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Abstract

Seasonal and diurnal variations in the Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG)
version 06B final run and TRMM Multi-satellite Precipitation Analysis (TMPA) 3B42 products were accessed from April 2014
to March 2019. Systematic annual mean differences between IMERG and TMPA data over the oceans were smaller for IMERG
version 06B than for earlier IMERG versions, possibly because of updated calibration processes. The mean differences between
the IMERG version 06B and TMPA data for tropical oceans were relatively small, but differences between two datasets for the
tropical Pacific for all four seasons were not. The diurnal amplitude of the IMERG was smaller than that of the TMPA over
most continents, and the differences increased with mean diurnal amplitude. The diurnal amplitude of the IMERG were larger
than that of the TMPA data over the oceans. The differences between the phases of the precipitation diurnal harmonics in the
IMERG and TMPA datasets varied widely in all four seasons, but the mean phases were almost the same over both the oceans
and the land. The sources of the differences in diurnal precipitation amplitudes in the Bay of Bengal and along the west coast
of Central America, which showed large diurnal ranges and rather different diur-nal amplitudes, were assessed. Differences in
seasonal means caused differences in diurnal amplitudes in the Bay of Bengal, but for Central America differences in diurnal

amplitudes were associated with seasonal mean diurnal amplitudes.
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Key Points:

The seasonal and annual mean differences of the precipitation between
IMERG V06 and TMPA are different from the earlier IMERG version data

The diurnal amplitude of the IMERG were larger (smaller) than that of the
TMPA data over the oceans (continents)

Differences in diurnal amplitudes between two datasets are associated with
seasonal mean differences or seasonal mean diurnal amplitudes
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Abstract

Seasonal and diurnal variations in the Integrated Multi-satellite Retrievals for
Global Precipitation Measurement (IMERG) version 06B final run and TRMM
Multi-satellite Precipitation Analysis (TMPA) 3B42 products were accessed from
April 2014 to March 2019. Systematic annual mean differences between IMERG
and TMPA data over the oceans were smaller for IMERG version 06B than for
earlier IMERG versions, possibly because of updated calibration processes. The
mean differences between the IMERG version 06B and TMPA data for tropical
oceans were relatively small, but differences between two datasets for the tropical
Pacific for all four seasons were not. The diurnal amplitude of the IMERG was
smaller than that of the TMPA over most continents, and the differences increased
with mean diurnal amplitude. The diurnal amplitude of the IMERG were larger than
that of the TMPA data over the oceans. The differences between the phases of the
precipitation diurnal harmonics in the IMERG and TMPA datasets varied widely in
all four seasons, but the mean phases were almost the same over both the oceans
and the land. The sources of the differences in diurnal precipitation amplitudes in
the Bay of Bengal and along the west coast of Central America, which showed large
diurnal ranges and rather different diurnal amplitudes, were assessed. Differences
in seasonal means caused differences in diurnal amplitudes in the Bay of Bengal,
but for Central America differences in diurnal amplitudes were associated with

seasonal mean diurnal amplitudes.
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1. Introduction

As an important element in the global hydrological cycle, precipitation affects clouds,
water vapor, and the atmosphere through the exchange of latent heat, and it influences
oceanic circulation through its effect on seawater salinity, as well as changing the
surface reflectance by regulating the cryoconite cover (Bowman et al., 2005; Trenberth
et al., 2003; Trenberth et al., 2007). Accurate measurements of precipitation are
important for research on the global energy balance. Satellite remote sensing
precipitation products have been used commonly in climate studies and applications in
recent decades. These satellite products are based mainly on microwave and infrared
(IR) retrieval data (Huffman et al., 1997; Huffman et al., 2007; Joyce et al., 2004; Kidd
et al., 2003). Whereas most microwave sensors can provide precipitation data with a
good degree of accuracy but poor coverage and low temporal resolution, IR sensors
afford better coverage and temporal resolution but provide less accurate estimates of
precipitation (Brown, 2006; Huffman et al., 2007; Kubota et al., 2007).

The Tropical Rainfall Measuring Mission (TRMM) dataset used to be one of the most
widely used satellite remote sensing precipitation datasets in tropical hydrological
studies. The TRMM Multi-satellite Precipitation Analysis (TMPA) dataset uses
precipitation estimates from multiple satellites as a calibration-based sequential scheme
and provides estimates of precipitation at a finer resolution than former TRMM datasets
(Huffman et al., 2010; Huffman et al., 2007). The TRMM operated for 17 y from 1997
before being decommissioned on 15 April 2015. The Global Precipitation Measurement
(GPM) mission, the successor to the TRMM, was led by the Japanese Aerospace
Exploration Agency (JAXA) and the US National Aeronautics and Space
Administration (NASA) and launched on 27 February 2014 (Hou et al., 2014; Huffman
et al., 2010). The Integrated Multi-satellite Retrievals for GPM (IMERG) products
provide estimates of precipitation with wider coverage, higher spatial and temporal
resolution, and better snowfall estimates than TMPA products (Huffman et al., 2015).

Despite improvements in satellite-based precipitation estimates, there are still some
uncertainties in the data. Sampling errors (caused by the discrete revisit time and gaps

in spatial cover) and retrieval errors (caused by the retrieval relationship between
3
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satellite observations and rain rates) are two important sources of error in precipitation
estimates made using satellite data. Retrieval errors are different for different surface
conditions, climate regions, and seasons, so different products perform differently for
different areas (Sorooshian et al., 2011). The updated versions of IMERG generally
perform better than older versions (Satgéet al., 2018), but IMERG version 05 data have
been found to be better than the latest IMERG version 06 data for certain regions
(Hosseini-Moghari & Tang, 2020).

Mean precipitation was estimated more accurately using IMERG than TMPA
products in previous studies in which TMPA and IMERG daily or monthly products
were compared (Liu, 2016; Murali Krishna et al., 2017; Su et al., 2019; Tang et al.,
2016; Wu & Wang, 2019; Xu et al., 2017). However, the performances of IMERG and
TMPA products at a diurnal scale have never been compared comprehensively. IMERG
data prior to version 06 have been found to contain a lag compared with in situ rain
gauge precipitation data over land and great uncertainty in precipitation amplitude, with
the precipitation amount being represented better than the precipitation frequency and
conditional precipitation rate (Li et al., 2018; Mayor et al., 2017; Oliveira et al., 2016;
Sungmin & Kirstetter, 2018; Tang et al., 2016). Intercalibration and interpolation were
better in IMERG version 06 than in earlier versions (Huffman et al., 2019), giving more
confidence in the representation of the diurnal cycle by IMERG version 06 than by
earlier versions. Tan et al. (2019) compared diurnal cycles in the United States from
IMERG V06 data and Multi-Radar Multi-Sensor ground observation data and found
that the diurnal phases corresponded well but that there remained some disparities in
diurnal amplitude.

Over the last two decades, studies of the global precipitation diurnal cycle have been
based mainly on TRMM data (Biasutti et al., 2012; Nesbitt & Zipser, 2003; Sahany et
al., 2010; Sen Roy & Balling Jr, 2007; S. Yang & Smith, 2006). TMPA 3B42 datasets
from the TRMM data were used due to their high temporal and spatial resolution, and
because the data were calibrated using rain gauges. It has been shown that for most
regions the TMPA 3B42 product captured the main diurnal variations in precipitation

but was affected by some quantitative errors in diurnal phase and amplitude in some
4
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regions (As-syakur et al., 2019; Chen et al., 2012; Dai et al., 2007; Giles et al., 2020;
Prakash et al., 2016; Wang et al., 2011; Worku et al., 2019). Comparisons of the TMPA
and IMERG datasets with rain gauge data for Mainland China, Africa, and the Indian
subcontinent indicate that diurnal variations may be estimated better using IMERG than
TMPA (Dezfuli et al., 2017; Murali Krishna et al., 2017; Tang et al., 2016). Prakash et
al. (2018) compared the TMPA and IMERG datasets for the north Indian Ocean with
data collected by ocean buoys at different timescales and found that the satellite
observations performed better at the daily and monthly scales than at the diurnal scale.

Whilst satellite datasets have been evaluated in several previous studies, the
performance of the latest GPM IMERG estimate (version 06B) against the previous
TMPA products at the global scale needs to be investigated further, particularly at the
diurnal scale. The main objectives of this study are (1) to compare the latest IMERG
version 06B product with the TMPA 3B42 product to assess differences between the
products at the seasonal and diurnal scales, and (2) to attempt to identify the cause(s) of

diurnal differences between IMERG version 06B and TMPA 3B42 products.

2. Data and Method
2.1 IMERG data

The final runs of the most recent version of the IMERG data (IMERG version
06B) were used. Precipitation estimates were provided at 0.1=<0.1°and 0.5 h
resolutions covering 90°S—90°N (increased from 60°S—60°N in IMERG version 05).
The IMERG algorithm combines microwave and IR sensor data and monthly gauge
precipitation data from the whole of the GPM constellation (Hou et al., 2014). The
GPM core observatory satellite contains a dual-frequency precipitation radar and the
GPM microwave imager (Dezfuli et al., 2017). The dual-band precipitation radar
gives a better estimate of the sizes of precipitation particles and covers a wider range
of precipitation rates than the single-band radar on the TRMM satellite (Hou et al.,
2014). It should be noted that some major changes were made in IMERG dataset after
the data version updated from v05 to v06. The ‘displacement vectors’ were computed

using Modern-Era Retrospective Reanalysis 2 and Goddard Earth Observing System
5
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model forward processing data for version 06, but using IR data for version 05
(Huffman et al., 2019; Tan & Huffman, 2019). Unlike the IMERG version 05 dataset,
the version 06 dataset incorporated the Goddard profiling algorithm-TRMM
microwave imager V05 estimates computed for the GPM era, and for the first time
incorporated Sounder for Atmospheric Profiling of Humidity in the Inter-tropics by
Radiometry estimates computed using the Precipitation Retrieval and Profiling
Scheme (Huffman et al., 2019). A new morphing scheme based on total precipitable
water vapor determined using numerical models was included in IMERG version 06.
This was considered to be an improvement over the previous IR-based scheme,
particularly for Southern Ocean latitudes (Huffman et al., 2019). There was less
artificial variability in the diurnal cycle during times when only occasional samples
were collected by non-Sun-synchronous PMW satellites, such as the GPM microwave

imager (Tan & Huffman, 2019).

2.2 TMPA data

The TMPA 3B42 (version 7) data product, with resolutions of 0.25<<0.25and 3
h and a coverage of 50°S-50°N, was a post-real-time research-quality product
released 10-15 d after the end of each month (Huffman et al., 2007). Microwave and
IR sensors were used to estimate precipitation for TMPA datasets. The microwave
radiometers was onboard the low Earth orbit platform and operated at 5 different
frequencies (10.7, 19.4, 21.3, 37.0, 85.5 GHz), in which a TRMM microwave imager,
a Special Sensor Microwave Imager/Sounder, an Advanced Microwave Scanning
Radiometer for Earth Observing Systems, an Advanced Microwave Sounding Unit-B,
and a Microwave Humidity Sounder were included. IR data were collected by an
international constellation of geosynchronous Earth orbit satellites (Huffman et al.,
2015; Huffman et al., 2007). Four steps were involved in producing the TMPA
dataset. First, the microwave precipitation estimates mentioned above were calibrated
and combined to estimate precipitation rates using the Goddard profiling algorithm.
Second, the calibrated microwave estimates were used to calibrate the IR precipitation

estimates. Third, the microwave and IR estimates were combined to fill in any gaps in
6
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the datasets. Finally, the rain gauge data were combined with the multi-satellite data

(Huffman et al., 2010; Huffman et al., 2007).

2.3 Method

Seasonal and diurnal variations in the TMPA and IMERG datasets were
compared for the complete 5-year period 1 April 2014 to 31 March 2019. TMPA data
ceased to be available at the end of 2019. The TMPA and IMERG datasets have
different spatial resolutions, so the data in each dataset were interpolated to 1<1°
grids using a bicubic method to allow comparison of seasonal and diurnal variations
in the two precipitation products at the global scale. The temporal resolutions of the
TMPA and IMERG data were 3 and 0.5 h, respectively, so there were 8 and 48
records at each grid point, respectively. Only diurnal variations were considered;
semidiurnal variations were not taken into account. Based on climatological mean 3 h
values from both two datasets, the diurnal harmonics for each grid were calculated
using the equation (Bowman et al., 2005; Collier & Bowman, 2004; Dai, 2001; He et
al., 2015)

P, i cos (25 +a, sin (22) 45

where p is the precipitation estimate at time t; in the dataset of interest, t,=0, 3, ..., 21
are times at 3 h intervals, p, is the daily mean precipitation for the 5-year period for
each grid, a. and a, are the cosine and sine component coefficients in the Fourier
representation of the precipitation estimates, and ¢; is the residual. The amplitude
A=,/a.2+a,? and phase d):arctan(:—Z) were calculated using this function. The time of
the maximum in the diurnal cycle was determined from the phase ¢. Estimates made
using the TMPA and IMERG datasets were adjusted to local solar time for each
degree of longitude on the grid. F-tests were performed to assess the harmonics for

statistical significance (Anderson, 1971). Diurnal harmonics in IMERG precipitation

were calculated using both the 0.5 and 3 h values averaged from the 0.5 h data.

3. Results
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The 5-year (April 2014 to March 2019) mean precipitation data from the IMERG
dataset are shown in Figure 1a. The IMERG product captured the regions with heavy
precipitation, including the Pacific and Atlantic intertropical convergence zones
(ITCZs), the Pacific warm pool, the South Pacific convergence zone (SPCZ), and the
Indian Ocean. Heavy precipitation is also found for the Kuroshio Extension and the
Gulf Stream regions. The absolute and relative differences between the IMERG and
TMPA precipitation data (IMERG minus TMPA and IMERG minus TMPA relative to
the IMERG 5-year mean, respectively) for the 5-year period are shown in Figure 1b and
1c, respectively. Rainfall at latitudes higher than 25<5 or 25N over the ocean was
higher in the IMERG product than in the TMPA product. The differences between the
IMERG and TMPA rainfall data for the tropical oceans were <1 mm/d except for the
Atlantic ITCZ, for which the IMERG dataset indicates relatively low rainfall. Rainfall
over the oceans was higher in the IMERG than in the TMPA product at low rates of
rainfall, but the differences between the IMERG and TMPA products were small at high
rainfall. The relative differences between the IMERG and TMPA precipitation data
followed a similar pattern to the absolute differences between IMERG and TMPA
precipitation data, except for some dry regions in the southern Pacific and southern

Atlantic.
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Figure 1. Climatological mean precipitations. (a) Five-year mean precipitation data from the IMERG
V06B product; (b) Mean differences (IMERG minus TMPA); (c) Relative differences (IMERG minus
TMPA, relative to the IMERG mean).

In terms of the mean systematic differences between the precipitation data in IMERG
version 06B and TMPA version 7 over the ocean between April 2014 and March 2019,
as shown in Figure 1b, the pattern shows mean systematic differences between the
previous IMERG version and TMPA version 7. Rainfall was lower in the IMERG
version 05 data than the TMPA version 7 data for all the tropical oceans between 1 April
2014 and 30 April 2017, and the IMERG rainfall data were much lower than the TMPA
rainfall data for high-rainfall areas in the tropics (Wu & Wang, 2019). Regarding the
differences between the IMERG version 03D data and TMPA version 7 data for the first
year of the GPM , as shown in (Liu, 2016), the pattern was similar to that seen in the
mean systematic differences between the IMERG version 05 and TMPA data. The
different patterns in the differences between IMERG version 06 and TMPA

precipitation data and the previous IMERG version data reflect differences between the
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annual mean data in IMERG version 06 and earlier IMERG versions(Liu, 2016; Wu &
Wang, 2019), which could have been caused by updated calibration processes used in
IMERG version 06. For the IMERG version 06 estimates, TRMM-based calibrations
were performed in the first 2.5 months and the GPM-based calibrations were then
performed in the remaining part, whereas for IMERG version 05 and other earlier
versions, the GPM-based calibrations were used in the whole period (Huffman et al.,
2019). The differences between the data from the various IMERG versions and the
TMPA data were much smaller over land than over the oceans because the IMERG and
TMPA datasets were all produced using Global Precipitation Climatology Centre gauge

adjustments to correct bias over the land.

3.1. Comparison of seasonal cycles in the IMERG and TMPA datasets

Differences in mean precipitation seen in the datasets from the IMERG and TMPA
products in different seasons are shown in Figure 2. The figure was prepared to
determine whether any differences in patterns between the IMERG and TMPA products
were consistent for all seasons. It is interesting to note that although the differences
between the IMERG and TMPA 5-year mean precipitation data for the tropical oceans
are generally small, the differences for all seasons in the tropical Pacific are
considerable. Rainfall in the Pacific ITCZ was higher in the IMERG product than in the
TMPA product in the boreal spring, but lower in the boreal summer. Rainfall in the
SPCZ was lower in the IMERG products than the TMPA products for the boreal spring,
summer, and autumn but higher in the IMERG products than the TMPA products for
the boreal winter. The fact that the differences were opposite in different seasons meant
that the IMERG and TMPA 5-year mean differences for the tropical Pacific were small.
Rainfall in the Atlantic ITCZ was lower in the IMERG dataset than the TMPA dataset
in all seasons, and the largest difference was ~2 mm/d in the boreal summer. More
rainfall at latitudes between 35<S and 505 over the global oceans was found in the
IMERG dataset than the TMPA dataset for all seasons. More rainfall over the Pacific
Ocean between latitudes 35N and 50N in the boreal spring, autumn, and winter was

observed from the IMERG dataset than from the TMPA dataset. The differences
10
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between the IMERG and TMPA datasets in all seasons were more consistent over the
land than over the oceans (the differences over the land were <1 mm/d). Rainfall in
high-rainfall areas in the tropics was much lower in the IMERG version 03 data than in
the TMPA version 7 data for the boreal summer 2014 and boreal winter 2014/2015 (Liu,
2016), suggesting possible seasonal mean differences between IMERG version 06 and

its earlier version over the ocean.
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Figure 2. Absolute differences (IMERG minus TMPA) between the mean precipitation data in the
IMERG V06B product and the TMPA 3B42 product in (a) March, April, and May (MAM); (b)
June, July, and August (JJA); (c) September, October, and November(SON); (d) December,
January, and February (DJF).

The TMPA and IMERG data showed differences over land and oceans in different
seasons. Scatter plots of mean precipitation from the IMERG and TMPA data over land

(red dots) and oceans (blue dots) in all four seasons for the 1<x1<grid are shown in
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Figure 3. Spring was defined as March, April, and May (MAM) in the boreal
hemisphere and September, October, and November (SON) in the austral hemisphere,
and summer was defined as June, July, and August (JJA) in the boreal hemisphere and
December, January, and February (DJF) in the austral hemisphere. Autumn was defined
as SON in the boreal hemisphere and MAM in the austral hemisphere. Winter was
defined as DJF in the boreal hemisphere and JJA in the austral hemisphere. In Figure 3,
the dashed lines indicate one-to-one relationships. Lines were fitted to the data using
the least-squares method. The IMERG products showed good correlation with the
TMPA products over both the oceans and the land in all four seasons. The correlation
coefficients were higher for the summer than the winter over the oceans and over the
land. This indicates that the satellite datasets were more consistent in the summer than
winter, which resulted from the different capacities of the satellites to detect light
precipitation. The intercepts of the lines fitted to the relationships between the IMERG
and TMPA data were positive, and the slopes were close to 1 over both the oceans and
the land for all four seasons. The intercepts were higher over the oceans than the land,
indicating that the IMERG and TMPA data were more different for low-rainfall regions
over the oceans than over the land. The root mean squared errors between the datasets
were smaller over the land than over the oceans for all four seasons. This is probably
because the same Global Precipitation Climatology Centre gauge adjustment was

applied to both datasets over the land.
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Figure 3. Scatter plots of seasonal mean precipitation in the IMERG V06B and TMPA 3B42
products over the oceans (blue) and land (red) using a 1<1<=grids for (a) and (¢) spring; (b) and (f)
summer; (¢) and (g) autumn; (d) and (h) winter. The black dashed line indicates a one-to-one
relationship.

The relative differences between the satellite products for all four seasons are shown
in Figure 4. Overall, regions with large relative differences were associated with rare
precipitation. Unlike for the absolute differences shown in Figure 2, the relative
differences between the satellite products were smaller for the tropical Pacific than for
the other regions due to the high mean precipitation rate. Much lower rainfall in the
Atlantic ITCZ was indicated in the IMERG dataset than the TMPA dataset in all four
seasons (Figure 2), but the relative differences for the tropical Atlantic were inconsistent
in all four seasons. Negative relative differences were found for the equatorial Atlantic
in the boreal summer and autumn, and positive relative differences were found for the
North Atlantic in the boreal spring and winter. Similar to the differences between the
IMERG version 03 products and TMPA version 7 products for the boreal summer of
2014 and boreal winter of 2014/2015, the relative differences between the IMERG
version 03 products and the TMPA version 7 products for the boreal summer of 2014

and the boreal winter of 2014/2015 (Liu, 2016) were very different from the relative
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327  differences between the IMERG version 06 products and the TMPA version 7 products

328  asshown in Figure 4b and 4d.

50°N

(%)

(%)

(%)

(%)

329 0 60°E 120°E 180° 120°W 60°W

330 Figure 4. Relative differences (IMERG minus TMPA, relative to 5-year IMERG mean) between
331 the IMERG V06B product and TMPA 3B42 product in (a) MAM; (b) JJA; (c) SON; (d) DJF.

332 The differences between the IMERG version 06 and TMPA version 7 products over
333  the land were relatively small for all seasons, but the relative differences were quite
334 large for some regions. Large relative differences were mostly found for low
335  precipitation regions over the oceans and land. Less light precipitation was indicated in
336  all of these dry regions by the IMERG estimates than by the TMPA estimates. For
337 example, the relative differences between the IMERG and TMPA products reached

338  —150% over Asia in the boreal winter.

14



339

340
341
342

343

344

345

346

347

348

349

350

B
(mm/day)

'S
(mm/day)

'S
(mm/day)

S
(mm/day)

180°

Figure 5. Amplitude of the diurnal harmonic from the IMERG V06B product in (2) MAM; (b) JJA;
(c) SON; (d) DJF. The grey shadowing represents the diurnal harmonics are not statistically
significant at the 90% confidence level.

3.2. Comparison of the diurnal cycles in the IMERG and TMPA datasets

The amplitudes of the diurnal harmonics estimated from the seasonal mean IMERG
datasets for the 1<x1<grid, are shown in Figure 5. The harmonics that were not
statistically significant at the 90% confidence level are shown in grey. These harmonics
corresponded mostly to regions with little precipitation. The distributions of the
amplitudes in the different seasons resembled the seasonal mean precipitation rates in
the different seasons, with the diurnal amplitudes being larger in regions with higher

mean precipitation rates, such as the ITCZ and maritime continental areas. The diurnal
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cycles of precipitation varied seasonally. Larger diurnal amplitudes were found over the
continents in the northern hemisphere in the boreal summer and the southern
hemisphere in the boreal winter. Larger diurnal amplitudes in precipitation over the
ocean in the Bay of Bengal were found in the boreal summer than in the other seasons.
Diurnal variations in precipitation over the Gulf Stream were found only in the boreal
summer. The diurnal variations in precipitation in Central America and the adjacent
ocean were larger in the boreal summer and autumn than in the boreal winter and spring.
The largest mean diurnal variations in precipitation were found over the tropical ocean
due to deep convection, but marked diurnal differences were also found over areas of
ocean with lower mean precipitation, including the ocean around the Indonesian islands,
over the northern part of the Bay of Bengal, and along the Central American and
Mexican coasts in JJA. The large diurnal amplitudes in these areas were considered to
spread from convective regions over land to the adjacent oceans through complex land—

sea breeze systems (Yang & Slingo, 2001).
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Figure 6. Differences (IMERG V06B minus TMPA 3B42) between the amplitude of the diurnal

harmonics in (a) MAM; (b) JJA; (c) SON; (d) DJF. The grey areas indicate where the diurnal

harmonics were not statistically significant at the 90% confidence level in either IMERG or TMPA
data.

The differences between the amplitudes of the diurnal harmonics from the
precipitation products (IMERG minus TMPA) for the 1=<1<grid are shown in Figure
6. Comparisons were made at grid points at which the diurnal harmonics were
significant at the 90% confidence level for both the IMERG and TMPA products.
Unlike the seasonal mean differences, the diurnal differences in amplitude over the land
were not small. The diurnal variations over most of the continents and maritime

continents were smaller for the IMERG data than for the TMPA data. The differences

were largest in high-rainfall regions in South America and Africain SON and DJF. Over
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378  the oceans, larger diurnal variations were found in the IMERG data than in the TMPA
379  data. Large positive diurnal differences were found in regions with large diurnal
380  variations, such as the ITCZ in MAM and over the northern Bay of Bengal in JJA
381  (Figure 5b). Large positive diurnal differences were also found in regions with relatively
382 small diurnal variations, and small positive diurnal differences were found in regions
383  with relatively large diurnal variations. This indicates that large diurnal differences
384  between the IMERG and TMPA data were not necessarily associated with large diurnal
385  variations. The distribution of diurnal mean differences did not resemble the pattern of
386  seasonal mean difference over either the oceans or the land in any season, suggesting
387  that the diurnal mean differences between the IMERG and TMPA data for most regions

388  were not associated with the seasonal mean differences.
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390 Figure 7. As Fig. 3 but for the amplitude of the diurnal harmonics.

391 Scatter plots of the amplitudes of the IMERG and TMPA data over the land and
392 oceans in different seasons for the 1=<1<grid are shown in Figure 7. Dashed lines
393 indicate one-to-one relationships, as in Figure 3. Lines were fitted to the data using the
394 least-squares method. The diurnal amplitudes in the IMERG and TMPA data were well

395  correlated over both the oceans and the land in all seasons. The intercepts for the lines

18



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

fitted to the relationships between the diurnal amplitudes in the IMERG and TMPA
products were between 0.242 and 0.314 mm/d over the oceans and close to zero over
the land. The slopes of the lines fitted to the relationships between the diurnal
amplitudes in the IMERG and TMPA data were <1 over the oceans and land but were
closer to 1 over the oceans than over the land. The intercepts and slopes indicate that
the diurnal amplitudes over most of the ocean regions in all four seasons were larger in
the IMERG data than in the TMPA data, because the diurnal amplitudes were <4 mm/d
in most regions. The diurnal amplitudes over land in all four seasons were smaller in
the IMERG data than in the TMPA data. The slopes were <1 and the intercepts were
close to zero over the land, so the absolute differences between the diurnal amplitudes
in the IMERG and TMPA datasets increased with the mean diurnal amplitude. The
correlation coefficients were higher over the land than over the oceans in all four
seasons. The root mean squared errors between the diurnal amplitudes over both the
oceans and land in the IMERG and TMPA datasets were smallest in winter and largest

in summer.
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(c) SON; (d) DJF. The grey areas indicate the diurnal harmonics were not statistically significant at

the 90% confidence level in either IMERG or TMPA data.
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Figure 9. Probably density functions for the differences between the maximum times of the diurnal

harmonics in the IMERG V06B product and TMPA 3B42 product in (a) Spring; (b) Summer; (c)

Autumn and (d) Winter.

The distributions of the estimated phase of the diurnal harmonics of precipitation
from the IMERG product for the 1=<1<grid for four seasons are shown in Figure 8. The
diurnal harmonic phase represents the maximum precipitation time. The main
characteristics of the diurnal precipitation cycle as indicated by the IMERG product are
that maximum precipitation over the tropical oceans occurred in the morning, and
maximum precipitation over most of the land occurred in the late afternoon in all
seasons. Maximum precipitation over land tended to occur around 1800 local time. The
time at which the maximum precipitation over a diurnal cycle occurred could be
affected by the topography in some regions. For example, the plains in the central
United States, between the Rockies and the Appalachian Mountains, had maximum
precipitation between midnight and early morning in JJA (Carbone & Tuttle, 2008), and

the regions near the Andes had maximum precipitation between midnight and early
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morning in DJF (Junquas et al., 2018). The patterns also varied as the seasons changed.
In the boreal summer, the land—sea difference in maximum precipitation time was more
marked in the northern hemisphere than in the southern hemisphere, and the opposite
was found for the boreal winter. The time at which maximum precipitation occurred
was much more variable over the oceans than over the land. In regions dominated by
deep convection, such as the ITCZ and SPCZ, maximum precipitation occurred in the
early morning (0600 local time). Noisier diurnal cycles were found over the oceans than
over the land because only deep and organized convection tended to give an early
morning maximum, but submesoscale convection (typical of suppressed conditions)
tended to produce a late afternoon maximum much more similar to the case for land-
based convection (Sui et al., 1997).
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Figure 10. Peak times and amplitudes of the diurnal cycles in the IMERG data, differences
between mean precipitation and differences between mean precipitation diurnal amplitude in the
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IMERG V06B and TMPA 3B42 data in (a), (b) and (c) JJA,; (d), (e) and (f): DJF. The grey areas

indicate the diurnal harmonics were not statistically significant at the 90% confidence level.

There were no clear patterns in the differences between the phases of the precipitation
diurnal harmonics in the IMERG and TMPA datasets (figure not shown). The
probability density functions of the differences in the times of the maxima in the diurnal
harmonics in the IMERG and TMPA datasets using the 1=x1<grid over land and the
oceans in each season are shown in Figure 9. Overall, the phases in the IMERG and
TMPA datasets were more consistent over the land than over the oceans except in the
winter, when the differences in the phases in the diurnal harmonics showed similar
probability density functions over the land and oceans. The differences in the phases of
the precipitation diurnal harmonics between the IMERG and TMPA datasets varied
widely in all seasons, but the mean phases over both the oceans and land were almost
the same for the IMERG and TMPA datasets, except that the mean maximum time was
~0.5 h earlier in the TMPA dataset than in the IMERG dataset in both summer and
winter over the land, and the mean maximum time was ~0.5 h earlier in the IMERG
dataset than in the TMPA dataset in autumn over the oceans. It is worth noting that the
diurnal cycles in the 3 h IMERG and 3 h averaged TMPA datasets were also compared.
No significant differences were found between the 0.5 and 3 h averaged diurnal

harmonics in the IMERG dataset.

3.3. Different sources cause significant differences in diurnal amplitudes in the
IMERG and TMPA datasets, using two regions as examples

It was shown in Section 2 that smaller diurnal variations over most of the continents
and maritime continents were found in the IMERG dataset than in the TMPA dataset,
and that the differences in the diurnal amplitudes over land in the IMERG and TMPA
datasets increased with the mean diurnal amplitude. Diurnal variations over the oceans
were larger in the IMERG dataset than in the TMPA dataset, but the differences in the
diurnal amplitudes in the IMERG and TMPA datasets were not necessarily associated
with large diurnal amplitudes. The diurnal amplitudes in the different seasons were

estimated from seasonal mean precipitation data. The large differences in the diurnal
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amplitudes in the IMERG and TMPA datasets may therefore have been caused by large
seasonal mean differences or large diurnal amplitudes. Precipitation for the Bay of
Bengal and the west coast of Central America, which show large diurnal ranges and
significant differences between the diurnal amplitudes in the IMERG and TMPA
datasets, are presented here in detail as examples.

The diurnal amplitudes in the IMERG data, the seasonal mean differences between
the IMERG and TMPA data, and the differences between the IMERG and TMPA
diurnal amplitudes for the Bay of Bengal and the adjacent continents in JJA and DJF
are shown in Figure 10. The northern Bay of Bengal and the east coast of the Bay of
Bengal show seasonal mean diurnal amplitudes >8 mm/d in JJA (Figure 10a). The
amplitude was larger over the ocean than over most of the adjacent continental regions.
The diurnal amplitudes in the northwest part of the Bay of Bengal were up to 2 mm/d
larger in the IMERG data than in the TMPA data, but the diurnal amplitudes for the east
coast of the Bay of Bengal were up to 2 mm/d smaller in the IMERG data than in the
TMPA data (Figure 10b). However, the seasonal mean diurnal amplitudes were large in
both areas. The seasonal mean differences between the IMERG and TMPA data are
shown in Figure 10c. The patterns in the seasonal mean differences were similar to the
patterns in the diurnal amplitude differences. Mean precipitation in the northwest Bay
of Bengal was up to 5 mm/d higher in the IMERG data than in the TMPA data, and
mean precipitation for the east coast of the Bay of Bengal was up to 5 mm/d lower in
the IMERG data than in the TMPA data. This suggests that the differences in the diurnal
amplitudes in the Bay of Bengal in JJA in the IMERG and TMPA data were associated
with seasonal mean differences in the IMERG and TMPA datasets. The same plots as
in Figure 10a—10c are shown in Figure 10d—10f but for DJF. The diurnal amplitudes in
the Bay of Bengal were much smaller in DJF than JJA, and in most regions no diurnal
signals were detected that were statistically significant at the 90% confidence level. For
regions with significant diurnal variations in precipitation, the patterns in the differences
between the diurnal amplitudes in the IMERG and TMPA datasets were similar to the

patterns in the seasonal mean differences in DJF. This suggests that seasonal mean
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differences caused the differences in diurnal amplitude in both seasons in the Bay of
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Figure 11. As Fig. 10 but for the west coast of Central America. The grey areas indicate the diurnal

harmonics were not statistically significant at the 90% confidence level.

The diurnal amplitudes in the IMERG data, the seasonal mean differences between

the IMERG and TMPA data, and differences between the diurnal amplitudes in the

IMERG and TMPA data for the west coast of Central America in JJA and DJF, are

shown in Figure 11. The seasonal mean diurnal amplitudes for the west coast of Central

America were >8 mm/d (Figure 11a). The diurnal amplitudes along the west coast of

Central America were as large as the diurnal amplitudes over the continents. The diurnal

amplitudes along the west coast of Central America had a consistent pattern of large—

small-large in the offshore direction. The differences between the amplitudes along the

west coast of Central America in the IMERG and TMPA datasets had a positive—
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negative—positive pattern in the offshore direction (Figure 11b). The positive amplitudes
were up to 5 mm/d and the negative amplitudes were up to 2 mm/d. The seasonal mean
differences between the IMERG and TMPA data are shown in Figure 11c. More
precipitation along the west coast of Central America is indicated in the IMERG data
than in the TMPA data, and less precipitation in most areas off the west coast of Central
America is indicated in the IMERG data than in the TMPA data. This suggests that the
differences between the diurnal amplitudes along the west coast of Central America in
the IMERG and TMPA data in JJA were associated with differences in the seasonal
mean diurnal amplitudes. The same plots as in Figure 11a—11c are shown in Figure 11d—
11f but for DJF. As for the Bay of Bengal, the diurnal amplitudes along the west coast
of Central America were much smaller in DJF than in JJA, and in most regions no
diurnal signals were detected that were statistically significant at the 90% confidence
level. Seasonal mean differences in DJF had a similar range to those seen in JJA, but
the differences in diurnal amplitude were smaller in DJF than in JJA. In regions with
significant diurnal variations in precipitation, the patterns in the differences in diurnal
amplitudes in the IMERG and TMPA datasets were similar to the patterns in the
seasonal mean diurnal amplitudes. This indicates that differences between the diurnal
amplitudes along the west coast of Central America in the IMERG and TMPA datasets

were associated with the seasonal mean diurnal amplitudes in both seasons.

4. Discussion

The performances of various versions of the IMERG data have been assessed using
ground-based observations (gauges, radars, and buoys) in previous studies. Limited
ground observation data are available, particularly over the oceans, meaning that the
various versions of the IMERG data have not yet been evaluated completely. In
comparing the latest IMERG version data with the TMPA data it has been possible to
shed some light on the differences between the IMERG version 06 data and the earlier
IMERG version data. The differences between the IMERG version 06 precipitation data
and the TMPA precipitation data for the tropical oceans were relatively small. IMERG

precipitation prior to version 06 had smaller precipitation than the TMPA in the heavy-
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rainfall regions in the Tropics. Differences patterns in the IMERG version 06
precipitation data and TMPA precipitation data over the oceans were different from
differences in the precipitation data in previous IMERG versions and the TMPA
precipitation data, indicating that there are yearly mean differences between the IMERG
version 06 data and the earlier IMERG version data. The patterns in the differences
between the IMERG version 03 products and TMPA products for the boreal summer
and winter over the oceans (Liu, 2016) were very different from the patterns in the
differences between the IMERG version 06 products and TMPA products, suggesting
that there could be seasonal mean differences between the IMERG version 06 data and
the earlier IMERG version data for the oceans. These findings suggested that studies
should be very cautious to use different versions of IMERG data for model validations
or physical interoperations due to the yearly and seasonal mean differences between the
IMERG version 06 data and the earlier IMERG version data.

Surface temperature, relative humidity and surface pressure data from the European
Centre for Medium - Range Weather Forecasts (ECMWEF) reanalysis are used to
optimize the IMERG V06 final run, which makes the IMERG not a pure satellite-
derived product (Huffman et al., 2019; Huffman et al., 2015). The IMERG final run
mixes data of several sources together, resulting in a large number of degrees of
freedom and therefore easy to tune. This could be one reason for the large yearly and
seasonal mean differences among the different versions of the IMERG.

This study accessed the performances of IMERG and TMPA products at a diurnal
scale. IMERG data had been found to show great uncertainty in precipitation diurnal
amplitude in comparison with in situ rain gauge precipitation data. The diurnal
variations were found to be smaller in the IMERG data than the TMPA data for over
most of the continents and maritime continents in all four seasons. The negative
differences between the diurnal amplitudes over the land in the IMERG and TMPA data
increased with the mean diurnal amplitudes. The diurnal variations over the oceans
were found to be larger in the IMERG data than in the TMPA data. The large differences
between the diurnal amplitudes over the oceans in the IMERG and TMPA datasets may

have been caused by large seasonal mean precipitation differences or large diurnal
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amplitudes. These findings will help to improve IMERG data retrieval at the diurnal
scale in the future.

Though fewer differences both in the mean precipitation and the diurnal cycle were
shown over the land than over the ocean between two satellite products, it reveals one
of the limitations of this work that two products share the same gauge calibration over
land. Over the ocean, the atoll and buoy gauge data are also used to validate the
algorithms of both the TMPA and the IMERG(Huffman et al., 2010; Huffman et al.,
2019; Huffman et al., 2015). These facts result that the comparisons between two
products are based on the same thing to a certain extent. The regression with gauges
also makes it difficult for the IMERG to be validated. It should be noticed and the data

should be carefully used in related researches.

5. Conclusions

Differences between seasonal and diurnal variations in the IMERG version 06B and
TMPA 3B42 version 7 datasets in five years from 1 April 2014 to 31 March 2019 were
compared. The overall performances of the IMERG version 06 and TMPA data were
comparable. As earlier IMERG versions, systematic differences between the IMERG
version 06 precipitation data and TMPA precipitation data were larger over the oceans
than over land because both the IMERG and TMPA products used the same Global
Precipitation Climatology Centre rain gauge data to adjust the bias over the land. Unlike
earlier IMERG versions, the differences between the IMERG version 06 precipitation
data and the TMPA precipitation data for the tropical oceans were relatively small,
which demonstrates there are yearly mean differences between the IMERG version 06
data and the earlier IMERG version data. This could be a result of the calibration
processes used. The mean differences between the IMERG version 06 precipitation data
and the TMPA precipitation data for the tropical oceans were relatively small, but the
differences between the IMERG version 06 and TMPA precipitation data for the
tropical Pacific were not small for each season. Opposite differences occurred in
different seasons, meaning that the 5-year mean differences between the data for the

tropical Pacific in the IMERG and TMPA products were not very different.
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Unlike for the seasonal mean differences, the differences between the diurnal
amplitudes of the precipitation diurnal harmonics over the land in the IMERG and
TMPA datasets were not small. The diurnal variations were smaller in the IMERG data
than the TMPA data for over most of the continents and maritime continents in all four
seasons. The differences were largest in the high rainfall regions in South America and
Africa in SON and DJF. The negative differences between the diurnal amplitudes over
the land in the IMERG and TMPA data increased with the mean diurnal amplitudes.
The diurnal variations over the oceans were larger in the IMERG data than in the TMPA
data. The differences between the phases of the precipitation diurnal harmonics in the
IMERG and TMPA datasets varied widely in all four seasons, but the mean phases were
almost the same in the IMERG and TMPA datasets over both the oceans and the land
except that the mean maximum time was ~0.5 h earlier in the TMPA data than in the
IMERG data in both summer and winter over the land, and the mean maximum time
was ~0.5 h earlier in the IMERG data than in the TMPA data in autumn over the oceans.

The large differences between the diurnal amplitudes over the oceans in the IMERG
and TMPA datasets may have been caused by large seasonal mean precipitation
differences or large diurnal amplitudes. The sources of error that contributed to the
differences in the diurnal precipitation amplitudes in the Bay of Bengal and the west
coast of Central America, which had large diurnal ranges and significant differences in
diurnal amplitudes, were investigated. The data suggest that seasonal mean differences
caused the differences in diurnal amplitudes in the Bay of Bengal, but along the west
coast of Central America differences in diurnal amplitudes were associated with the
seasonal mean diurnal amplitudes.

The IMERG product integrates several datasets together, which causes that it is not
a satellite-observational-only product. The gauge adjustment makes it hard to be
validated and adding the model data makes it easy to tune in the algorithm. Although
the IMERG V06 product provides a high resolution in estimating the precipitation, there

are still limitations for this product.
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