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Abstract: Over the years, combinations of different methods that use multi-satellites and multi-sensors have
been developed for estimating global precipitation. Recently, studies that have evaluated Integrated
Multi-satellite Retrievals for GPM (IMERG) Final-Run (FR) version V-03D and other precipitation products
have indicated better performance for IMERG-FR compared to other similar products in different climate
regimes. This study comprehensively evaluates the two GPM-IMERG products, specifically IMERG-FR and
IMERG-Real-Time (RT) late-run, against a dense station network (62 stations) in northeast Austria fro m
mid-March 2015 to the end of January 2016 using different time-scales. Both products are examined against
station data in capturing the occurrence and statistical characteristics of precipitation intensity. With regard to
probability density functions (PDFs), the satellite precipitation estimate (SPE) products have detected more
heavy and extreme precipitation events than the ground measurements. Both precipitation products at all
time-scales, except for IMERG-RT 12-hourly and daily precipitation, capture less occurrence of precipitation
than the station dataset for light precipitation. This partially explains the under-detection of precipitation
events. For all time-scales, both IMERG products’ CDFs (Cumulative Distribution Function) are well above
that of the stations’ precipitation. For lower precipitation levels, IMERG-RT is slightly below the IMERG-FR
whereas IMERG-RT is above IMERG-FR at higher precipitation levels. Furthermore, for entire spectrum
precipitation rates (P> 0.1 mm), 1, 3, 6-hourly, IMERG-FR did not show a clear improvement of the Bias over
IMERG-RT, while for 12-hourly and daily precipitation estimates, the bias in IMERG-FR has improved
compared to IMERG-RT. In addition, IMERG-FR shows a considerable improvement in RMSE as compared
to IMERG-RT. IMERG-FR, however, systematically underestimates moderate to extreme precipitation and
overestimates light precipitation for all time scales against rain-gauges in northeast Austria. When comparing
the bias, RMSE, and correlation coefficients, IMERG-FR has outperformed IMERG-RT particularly for
6-hourly, 12-hourly, and daily precipitation. Despite the general low probability of detection (POD) and threat
score (TS) and the high false alarm ratio (FAR) within specified precipitation thresholds, the contingency table
shows relatively acceptable values of the POD, TS and FAR for precipitation without classification.
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Despite the limited data in the initial release of IMERG, results presented here show that
systematic differences between the two products do exist and vary with precipitation rates
(Liu, 2016). On the aggregate, it should be mentioned, we expect the direct inclusion of
gauge analyses product (IMERG-FR) outperform the climatological adjustment product
(IMERG-RT) while both use the same input satellite estimates. In addition, there will be
differences in the statistics at the various time resolutions and precipitation classes since the
monthly gauge adjustments are essentially being “decomposed” to higher temporal
resolutions.

2. Study Area

To examine the accuracy of satellite-derived precipitation data in the center of Europe,
we selected the northeast of Austria, because there is a rather high-density gauge network;
moreover, in this area, both stratiform and convective precipitation can occur, and the
precipitation pattern is not directly affected by altitude and the topography is moderate.

Austria is located in a temperate climatic zone, and due to the topographical diversity
and the relatively large west-east extent there are three quite different climatic regions: the
Alpine Region with alpine climate, the eastern part of the country has Pannonian climate with
a continental influence and low precipitation, and the remainder of the country, referred to as
transient climate is influenced by the Atlantic (in the west) and a continental- mediterranean
influence in the southeast.

Altitude and distance from the rim determines the precipitation pattern; while as seen in
Fig.1 and Fig. 2 high-level areas in the Alps may have a high average precipitation more than
2000 mm per year, some regions in the east and northeast of Austria have less than 600 mm
annually (Hiebl et al, 2011). Moreover, according to the Koppen-Geiger
Classification-updated by Rubel et. al. (Fig. 3), the climate of Austria can be classified as
Ctb; and the climate of the Mountainous Regions can be classified as Dfb and Dfc (Rubel et
al., 2017);
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Fig 1. Mean annual precipitation of Austria (Hiebl et al., 2011)
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Fig 2. Elevation map of Austria
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Fig 3. Climate of Austria based on Koppen climate classification-update by Rubel et. al. (2017)

3. Data and Methods

3.1. Data
a) Stations

In this research, 62 in-situ meteorological synoptic stations with 10- minute time interval
observations are used, which have been provided by the Zentralanstalt fiir Meteorologie und
Geodynamik (ZAMG)-Austria. ZAMG operates a network of semi-automatic stations across
the country and provides quality-controlled precipitation data. The ZAMG stations have
tipping bucket gauges and weighing rain- gauges which are equipped with a heating system
(Haiden et al., 2011). Before evaluating these data, we used a second derivative filter to find
unrealistic rapid and isolated changes in the time-series of precipitation (edges control). Such
a derivative filter is very sensitive to noise, which should be eliminated before using the data
for an objective analysis (Shapiro and Stochman, 2001). According to climatology data, the
outliers are removed to avoid using these values of rain- gauge precipitation measurements.
This affected only four out of the 419,890 hourly data.
b) IMERG-FR (post real-time) VO3

The GPM mission's Precipitation Processing System (PPS) at NASA’s Goddard Space
Flight Center released the IMERG V03 data to the public in late February 2015. The data set
includes precipitation rates since mid-March 2014 for IMERG-FR. Ongoing and
forthcoming data sets are freely accessible to users from NASA Goddard Earth Sciences
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Data and Information Services Center (GES DISC) website. Currently, the IMERG-FR V03
is available for the period between 12 March, 2014 and January 2016'.

The IMERG product used in this study is the Level 3 multi-satellite precipitation
algorithm of GPM which is intended to inter-calibrate, merge, and interpolate all
constellation microwave sensors, IR-based observations from geosynchronous satellites, and
monthly gauge precipitation data for the TRMM and GPM eras. The system runs several
times for each time of observation, giving a quick measurement at first, and then successively
providing better measurement as more data arrive. In the last step, IMERG-FR follows the
TMPA approach for infusing monthly gauge information into the fine-scale precipitation
estimates (Huffman et al, 2007). All of the full-resolution multi-satellite estimates are
summed in a month to create a monthly multi- satellite-only field. This field is combined with
the monthly Global Precipitation Climatology Centre (GPCC) precipitation rain-gauges
(over land) to correct the bias of satellite retrievals and create research-level products, when
available (Huffman et al., 2015a).

c) IMERG-RT late run VO3

The data are available to users for the period between 7 March, 2015, and the present,
thus providing IMERG-RT V03 data for the period 14 March, 2015, to January 2016. The
IMERG-RT late run, which is the near real-time product in the IMERG series of products,
presently runs about 16 hours after observation time. It has a climatological calibration to the
monthly gauge data (unlike the Final-Run, which uses actual monthly gauge analyses).

It should be mentioned that further work is needed to evaluate the inter-annual variation
of IMERG data relying on larger samples, as well as evaluate the newer versions of this
product.

3.2. Methodology

The satellite products are compared with the measured precipitation data of 62
meteorological synoptic stations (Figure 4) at hourly, 3-hourly, 6-hourly, 12-hourly and daily
time-scales for the northeast of Austria.

In terms of the independence of the comparison between gauge and satellite-based
products, GPCC uses data from 51 Austrian synoptic stations over the northeast of the
country, which accounts for a big part of the total gauges (82%) used in our study. In
addition, GPM-IMERG research level product (IMERG-FR) is combined with GPCC gauge
data at the monthly scale, while the comparison in our study is conducted at sub-daily and
daily scales.

49° N+ l49° N

48° N

48° N

47° N

F47° N

46° N+ 46° N

Fig 4. Map of meteorological synoptic stations distribution in northeast of Austria

1 NASA. "GPM_3IMERGHH 03D". Available online: http://disc.sci.gsfc.nasa.gov/SSW/ (accessed on 26 May
2016).
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In this research, the data of a pixel of the satellite is compared with that corresponding to
the ground point observation (ie., the station). Only the cells where there is at least one
reporting station can be selected for computation (Guo et al., 2015). In cases where the
stations are within the pixels, the comparison is carried out directly between them. However,
in cases where the ground station is close to the edge between two or close to the corner of
four pixels (less than 0.01 degrees off the edges), an average of the two or four pixels around
the station is used as the basis for comparison. Also, for a pixel with two or more rain-gauges,
the areal-average precipitation is the arithmetic average of all rain-gauges located within that
pixel In addition, the statistical analysis based on regional events is done and applied to
different time-scales such as hourly, 3-hourly, 6-hourly, 12-hourly and daily precipitation
from meteorological synoptic stations of ZAMG. In total, there are 419,890 hourly data and
35,835 hours with precipitation available. When there is quantitative data with a wide range
of possible values, it is beneficial to place these values into categories. In general, three
different methods have been used to define different precipitation thresholds: (i) a relative
threshold, quantiles, ie., percentiles (ii) absolute thresholds; or (iii) return period
(recurrence) values. As an example of the first case, a daily precipitation event with an
amount greater than the 90th percentile of daily precipitation for all wet days can be
considered as extreme (Simonovi¢, 2012). To do that the percentile method is used and each
class contains an admissible number of values.

Some researchers (Karl et al., 1995; Karl and Knight, 1998) observed a significant
positive trend in the frequency of extreme rainfalls (greater than 50 mm per day) over the last
few decades in the USA. For Australia, Suppiah and Hennessy (1996, 1998) showed a
significant increase in the 90th and 95th percentiles, while other studies showed increases in
the 99th percentile (Hennessy and Suppiah, 1999; Plummer et al., 1999). Variations in total
precipitation can be caused by a change in the frequency of precipitation events, in the
intensity of precipitation per event, or a combination of both. In order to ensure better
understanding of precipitation process in comparison to satellite estimation, multi time-scale
precipitation series must be analyzed. In particular, for the studies aimed at comprising
stations and SPE products at varied classes which are referred to as light, medium, heavy,
very heavy and extreme precipitation respectively, we consider the 50th, 70th, 90th, 98th
percentile. Extreme events are particularly interesting as these events cause considerable
damage and loss of life worldwide each year.

3.2.1. Probability Density Distribution

To understand the overall characteristics of precipitation, the precipitation frequency
with different intensities is equally important as knowing the mean and spatial/temporal
variation patterns of precipitation (Sohn et al.,, 2013; Tian et al.,, 2007). Because the same
rainfall amount in the form of long- lasting light rain or a short-duration storm will yield quite
different impacts in natural hazards, e.g., flood and landslide (Li et al., 2013; Shen et al,,
2010). In this regard, a PDF can provide detailed information about the frequency of rainfall
with different ntensities.

In this study, a CDF is used to measure the number of observations that lie above or
below a particular value in a data set. In other words, this is an indication of how often the
satellite precipitation measurements are below or above the precipitation from stations
(Gebere et al., 2015).

3.2.2. Statistical Analysis

In the first step, statistical indices such as bias, multiplicative bias (MBias), mean absolute
error (MAE), root mean square error (RMSE), and linear correlation coefficient (CC) for
different precipitation thresholds are determined.

3.2.3. Multi-category contingency table
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Another assessment technique of satellite estimation is using a contingency table (see
Table 2). In this way, a precipitation event is considered if at least one of the stations
available in the region registered precipitation. Otherwise, if none of the stations registered
precipitation, a ‘no-precipitation’ event is assigned to the whole area (Ballester and Moré,
2007). Both satellite and station data that are less than 0.1 mm are assigned to
zero-precipitations, because our stations do not measure precipitation less than 0.1 mm. The
statistical results are compiled and stratified by a number of criteria, including the number of
time intervals (ie., 1, 3, 6, 12 and 24 h) and particularly by precipitation thresholds. In this
step analyses for observed precipitation below or above a particular threshold and satellite
estimation below or above the same threshold are determined (Wiks, 2006).

Table 2. Contingency table

Observed
1/7] Yes No Total
g Yes Hit (a) False alarm (b) a+b
3
3
No Miss (c) Correct negative (d) c+d
Total a+c b+d n =a+b+c+d

In order to apply these to non-probabilistic estimates that are not dichotomous, it is
necessary to collapse the I =J > 2 contingency table into a series of 2x2 contingency tables.
Eachof these 2x2 tables is constructed, as indicated in Figure 5, by considering the estimated
event in distinction to the complementary, not the forecast event. The advantage of this
approach is that the nature of the estimation errors can more easily be diagnosed and the
disadvantage 1s that it is more difficult to condense the results into a single number.

/] 0 0 0
1 2 3 a=r | b=s+t
S1 r S t >
7
S, u v w > a=v b = u+w c= d=
s, R y , S| a=z| b= u+x | vHwty+z
c= d=
x+y
S+y r+t+x+z
Cc= d =
Fig 5. Schematic t+w | r+s+U+V | multi-category contingency table and relationship between

counts (letters a—d) of satellite estimate/event pairs for the dichotomous non-probabilistic verification situation as displayed
in a 2 x 2 contingency table

By using this table for different time-scale precipitation, a set of statistical indices are
shown as follows (see equations 1-5):
POD responds to the question of what fraction of the observed “Yes” events is correctly

estimated. The perfect score is 1.
pop = — M )

hits + misses
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FAR deals with the question of what fraction of the estimated
“Yes” events did not occur. The ideal score is 0.

FAR = false alarms (2)

hits + false alarms
TS is the fraction between the number of correct “Yes” estimated and the total number of

times that event is observed. The perfect score is 1.
hits

TS = 3)

hits + misses + false alarms

Accuracy is the fraction of the total estimated events when the satellite products correctly
estimated event and non-event; the perfect skill score is 1.

hits +correct negatives

total (4)
The frequency bias (Fbias) answers the question of how the estimated frequency of “Yes”
events compare to the observed frequency of “Yes” events. The Range of values is 0 to o
with a perfect score of 1 which means an unbiased estimation. In other words, the satellite
estimates and observations have an occurrence above a given threshold the same number of
times. Note that the bias provides no information about the correspondence between the
individual forecasts and observations of the event on particular occasions, so that equation 5
is not an accuracy measure. An Fbias greater than unity indicates that the event is estimated
more often than observed, which is called overestimated. Conversely, a bias less than unity
indicates that the event is estimated less often than observed, or is underestimated.

hits+ false alarms

Accuracy =

Frequency bias =

®)

hits +misses

4. Results
4.1. Probability Density Distribution

With regard to PDFs, both satellite-based precipitation products (IMERG-FR and
IMERG-RT) are examined against the reference data (stations) to capture the occurrence of
precipitation and statistical characteristics of precipitation intensity in the northeast of
Austria from March 2015 to the end of January 2016. The PDFs of hourly, 3-hourly,
6-hourly, 12-hourly and daily precipitation occurrences are computed as a ratio between the
number of times the precipitation occurs inside each bin and the total number of times
precipitation occurs overall. Then based on percentiles, precipitation intensities (P) are
grouped into several bins for each time-scale with regard to the 50th, 70th, 90th, 98th
percentile based on gauge data (Figure 6a-e).

The PDF of hourly precipitation with different intensities is shown in Figure 6-a. Both
SPE products, IMERG-FR and IMERG-RT, capture less precipitating events than the
reference dataset, principally between 0.1 to 0.4 mm/hr. For precipitation of 0.4 mm/hr and
above, the trend is reversed, and more precipitation events are detected by both satellite
products. In other words, the SPE products detected more heavy and extreme precipitation
events than the ground measurements. This may shift the precipitation distribution spectrum
to the higher intensity and cause great differences for the various applications, such as runoff
production (Guo et al., 2015). IMERG-RT outperforms IMERG-FR for the frequency
precipitation intensity in the range of 0.1 to 0.4 mmv/hr when the precipitation rate is in the
range of 1.1 to 1.8 mm/hr and 1.8 to 5.6 mm/hr. IMERG-RT shows the closest performance
with stations. IMERG-FR (calibrated with monthly ground rain-gauges) performs even
worse than its corresponding original satellite product IMERG-RT). As demonstrated by the
PDF of precipitation, the magnitude of the detected events is reduced at the expense of the
missed events, skewing the intensity distribution (Tian et al., 2007). In fact, the gauge
adjustment product (IMERG-FR) can modify the precipitation amounts but it cannot modify
the occurrence of precipitation (Behrangi et al.,, 2014; Gosset et al., 2013). Both precipitation
products in all time-scales, except for IMERG-RT in 12-hourly and daily precipitation,
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capture less precipitating events than the station dataset for light precipitation. This partially
explains the over-detection of no-precipitation events.

As seen in Figure 7.a, about 9% is reported by the station dataset in the frequency of
precipitation events for an hourly time-scale. In general, both satellite-based precipitation
products slightly tend to detect less precipitation events compared to the ground
measurements. This indicates that satellite-based precipitation products missed some
precipitation cases. Further details about all time-scales are found in Figure 7.a-e.

These results may be attributed to the following aspects. First, the satellite-based
precipitation products, in particular, IMERG-RT, can detect reasonably heavy and
convective precipitation events. Second, the bias correction procedures also boost the
amplitude of events detected to compensate for the contribution on missed events (Tian etal.,
2007).

Figure 8.a-e shows the CDF of precipitation between both IMERG-FR and IMERG-RT
products against the stations. Figure 8.a for hourly time-scale shows that both IMERG
products’ CDFs are well above that of the stations’ precipitation. However, the 94%
frequency level for the ground data at 2.4 mm/hr corresponds to only an 88 % frequency level
for IMERG-FR and IMERG-RT. Below 2.4 mm/hr, the IMERG-RT frequency is slightly
lower than of IMERG-FR whereas it is above IMERG-FR at higher precipitation levels.

Moreover, the finding for the 3-hourly precipitation is almost the same as for the hourly
time-scale; but, the difference between them is that for the 3-hourly time-scale at 92%
frequency level stations, precipitation is less than4.5 mm/3hr. This is the case for only 88%
of IMERG-FR and IMERG-RT. However, until 4.5 mm/3hr, the IMERG-RT frequency is
slightly lower than the IMERG-FR frequency, and above this value, the IMERG-RT
frequency is higher than of IMERG-FR. This indicates that the IMERG-FR observation is
closer to the station values until a 4.5 mm/3hr precipitation rate is reached. This result shows
an overestimated frequency of precipitationby both IMERG-FR and IMERG-RT (see Figure
8.b).

In order to evaluate the 6-hourly precipitation, as can be seen in figure 8.c, the result
shows that the CDF of IMERG-FR is above that ofthe stations’ precipitation at every point.
However, IMERG-RT is above the station values until the 48 % frequency level and almost at
the same frequency level of ground data till the 77% frequency level when the precipitation
rate is 2.7 mm/6hr. After this frequency level, IMERG-RT is again below the station value.
This shows an overestimated frequency of precipitationbyboth IMERG-FR and IMERG-RT
except for IMERG-RT in the medium precipitation range. Here it is more or less in the same
frequency range as the stations are.

As shown in Figure 8.d for the 12-hourly time-scale, the CDF of IMERG-FR is above
that of the stations’ precipitation whereas the IMERG-RT is above the ground data until the
31% frequency level. This corresponds to a precipitation of less than 0.47 mm/12hr. For
higher precipitation intensities in the range of heavy precipitation, the IMERG-RT is below
the frequency of stations at the level of 78% frequency. This corresponds to a ground
precipitation of less than 4 m m/12hr. It dips below the frequency of IMERG-FR at the 85%
frequency level, corresponding to a precipitation of less than 7 mm/12hr. Furthermore, an
overestimation of the frequency of IMERG-FR in comparison to IMERG-RT can be
observed when the precipitation rate is lower than 4.5 mm/12hr and there is an
underestimation above a precipitation rate of 4.5 mm/12hr.
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Figure 8.e shows that for daily precipitation the IMERG-FR product’s CDF is above that
of the stations’ precipitation whereas the IMERG-RT is above only until the 74 % frequency
level when station data are less than 5 mm/day. For higher precipitation intensities in the
range of heavy precipitation, the IMERG-RT drops below the frequency of stations at the
level of 74%, corresponding to ground precipitation less than 5 mm/day. It even dips below
the frequency of IMERG-FR at the 89% frequency level, corresponding to a precipitation of
less than 13 mm/day. In other words, IMERG-FR underestimates the frequency of
precipitation in comparison to IMERG-RT when the precipitation rate is above 13 mm/day.

In general, with respect to CDFs of 3-hourly, 6-hourly and 12-hourly precipitation, the
CDFs of IMERG-RT is slightly lower than the IMERG-FR whereas IMERG-RT is above
IMERG-FR at higher precipitation levels.

It should be noted that the results in Figures 6-8 are according to all stations and they are
not based on an individual station.

4.2. Statistical Analysis

To evaluate the IMERG precipitation products comprehensively, ten metrics are
selected. These can be divided into three categories: the first category includes the CC,
describing the agreement between satellite estimates and gauge observations; the second
category includes the MAE, the MBias and the RMSE, which are used to describe the error
and bias of satellite estimates compared with gauge observations; and, the third category
includes the POD, the FAR, TS, accuracy and frequency Bias, which are used to describe the
contingency of SPEs (Yong et al., 2010). All metrics are illustrated in table A.a-e.

In table A, the statistical summary of the metrics for IMERG-FR and IMERG-RT
products at hourly, 3-, 6-, 12-hourly and daily resolution at different thresholds over
northeast Austria is shown. According to the results (Table A.a), precipitation shows a weak
correlation to both products at the hourly time-scale for all precipitation classifications. Only
precipitation without classification (P>0.1 mm/hr) yields values of 0.30 and 0.29 for
IMERG-FR and IMERG-RT respectively, showing a better agreement than for all other
precipitation classes. At a 3-hourly time-scale (Table A.b), a correlation value of 0.46 and
0.40 for IMERG-FR and IMERG-RT respectively in the range of equal or above 0.1 mm/3hr
is documented while in other classified precipitation values, the correlations are rather weak.
The 6-hourly correlation coefficients (Table A.c) for the precipitation amount at different
thresholds vary from 0.06 to 0.55, indicating that nearly all the classified precipitation
considered in this time-scale is not homogenous. In the range of precipitation rates P> 0.1
mm/6hr, IMERG-FR and IMERG-RT show a correlation of 0.55 and 0.21 respectively.
Moreover, in the range of heavy precipitation (5.5 mm/6hr < P < 16.5 mm/6hr) the
correlation to the values of 0.38 and 0.29 for IMERG-FR and IMERG-RT respectively are
higher than for other thresholds. Also, as shown in Table A.d-e, the value of the CC in the
range of light and moderate rain is low while in the entire range of precipitation (P > 0.1
mm/12hr or P > 0.1 mm/24hr) it is higher than for other classified thresholds for both
12-hourly and daily precipitation with the corresponding values of 0.61 and 0.49 for
12-hourly and 0.65 and 0.51 for daily precipitation for IMERG-FR and IMERG-RT.

Generally, the CC of IMERG-FR yields rather better than IMERG-RT due to the fact
that the general performance of the CC is rather weak for different thresholds and
time-scales. Several factors could contribute to the relatively low CC of IMERG products
over such areas: (1) the topography and climate of this area is partly complex, posing a great
challenge for accurate SPE (Dinku et al., 2007); (2) The gauges are used for the production of
GPCC through monthly gauge analyses while our evaluation is on a daily and sub-daily
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time-scale, resulting in the quality of IMERG products being potentially degraded; and (3)
rain-gauge measurement error.

Generally, IMERG-FR and IMERG-RT overestimate hourly precipitation in the range of
light rain and with a slight trend to underestimate medium, heavy, very heavy and extreme
precipitation over northeast Austria (Fig. 9 table A.a). Maximum values of RMSE can reach
up to 5.97 mm/hr for IMERG-FR for extreme precipitation intensity and the minimum value
is close to 0 mm for IMERG-RT for precipitation without defined classification (P> 0.1
mm/hr). As shown in Table A.a and Figure 10.a, the RMSE value can be as high as 9.07
mm/hr for IMERG-RT in the range of extreme precipitation and 1.02 mm/hr for IMERG-FR
for light precipitation.

3-hourly light precipitation indicates rather an overestimation for both products while
only IMERG-FR shows an underestimation for other intensities (Table A.b and Figure 9.b).
IMERG-FR has atotal bias of+0.17 mm/3hr in comparison to +0.25 mm/3hr for IMERG-RT
in the range of light precipitation intensity with a tendency to underestimate precipitation at
higher intensities. In addition, in the range of extreme precipitation (P > 11.5 mm/3hr),
IMERG-FR has a larger negative total bias (-8.50 mm/3hr) in comparison to IMERG-RT
(-2.28 mm/3hr). However, MAE and RMSE of IMERG-RT, 14.79 mm/3hr and 18.92
mm/3hr respectively show larger/higher values in comparison to IMERG-FR of 10.66
mn/3hr and 12.89 mm/3hr respectively.

As shown in Table A.c and Figure 9.c, for 6-hourly precipitation and in the range of
extreme precipitation, IMERG-FR underestimates precipitation with the highest Bias (-8.02
mm/6hr) and the lowest Mbias (0.64 mm/6hr) in comparison to IMERG-RT. This
overestimates precipitation with a Bias and Mbias of 3.42 mm/6hr and 1.15 mm/6hr
respectively. Meanwhile, MAE and RMSE for IMERG-FR and IMERG-RT correspondingly
increase from light to extreme precipitation intensities (Fig. 10.c). On the other hand, based
on Bias and Mbias indices, IMERG-FR tends to underestimate from light to extreme
precipitation while IMERG-RT tends to underestimate from light to heavy precipitation and
overestimate from very heavy to extreme precipitation.

Based on metrics of Table A.d, at 12-hourly time-scale precipitation, the performance of
both satellite products can be compared. They vary between each other and for different
thresholds. For instance, both products overestimate at the lowest precipitation intensity
range (0.1 mm/12hr < P < 0.8 mm/12hr) and underestimate at precipitation intensities of 2
mn/12hr <P <5.5 m/12hr (Fig. 9).

Moreover, for the daily time-scale, IMERG-FR shows a smaller/lower RMSE than
IMERG-RT particularly for heavy and extreme precipitation over northeast Austria, which is
consistent with Table A.e and Fig. 10.e. As seen in Fig. 9.e, the total bias and its components
show that IMERG-FR has a total bias to the extent of 0.64 mm/day in comparison to 0.85
mm/day for IMERG-RT in the range of light precipitation intensity. This is higher than that
for medium precipitation intensity. In addition, in the range of extreme precipitation (P > 24
mm/day), IMERG-FR has a larger negative total bias (-7.09 mm/day) in contrast to
IMERG-RT (-0.17 mm/day). However, MAE of IMERG-RT (23.76 mm/day) shows a larger
value in comparison to IMERG-FR (15.37 mm/day). The low Bias compared to MAE is
probably caused by the cancellation of positive/negative values.

Next, an analysis of observed precipitation above or between particular thresholds and
satellite estimation above or between the same thresholds are carried out (Wilks, 2006).
Multi-category contingency table evaluation (Table A.a, Table Bl and Fig.11.a) for hourly
precipitation reveals a low POD, a lower TS and high FAR for both products in all
precipitation intensity classes, meaning both products are not able to detect many events on
an hourly time-scale. The low POD may have been influenced by the dominance of
convective storms and missed precipitation over this region (Nasrollahi, 2015; Sharifi et al.,
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2016). However, relatively high FAR values for classified precipitation might be due to
spurious events detected by satellites (Blacutt et al, 2015) and/or disability of satellite
products to detect precipitation in their exact precipitation categories. However, they may
detect the amount of precipitation somewhat lower or higher than the specified intensities.
Moreover, a frequency bias of light, moderate and heavy precipitation less than unity (<1) for
both products indicate that satellite estimation underestimates the frequency, while for
extreme precipitation (P > 5.6mm/hr) an overestimation is shown. Despite this, at this
time-scale, the accuracy values of both products are similar in each intensity and they show
nearly a perfect skill score in the range of extreme precipitation.

With respect to the 3-hourly time-scale with different precipitation intensities (Table
A.b, Table B2 and Fig.11.b), IMERG-RT shows better POD than IMERG-FR with 0.46 and
0.34 for IMERG-RT and 0.32 and 0.24 for IMERG-FR in the range of heavy and extreme
precipitation. FAR values of both products are relatively high and there is no meaningful
difference between the two products. Lower POD and high FAR may be associated with
systematic errors of the products algorithms, missed precipitation over this region, poor
performance to detect short-lived convective precipitation, and precipitation over the surface
covered by snow. Moreover, in the range of extreme precipitation intensity, IMERG-FR and
IMERG-RT both tend to overestimate the number of events with a bias frequency of 1.9 and
3.4 respectively, but the value of IMERG-FR is close to unity, even in the range of heavy
precipitation. IMERG-FR with the bias frequency value of 0.96 outperformed IMERG-RT
with a value of 0.79.

Table A.c, Table B3 and Figure 11.c show the 6-hourly precipitation statistical analysis
and details. With respect to the contingency table in the range of light to very heavy
precipitation, the behavior of both products is similar and shows a low POD and TS and a
high FAR, while the POD of extreme precipitation intensity (P > 16.5 mm/6hr) yields
relatively high values for both products. However, IMERG-RT yields better results than
IMERG-FR for the POD values of 0.44 and 0.38 respectively. Nevertheless, in general,
indices related to the contingency table show high POD and TS and a low FAR but they
underestimate the frequency of events for precipitation equal or above 0.1 mm/6hr. It is
notable that there is no meaningful difference between both products.

For 12-hourly precipitation, IMERG-FR and IMERG-RT tended to underestimate the
number of events corresponding to light, moderate, heavy and very heavy precipitation while
they tended to slightly overestimate the extreme precipitation with the bias frequency of 1.6
and 2.27 for IMERG-FR and IMERG-RT respectively. Moreover, again both products yield
relatively poor results with respect to POD, TS and FAR for light, moderate, heavy and very
heavy precipitation. Instead, extreme precipitation (P > 18.4 mm/12hr) yields better.
However, in this threshold, IMERG-FR yields better than IMERG-RT to detect precipitation
with higher POD and TS and lower FAR, 0.51, 0.24 and 0.68 in contrast to 0.47, 0.17 and
0.79 for IMERG-FR and IMERG-RT respectively (see Tables A.d, B4 and Fig. 11.d).

With respect to different precipitation intensities for the daily time-scale (Tables A.e, BS
and Fig. 12.e), IMERG-FR generally reveals better results than IMERG-RT in all
precipitation categories. However, in the range of extreme precipitation (P > 24 mm/day) and
precipitation with no classified intensity (P > 0.1 mm/day) both products show a relatively
high POD with 0.54 and 0.65 for IMERG-FR and 0.49 and 0.66 for IMERG-RT. The FAR
values of both products are relatively high for precipitation with classified intensities and low
for no classified precipitation and indicate 0.25 and 0.26 for IMERG-FR and IMERG-RT,
respectively (Fig. 11.e). It is notable that there is no big difference between the FAR values of
the two products.

The advantage of the multi-category contingency table approach is that the nature of the
forecast errors can more easily be diagnosed but the disad vantage is that it is more difficult to
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condense the results into a single number. Despite this, in this study, a low POD and TS, and
a high FAR for classified precipitation means that satellite products are not able to detect
precipitation in their exact precipitation categories, but they are able to detect the amount of
precipitation somewhat lower or higher than the specified intensities. Moreover, as for the
other time-scale evaluations in the range of extreme precipitation intensity (P > 24 mm/day),
both IMERG-FR and IMERG-RT tend to overestimate the number of events with a bias
frequency of 1.7 and 2.31 respectively. For more information about the frequency of events
with different intensities see Appendix B1-5.
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5. Conclusions

Accurate high-resolution multi-satellite precipitation estimates have wide applications in
hydrology, meteorology, water resource management and numerical weather prediction
model verification. In this study, a comprehensive assessment has been performed to
examine the performance of the Day-1 IMERG-FR and IMERG-RT late-run version V03
against 62 meteorological synoptic station data on a multi time-scale such as daily and
sub-daily time resolution over northeast Austria from mid-March 2015 till end of January
2016. IMERG-FR uses monthly GPCC gauge data over land for bias correction; and the
IMERG-RT late-run product also uses a coefficient of monthly climatology data.

It is found that in general for hourly precipitation and for entire precipitation rate (P > 0.1),
both products indicate a negative bias. However, for other time steps, IMERG-FR tends to
underestimate while IMERG-RT tends to overestimate precipitation over the study area.

Based on the entire range of precipitation, hourly, 3- and 6-hourly IMERG-FR did not show a
clear improvement of the bias over IMERG-RT while for 12-hourly and daily precipitation
estimates, the bias in IMERG-FR has improved compared to IMERG-RT. In addition,
IMERG-FR shows a considerable improvement in RMSE compared to IMERG-RT.
However, IMERG-FR systematically underestimates moderate to extreme and overestimates
light precipitation for the entire range of precipitation intensities (P > 0.1 mm/time interval).
When comparing the bias, RMSE, and correlation coefficients, IMERG-FR outperforms
IMERG-RT particularly for 6-hourly, 12-hourly and daily precipitation. Despite the
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generally low POD and TS and high FAR skill scores within specified precipitation
thresholds, the multi-categorical contingency table shows relatively good values of the POD,
TS and FAR for precipitation without classification. This means these two satellite products
are relatively well able to detect precipitation without classification but they have poor
results to detect precipitation in their exact precipitation categories over northeast Austria.

Also, in agreement with earlier studies, there is a different statistical relation between
satellite and in-situ precipitation depending on elevation, land surface characteristics and
snow-rain phase of precipitation. Therefore, further work on these issues is needed. This
research is to our knowledge one of the first studies to evaluate GPM-IMERG products over
Austria. Further intensive detailed studies are needed when improved and fully
GPM-IMERG retrospectively processed data starting from 1998-2000 become available to
understand inter-annual variability which is very important because sensors and satellites
used in multi-satellite products can be out of service and new sensors can be added at any
time (Prakash et al., 2016).

In summary, although the newly introduced sensors and upgraded calibration algorithms
have undoubtedly improved the GPM constellation satellites’ accuracy, some challenging
issues in satellite retrieval processes will continue to remain open for the satellite community,
providing the impetus for more research and development.

The overestimation or underestimation over forest areas indicates that accurate estimation by
satellite-based precipitation products even though they are improved still remains a challenge
particularly for short-time precipitation (i.e., hourly precipitation). Such inaccuracy may be
rooted in the following possible causes of uncertainty of evaluation of SPEs against
rain-gauges:

1. The spatial resolution of the satellite product, since precipitation within a region, may
occur on smaller scales than the pixel size of satellites.

2. An inadequate number of gauges, provided by the Global Precipitation Climatology
Centre (GPCC) and used for bias correction in satellite products.

3. Short-time precipitation (i.e., daily and sub-daily accumulation) is much more
variable than monthly precipitation and regional effects like topography and local
circulation play an important role in rainfall generation. Accordingly, monthly
precipitation from GPCC which are used for the calibration of IMERG-FR would not
be well smoothed if sub-daily precipitation fields are used.

4. Algorithm error

5. Rain-gauge measurements error due to wind-induced undercatching, precipitation
type and particle falling velocities, rainfall intensity and the aerodynamic properties
of a particular type of gauge

As more IMERG data become available, more detailed studies of GPM-IMERG applications
in water, weather, and climate studies are possible in the near future. We expect that the
regional analysis of GPM constellation satellite-based precipitation estimates reported here
can give users a better understanding of the features associated with currently available
IMERG precipitation estimates and a broader perspective.
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Appendix A

(a)

0.1<P<0.4 0.4<P<1.1 1.1<P<1.8 1.8<P<5.6 5.6<P 0.1<P

IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT

RMSEmm 1.02 1.31 1.38 2.11 1.77 3.08 3.20 6.14 8.33 9.07 1.72 2.67
MAE mm 0.35 0.40 0.79 0.90 1.24 1.56 2.31 3.35 6.76 7.35 0.79 0.97
Bias mm 0.07 0.12 -0.14 -0.05 -0.44 -0.23 -0.99 -0.11 -5.97 -3.56 -0.18 -0.01
Mbias 1.37 1.64 0.81 0.93 0.70 0.84 0.66 0.96 0.32 0.60 0.76 0.99
CcC 0.09 0.07 0.09 0.07 0.05 0.06 0.15 0.14 0.00 0.05 0.30 0.29
POD 0.10 0.11 0.16 0.17 0.16 0.12 0.26 0.17 0.16 0.29 0.39 0.40
FAR 0.77 0.78 0.81 0.81 0.83 0.84 0.76 0.80 0.91 0.91 0.40 0.43
TS 0.07 0.08 0.09 0.10 0.09 0.07 0.14 0.10 0.06 0.07 0.31 0.31
Accuracy 0.94 0.94 0.97 0.97 0.99 0.99 0.99 0.99 1.00 1.00 0.93 0.92
Frequency bias 0.41 0.52 0.85 0.91 0.92 0.75 1.09 0.85 1.92 3.39 0.64 0.70
(b)
0.1<P<0.6 0.6<P<1.4 1.4<P<3.8 3.8<P<11.5 11.5<P 0.1<P

IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT

RMSE mm 1.43 2.13 1.88 2.79 3.11 4.68 6.33 11.55 12.89 18.92 2.88 4.93
MAE mm 0.52 0.60 1.15 1.32 2.11 2.53 4.48 6.48 10.66 14.79 1.39 1.80
Bias mm 0.17 0.25 -0.08 0.08 -0.58 -0.33 -1.52 0.03 -8.50 -2.28 -0.24 0.12
Mbias 1.68 2.00 0.92 1.08 0.75 0.86 0.75 1.01 0.47 0.86 0.83 1.08
CC 0.11 0.07 0.08 0.09 0.14 0.12 0.26 0.22 -0.01 0.05 0.46 0.40
POD 0.16 0.18 0.13 0.15 0.22 0.20 0.32 0.46 0.24 0.34 0.45 0.47

FAR 0.69 0.71 0.85 0.84 0.74 0.73 0.67 0.73 0.87 0.90 0.36 0.38
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TS 0.12 0.13 0.08 0.08 0.14 0.13 0.19 0.13 0.09 0.08 0.36 0.36
Accuracy 0.93 0.93 0.96 0.96 0.96 0.96 0.98 0.98 1.00 1.00 0.89 0.89
Frequency bias 0.51 0.61 0.92 0.91 0.83 0.76 0.96 0.79 1.90 3.40 0.71 0.76
(c)
0.1<P<0.8 0.8<P<2 2<P<5.5 5.5<P<16.5 16.5<P 0.1<P
IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT
RMSE mm 1.97 2.89 2.67 3.82 4.07 5.90 7.51 17.53 15.68 28.96 3.75 7.04
MAE mm 0.69 0.80 1.60 1.86 2.90 3.45 5.95 9.87 12.72 21.21 1.88 2.53
Bias mm 0.29 0.41 -0.05 0.22 -0.72 -0.49 -1.96 1.04 -8.02 3.42 -0.25 0.29
Mbias 1.92 2.31 0.97 1.16 0.79 0.86 0.78 1.12 0.64 1.15 0.88 1.14
CccC 0.11 0.09 0.06 0.06 0.15 0.13 0.38 0.29 0.06 0.20 0.55 0.21
POD 0.18 0.21 0.16 0.16 0.26 0.22 0.33 0.21 0.38 0.44 0.51 0.53
FAR 0.73 0.74 0.82 0.82 0.69 0.70 0.65 0.73 0.81 0.87 0.34 0.35
TS 0.12 0.13 0.09 0.09 0.16 0.15 0.20 0.13 0.14 0.11 0.40 0.42
Accuracy 0.87 0.87 0.94 0.94 0.95 0.95 0.98 0.98 1.00 0.99 0.86 0.86
Frequency bias 0.67 0.79 0.87 0.88 0.83 0.72 0.92 0.78 2.02 3.33 0.78 0.82
(d)
0.1<P<1.2 1.2<P<2.8 2.8<P<7.8 7.8<P<18.4 18.4<P 0.1<P
IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT
RMSE mm 2.44 3.80 3.45 5.05 5.18 8.04 8.93 22.14 16.23 31.29 4.71 9.14
MAE mm 0.91 1.11 2.18 2.71 3.87 4.83 7.26 12.92 12.69 21.40 2.48 3.49
Bias mm 0.41 0.62 -0.01 0.47 -0.90 -0.35 -2.19 1.88 -6.32 2.41 -0.27 0.53
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Mbias 1.96 2.43 0.99 1.24 0.81 0.93 0.81 1.16 0.76 1.09 0.91 1.18
ccC 0.14 0.11 0.06 0.01 0.15 0.10 0.36 0.23 0.12 0.17 0.61 0.49
POD 0.26 0.29 0.15 0.15 0.28 0.22 0.30 0.18 0.51 0.47 0.58 0.60
FAR 0.68 0.69 0.82 0.81 0.65 0.68 0.68 0.80 0.68 0.79 0.31 0.31
S 0.16 0.18 0.09 0.09 0.18 0.15 0.18 0.10 0.24 0.17 0.46 0.47
Accuracy 0.82 0.81 0.92 0.92 0.93 0.93 0.97 0.97 0.99 0.99 0.82 0.82
Frequency bias 0.81 0.93 0.84 0.80 0.81 0.67 0.95 0.88 1.60 2.27 0.84 0.87
(e)
0.1<P<1.8 1.8<P<4.2 4.2<P<11 11<P<24 24<P 0.1<P

IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT IMERG-FR IMERG-RT

RMSEmm 3.25 4.77 4.35 5.37 6.52 11.40 11.28 29.68 19.39 32.49 5.95 11.63
MAE mm 1.32 1.54 2.88 3.39 5.15 6.88 9.29 18.41 15.37 23.76 3.30 4.75
Bias mm 0.64 0.85 0.01 0.41 -1.24 0.10 -2.21 4.56 -7.09 -0.17 -0.24 0.90
Mbias 2.00 2.34 1.00 1.14 0.82 1.01 0.86 1.29 0.79 1.00 0.94 1.21
CcC 0.17 0.15 0.13 0.12 0.19 0.17 0.27 0.15 0.14 0.28 0.65 0.51
POD 0.30 0.33 0.19 0.18 0.27 0.24 0.33 0.20 0.54 0.49 0.65 0.66
FAR 0.64 0.64 0.78 0.77 0.65 0.66 0.67 0.77 0.69 0.79 0.25 0.26
S 0.19 0.21 0.11 0.11 0.18 0.16 0.20 0.12 0.25 0.17 0.53 0.54
Accuracy 0.76 0.75 0.89 0.90 0.91 0.91 0.96 0.95 0.99 0.98 0.78 0.78
Frequency bias 0.83 0.93 0.86 0.77 0.79 0.70 0.99 0.88 1.70 2.31 0.86 0.88

Table A: Summary of evaluation metrics for IMERG-FR and IMERG-RT products at a)hourly , b)3-hourly, ¢)6-hourly, d)12-hourly and e)daily time-scales over northeast Austria. The metrics are

calculated based on all hours of all stations.
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Station

Station

P<0.1
0.1<P<0.4
0.4<P<1.1
1.1<P<1.8
1.8<P<5.6
5.6<P

Total

P<0.1
0.1<P<0.4
0.4<P<1.1
1.1<P<1.8
1.8<P<5.6
5.6<P

Total

(a)
IMERG-FR
P<0.1  0.1<P<0.4 0.4<P<l.1 1.1<P<1.8 1.8<P<5.6 5.6<P  Total
374858 4697 3011 729 645 115 384055
14827 1928 1916 644 595 98 20008
4921 987 1425 697 754 98 8882
1362 304 610 437 587 66 3366
866 311 541 427 834 246 3225
52 28 50 59 107 58 354
396886 8255 7553 2993 3522 681 419890
(b)
IMERG-RT
P<0.1 0.1<P<0.4 0.4<P<1.1 1.1<P<18 1.8<P<5.6 5.6<P  Total
373435 5953 3099 711 656 201 384055
14468 2296 1955 542 557 190 20008
4851 1268 1503 535 528 197 8882
1296 473 735 337 377 148 3366
814 333 741 424 553 360 3225
39 28 64 57 63 103 354
394903 10351 8097 2606 2734 1199 419890
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Table B1: Frequency of events with different intensities in corresponding to GPM -IM ERG products a) IM ERG-FR and b)

Station

Station

P<0.1
0.1<P<0.6
0.6<P<1.4
1.4<P<3.8
3.8<P<11.5
11.5<P

Total

P<0.1
0.1<P<0.6
0.6<P<1.4
1.4<P<3.8
3.8<P<11.5
11.5<P

Total

IMERG-RT for hourly precipitation

(a)
IMERG-FR

P<0.1  0.1<P<0.6  0.6<P<l.4 1.4<P<3.8 3.8<P<11.5 11.5<P  Total
115980 2850 1267 645 152 44 120938
6851 1281 889 602 179 30 9832

1886 534 491 540 198 18 3667

1358 429 533 802 487 54 3663
291 113 165 416 530 165 1680

11 10 18 37 66 46 188
126377 5217 3363 3042 1612 357 139968

(b)
IMERG-RT

P<0.1  0.1<P<0.6  0.6<P<l.4  1.4<P<3.8 3.8<P<IL5 11.5<P  Total
115464 5953 3099 711 656 201 384055
14468 2296 1955 542 557 190 20008

4851 1268 1503 535 528 197 8882

1296 473 735 337 377 148 3366

814 333 741 424 553 360 3225

39 28 64 57 63 103 354
394903 10351 8097 2606 2734 1199 419890

Table B2: Frequency of events with different intensities in corresponding to GPM -IM ERG products a) IM ERG-FR and b)

Station

P<0.1
0.1<P<0.8
0.8<P<2
2<P<5.5
5.5<P<16.5
16.5<P

Total

IMERG-RT for 3-hourly precipitation

(a)
IMERG-FR
P<0.1 0.1<P<0.8  0.8<P<2  2<P<5.5 5.5<P<16.5 16.5<P  Total
53090 2397 726 344 71 17 56645
4357 1241 665 408 108 23 6802
1238 487 432 374 140 17 2688
760 350 389 645 347 31 2522
154 98 128 295 389 130 1194
3 8 5 18 49 50 133
59602 4581 2345 2084 1104 268 69984
(b)
IMERG-RT
P<0.1 0.1<P<0.8  0.8<P<2  2<P<5.5 5.5<P<16.5 16.5<P  Total
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P<0.1 52822 2792 639 266 110 16 56645
0.1<P<0.8 4196 1412 663 342 156 33 6802
0.8<P<2 1183 550 431 330 153 41 2688
':g 2<P<5.5 689 523 438 551 221 100 2522
2 5.5<P<16.5 140 115 189 304 251 195 1194
16.5<P 2 3 9 21 40 58 133
Total 59032 5395 2369 1814 931 443 69984

Table B3: Frequency of events with different intensities in corresponding to GPM -IM ERG products a) IMERG-FR and b)
IMERG-RT for 6-hourly precipitation

(a)
IMERG-FR

P<0.1 0.1<P<1.2  1.2<P<2.8 2.8<P<7.8 7.8<P<184 18.4<P Total

P<0.1 23135 1859 379 160 43 14 25590
0.1<P<1.2 2741 1236 459 300 65 21 4822
1.2<P<2.8 692 391 271 322 77 16 1769
2.8<P<7.8 423 351 296 528 238 42 1878
7.8<P<18.4 66 78 77 190 224 111 746

§ 18.4<P 2 6 8 18 58 95 187
2 Total 27059 3921 1490 1518 705 299 34992

(b)
IMERG-RT

P<0.1 0.1<P<1.2 1.2<P<2.8 2.8<P<7.8 7.8<P<184 18.4<P Total

P<0.1 23022 2106 280 123 46 13 25590
0.1<P<1.2 | 2633 1387 393 259 117 33 4822

. l2<P28 | 654 454 265 236 118 42 1769
§ 2.8<P<7.8 | 396 425 366 407 181 103 1878
2 7.8<P<184 | 62 90 108 208 132 146 746
18.4<P 2 4 9 23 61 88 187
Total 26769 4466 1421 1256 655 425 34992

Table B4: Frequency of events with different intensities in corresponding to GPM -IM ERG products a) IM ERG-FR and b)
IMERG-RT for 12-hourly precipitation

(a)
IMERG-FR
P<0.1 0.1<P<1.8  1.8<P<4.2 4.2<P<I1  11<P<24 24<P Total

a P<0.1 9426 1145 174 65 20 6 10836



Station

0.1<P<1.8
1.8<P<4.2
4.2<P<11
11<P<24
24<pP

Total

P<0.1
0.1<P<1.8
1.8<P<4.2
4.2<P<11
11<P<24
24<P

Total
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1756 1007 380 207 44 19 3413
364 354 242 250 53 9 1272

217 272 230 354 201 27 1301

21 48 59 132 176 100 536

2 4 6 16 36 74 138
11786 2830 1091 1024 530 235 17496

(b)
IMERG-RT

P<0.1 0.1<P<1.8 1.8<P<4.2  4.2<P<11 11<P<24  24<P Total
9342 1290 119 62 18 5 10836
1712 1133 284 175 83 26 3413
355 381 229 201 87 19 1272
206 310 248 311 137 89 1301
23 52 93 149 107 112 536
2 3 9 19 37 68 138
11640 3169 982 917 469 319 17496

IMERG-RT for daily precipitation

Table BS: Frequency of events with different intensities in corresponding to GPM -IM ERG products a) IM ERG-FR and b)
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Highlights

Evaluation of GPM-IMERG version-3 products, Real-Time late-run and Final-Run:
With regard to probability density functions (PDFs) the satellite precipitation
products detected more heavy and extreme precipitation events than the ground
measurements.

IMERG-FR, systematically underestimates moderate to extreme and overestimates
light precipitation for the entire range of precipitation (P >= 0.1 mm) over
Northeastern Austria.

Despite the general low probability of detection (POD) and thread score (TS) and
high false alarm ratio (FAR) within specified precipitation thresholds, the
contingency table showed relatively good values of POD, TS and FAR for

precipitation without precipitation classification (P >= 0.1 mm).
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