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Abstract Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) is the last
generation precipitation data source for a wide array of research, operational, and societal applications.
The Global Precipitation Measurement mission provides these global and high-resolution precipitation
estimates through advanced satellite-based radar and radiometers. The degree of improvement of the new
IMERG products needs to be investigated to further advance the algorithm’s development and application.
This study focuses on systematically and extensively evaluating the uncalibrated Version 3 Late Run IMERG
product, which has both backward and forward morphing, and highlights the level of improvement in
comparison to its predecessor Version 7 Tropical Rainfall Measurement Mission (TRMM)-based Multi-satellite
Precipitation Analysis real-time product. Retrievals from different passive microwave (PMW) and infrared (IR)
sensors contributing to IMERG are evaluated over the conterminous United States using ground-based
sensor precipitation estimates derived from the Multi-Radar Multi-Sensor system as reference. An error
decomposition scheme is implemented to separate the total error into three independent components, hit,
miss-rain, and false-rain biases, to trace the degree of improvement of the new algorithm. IMERG exhibits
definite improvement related to miss-rain and false-rain bias reduction and hit rate. The improvement
relative to the TRMM -IR component is more substantial than relative to the PMW retrieval as a result of the
new Kalman smoother and the PMW morphing reducing the use of IR relative to the TRMM-based
Multi-satellite Precipitation Analysis. Findings of this study confirm the advances of the new generation of
multisatellite precipitation relative to its predecessor and highlight areas requiring additional investigation.

1. Introduction

Evaluating satellite precipitation estimates has remained an important task to improve the quality of these
data and ultimately advance their use for a variety of applications such as hydrologic and meteorological
applications, flood forecasting, transboundary water resources modeling, global/regional drought, and agri-
cultural planning (Turk et al., 2010). The validation of satellite precipitation estimates is conventionally per-
formed by comparing with ground observations (including gauges and radar) since this provides the most
realistic picture of the rain rate on the ground where the surface data are sufficiently dense and reliable
(Kirstetter et al., 2014; Wolff et al., 2005; Zhang et al., 2015). The validation of satellite precipitation estimates
over diverse topographic and climatic regions helps to evaluate their accuracy and identify specific weak-
nesses requiring attention and strengths of the product under different circumstances.

Over the past two decades several studies have been conducted on the validation of satellite precipitation
estimates with available ground truth data to ascertain their accuracy over various continents and space
and time scales (Curtis et al., 2007; Dinku et al., 2007; Ebert et al., 2007; Gottschalck et al., 2005;
Gebregiorgis & Hossain, 2014; Gebregiorgis et al., 2017; Hong et al., 2007; Huffman et al., 2007; Kirstetter
et al., 2012, 2014, 2015, 2017; Ruane & Roads, 2007; Sapiano & Arkin, 2008; Tang et al., 2014; Tian et al.,
2007; among many others). For instance, Gottschalck et al. (2005) showed that the Tropical Rainfall
Measurement Mission (TRMM)-based Multi-satellite Precipitation Analysis (TMPA) real-time product
(3B42RT) tends to overestimate over the central United States, which is attributed to cold cirrus clouds
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misclassified as precipitating systems. Dinku et al. (2008) noted that topography plays a significant role in
satellite precipitation estimation due to the algorithm’s weakness to detect orographically induced
precipitation. Gebregiorgis and Hossain (2014) pointed out that topography and climate are some of the
key governing factors to characterize the uncertainty of satellite precipitation products.

In this study, the shift in accuracy in satellite precipitation estimates from the TRMM to the Global
Precipitation Measurement (GPM) era is investigated by comparing the Integrated Multi-Satellite Retrievals
for Global Precipitation Measurement (IMERG) Late Run to its predecessor TMPA. The GPM mission started
to provide global precipitation estimates at fine spatiotemporal resolution on 12 March 2014. From the per-
spective of both data users and producers it is important to assess its performance over several seasons to
advance its applications and improve the quality of data.

The question motivating this study is “To what extent have the IMERG multisatellite precipitation estimate
improved as compared to its predecessor, TMPA-real time (RT)?” To this end the precipitation estimates ori-
ginating from passive microwave (PMW) and infrared (IR) sensors contributing to the combined estimates are
segregated and assessed independently. The total error is decomposed into detection and estimation bias
components in order to assess the algorithm performance at different retrieval stages. The strengths and
weaknesses of both algorithms are assessed in a variety of settings to comprehensively evaluate the perfor-
mance of the IMERG algorithm and assist with highlighting aspects that are in greater need of improvement.

The availability of reference data is a decisive factor in choosing the study region. The conterminous United
States (CONUS) is among the best regions in the world to perform precipitation validation because dense and
well-maintained gauge and weather radar networks are available (Kirstetter et al., 2012). The Multi-Radar
Multi-Sensor system (MRMS) developed at the National Oceanic and Atmospheric Administration National
Severe Storms Laboratory ingests data from all ground-based radars comprising the Weather Surveillance
Radar-1988 Doppler network, intelligently combines the information, and provides high-resolution precipita-
tion rate mosaics over the CONUS (Zhang et al., 2015).

The CONUS provides diverse topographic and climatic features. The physiographic conditions range from
lowland and flat floodplains to high mountains and variable climate and weather conditions. The precipita-
tion climatologies differ significantly across the states with, for example, significant contributions from tropi-
cal cyclones and convective systems across the eastern and southeast regions and orographic precipitation in
the complex terrain of the Intermountain West. These diverse physiographic and meteorological features
make the CONUS a valuable test bed to conduct the evaluation of satellite precipitation products.

The paper is organized as follows. Section 2 describes the TMPA-RT and IMERG algorithms as well as the radar
precipitation data sets used. Section 3 discusses the key findings associated with the TMPA-RT and IMERG
precipitation estimates, the error structure, and the degree of improvement achieved in the IMERG product.
Conclusions and recommendations for future studies are provided in the last section.

2. Algorithms, Data Descriptions, and Methodology
2.1. TMPA-RT and IMERG Algorithms

The TMPA-RT rainfall estimate is a combination of PMW and IR sensors estimates. Themajor difference between
the two types of sensors lies in the principle and precipitation measurement technique. For IR sensors, the pre-
cipitation at the ground is related to cloud top brightness temperature observed from space (Levizzani et al.,
2002). PMW retrievals use the principle that precipitation at the surface is related to microwave (MW) emission
from raindrops at low-frequency channels andMW scattering from ice at high-frequency channels (Kummerow
et al., 1998). The PMW sensors benefit from a more direct physical connection to the hydrometeor profiles but
have poor temporal sampling because they fly on low Earth orbit satellites, whereas IR sensors on board geos-
tationary satellite platforms have excellent time-space resolution and coverage but indirect relationship to sur-
face precipitation. Therefore, the TMPA-RT merging process is designed to exploit the complementary
advantages obtained from the two sensors: accuracy and best spatial resolution and sampling frequency.

Figure 1a shows the flowchart of TMPA-RT algorithm. The 2B31 level II product is a combined precipitation
profile derived from the TRMM precipitation radar reflectivity (1C21) and the TRMM Microwave Imager cali-
brated brightness temperature (1B11) and is used to calibrate the instantaneous PMWprecipitation estimates
(Huffman & Bolvin, 2015). Subsequent high-quality PMW-only precipitation estimates are created to locally
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calibrate IR precipitation estimates. The IR precipitation estimation is a simple “colder clouds is more likely to
rain” approach, with the coldest 0.25° × 0.25° average Tb assigned directly the greatest observed PMW
precipitation rate. The intersatellite calibration of the high-quality product has more accurate long-term
climate data records from different radiometers than just using single-satellite estimates. The calibrated IR
precipitation estimates are used to fill the PMW coverage gaps (Huffman et al., 2007, 2010) to produce the
merged satellite precipitation product (3B42RT) at 0.25° spatial and 3 h temporal resolutions.

Building upon the success of TRMM, the GPM Core Observatory satellite was launched on 28 February 2014.
The core satellite carries the spaceborne dual-frequency phased array precipitation radar operating at Ku and
Ka bands (13.6 and 35.5 GHz, respectively) and a conical-scanning multichannel (10–183 GHz) MW imager.
This set of instruments is used to generate combined active-passive precipitation profiles and calibrate the
retrievals from other satellite platforms. As a successor of TMPA, IMERG is a unified satellite algorithm devel-
oped to provide a multisatellite precipitation product over nearly the entire globe. Like the TRMM algorithm,
the sources of precipitation information originate from the same low-orbiting platforms and the
geostationary satellites.

The precipitation estimates from the various PMW and IR sensors are gridded, intercalibrated, and
assembled into half-hourly 0.1° × 0.1° fields. Figure 1b illustrates the major processing modules and data
flows in the IMERG algorithm (Huffman et al., 2014, 2015). Compared to TMPA, the PMW precipitation esti-
mates are all computed using a new-generation Goddard Profiling Algorithm (GPROF) that uses the full
brightness temperature vector to obtain the most likely precipitation field (Kummerow et al., 2015). The fun-
damental concept of the algorithm is a Bayesian approach. The output of GPROF is gridded, intercalibrated,
and combined into half-hourly PMWmultisensors product. These combined precipitation estimates are then
provided to both the Precipitation Estimation from Remotely Sensed Information using Artificial Neural
Networks-Cloud Classification System (PERSIANN-CCS; Hong et al., 2004) computation routines and the
Climate Prediction Center Morphing-Kalman Filter (CMORPH-KF, Joyce & Xie, 2011) Lagrangian time
interpolation scheme.

The PERSIANN-CCS (Hong et al., 2004) was designed to improve the relationship between the IR brightness
temperature field (Tb) and surface precipitation. It uses cloud image segmentation, cloud patch features

Figure 1. Flowcharts of (a) Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-time pro-
duct (TMPA-RT) and (b) Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) algorithms.
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extraction, cloud patches classification, and cloud patch precipitation estimation schemes. The IR image is
segmented using gradually increasing thresholds temperature (220 K, 235 K, and 253 K) to extract the
convective cloud patch features at different altitudes considering the temperature, geometry, and texture
of the clouds. To classify the extracted cloud patch features into different patch groups, an unsupervised
clustering algorithm is implemented. Finally, a cloud precipitation function is optimized to each cloud
patch group based on a training set of the collocated PMW precipitation using power law regression and
histogram matching to derive the parameters with respect to each group.

The CMORPH-KF algorithm used in IMERG is similar to the current scheme in CMORPH and related to that in
GSMap. It involves estimating cloud motion fields from geo-IR data, moving PMW multisensors swath data
using the computed displacements, and applying a Kalman smoothing to combine satellite data displaced
from nearby times. This Lagrangian time interpolation scheme (Joyce & Xie, 2011) propagates the intercali-
brated PMW precipitation features forward and backward in time using the cloud motion vectors obtained
from the geo-IR images. It mitigates PMW coverage gaps in the TMPA algorithm. Then the propagated fea-
tures are morphed by linearly interpolating in time to create half-hourly 0.1° × 0.1° fields from the PMW
and IR estimates. The IR estimates are weighted into the Kalman smoother when their estimated correlation
is close to that of the morphed PMW estimates.

2.2. Data Description

Building on the TMPA processing concept, the IMERG product has multiple runs aiming to serve different
users’ needs for timeliness. The “early” multisatellite product is the first, quick precipitation estimate, with
~4 h latency after observation time (the product is available at https%3A%2F%2Fpmm.nasa.gov%2Fdata-
access%2Fdownloads%2Fgpm). This product is intended for flood applications and precipitation nowcast-
ing purposes. The “late” multisatellite product waits to include PMW data for backward propagation,
resulting in ~14 h delay after observation. This product targets operational users such as crop, flood,
and drought analysts. Once the monthly gauge precipitation analysis is received, the “final” best

Figure 2. Processing stages for error analysis and level improvement between Tropical Rainfall Measurement Mission-
based Multi-satellite Precipitation Analysis real-time product (TMPA-RT) and Integrated Multi-Satellite Retrievals for
Global Precipitation Measurement (IMERG) precipitation products.
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satellite gauge product is assembled with about 3 months latency after observation. All of the runs
provide multiple fields that provide information on the input data, selected intermediate fields, and
estimation quality. Such information helps to ensure data processing traceability and support for
algorithm studies. In this study, the late run multisatellite precipitation product is evaluated during the
study period of 2014. To avoid the climatological monthly gauge correction, the uncalibrated
precipitation data field is chosen.

A high-resolution ground-based radar precipitation reference data set derived from MRMS (Kirstetter et al.,
2012) is used to evaluate the performance of both IMERG and TMPA-RT products. MRMS uses advanced qual-
ity control and data integration techniques to create consistent and accurate precipitation estimates (the pro-
duct is available at http://mrms.ncep.noaa.gov/data). TheMRMS ingests data from the NEXRAD radar network
to create high-resolution 3-D reflectivity mosaic grids and quantitative precipitation estimates products over
the CONUS at 0.01° spatial and 2 min temporal scales (Zhang et al., 2011, 2015). MRMS is currently the finest-

Figure 3. Spatial distribution of seasonal cumulative precipitation (mm) for Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-
time product (TMPA-RT), Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG), and Multi-Radar Multi-Sensor system (MRMS) precipi-
tation estimates for (a) merged infrared (IR) and passive microwave (MW) sensors and (b) IR-only sensors.
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scale operational ground precipitation product and is being utilized by different public institutions,
universities, and in the private sector for hydrometeorological applications. In evaluating satellite
precipitation products with an exogenous reference, the quality of the reference data set is a key factor to
get the most realistic picture of the true state and draw meaningful conclusions. The reference
precipitation is generated through significant MRMS data postprocessing, involving gauge-based bias
adjustments, resampling, and quality controls as described in Kirstetter et al. (2012, 2014, 2015). It only
retains the most trustworthy, best quality precipitation estimates at the hourly time scale. This
conservative approach is designed to homogenize the reference quality and has a significant impact on
the availability of data specifically in the Intermountain West, where the quality of radar measurements
tends to be lower than in other regions of the country.

2.3. Methodology

The methodology of the study is briefly described in Figure 2. Two data fields are extracted from TMPA-RT:
the sensor source and the precipitation estimates. The TMPA-RT sensor source classifies the pixel precipita-
tion estimates into different sensor groups for every 0.25°/3 h grid box value over the CONUS. Note that
the TMPA-RT precipitation estimates are pure IR or PMW estimates. While the IMERG products originate from
the same constellation of satellite sensors, the IMERG precipitation estimates are weighted combinations of
IR and PMW estimates, especially in TMPA-RT IR pixels. In this analysis, the TMPA-RT sensor source is the basis
for classifying pixel precipitation estimates from TMPA-RT, MRMS, and IMERG into different sensor groups.
The IMERG and MRMS products are consistently remapped to match the grid scale of TMPA-RT at 0.25°
and 3-hourly. Spatial aggregation from 0.1° to 0.25° has been made using the cubic convolution resampling
method, which is based on the weighted average of 16 nearest neighboring pixels to generate new values. By
conditioning the analysis according to the TMPA-RT sensor source, the improvement of IMERG relative to
TMPA is evaluated (rather than compared independently).

To gain more insight on the source and type of errors that characterize PMW and IR estimates in both pro-
ducts, it is desirable to decompose the overall bias into three independent components (Tian et al., 2009;
see Appendix A). These error components consist of the bias associated with successful detections (hit/esti-
mation bias), precipitation misses (missed-rain bias), and false detection (false-rain bias). To visualize the
improvement between the two satellite precipitation products, two performance measures are applied.
First, the frequency of occurrence of each error component in TMPA-RT and IMERG products is computed
as percentage over the study period for each individual 0.25° grid box. Second, the percentage of extent
of area coverage of each error components is computed for both precipitation products. The level of
improvement is evaluated based on percent change of occurrence and extent of area coverage of hit, miss,
and false rain over the CONUS.

Figure 4. Comparison of cumulative precipitation estimates (mm) originating from passive microwave (MW) and infrared
(IR) of Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-time product (TMPA-RT) and
corresponding Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) grid boxes.
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3. Results and Discussion

Precipitation types vary significantly across the United States. TheWest, Northwest, and Northeast have more
stratiform precipitation, while the Midwest and central United States are dominated by convective precipita-
tion. The South and Southeast receive comparably higher contribution from tropical and warm rain (Chen
et al., 2015). Figure 3 illustrates the spatial distribution of seasonal cumulative precipitation for Version 7
TMPA-RT, Version 03 IMERG Late Run, and MRMS precipitation estimates during the study period (2014).
The combined PMW and IR products are shown in Figure 3a, and the estimates coincident with TMPA IR-only
are shown in Figure 3b for comparison. TMPA-RT overestimates the precipitation amounts, specifically in the
north central United States during spring, summer, and fall. In general, IMERG is more consistent with the
reference for all seasons, except for a slight underestimation over Florida and the southeast coastal region
of the CONUS during fall. The TMPA-RT overestimation is likely due to the IR-based retrievals as shown in
Figure 3b. The inclusion of IR data into both TMPA and IMERG algorithms results in considerable overestima-
tion (although in IMERG it is slightly less and localized) in all seasons except winter (Figure 3b). The improve-
ment from TMPA to IMERG is significant in winter. IR precipitation estimation is indirectly inferred from cloud
top temperature and has limited accuracy for detection/quantification of cold precipitation.

Figure 5. Time series of cumulative precipitation (mm) estimates originated from the available passive microwave (MW)
sensors of Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-time product (TMPA-RT)
and corresponding TMPA-RT, Integrated Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG), and
Multi-Radar Multi-Sensor system (MRMS) precipitation grid box estimates.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027606

GEBREGIORGIS ET AL. DAY-1 IMERG IMPROVES UPON TMPA-RT 1700



IR-based precipitation estimates present substantial uncertainties that propagate into the final MW-IR
merged product (Kirstetter et al., 2017). These precipitation estimates are generated through matching the
distribution of the IR Tb against the available PMW precipitation retrievals. For regions where no PMW retrie-
val is available, the matching tables are similar with the neighboring regions. A relatively constant calibration
is performed for all precipitation events in the calibration data sample, despite the true variability that exists
from event to event. Therefore, calibration with PMW reasonably improves the accuracy yet does not resolve
all the uncertainties in IR retrieval techniques. The updating and the filling of the TMPA PMW coverage gaps
are probably to be credited in this improved performance by IMERG. The slight overestimation with the
IMERG algorithm shows that this achievement comes from an algorithm improvement as the result of the
PMW morphing reducing the use of IR relative to the TMPA.

A time series of spatially aggregated precipitation over the CONUS for the PMW and IR components of TMPA
and corresponding IMERG estimates are shown, along with MRMS, in Figure 4. Higher accumulations related
to higher convective activity occur during the warm season. The result clearly reveals that there is a signifi-
cant improvement in IMERG corresponding to TMPA grid boxes with IR estimates. This is because morphing
in IMERG mitigates the PMW coverage gaps. Second, in regions where both TMPA and IMERG rely on IR, the
PERSIANN-CCS and the PMW-based IR calibration in IMERG result in improved accuracy.

Figure 5 shows the time series of spatially accumulated precipitation estimates segregated according to the
TMPA-RT individual PMW and IR sensors types. For the comparison between products, TMPA-RT and IMERG
estimates are spatially accumulated for the corresponding PMW grid boxes. The PMW precipitation estimates
from TMPA-RT and IMERGproduct agree reasonablywell with the reference data over the entire period (2014),
and the major improvement comes from the estimate in IMERG in regions of IR-based TMPA, with slight over-
estimation particularly during the rainy season. The bias, correlation, index of agreement, and root mean
square error (RMSE) are provided according to sensor type in Figure 6 to highlight the change in the

Figure 6. Correlation, root mean square error (RMSE), index of agreement, and percent bias of passive microwave (MW) and infrared (IR) precipitation estimates con-
tained in the Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-time product (TMPA-RT) and Integrated Multi-Satellite Retrievals
for Global Precipitation Measurement (IMERG) data sets.
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agreement with the reference from TMPA to IMERG. Correlation coefficient and index of agreement illustrate
the quantitativemeasure of the correlation and dependence. The index of agreement can detect proportional
difference in the estimated and observed means and variances. Its value varies from 0 to 1 in which the value
of 1 indicates a perfect match and 0 designates no agreement (Willmott, 1981; see Appendix A).

Regarding PMWprecipitation estimates, the correlation shows high values (>0.8) and is comparable between
TMPA-RT and IMERG. The index of agreement tends to slightly decrease from TMPA to IMERG. The bias is

Figure 7. Correlation and RMSE for Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-
time product (TMPA-RT) (left column) and Integrated Multi-Satellite Retrievals for Global Precipitation Measurement
(IMERG) (right column) (a) passive microwave (PMW) and (b) infrared (IR) precipitation estimates for 2014.
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positive for both satellite products. It increases from TMPA (range (2–18)%) to IMERG (range (8–30)%). The
retrieval database of the day 1 at-launch GPROF algorithm is empirical and did not have a chance to
benefit from the combined active-passive observations from the GPM Core Observatory, as has been the
case in the following versions (Passive Microwave Algorithm Team Facility, PMATF, 2014). The higher bias
contributes to the higher RMSE generally observed in IMERG than in TMPA-RT. Regarding IR estimates
corresponding to the PMW sensors, a systematic improvement from TMPA to IMERG for all sensors and
scores is noticed. As seen in Figure 6, IR from IMERG demonstrates higher performance, with both
correlation and index of agreement greater than 0.8, while they range at [0.6–0.8] with TMPA. The bias is
reduced considerably, for example, from +95% to +8% in case of SSMIS-F17 as well as the RMSE. The level
of improvement is consistent with the correlation measures. Moreover, the percent bias indicates that
PMW precipitation estimates using the IMERG algorithm slightly underestimate the precipitation for all
PMW sensors except SSMIS-F18 and conical average.

Maps of correlation and RMSE are shown in Figure 7. They are computed for each 0.25° grid box over the
study period to understand the spatial distribution of agreement. Figure 7a shows maps for TMPA-RT and
IMERG (MW and IR merged products). The IMERG product exhibits better agreement with the reference
across the West Coast, central, and northeast regions. The correlation coefficient is higher for TMPA-RT for
the South and East Coast, which are regions mainly impacted by hurricanes and tropical storms.
Consistently, the RMSE is significantly reduced for IMERG over the central United States. For IR-only precipita-
tion estimates (Figure 7b), IMERG exhibits significant and noticeable improvement in correlation and RMSE.
The central region, South, and East Coast are marked by moderate correlation coefficient and lower RMSE.

Based on Tian et al. (2009), the total error is decomposed into three bias components: estimation error (hit
bias), miss-rain bias, and false-rain bias. Figure 8 presents the magnitude of the error components from (a)

Figure 8. Error component for (a) passive microwave (MW) and (b) infrared (IR) precipitation estimates of Tropical Rainfall
Measurement Mission-based Multi-satellite Precipitation Analysis real-time product (TMPA-RT) (top) and Integrated
Multi-Satellite Retrievals for Global Precipitation Measurement (IMERG) (bottom) data sets.
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PMW and (b) IR sensors as identified in TMPA-RT and IMERG. The magnitude of miss-rain bias observed
during the entire period in TMPA-RT is considerably mitigated with the IMERG algorithm (Figure 8a). Miss-
rain bias is possibly due to short-lived precipitation events missed because of the infrequent revisit of the
low Earth orbit satellites on which PMW sensors fly or because of an IR detection issue (stemming from
calibration by PMW sensors with deficient detection). Therefore, the implementation of the CMORPH-KF
and PERSIANN-CCS schemes in IMERG contributes significantly to improving the miss-rain bias by
respectively increasing the contribution of PMW and improving the IR retrieval. PERSIANN-CCS may bring a
substantial improvement in the detection of rain with functional structures related to the patch-based
approach. As further illustrated in Figure 8b, in regions of IR-based TMPA precipitation estimates both the
miss-rain and false-rain biases are substantially reduced in IMERG. As discussed before, this is attributed to
use of both morphing and PERSIANN-CCS.

Finally, the level of improvement is also measured as a function of the difference of occurrence and area cov-
erage of the hit rate, miss, and false alarm between the two algorithms. First, the percentage of occurrence of
these categorical measures is computed for both algorithms. The difference of occurrence is then calculated
by subtracting the percentage of IMERG from its TMPA-RT counterpart. Accordingly, a negative percentage
change in hit rate means that IMERG has better hit (detection) capability than TMPA-RT. Figure 9a presents
the difference in percentage of frequency of occurrence of hit, miss, and false rain between TMPA-RT and
IMERG algorithms. The frequency of miss-rain is lower for the IMERG product, the hit rate is higher, and the
false alarm is slightly higher than TMPA-RT in most of the CONUS (Figure 9a). This shows that IMERG demon-
strates better performance in reducing the miss-rain rate and increasing the hit rate, in agreement with
Figure 8. In case of hit rate and miss-rain, IMERG shows outstanding performance compared to TMPA-RT in

Figure 9. (a) Percentage of improvements related to the occurrence hit rate, miss-rain, and false alarm (by subtracting Integrated Multi-Satellite Retrievals for Global
Precipitation Measurement (IMERG) from Tropical Rainfall Measurement Mission-based Multi-satellite Precipitation Analysis real-time product (TMPA-RT)):
percentage of occurrence of the three categorical measures during the study period (2014). (b) Change in percentage area coverage of hit, miss, and false alarm
between TMPA-RT and IMERG as a function of time.
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the North and Northeast. This is related to the improved capability of IMERG to remotely sense and estimate
both liquid rain and falling snow using the improved GPROF algorithm.

In Figure 9b and similar to the frequency of occurrence hit, miss, and false alarm, the IMERG product shows
smaller area coverage for the miss-rain compared to TMPA-RT, larger area of the hit/rain detection, and fairly
similar area coverage with the TMPA-RT in case of the false alarm (Figure 9b). In general, the IMERG algorithm
demonstrates significant functional improvement for precipitation estimation, particularly with reducing the
miss-rain bias related to PMW and IR sensors and largely in decreasing the false-rain bias in the TMPA IR pre-
cipitation retrieval. Better understanding about the accuracy, performance, and level of improvement of the
IMERG product can be achieved through detailed and comprehensive analysis of the product without alter-
ing both the spatial and temporal resolutions. Future work is in progress to produce a ground reference at the
native resolution of IMERG product (half-hourly, 0.1° × 0.1°).

4. Conclusion

This study investigates the shift in accuracy in satellite precipitation estimates from the TRMM to the GPM era
and demonstrates the advances in the new generation of multisatellite precipitation products. It presents the
level of improvement achieved in IMERG multisatellite precipitation product in comparison to its predeces-
sor, TMPA-RT, and at the same spatial and temporal scales. We use the TMPA-RT sensor source identifier as
a baseline for the comparison. The MRMS precipitation estimate is utilized as reference data to evaluate both
products. The degree of improvement is evaluated by computing the statistical measures for pixel and aggre-
gated precipitation estimates, decomposing the error components and quantifying magnitude of reduction,
and investigating the change in frequency of occurrence and area coverage of the three error components.
The result of the study can be summarized as follows:

1. The Version 7 TMPA-RT overestimates IR precipitation significantly against MRMS, which is mainly the
result of false precipitation and hit bias. The overestimation due to false-rain bias is mitigated in the
Version 03 IMERG Late Run product. The algorithmmarkedly improves the IR precipitation retrieval mainly
due to the implementation of CMORPH-KF and PERSIANN-CCS. The GPROF PMW retrieval used in IMERG
reduces the miss-rain bias observed in TMPA-RT.

2. In addition to the error magnitude, the occurrence of miss-rain is substantially reduced and the hit rate is
improved in IMERG product with respect to both its frequency and area coverage. Related to false preci-
pitation, IMERG does not show significant change from TMPA-RT in terms of frequency of occurrence and
area coverage but demonstrates extensive improvement with respect to the magnitude of false-rain bias.

It is noteworthy that the prelaunch version of IMERG shows better performances than the TMPA algorithm
which has been matured over the TRMM era. This can be achieved only by a more accurate merging of
the multisatellite precipitation products in IMERG relative to TMPA. It is important to recognize that these
conclusions are based on a relatively short period of data (1 year) and tested only over the CONUS, indicating
that further study using a larger data set at global scale is necessary. Consideration of other factors such as
geophysical features, different weather, and climate is essential. More importantly, the impact of the uncer-
tainty induced during spatial and temporal aggregation of IMERG precipitation estimates is not entirely clear.
Further study at the native IMERG spatial and temporal scales, using a longer data set, will overcome
these limitations.

Appendix A: Performance Measures

Let us assume that Sr is the precipitation estimate by the satellite, Rr the reference (ground truth) precipita-
tion, TB the total bias, HB the hit bias, MB the missed-rain bias, FB the false-rain bias, TH the threshold value,
and n the number of sample size. For practical purposes TH can be considered between 0 and 1mm/d of pre-
cipitation (Tian et al., 2009)

TB ¼ Sr � Rr

If Sr > TH and Rr > TH; then HB ¼ Sr � Rr (A1)

If Sr <¼ TH and Rr > TH; then MB ¼ Sr � Rr ¼ �Rr (A2)

If Sr > TH and Rr <¼ TH; then FB ¼ Sr � Rr ¼ Sr (A3)
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Therefore, to evaluate the error, it is important to develop event mask for the respective error components as
shown below.

If the event masks are denoted as Rh, Rm, and Rf for hit, miss-rain, and false-rain components, respectively,
then we can demonstrate that the sum of error components is equal to the total bias.

HBþMBþ FB ¼ Sr–Rrð Þ�Rh þ –Rrð Þ�Rm þ Srð Þ�Rf
¼ Sr�Rh–Rr�Rh–Rr�Rm þ Sr�Rf
¼ Sr Rh þ Rfð Þ–Rr Rh þ Rfð Þ:

From the event mask matrix above Rh + Rf = Rh + Rf = 1 for all conditions except Sr< = TH and Rr< = TH (“no
error” condition). Thus,

HBþMBþ FB ¼ Sr�1� Rr�1 ¼ Sr � Rr ¼ TB (A4)

Covariance, cov

cov Sr ; Rrð Þ ¼ ∑
n

i¼1

Sir � Sr
� �

Rir � Rr
� �
n

(A5)

Correlation coefficient, r

r Sr ; Rrð Þ ¼ cov Sr � Rrð Þ
σSσR

(A6)

root mean square error, RMSE

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Sir � Rir
� �2

n

vuut
(A7)

Nash-Sutcliffe model efficiency coefficient, E

E ¼ 1�
∑
n

i¼1
Sir � Rir
� �2

∑
n

i¼1
Rir � Rr
� �2 (A8)

index of agreement, d

d ¼ 1�
∑
n

i¼1
Sir � Rir
� �2

∑
n

i¼1
Sir � Rr
�� ��þ Rir � Rr

�� ��� �2 (A9)
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