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ABSTRACT:

Precipitation monitoring is of utmost importance for water resource management. However, in regions of complex terrain such as
Ecuador, the high spatio-temporal precipitation variability and the scarcity of rain gauges, make difficult to obtain accurate estimations
of precipitation. Remotely sensed estimated precipitation, such as the Multi-satellite Precipitation Analysis TRMM, can cope with this
problem after a validation process, which must be representative in space and time. In this work we validate monthly estimates from
TRMM 3BA43 satellite precipitation (0.25° x 0.25° resolution), by using ground data from 14 rain gauges in Ecuador. The stations are
located in the 3 most differentiated regions of the country: the Pacific coastal plains, the Andean highlands, and the Amazon rainforest.
Time series, between 1998 — 2010, of imagery and rain gauges were compared using statistical error metrics such as bias, root mean
square error, and Pearson correlation; and with detection indexes such as probability of detection, equitable threat score, false alarm
rate and frequency bias index. The results showed that precipitation seasonality is well represented and TRMM 3B43 acceptably
estimates the monthly precipitation in the three regions of the country. According to both, statistical error metrics and detection indexes,
the coastal and Amazon regions are better estimated quantitatively than the Andean highlands. Additionally, it was found that there
are better estimations for light precipitation rates. The present validation of TRMM 3B43 provides important results to support further

studies on calibration and bias correction of precipitation in ungagged watershed basins.

1. INTRODUCTION

With the growing demand of water resources for agriculture,
energy generation and industry, it is extremely important to better
understand precipitation behavior. Accurate precipitation data is
needed for hydrological models supporting water resource
management and climate change studies.

Estimating precipitation is a complicated task in regions, such as
Ecuador, with limited rain gauge networks and high spatio-
temporal precipitation variability, which is mainly due to the
highly complex topography. For this reason, satellite products
have become a valuable tool to obtain distributed estimates of
precipitation at several scales in time, providing information
where rain gauges are not available or when there is not recorded
data (Kidd et al., 2011).

The TRMM 3B43 Multi-satellite Precipitation Analysis is one of
the most widely used products. It combines precipitation
estimates from multiple satellites as well as control rain gauges.
This combination from various sensors is what sets this particular
product ahead of others of its type (Ceccato and Dinku, 2010).
They are freely available in the traditional V6 and updated V7
versions. The spatial resolution is 0.25° x 0.25° (~ 27 km x 27
km) with an almost global coverage (50 ° latitude band N-S).
While temporal resolution is every 3 hours, daily and monthly
aggregations are also available. This product is available since
January 1998 (Huffman et al., 2007) up to July 2014 when
satellite fuel was exhausted (Huffman, 2015).

In Ecuador, satellite products have been used as an important
source for climate prediction (Muiloz et al., 2010). However, in
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order to use these products to its fullest potential, it is imperative
to assess it. Therefore, this paper validates monthly precipitation
estimates from TRMM 3B43 V7 satellite product on three main
regions of Ecuador: the Pacific coastal plains, the Andean
highlands and the Amazonian rainforest. TRMM 3B43 V7 is
compared with rain gauge data published in the annuals of the
National Institute of Meteorology and Hydrology of Ecuador
(INAMHI). Version 7 of TRMM 3B43 was used because it has
been proved to improve the bias, specifically in the Ecuadorian
coastal region (Ochoa et al., 2014) as well as in the Andean-
Amazon basin in northern Peru (Zulkafli et al., 2014) with respect
to the version 6 of the product. The period of analysis is from
1998, the year since there is available data for TRMM, until 2010,
according to INAMHI annuals availability. We selected 14 rain
gauges located in the 3 main differentiated regions of the country.
Rain gauges selection did not follow a random-representative
sampling, instead a small number of them were chosen in order
to focus attention in the validation measures. Two types of pixel-
based validation measures were selected from the literature
(Feidas, 2009; Ochoa et al., 2014; Scheel et al., 2011; Su et al.,
2008). The first type is statistical error metrics as bias, root mean
squared error and Pearson correlation. The second type is
detection indexes as probability of detection, bias index and false
alarm rate.

2. MATERIALS AND METHODS
2.1 Rain Gauge Control Data

Precipitation data from INAMHI rain gauges are available on its
website  http://www.serviciometeorologico.gob.ec/biblioteca/.
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While records containing monthly data starts in 1990 until 2010,
this study ranged from 1998 to 2010, according to TRMM
availability.

Fourteen rain gauges along the Pacific coastal plains, Andean
highlands and Amazonian rainforest were chosen, accounting for
spatial variability among regions and seasonality representation
(Table 1 and Figure 1). Four rain gauges in each region were
chosen, except for the Andean highlands where 6 rain gauges
were chosen in order to have better representation of mountain
terrain. As result, the selected rain gauges showed wide ranges of
altitude as well as longitudinal and latitudinal locations.

Figure 1. Study area. (a) Ecuador in the American Continent
context; (b) Three main regions of study and rain gauges
locations

Missing data was checked in order to keep it below a maximum
percentage of 20%. Additionally, homogeneity was checked with
the RHV4 test, available in the R software, which detects changes
in the mean precipitation through time (Wang and Feng, 2004).

Regions Rain Elevation Longitude Latitude Missing
gauge (m.a.s.l.) W) (°S)  data (%)
=, Mie2 36 80.04 0.66 2.6
2 £ M465 52 79.47 1.44 0.0
S Mo37 13 79.60 2.13 0.0
MI171 156 80.40 1.59 1.9
MO033 2160 79.20 4.03 18.6
g & MA438 2100 79.46 4.63 16.0
8 § M403 2267 78.84 2.20 0.6
é @ MI123 1471 79.07 1.13 1.9
=  Ml4l 3260 79.00 2.73 4.5
M024 2812 78.48 0.17 1.9
s . Mo007 265 75.41 0.92 0.0
-g g MO0 960 77.94 1.51 1.3
§ qg MO041 880 77.95 1.69 7.7
g 3 M189 750 78.57 3.40 1.9

Table 1. Rain gauges description

2.2 Satellite Product: TRMM 3B43

The Tropical Rainfall Measurement Mission (TRMM) was
launched in November of 1997 to cover the tropic regions
(Simpson et al., 1988). One of its products is 3B43 version 7
which combines the results of several sensors and control rain
gauges. This product is run once a month to produce the best
estimate of precipitation intensity with lower minimum square
error. First, 3-hourly estimates of high quality infrared resolution
are aggregated on a monthly basis. Next, bias is adjusted by
combining the monthly aggregations with rain gauge data using
inverse variance weighting (Huffman et al., 2007). The temporal
resolution of TRMM 3B43 is monthly, while its spatial resolution
is 0.25 ° x 0.25 °. It covers the region from 50° S to 50° N
Latitude. More information is available at (NASA, 2014b).

The estimates of monthly rainfall are available for downloading
at (NASA, 2014a). Gridded data was downloaded in NCDF
format. R software and its spatial packages (gstat, raster, rgeos,
and ncdf) were used to intersect images with rain gauges location
in order to obtain the satellite time series.

2.3 Validation Measures

Averaged monthly precipitation for rain gauges during 1998 -
2010 were carried out. By comparing the rain gauge and satellite
monthly averages, it was possible to ascertain whether the
satellite was able to represent seasonality among the three regions
of Ecuador. Then rain gauges and satellite time series were
compared following a pixel-based approach. This was,
precipitation estimates at each rain gauge were compared with
satellite estimates at the corresponding grid’s pixel. These
calculations were performed with R software, using the
hydroGEOF package (Zambrano-Bigiarini, 2014).

2.3.1 Statistical Error Metrics
Bias: evaluates the average difference between precipitation
estimates made by the satellite product (S) and the rain gauges

(G). With n equal to the number of rain gauges:

. 1
Bias = ;Z?:l(sm = Gxp) M
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Root Mean Squared Error (RMSE): compares the estimation
errors of the satellite with the rain gauge with an emphasis on
extreme values.

1
RMSE = |~3T,(Sxi — Gx:)? )

Pearson Correlation Coefficient (r): measures the level of
concordance between satellite and rain gauge estimates. Values
close to 1 (or -1) represent high correlation.

cov(S,G)

r= Jvar(S)x /var(G) )

2.3.2 Detection Indexes

The accuracy of the satellite detection was analyzed using
Probability of Detection (POD), Equitable Threat Score (ETS),
False Alarm Rate (FAR) and Frequency Bias Index (FBI) indexes
(Schaefer, 1990; Su et al., 2008). They were calculated
considering that estimates of TRMM 3B43 and rain gauges
matched. So that the possibilities for detection could be the
following:

e  Both the satellite and the rain gauge detect precipitation

@

e The satellite detects precipitation but the rain gauge
does not (b)

e  The satellite does not detect precipitation but the rain
gauge does (c)

e  Both the satellite and the rain gauge do not detect
precipitation (d)

Probability of Detection: POD is the fraction of precipitation that
was correctly detected. A POD of 1 means a perfect detection
from the satellite.

POD = — 4)

a+c

Equitable Threat Score: ETS is the fraction of precipitation that
was correctly detected, but adjusted by the number of detections
(He) expected to occur just by chance. N is the total number of
estimates. A perfect satellite detection gives a result of ETS equal
to 1.

ETS = _a-He ®)
a+b+c—He
He = (a+c)l>\<](a+b) ©6)

False Alarm Rate: FAR measures the fraction of precipitation
detected that were false alarm, which means that the satellite
detected it but the rain gauges did not. It measure values between
0 and 1, where 0 is the perfect value indicating that the satellite
did not issue a false alarm.

FAR = 2 (7

a+b

Frequency Bias Index: FBI is the ratio between the number of
precipitation events detected by the satellite, compared to the
number of events detected by the rain gauges. If the index is
lower than 1, means that the satellite is underestimating the
precipitation, while higher than 1 indicates overestimation. The
range is from 0 to infinity, with a perfect value being 1.

FBI = %2 @®)

a+tc

3. RESULTS AND DISCUSSION

3.1 Rain gauge pre-processing data

The missing data analysis showed that most rain gauges had less
than 3% of missing data. Only three rain gauges had gaps of 7,
16 and 18.6%, nevertheless they were still considered acceptable
due to the small precipitation observations dataset available
(Table 1). Additionally, homogeneity test showed the same
tendency in rain gauges.

3.2 Precipitation seasonality

Figure 2 shows the seasonality of precipitation from 1998 to 2010
for the coastal plains, the Andean highlands and the Amazon
region (in Figures 2a, 2b, and 2c, respectively). Rain gauges are
shown with solid lines and TRMM with dashed lines. It showed
the unimodal rainfall regime for rain gauges located in the coastal
and Andes regions, and the bimodal regime for two rain gauges,
one located in the Andes and the other in the Amazon region.

Seasonality was well represented qualitatively. That is, although
precipitation reported by the satellite over (or under) estimate
precipitation, the shape of the graphics was suitable. This
happens especially in the Andes and Amazon. In the coastal
plains, however, the peak of annual precipitation of satellite
estimates was offset one month to the right. In the Andean region,
the unimodal regime was well represented qualitatively by the
satellite, but the bimodal regime on the M141 rain gauge
appeared instead as a unimodal regime (Figure 2.c).

Overall, TRMM 3B43 underestimated precipitation. However,
the satellite images overestimated precipitation in 4 rain gauges
in the Andes (Figure 2.b and 2.c, M033, M403, M024 and M141)
and, only in certain month, in 3 rain gauges in the Amazon
(Figure 2.d, M007, M041 and M189).

As previously showed by (Ochoa et al., 2014; Ward et al., 2011)
satellite images qualitatively represented precipitation. Although,
in terms of quantity, our results showed some differences.
According to literature, the TRMM products had shown
reasonable performance on monthly basis. In addition, high
precipitation rates are generally underestimated while low
precipitation rates are overestimated (Habib et al., 2009). These
is due to the use of infrared sensors that may underestimate
precipitation of low clouds as well as create false alarms because
of high but relatively light clouds found at low temperatures
(Behrangi et al., 2010).
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Figure 2. Precipitation regime representation by mean monthly
precipitation estimates of rain gauges (lines) and TRMM 3B43
(dashed). (a) Pacific coastal plains; (b) Andean highlands with
unimodal regime; (c) Andean highlands with bimodal regime;
and (d) Amazonian rainforest. The results for TRMM-MO008
and TRMM-MO041 are overlaid to be located on the same
TRMM pixel.

3.3 Statistical error metrics

Table 2 shows the average statistical error metrics for each region
and for Ecuador. Figure 3 shows the respective graphs.

Coastal Andean Amazonian

plains highlands rainforest Ecuador
Bias (mm) 1943  27.89 25.28 24.20
RMSE (mm) 88.49  76.33 68.27 77.70
Pearson (-) 0.90 0.75 0.78 0.81

Table 2. Average bias, RMSE and Pearson correlation
coefficient for the 3 studied regions and for Ecuador
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Figure 3. Bias, RMSE and Pearson correlation coefficient for
the Coastal plains (black), Andean highlands (grey) and
Amazonian rainforest (orange)

There was a moderately high bias for the Andean highlands (28
mm) and Amazonian rainforest (25 mm), while the lowest bias
values were located on the Coastal plains (19 mm). Rain gauges
located at high altitudes (Table 1: altitudes between 960 - 2267
m.a.s.l.) were those with the greatest bias, except for the bimodal
regime rain gauges, which, despite being in the highlands (Table
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1: altitudes of 2812 and 3260 m.a.s.l.), had the lowest bias in the
region. On average, the bias for Ecuador was 24 mm.

RMSE showed a minimum of 33 mm at the M024 (Andean
bimodal rain gauge) and a maximum of 167 mm at the M465
(Coastal rain gauge). On average, the RMSE was lower in the
Amazon, although there was a small difference with the other
regions. In Ecuador, the average was 78 mm (Table 2).

Pearson correlation (r) showed a low correlation value (0.6) in
three rain gauges (M403 and M141 of Andean highlands and
M189 of Amazonian rainforest). Medium correlation values
(between 0.7 and 0.85) were observed in Coastal rain gauges
(M162, M037 and M171), Andean highlands (M024) and
Amazonian rainforest (M007 and M008). High correlation values
(0.9 to 0.96) were presented in Coastal plains (M162, M037 and
M171), the Andean highlands (M024) and Amazonian rainforest
(M007 and M008). On average, the correlation for Ecuador was
0.8.

For a proper result interpretation, it is needed to analyze all three
statistical errors in conjunction with monthly precipitation charts.
For instance, at M141 rain gauge, a low bias and RMSE were
obtained, but with a very low correlation coefficient. This is due
to the fact that the bimodal regime showed by the rain gauge was
not captured by the satellite.

Summarizing, it was obtained that the bias was lower on the
Coastal plains while the RMSE was lower in the Amazonian
rainforest. The Andean highlands had higher bias and RMSE
except for the bimodal rain gauge M024. Bimodal rain gauges
MO007 in the Amazon and M024 in the Andes had minor errors.
In addition, it must be stressed that there were high correlation
values which confirmed that seasonality was qualitatively well
represented.

The results presented in this section are more promising than
those obtained in studies performed on a daily scale (Ochoa et
al., 2014; Scheel et al., 2011). In fact, these studies showed that
TRMM performance improves almost linearly with the temporal
aggregation, suggesting that TRMM performs better at monthly
rather than a daily or hourly basis. Finally, the TRMM 3B43
seemed to behave better than the TRMM 3B42, since the latter
overestimated in all the analyzed rain gauges (Ochoa et al.,
2014).

3.4 Detection indexes

The Probability of Detection (POD), the Equitable Threat Score
Index (ETS), the False Alarm Rate (FAR) and the Frequency
Bias Index (FBI) were calculated for different precipitation
thresholds of 10, 20, 50, 100, 200, 300 and 400 mm. Table 3
shows the mean values for the studied regions.

Coastal Andean Amazonian

plains highlands  rainforest Ecuador
PDO  0.79 0.75 0.84 0.79
ETS  0.60 0.21 0.36 0.39
FAR 0.13 0.33 0.09 0.18
FBI 091 1.26 0.90 1.03

Table 3. Mean detection indexed for the 3 studied regions and
for Ecuador

POD showed that the general tendency of satellite detection
decreased when the monthly precipitation also increased (Figure
4). On the Coastal plains and Amazonian rainforest the detection
index was greater than 0.8 for thresholds between 100 and 200
mm. In the Andean highlands, POD values greater than 0.8
occurred with precipitation thresholds between 10 and 100 mm.
In the Amazonian rainforest, POD presented values greater than
0.92 with precipitation thresholds between 10 and 100 mm. For
thresholds greater than 300 mm, POD was reduced to a range
between 0.4 and 0.8. The averaged PDO was greater in the
Amazonian rainforest while for Ecuador was 0.8 (Table 3).

1

0.8

0 0.6
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0 100 200 300 400

Precipitation threshold (mm)

Figure 4. POD for precipitation thresholds of 10, 20, 50, 100,
200, 300 and 400 mm on the Coastal plains (black), Andean
highlands (grey) and Amazonian rainforest (orange)

ETS values were lower than those of POD as they have
corrections due to purely random detections (Figure 5). On the
Coastal plains, the detection by ETS is better than in the other
regions (Table 3). Moreover, according to satellite detection, in
all rain gauges ETS values for precipitation increased between 10
and 100 mm but decreased at 200 mm. There was greater
consistency of ETS trend among coastal rain gauges than in the
other regions. The average ETS value for Ecuador was 0.4 (Table
3).

FAR showed that, on average, in the Amazonian rainforest the
satellite detected fewer false alarms than in other regions (Table
3). Figure 6 shows that on the Coastal plains, the values varied
less than in the Amazon. On the coast, FAR was lower when
precipitation was recorded between 100 and 300 mm, in the
Andes when levels were less than 50 mm, and in the Amazon
when they were less than 100 mm. In the Amazon, and in most
of rain gauges in the Andes, false alarm increased when
precipitation also increased. On average, FAR was 0.2 for
Ecuador (Table 3).

This contribution has been peer-reviewed.
doi:10.5194/isprsarchives-XLI-B8-305-2016 309



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B8, 2016
XXIIl' ISPRS Congress, 12—19 July 2016, Prague, Czech Republic

1 with heavy precipitation (higher than 200 mm). Averaged FBI
was suitable on the Coastal plains, Amazonian rainforest and for

ETS

ETS

0 100 200 300 400

Precipitation threshold (mm)

Figure 5. ETS for precipitation thresholds of 10, 20, 50, 100,
200, 300 and 400 mm on the Coastal plains (black), Andean
highlands (grey) and Amazonian rainforest (orange)

0 100 200 300 400
Precipitation threshold (mm)

Figure 6. FAR for precipitation thresholds of 10, 20, 50, 100,
200, 300 and 400 mm on the Coastal plains (black), Andean
highlands (grey) and Amazonian rainforest (orange)

Regarding FBI, the tendency to over or underestimate data was
variable among the study regions (Figure 7). The precipitation
was underestimated by the satellite estimation in most of the rain
gauges, however there was a high overestimation in the Andean
highlands, reason by which, in Figure 7 the FBI-axis was plotted
with a different scale with respect to the other regions. It is
important to note that over and underestimation mostly occurred

Ecuador as a whole (Table 3).
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Figure 7. FBI for precipitation thresholds of 10, 20, 50, 100,
200, 300 and 400 mm on the Coastal plains (black), Andean
highlands (grey) and Amazonian rainforest (orange). (FBI axis
of the Andean highlands is plotted in a different scale)

4. CONCLUSIONS

This study validated monthly TRMM 3B43 precipitation images
from 14 INAMHI rain gauges located in the Coastal plains (4
stations), Andean highlands (6 stations) and Amazonian
rainforest (4 stations) of Ecuador. In order to seck for a broader
representation, a wide range of altitudes and climatic regions
were covered. The data was quality controlled by proportionality
of nearby stations and homogeneity. It was also verified that the
rain gauges had less than 20% of missing data. Monthly TRMM
3B43 images were obtained and time series extracted at each rain
gauge location. Statistical error metrics and detection indexes
were used to contrast precipitation from rain gauges and satellite
images.

It was found that the precipitation seasonality is qualitatively well
represented by the satellite product in Ecuador, in the 3 most
differentiated regions of the country. However, TRMM 3B43
satellite precipitation estimates perform better in the Coastal and
Amazon regions than in the Andes. Additionally, better satellite
results were obtained for light precipitation rates.

The present study has proved that satellite precipitation estimates
are a valuable tool, especially for ungagged regions that might be
located in complex terrain such as Ecuador. This TRMM 3B43
validation provides important results to support further studies on
calibration and bias correction of precipitation in ungagged
watershed basins. Additionally, further studies are necessary at
more local scales such as altitudinal gradients in order to validate
if satellite precipitation products are capable to represent local
climate influences.
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