERG under different
atmospheric aerosol concentrations. The probability of detection
(POD) and false alarm ratio (FAR) were selected to understand
the precipitation capture ability of IMERG. FAR represents the
ratio of precipitation identified by satellite when the gauge record
shows no rain. The performance metrics were quantified under
the different levels of pollution to understand the impact of
atmospheric aerosols on the performance of IMERG.

The error decomposition technique can track the error sources
and then improve the retrieval algorithms [40], [41]. According
to the error decomposition method, the total bias is decomposed
into three bias parts, which will provide a more detailed char-
acterization of the IMERG under atmospheric aerosol pollution
(2], [40].

Total bias = Hit bias — M1iss bias + False bias (1)

where Hit bias denotes the bias when detection and observation
both indicate precipitation. Miss bias refers to the bias when
detection shows no precipitation but observation shows precip-
itation. F'alse bias is the bias occurring when detection shows
precipitation but observation shows no precipitation.

Table I shows the details for the calculation of the above-
mentioned metrics.

IV. RESULTS

A. Impact of Atmospheric Aerosols on the Detection Skill of
IMERG

To investigate the effect of aerosol pollution on IMERG
detection, this study compared the values of POD and FAR under
different PM> 5 concentrations.
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LEI

LIST OF FORMULAS USED IN THIS STUDY

Statistical metrics Equation The optimal value
- . POD = 1
Probability of detection 0 H+M
- FAR = dl 0
False alarm ratio TH+F
Normalized root mean square error NRMSE = %Z?’zl(Si —G;)? / G 0
S—G
Bias Bias = % X 100% 0
. Sy—G
Hit bias Hit bias = % X 100% 0
. Sy—G
Miss bias Miss bias = W X 100% 0
. Sr—G
False bias False bias = % X 100% 0

S and G are the estimates from GPM IMERG and observations from gauges. H represents the amount of precipitation events estimated by the
GPM IMERG and gauge simultaneously; M represents the amount of rain events measured by the gauge but not recorded by the GPM IMERG.
F is the number of false events identified by the GPM IMERG but not observed by the gauge.
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Fig. 4.

For IMERG daily products, the spatial distribution of POD
under different air conditions for two groups of precipitation
intensities in winter is shown in Fig. 4. For drizzle events,
IMERG has low POD values in both polluted and clean days.
However, for light precipitation, the spatial distribution of POD
is markedly variable under polluted and clean days. On clean

Spatial distributions of POD under different PM2 5 conditions for two rainfall intensity groups.

days, IMERG can detect light precipitation in most areas of NC,
with its POD values exceeding 0.7. On polluted days, the POD
values drop significantly to less than 0.6 over most of the region.

Fig. 5 also shows that POD above 0.7 in winter are basically
distributed on clean days, while the lowest values are distributed
on polluted days, further demonstrating the significant decrease
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Fig. 6. Spatial distributions of FAR under different PMy 5 conditions for two rainfall intensity groups.

in POD values for light precipitation under polluted days. That
suggests that the capability of daily IMERG to capture “true”
precipitation events (POD) deteriorates in the presence of PMs 5
pollution.

For drizzle precipitation, the FAR values of daily IMERG
did not show significant differences on clean and polluted days
(Fig. 6). However, for light precipitation, the spatial patterns of

FAR showed remarkable variation under the two conditions.
On clean days, more than 80% of the area had a low FAR
value for light precipitation. On polluted days, the FAR values
increased significantly in most regions [Fig. 5(b)]. In general,
the FAR of IMERG is significantly affected by PMs 5 pol-
lution. Fig. 7 shows the histogram of FAR for the two rain-
fall intensity groups. The distribution of FAR values for light
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precipitation also shows that polluted days have higher FAR
values.

The FAR histogram for hourly IMERG data also shows
that the frequency of FAR greater than 0.8 is significantly
higher under polluted conditions than in clean conditions
(Fig. 8). Based on the above-mentioned analysis, we have
found that the FAR of IMERG daily and hourly precipitation
data is significantly increased under aerosol polluted condi-
tions. The ratio of events detected by satellite when the gauge

record shows that no rain is significantly affected by aerosol
pollution.
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B. Accuracy Analysis of IMERG Under Two Atmospheric

Aerosols Conditions

FAR

FAR histogram of hourly IMERG under polluted (red) and clean (blue) conditions for two rainfall intensity categories.

The boxplot results of bias at the daily scale are presented in
Fig. 9. We compared the three components of bias under both
clean and polluted days. For miss bias and hit bias, the difference
is not obvious in both cases. However, it can be seen that the false
bias in the pollution case is much higher than in the clean case.
Serious false rainfall estimations of the IMERG mainly occur
under polluted conditions. This phenomenon is significant in
both winter and autumn.
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The spatial distribution of the false bias score of daily IMERG
for the two seasons is shown in Fig. 10. The spatial patterns
of false bias greatly differ between clean and polluted days.
On clean days, the false bias is smaller in most areas of NC,
but higher false bias values are found on polluted days both in
winter and autumn. In general, spatial patterns of false bias are
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consistent with the boxplot analysis result, showing that false
bias is closely related to the PMs 5 concentrations condition.
Fig. 11 shows a box plot of the bias for the hourly IMERG.
The false bias in the hourly scale still shows a clear difference
compared to the other bias components. The values of false bias
are much larger in the polluted condition than in the clean case.
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precipitation event.

To achieve a better comprehension of how atmospheric
aerosols affect the accuracy of IMERG precipitation estimates,
we used the NRMSE to represent the average degree of error
under two PMj 5 concentration groups. The NRMSE was not
significantly different between polluted and clean states on either
the daily or the hourly time scale.

C. IMERG Precision Under Different Scavenging Situations

To provide additional insights on the impact of atmospheric
aerosols on the precision of hourly IMERG, we divided pre-
cipitation under pollution into two categories based on the wet
scavenging situation on PMs 5. Fig. 12 shows scatter plots of the
IMERG versus gauge precipitation under scavenging situations.

According to this figure, IMERG under a clean situation (CC)
outperforms the products under PC and PP conditions. Scatter
points of the IMERG under PC and PP are not only distant from
the bisector, but also more dispersed.

The boxplots of the NRMSE for two wet scavenging situations
are shown in Fig. 13 . The higher the NRMSE value, the worse
the simulation effect of IMERG. NRMSE increased significantly
under PP situations for the three rainfall intensity groups. When
aerosol pollution is present both before and after a precipitation
event it can seriously affect IMERG’s precipitation estimate.
This may be due to the fact that aerosols can complicate the
precipitation process and have an impact on the amount, area,
and intensity of precipitation [42], which in turn affects the
accuracy of IMERG.
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D. How Do Atmospheric Aerosols Impact the Detection
Performance of Different Sensors

To improve the detectability of IMERG under polluted con-
ditions, it is necessary to understand the uncertainties of the
sensors. Fig. 14 illustrates the detection performance of PMW,
IR, and combined PMW/IR data under polluted and clean
conditions in winter by using POD [Fig. 14(a)—(c)] and FAR
(Fig. 14(d)-(D].

Fig. 14 showed that PMW data have similar POD values under
polluted and clean conditions. However, IR under polluted con-
ditions has alower POD distribution than under clean conditions.
Both PMW and IR estimates display higher FAR under polluted
than in clean conditions, meaning that each sensor detected
significant precipitation events in polluted conditions when the
gauge record showed no rain. The detection capability of IR
and PMW estimates is significantly affected by atmospheric
aerosols.

This may be related to the different impacts of aerosol pollu-
tion on PMW and IR precipitation estimates. PMW can probe
through most of the clouds and directly estimate the precipitation
from the scattering properties of a vertical column of cloud and
hydrometeors [43], [44]. On the other hand, using IR imagery
to estimate precipitation is typically relied upon the brightness
temperature of the cloud top, which is correlated with the surface
precipitation rate [45]. Aerosols affect reflectance and cloud
brightness [46], [47]. Cloud top temperatures are significantly
correlated with increasing aerosol concentrations [48]. By influ-
encing cloud top temperatures, aerosols may affect precipitation
estimates of IR.

V. DISCUSSION

Our results analysis revealed that pollution exerts a significant
influence on the detection scores of IMERG. This raises the
question of whether the FAR and POD escalate with increasing
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pollutant concentration. To address this inquiry, we performed
additional analysis. Hourly precipitation and PMs 5 data from
the winter season were used to examine the changes in the de-
tection scores across varying pollution concentrations. The pre-
cipitation was categorized into three classes: less than 1 mm/h,
1 to 5 mm/h, and 5 to 10 mm/h. We categorized the pollutant
concentrations into four levels: 0-35 as level 1, 35-75 as level 2,
75-105 as level 3, and greater than 105 as level 4. The FAR and
POD of each precipitation class under different pollution levels
were then calculated.

Asillustrated in Fig. 15(a), FAR for rain rates less than 1 mm/h
exhibited an increasing trend with escalating pollution levels
in all months. This indicates that escalating pollution causes
satellite-based precipitation detection to identify considerably
more rainfall events that are not confirmed by ground-based
gauge measurements. For rain rates between 1 and 5 mm/h
[Fig. 15(b)], the FAR continued to demonstrate an upward trend
with rising pollution levels. However, for rain rates between 5
and 10 mm/h [Fig. 15(c)], intensifying pollution levels did not
exert discernible influence on the FAR.

As depicted in Fig. 15(d)—(f), in some scenarios, such as rain
events of 0.1-1 mm/h in January and rain events of 1-5 mm/h
in February, there exhibited a declining trend in POD with
intensifying pollution. However, overall across all rain types
and months, there was no such discernible trend.

We further conducted the analysis from the perspective of
sensors. As shown in Fig. 16, for precipitation below 5 mm/h,
with intensifying pollution, FAR of both PMW and IR sensors

exhibited a stepwise increasing trend. PMW and IR sensors.
For PMW sensors, pollutants absorb microwaves and attenuate
microwave signals, which can lead to erroneous detection of
precipitation signals. As for IR sensors, high aerosol concen-
trations result in increased radiance temperatures at the top of
the atmosphere [45]. IR sensors infer the presence of clouds and
precipitation based on changes in radiance temperatures [49].
Thus, the heightened radiance temperatures caused by pollutants
can be incorrectly interpreted as the existence of clouds or
precipitation.

The heat map distribution in Fig. 17 demonstrates distinct
variations in the POD for IR and PMW sensors as pollution
levels intensify. The POD for IR sensors decreases as pollution
increases. In contrast, the POD for PMW sensors is insensitive
to changes in pollution concentrations. PMW sensors detect
precipitation by measuring the attenuation of microwave signals.
While pollutants can absorb microwaves and lead to signal
attenuation, this attenuation is seldom greater than that caused
by rainfall. Thus, PMW sensors can still detect precipitation
if rain droplets induce sufficient microwave attenuation, even
under polluted conditions. In contrast, IR sensors infer clouds
and precipitation based on the radiance temperature at the top of
the atmosphere. When concentrations of pollutants (especially
aerosols) increase, more IR radiation is absorbed and scattered,
leading to elevated detected radiance temperatures. Under heavy
pollution, particularly for light rainfall below 1 mm/h, IR sensors
struggle to discriminate whether heightened radiance tempera-
tures are due to pollution or actual clouds/rainfall.
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Under the four levels of pollution, the changes in POD values
of PWM and IR sensors are markedly different, which further
explains the statistical trends of POD values in Fig. 14. When we
analyze the POD changes of IMERG products under pollution,
the change trend of pixels that are a mixture of PMW and IR
will be unclear.

VI. CONCLUSION

The influence of atmospheric aerosols on the reliability of
IMERG precipitation estimates was explored over NC in this
article. We compared IMERG with a gauge dataset under pol-
luted and clean conditions.

Based on a comprehensive analysis, the primary findings are
summarized as follows.

1) The influence of atmospheric aerosols on the detectabil-
ity of IMERG is significant. IMERG generally exhibits
better detectability (higher POD and lower FAR) and
quantification (lower NRMSE) under clean conditions.
IMERG tends to detect more precipitation events in the
presence of pollution when the gauge record shows no rain.
Specifically, in autumn and winter when aerosol pollution
primarily arises, the false bias constitutes the predominant
proportion of the total bias.

2) From the sensor perspective, for light rainfall events less
than 5 mm/h, as the degree of pollution intensifies, FAR of
both PMW radiometers and IR sensors shows an increas-
ing trend. Meanwhile, the POD of IR sensors decreases
as the pollution intensifies, but the POD value of PMW
radiometers does not change.

3) Compared to precipitation events with a wet scavenging
effect, IMERG has higher NRMSE values when precipi-
tation does not remove PMs 5 pollution. That is to say, the
precision of IMERG under atmospheric aerosol pollution
has a deviation.

This study aims to enhance our fundamental understand-
ing of the accuracy of IMERG precipitation estimates un-
der aerosol pollution. The analysis of satellite precipitation
data quality under atmospheric aerosols leads to an im-
proved awareness of the evaluation uncertainty of IMERG
precipitation products and contributes to subsequent algorithm
improvements.
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