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Abstract: Satellite-based precipitation (SBP) products with global coverage have the potential to
overcome the lack of information in places where there are no rain gauges to perform hydrological
analyses; however, it is necessary to evaluate the reliability of the SBP products. In this study, we
evaluated the performance of the Climate Prediction Center morphing technique with corrected bias
(CMORPH-CRT) product in 14 sites in Mexico. The evaluation was carried out using two approaches:
(1) using categorical metrics that include indicators of probability of detection (POD), false alarm
rate (FAR), critical success index (CSI), and frequency bias index (FBI); and (2) through statistical
indicators such as the mean absolute error (MAE), root mean square error (RMSE), relative bias (RB),
and correlation coefficient (CC). The analysis was carried out with two levels of temporal aggregation:
30 min and daily. The results indicate that the CMORPH-CRT product overestimates the number
of precipitation events in most cases since FBI values greater than 1 in 78.6% of analyzed stations
were obtained. Also, we obtained CC values in the range of 0.018 to 0.625, which implied weak to
moderate correlations, and found that in all stations, the CMORPH-CRT product overestimates the
precipitation (RB > 0).

Keywords: satellite-based precipitation products; CMORPH; Mexico; categorical metrics; accuracy
evaluation

1. Introduction

With the advancement of technology, it has been possible to develop more complex hydrological
models to better describe the interaction of the hydrological cycle with a basin system, to improve both
the management of water resources and the hydraulic infrastructure of the populations settled in the
basin. Such models require more detailed information on the hydrological cycle components, either
as input data for the hydrological calculation processes or as data for the calibration and validation
processes. Precipitation data are one of the main input variables of hydrological models that can be
obtained by terrestrial measurements or remote sensor estimates, with the first acquisition method
being the most accurate [1]. Recently, satellite precipitation estimates with global coverage and
high spatial and temporal resolution have become available, which can compensate for the lack of
information in places where there are no rain gauges. The algorithms for estimating precipitation from
satellite measurements include: the Precipitation Estimation from Remote Sensing Information using
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Artificial Neural Network (PERSIANN) [2], Climate Precipitation Center (CPC) Morphing Technique
(CMORPH) [3], and Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis
(TMPA) [4]. However, despite the advantages of uninterrupted global coverage and high resolution,
the question arises as to how reliable it is to use satellite precipitation estimates. In other words, the
question is whether the algorithms that produce the estimates can accurately determine precipitation [5].
To answer such questions, several studies have been conducted around the world to evaluate satellite
precipitation estimates. To cite some examples, Jiang et al. evaluated the satellite-based precipitation
(SBP) products TRMM 3B42V7 and CMORPH in 11 sites distributed in different districts of Shanghai for
the period from January 2010 to December 2011 [6]. Kumar et al. evaluated the SBP products TRMM
3B42V7 and CMORPH for the period from June to August 2005–2010 in 6 sites located within the
Gandak River basin, which is a transboundary basin between India, China, and Nepal [7]. Haile et al.
evaluated the SBP product CMORPH in 8 sites located in the Gilgel Abbay basin in Ethiopia for the
period from June to August 2007 [8]. Nastos et al. evaluated the SBP product TRMM 3B42V7 on
Greece for the 1998–2008 period, in relation to a gridded precipitation database constructed from
interpolating data from 96 rain gauges using the Kriging method. They found that the TRMM 3B42V7
product underestimates precipitation over high altitude areas and overestimates it over the plains and
coastal regions [9]. Wang and Wolff evaluated the SBP product TRMM 3G68V6 using the radar product
2A53, and the digital swing gauge 2A56 product for the period 1998–2009 at the Melbourne site in
Florida, and they found that the TRMM 3G68V6 product is in good overall agreement with 2A53 radar
product at lower rain rates, but the agreement becomes poorer at higher rain rates [10]. Quirino et al.
evaluated the SBP products TRMM 3B42V7 and 3B42RT in the period from January 1998 to October
2015, with respect to the rainfall data of the meteorological station of the municipality of Santo Antônio
de Goiás, Brazil; they observed that the product 3B42V7 overestimates precipitation during the rainy
season and underestimates it in the dry period [11]. Avila-Carrasco et al. evaluated the SBP product
TRMM 3B43V7 on the Santiago River basin in Mexico for the 1998–2010 period, in relation to a gridded
precipitation database constructed from interpolating the data from 85 rain gauges using the Kriging
method. They found that the TRMM 3B43V7 product tends to underestimate precipitation in the
coastal and mountainous regions that correspond to the wettest regions of the study and tends to
overestimate rainfall on the plateau which is the driest region of the study [12]. In previous works,
the potential of SBP products to provide information to regions where there are no ground-based
observations of precipitation is indicated. In Mexico, there are regions with these conditions, so it is
necessary to evaluate if the SBP products are a viable alternative to overcome the lack of available
information. The objective of this research is to evaluate the SBP CMORPH-CRT product in 14 sites
in Mexico with different climates, in regards to the precipitation information recorded in 14 weather
stations, one per site. The evaluation was carried out for two levels of temporary aggregation: 30 min
and daily.

2. Materials and Methods

The study sites were established based on the location of the weather stations. 14 stations were
selected based on the length of their records and their spatial distribution in relation to the type of
climate (Figure 1).
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Figure 1. Study sites and types of climate in Mexico.

2.1. Precipitation Data Set

2.1.1. Precipitation Data of the Weather Stations

The selected stations for this research are administered by the General Coordination of the
National Meteorological Service (CGSMN, by its initials in Spanish) that belongs to the National Water
Commission (CONAGUA, by its initials in Spanish), except for the “Fierro, N.L. SAHM” station, which
is part of the Hydrometeorological Alert Systems at Basin level (SAHs) developed and implemented by
the National Center for Disaster Prevention (CENAPRED, by its initials in Spanish) and is administered
by Civil Protection of the State of Nuevo Leon. The weather stations analyzed (Table 1) are automatic
stations. The precipitation records correspond to the accumulated precipitation in a 10-min interval
and the reference time of the data is UTC.

Table 1. Detailed information of the weather stations.

Station
ID Station Name State Municipality Latitude Longitude Altitude

Masl
Analysis
Period

Climate
Code

1 Agustín Melgar Durango Nazas 25.2633 −104.0661 1226 2003–2018 BWh
2 Basaseachi Chihuahua Ocampo 28.1992 −108.2089 1973 2000–2018 Cwb
3 Cabo San Lucas Baja California Sur Los Cabos 22.8811 −109.9264 224 2000–2018 BWh
4 Fierro, N.L. SAHM Nuevo León Monterrey 25.6828 −100.2719 500 2001–2017 BSh
5 Las Vegas Durango San Dimas 24.1858 −105.4661 2398 2003–2018 Cwb
6 Matamoros Tamaulipas Matamoros 25.8858 −97.5186 4 2000–2018 Cwa
7 Nevado de Toluca México Toluca 19.1167 −99.7667 4139 2000–2018 ET

8 Nueva Rosita Coahuila San Juan de
Sabinas 27.9200 −101.3300 366 2003–2018 BSh

9 Paraíso Tabasco Paraíso 18.4233 −93.1556 4 2003–2018 Am

10 Pinotepa Nacional Oaxaca
Santiago
Pinotepa
Nacional

16.3497 −98.0525 195 2002–2018 Aw

11 Presa Emilio López
Zamora (Ensenada) Baja California Ensenada 31.8914 −116.6033 32 2000–2018 BSk

12 Río Lagartos Yucatán Río Lagartos 21.5711 −88.1603 5 2000–2018 Aw
13 Uruapan Michoacán Uruapan 19.3810 −102.0291 1606 1999–2017 Cwa
14 Zacatecas Zacatecas Guadalupe 22.7467 −102.5061 2270 2000–2018 BSk



Water 2019, 11, 1722 4 of 15

2.1.2. SBP CMORPH-CRT Product

SBP CMORPH-CRT product is generated by the CPC of the National Office of Oceanic and
Atmospheric Administration (NOAA). A detailed description of the CMORPH algorithm can be
found in Joyce et al. [3]. We used version 1.0 of the SBP CMORPH, which is generated using a
fixed algorithm and inputs of fixed versions to ensure best possible homogeneity, covering the entire
TRMM/GPM era since January 1998 to date and includes the raw, satellite only precipitation estimates
as well as bias corrected and gauge-satellite blended precipitation products [13]. Of the three types
of products included in version 1.0, estimates with bias correction were used. The files containing
the precipitation estimates used are available on the FTP site of the CPC through the following link:
http://ftp.cpc.ncep.noaa.gov/precip/CMORPH_V1.0/CRT/8km-30min/. For a detailed description of
the files, see Appendix A. The GNU Octave software was used to read the binary files and extract the
information of the precipitation estimates from the cells matching the location of each station.

2.2. Evaluation Methods

The evaluation of the CMORPH precipitation was carried out through two approaches: (1) analysis
of the capacity to detect precipitation; and (2) quantification of the accuracy or discrepancy between
the CMORPH estimates and the precipitation data of the rain gauges of the weather stations [6,7,14].
For the first approach, precipitation data were considered categorical events and four indicators were
used: probability of detection (POD), false alarm rate (FAR), critical success rate (CSI), and frequency
bias index (FBI). To carry out the calculation of such indicators, a contingency table was used as a tool,
since it allows a summary view of the frequency in which a precipitation event is detected or not by
the rain gauge or the CMORPH algorithm. There are 4 possible combinations that are shown in Table 2
and that were defined as follows: (1) hit, both the rain gauge and the CMORPH algorithm detect
the precipitation event; (2) miss, the rain gauge detects the precipitation event, but the CMORPH
algorithm does not; (3) false alarm, the algorithm CMORPH detects the event of precipitation, but
the rain gauge does not; and (4) correct negative, neither the rain gauge nor the CMORPH algorithm
detect the precipitation event.

Table 2. Table of contingencies for the analysis of precipitation detection capacity.

CMORPH Algorithm

Precipitation Detected Yes No

Rain Gauge Yes Hit (a) Miss (c)
No False alarm (b) Correct negative (d)

The probability of detection (POD) is the fraction of precipitation events detected by the CMORPH
algorithm. This indicator is sensitive to hits but ignores false alarms, so it must be used in conjunction
with the false alarm rate (FAR). The false alarm rate (FAR) is the fraction that did not occur from the
events detected by the CMORPH algorithm, which is sensitive to false alarms, but ignores misses. The
critical success index (CSI) is the fraction of all detected events (CMORPH algorithm or rain gauge)
that was correctly detected by the CMORPH algorithm, it does not consider the correct negatives. The
frequency bias index (FBI) is the relationship between the events detected by the CMORPH algorithm
and those detected by the rain gauge. This indicator allows us to know if the number of precipitation
events detected by the SBP product is equal to that observed by the rain gauge or if the SBP product
overestimates or underestimates the number of precipitation events, it must be used in conjunction
with the other three indicators. Table 3 presents the indicators, their range, and optimal value, as well
as the equations used for their calculation; a is the total of hits, b is the total of false alarms, and c is the
total of misses.

http://ftp.cpc.ncep.noaa.gov/precip/CMORPH_V1.0/CRT/8km-30min/
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Table 3. Indicators for the analysis of precipitation detection capacity.

Indicator Range Optimal Value Equation

Probability of detection (POD) [0, 1] 1 POD = a
a+c (1)

False alarm rate (FAR) [0, 1] 0 FAR = b
a+b (2)

Critical success index (CSI) [0, 1] 1 CSI = a
a+b+c (3)

Frequency bias index (FBI) [0,∞] 1 FBI = a+b
a+c (4)

In the second evaluation approach, precipitation data was considered a continuous variable and
four indicators were used to measure the accuracy or discrepancy between the precipitation data
observed by the station and the CMORPH estimates: mean absolute error (MAE), root of the mean
square error (RMSE), relative bias (RB) and correlation coefficient (CC). Both the MAE and the RMSE,
measure the accuracy of the estimate regarding the observed data. The RMSE penalizes errors of
greater magnitude, making it more sensitive to these errors than the MAE is [15]. The RB allows
knowing if the CMORPH algorithm underestimates or overestimates precipitation. The CC measures
the linear association between the rain gauge records and the CMORPH estimates. Table 4 shows
the equations used to calculate these indicators, where n represents the total number of pairs of data
analyzed, Ei is the precipitation estimated by the CMORPH algorithm, Oi is the precipitation observed
by the station, E and O are the mean values of the precipitation data estimated by the CMORPH
algorithm and those observed by the station, respectively.

Table 4. Indicators for the quantification of the precision or discrepancy between the CMORPH
estimates and the precipitation data of the rain gauges.

Indicator Range Optimal Value Equation

Mean absolute error (MAE) [0,∞] 0 MAE = 1
n ·

n∑
i=1
|Ei −Oi| (5)

Root of the mean square error (RMSE) [0,∞] 0 RMSE =

√
1
n ·

n∑
i=1

(Ei −Oi)
2 (6)

Relative bias (RB) [−∞,∞] 0 RB =
∑n

i=1(Ei−Oi)∑n
i=1 Oi

(7)

Correlation coefficient (CC) [−1, 1] 1 CC =
∑n

i=1(Ei−E)·(Oi−O)√∑n
i=1(Ei−E)

2
·

√∑n
i=1(Oi−O)

2 (8)

The evaluation was carried out for two levels of aggregation of precipitation data: 30 min and
daily. The observations of the stations were accumulated at 30 min and 24 h. The CMORPH estimates
were accumulated only at 24 h since the temporal resolution of the CMORPH data is 30 min.

3. Results

3.1. Analysis of Precipitation Detection Capacity

The determination of the total of hits, false alarms and misses in the detection of precipitation
was carried out establishing three threshold values for each of the two levels of temporal aggregation
analyzed (30 min and daily). In the first threshold, any record greater than zero was considered as
precipitation detected, in the second, it was considered to be detected if the record was equal to or
greater than 0.1 mm, and the third, if it was equal to or greater than 0.25 mm. The threshold values
used in the analysis of the precipitation detection capacity were selected to consider: (1) any record
greater than zero, and (2) any record detected as a function of the resolution of the rain gauges (0.1 mm
and 0.25 mm) [8]. The following trends were observed for both levels of temporal aggregation, with
respect to the increase of the threshold value: in most of the study sites POD, FAR and FBI decreased,
while CSI increased (Figures 2–5).

Tables 5 and 6 concentrate the results of the analysis of precipitation detection capacity. The
maximum values are highlighted with a blue border, the minimum values with a red border, and for
the FBI indicator, the values close to 1 are highlighted with a green border around the number. For the
accumulated precipitation records in 30 min, poor performance in the detection capacity is observed,
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since the maximum POD values obtained in station 2 reach hardly 0.5, this implies that for this temporal
aggregation level the CMORPH-CRT algorithm detects less than 50% of precipitation events at study
sites. Together with the low POD values, high FAR values are observed, which implies that, for the
study sites, the CMORPH-CRT algorithm detects a high number of precipitation events that did not
occur. The combination of low POD values and high FAR values explains the low values obtained
for the CSI indicator. Regarding the FBI indicator, the CMORPH-CTR algorithm overestimates the
number of precipitation events in most study sites and three sites showed values close to 1.

Figure 2. Probability of detection (POD) results by station for different analyzed thresholds.

Figure 3. False alarm rate (FAR) results by station for different analyzed thresholds.
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Figure 4. Critical success index (CSI) results by station for different analyzed thresholds.

Figure 5. Frequency bias index (FBI) results by station for different analyzed thresholds.

Regarding the accumulated precipitation records in 24 h, the CMORPH-CRT algorithm has a
better performance in the precipitation detection capacity. In most of the study sites, POD values
greater than 0.5 were obtained, only at the station 11 site a POD value less than 0.5 was obtained.
The FAR indicator values improved in all cases, values below 0.5 were obtained in most of the study
sites. The improvements in the POD and the FAR are reflected in the CSI indicator, which shows
values greater than 0.4 in most of the study sites. The FBI indicator also improved, increasing the
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number of sites with a value close to 1; however, it remains the tendency to overestimate the number
of precipitation events.

Table 5. Results of the precipitation detection capacity analysis (POD and FAR).
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Table 6. Results of the precipitation detection capacity analysis (CSI and FBI).
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the precipitation estimated by the CMORPH algorithm and the precipitation observed by the rain 
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3.2. Quantification of the Precision or Discrepancy between the CMORPH Estimates and the Precipitation Data
of the Rain Gauges

In this section, we present the results of the second evaluation approach. Table 7 concentrates
the results of the precision quantification or discrepancy between the CMORPH estimates and the
precipitation data of the rain gauges. The maximum values are highlighted with a blue border and
the minimum values with a red border around the number. Additionally, of the differences between the
precipitation estimated by the CMORPH algorithm and the precipitation observed by the rain gauge,
the mean and maximum values of the positive differences were determined for each station, and the
mean and minimum values of the negative differences were also determined. For the 30 min data,
station 8 presented the minimum difference (underestimation) −121.75 mm with a mean value with
respect to the negative differences of −0.033 mm and a standard deviation of 0.792 mm for a total of
185,234 analyzed data; station 10 presented the maximum difference (overestimation) of 85.25 mm with
a mean value with respect to positive differences of 0.195 mm and a standard deviation of 1.457 mm for
a total of 245,204 analyzed data. For the 24 h data, station 12 presented both the minimum difference
(underestimation) −360.33 mm with an average value with respect to the negative differences of
−0.817 mm and a standard deviation of 6.600 mm, and the maximum difference (overestimation)
566.76 mm with a mean value with respect to the positive differences of 2.869 mm and a standard
deviation of 15.893 mm for a total of 4169 analyzed data. The maximum and minimum annual values
of the positive and negative differences, respectively, were also determined for each station, together
with the empirical probability of each of these, which was calculated with the Weibull formula.

In Figures 6 and 7 we present a sample of the results of the maximum and minimum annual
values of the positive and negative differences concerning the probability of exceedance. These results
correspond to the stations with the highest and lowest values. These Figures show how often the
maximum and minimum values were presented since these values alone seem alarming, but as can be
seen, they do not appear frequently.

Table 7. Overall results of the precision quantification or discrepancy between the CMORPH estimates
and the precipitation data of the rain gauges.
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4. Discussion

Due to the small changes in value at the thresholds used, very slight trends are observed in
the indicators; however, the trends of POD and CSI agree with those found by Alijanian et al. and
Jiang et al. [1,6], where an increase in the threshold value results in a decrease in the detection capacity.
The CMORPH-CRT product presented a better performance in the detection capacity at the level of
temporal aggregation of a day (Figure 8), which is consistent with the results presented in the work of
Jiang et al. that show a better performance of the SBP for the monthly scale than for the daily scale [6].
For the precipitation data accumulated in 30 min, POD values > 0.4 were obtained in 5 of the 14 stations
and in no case exceeded 0.5, so the detection capacity for this level of aggregation is relatively poor.
The detection capacity for the accumulated precipitation data in 24 h is much better since in 8 of the
14 stations POD values > 0.64 were obtained and only one station presented a POD value < 0.5. The
highest values of POD were obtained in stations located in regions with a mild temperate climate
with dry winters and warm summers (Cwb). On the other hand, it was found that CMORPH-CRT
product overestimates the number of precipitation events in most cases, since we obtained FBI values
greater than 1, in 11 of the 14 stations analyzed. These results are consistent with what was found by
Kumar et al. that presented FBI values greater than 1, in 5 of the 6 stations analyzed [7].

With respect to the quantification of the precision or discrepancy between the CMORPH estimates
and the precipitation data of the rain gauges, CC values were found in the ranges of 0.018 to 0.260 for
the precipitation data accumulated in 30 min, which indicates a weak correlation. For the precipitation
data accumulated in 24 h, CC values were found in the ranges from 0.111 to 0.625; of the 14 stations, 2
had a weak correlation with CC < 0.4, 10 showed a moderate correlation with 0.4 < CC <0.6 and 2 had
a strong correlation with CC > 0.6 (Figure 9). These results are consistent with the CC values reported
by Kumar et al. and Haile et al. [7,8].

Regarding the RB indicator, it was found that in all stations the CMORPH-CRT product
overestimates the precipitation (RB > 0), unlike Jiang et al. and Kumar et al. who reported that in all the
analysis sites the CMORPH algorithm underestimates precipitation [6,7]. These results were contrasted
with the types of climate to determine if there is any relationship. Of the 8 climates analyzed, in each
type of climate, there are 2 stations except for the tropical monsoon (Am) and tundra (ET) climates in
which there is only one station. For stations located in sites with the same climate, CMORPH-CRT
product showed consistency when having the same range of values of RB; for example, stations 1 and
3 that are located in sites with hot desert (arid) climate (BWh), both resulted with a RB > 1, and stations
2 and 5 that are located in sites with mild temperate climate with dry winters and warm summers
(Cwb), both resulted with a 0 < RB < 1.

5. Conclusions

The performance of the SBP CMORPH-CRT product was evaluated against precipitation data
from 14 automatic meteorological stations in Mexico, for two levels of temporal aggregation: 30 min
and daily. The following conclusions can be drawn from the results obtained in the study:

1. The CMORPH-CRT product has a better performance for the daily aggregation level than for the
30 min level, both in the detection capacity and in the accuracy of the precipitation estimation.

2. For the two levels of temporal aggregation, the CMORPH-CRT product overestimates the number
of precipitation events, that is, detects more events than actually occurs.

3. With respect to the accuracy, for the two levels of temporal aggregation, the CMORPH-CRT
product tends to overestimate the amount of precipitation.

4. The results of the analysis of maximum annual differences clearly show the risk of introducing
major errors when using the CMORPH-CRT product in hydrological analyzes, research should
be conducted focused on identifying the causes of the differences. One of the causes could be the
difference in the spatial sampling of the rain gauge and the SBP product since the first provides
point measurements and the last delivers spatial averages over the area of a grid cell. The rain
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gauge may not be detecting convective precipitation events located over the area of the grid cell
of the SBP product [16].

We consider that a broader sample of stations is required to consolidate these conclusions, so in
future works, we will seek to incorporate a greater number of stations to the analysis. It is also intended
to extend the study to thresholds that allow categorizing precipitation into classes according to their
intensity and perform a detailed analysis for each season of the year, which includes relationships with
the height and physiography of the sites, in order to obtain a better understanding of the advantages
or risks of using the SBP CMORPH-CRT product in hydrological analyzes.

Figure 8. Spatial distribution of (a) POD and (b) FAR of the SBP CMORPH-CTR product on the study
sites, for the two analyzed levels of temporal aggregation.
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Figure 9. Spatial distribution of (a) CC and (b) RB obtained from the analysis between the precipitation
data observed by the weather stations and the CMORPH estimates, for the two levels of temporal
aggregation analyzed.
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Appendix A

As mentioned in Section 2.1.2, the SBP CMORPH-CRT product is available on FTP site of the CPC
in files with the extension “.tar” for each month. The name of the “.tar” file describes the information
about the data it contains, for example, in “CMORPH_V1.0_ADJ_8km-30min_199801.tar”, “CMORPH”
indicates the algorithm used to generate the satellite precipitation product, “V1. 0” the product version,
“ADJ” which is about the estimates with correction of bias, “8km-30min” the spatial and temporal
resolution, finally, “199801” indicates the year and month. The “.tar” files contain a folder with a
total of “nd × 24” files with extension “.bz2” compressed with bzip2, being nd the number of days
of the month. The name of the “.bz2” file describes information about the data it contains, using the
same structure as the name of the “.tar” files, except for the part related to the date that, in addition to
the year and month, includes day and UTC time. When you unzip the file “.bz2” you get a binary
file with a size of 65,274,016 bytes that contains numeric information stored in 32 bits floating-point
format. This numerical information consists of two sets of estimates of accumulated precipitation in
30 min, covering the entire planet between latitudes 60◦S to 60◦N, with a resolution of 0.072771377◦ for
latitude and 0.072756669◦ for longitude. The first set corresponds to the estimate of the accumulated
precipitation between the interval of 30 to 60 min of the hour before that described in the file name and
the second set corresponds to the accumulated one between the interval of 00 to 30 min of the hour
described in the file name. Depending on the latitude and longitude resolutions, each set corresponds
to an array of 4948 rows per 1649 columns, the rows correspond to the longitude and the columns to
the latitude, so the information must be transposed. In addition, the information is arranged from
south to north, so the order of the rows of the transposed array must be reversed. Once transposed and
reversed, the center of the cell in the upper right corner of the array corresponds to the precipitation
estimate for the site with latitude 59.963614◦ N and longitude 0.036378335◦ E on the date and time
specified in the file name.
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