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Abstract: Rainfall and temperature variables play an important role in understanding meteorology at global and 
regional scales. However, the availability of meteorological information in areas of complex topography is difficult, 
as the density of weather stations is often very low. In this study, we focused on improving existing satellite products 
for these areas, using Tropical Rainfall Measuring Mission (TRMM) and Global Precipitation Measurement (GPM) 
data for rainfall and Modern Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2) data 
for air temperature. Our objective was to propose a model that improves the accuracy and correlation of satellite 
data with observed data on a monthly scale during 2012-2017. The improvement of rainfall satellite data was 
performed using 4 regions: region 1 Santa (R1Sn), region 2 Marañón (R2Mr), region 3 Pativilca (R3Pt) and region 4 
Pacific (R4Pc). For temperature, a model based on the use of the slope obtained between temperature and altitude 
data was used. In addition, the reliability of the TRMM, GPM and MERRA-2 data was analyzed based on the ratio 
of the mean square error, PBIAS, Nash-Sutcliffe efficiency (NSE) and correlation coefficient. The final products 
obtained from the model for temperature are reliable with R2 ranging from 0.72 to 0.95 for the months of February 
and August respectively, while the improved rainfall products obtained are shown to be acceptable (NSE≥0.6) for 
the regions R1Sn, R2Mr and R3Pt. However, in R4Pc it is unacceptable (NSE<0.4), reflecting that the additive model 
is not suitable in regions with low rainfall values.
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Mejora de los datos satelitales de precipitación y temperatura en áreas con baja disponibilidad de 
estaciones meteorológicas: caso de estudio en Ancash, Perú
Resumen: Las variables de precipitación y temperatura desempeñan un papel importante en la comprensión 
de la meteorología a escala global y regional. Sin embargo, disponer de información meteorológica en zonas 
de topografía compleja es difícil, ya que la densidad de estaciones meteorológicas suele ser muy baja. En este 
estudio, nos centramos en mejorar los productos satelitales existentes para estas zonas, empleando datos de la 
Tropical Rainfall Measuring Mission (TRMM) y Global Precipitation Measurement (GPM) para la precipitación y los 
datos Modern Era Retrospective Analysis for Research and Applications Version 2 (MERRA-2) para la temperatura. 
Nuestro objetivo fue proponer un modelo que mejore la precisión y la correlación de los datos satelitales con los 
datos observados a escala mensual durante el 2012-2017. La mejora de los datos satelitales de precipitación se 
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1. Introduction

Climate in mountain systems is often considerably 
complex due to the existence of microclimatic 
features, topographic gradients and the influence 
of different atmospheric circulation patterns 
(Vicente-Serrano et  al., 2017). Several studies 
have described that these characteristics generate 
a strong uncertainty in temperature and rainfall 
values associated with the complexity that exists 
in the climate and terrain (Beniston et  al., 1997; 
Condom et  al., 2011; Garreaud et  al., 2003; 
Vicente-Serrano et al., 2017). Associated with this, 
there is also limited availability of meteorological 
data in these areas, since most weather stations 
are located below 3000 m a.s.l., as is the case in 
the department of Ancash (Peru). Therefore, the 
need to have a continuous record of information 
that adequately represents the characteristics of 
the climate in these gray zones has prompted the 
task of improving the spatial representation models 
of different climatic variables. Currently, several 
spatialized models obtained from remote sensors 
are available, being the TRMM (1997-2014) and 
GPM (2014-present) mission the most widely used 
for the spatial representation of rainfall and which 
stand out for not presenting range problems or 
regional sensitivity variations and which are able 
to generate better rainfall descriptions than ground-
based radars (Ouatiki et al., 2017). In high mountain 
areas TRMM and GPM products have proven to 
be more accurate than other satellite products. For 
example, in the mountainous regions of Nepal it 
was found that TRMM obtained a better capture of 
the dependence that exists between mean rainfall 
and elevation, a behavior that was found in data 
from weather stations in the area (Krakauer et al., 
2013). While in the Cordillera Blanca (mountainous 

area of Ancash), Mourre et  al. (2016) founded 
that TRMM data have a correct representation of 
the spatial patterns of rainfall at the annual scale. 
However, Condom et  al. (2011) found that at the 
monthly level it is necessary to adjust TRMM 
rainfall values with data from weather stations 
through an additive model. Regarding temperature, 
the MERRA-2 project aimed to reanalyze data 
obtained by different satellites, obtaining data from 
1980 to the present on a fixed grid ranging from a 
surface pressure of 1000 hPa to the top of the model 
of 0.1  hPa (McCarty et  al., 2016; Gelaro et  al., 
2017). Although these data are useful, many of 
them may present erroneous measurements due to 
the spatial scale or to a malfunction of the algorithm 
used to obtain the temperature (Vicente-Serrano 
et al., 2017).

Therefore, a few years ago Aybar et  al. (2017) 
developed a spatialized product of temperature 
and rainfall for all Peru using satellite and weather 
station data. This gridded product is known as 
Peruvian Data Interpolated from SENAMHI 
Climatological and Hydrological Observations 
(PISCO) and was built based on CHIRPS 
(Climate Hazards Group InfraRed Rainfall with 
Station data) satellite data. However, the spatial 
scale of the work (5×5  km grid) may generate 
uncertainties in smaller areas that are already 
beginning to suffer certain conditions at the local 
level that may generate a variation in the values 
obtained due to the fact that the spatio-temporal 
prediction of rainfall will have greater reliability 
in places where there is more station information 
(Fernández-Palomino et  al., 2022), which may 
increase the uncertainty values in mountainous 
areas where the density of stations is very low. 
Likewise, the temperature values were adjusted 

realizó utilizando 4 regiones: región 1 Santa (R1Sn), región 2 Marañón (R2Mr), región 3 Pativilca (R3Pt) y región 4 
Pacífico (R4Pc). En la temperatura se utilizó un modelo basado en el uso de la pendiente obtenida entre los datos 
de temperatura y altitud. Además, se analizó la fiabilidad de los datos TRMM, GPM y el MERRA-2 basándose en 
la relación del error cuadrático medio, PBIAS, la eficiencia de Nash-Sutcliffe (NSE) y el coeficiente de correlación. 
Los productos finales obtenidos del modelo para la temperatura son fiables, con R2 entre 0,72 y 0,95 para los 
meses de febrero y agosto, respectivamente, mientras que los productos mejorados de precipitación obtenidos 
son aceptables (NSE≥0,6) para las regiones R1Sn, R2Mr y R3Pt. Sin embargo, en R4Pc es inaceptable (NSE<0,4), 
lo que refleja que el modelo aditivo empleado no es adecuado para regiones con bajos valores de precipitación.

Palabras clave: TRMM, GPM, MERRA-2, estaciones meteorológicas, Ancash. 
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to the topography using an elevation model with 
5  km of spatial resolution, which makes the 
altitudinal changes less noticeable and therefore 
the temperature prediction in areas with more 
rugged topography less accurate (Vicente-Serrano 
et al., 2017).

In this study, we present two improved monthly-
scale products for rainfall and temperature in the 
department of Ancash, which presents a high 
climatic and topographic complexity (see study 
area section), during the period 2012-2017. We 
relied on the TRMM and GPM satellite dataset 
for rainfall and MERRA-2 for temperature. In 
addition, observations from all available weather 
stations were used. The objectives of the study 
were (1) to develop two models for the correction 
of TRMM, GPM and MERRA-2 data and (2) ob-
tain two improved products reflecting the spatial 
and temporal variation of rainfall and temperature 
in the study area.

2. Study area

The study area is located in the northern sector 
of the Peruvian Andes and is delimited by the 
departmental limit of Ancash that goes from 76°43’ 
to 78°39’ W and between 08°02’ and 10°47’  S, 
which includes the Cordillera Blanca, Santa 
River basin, Pativilca river basin, Marañón river 
basin and the Pacific coastal zone (Figure 1). Its 
altitudinal level varies from 0 in the coastal zone 
to 6757  m a.s.l. in the cordillera. The highlands 
are characterized by a semi-dry and semi-cold 
climate, while the coast has a very warm climate 
with a high humidity content. These characteristics 
contribute to the climatic complexity of the area, 
which is mainly controlled by the Andes, as the 
orography acts as a topographic barrier to the 
flow of humidity, causing the formation of strong 
pluviometric gradients on the eastern flanks of the 
Andes. To address this complexity in rainfall, the 
study area was divided into 4  regions: region 1 
Santa (R1Sn) is characterized by an annual rainfall 
of more than 400 mm and is mainly dominated by 
convective processes. Region 2 Marañón (R2Mr) 
presents values higher than 500  mm due to its 
proximity to the rainforest. Region 3  Pativilca 
(R3Pt) reaches values between 200  to 600  mm; 
and region 4 Pacífico (R4Pc) presents low rainfall 
due to the influence of cold and dry air masses 
coming from the Humboldt Current System, 

causing drier conditions on the coast (< 200 mm, 
Aybar et  al., 2019). For its part, temperature 
was regionalized using the entire polygon of the 
study area, using the correlation with altitude. 
This relationship, known as altitudinal gradient, 
shows mean annual temperatures of ~23 °C at the 
lowest elevations and ~7 °C above 4000 m a.s.l., 
presenting a rate of change in temperature of 
-0.007 °C/m (Motschmann et al., 2020).

Figure 1. Location of the study area (black bold line), spa-
tial distribution of the weather stations and the four regions 
delimited in our study.

3. Data

3.1. TRMM and GPM

In this study, TRMM product 3B43 with a spatial 
resolution of 0.25°×0.25° at monthly scale and 
covering between 50°N and 50°S was used. The 
3B43 product provides a good estimate of monthly 
rainfall because it combines multiple satellite data 
from the Global Precipitation Climatology Center 
(GPCC) (Lu et al., 2018). These multiple satellite 
data come from passive microwave (PMW) 
sensors and infrared (IR)-based observations. The 
IR and PMW data are obtained every 3  hours, 
then summed for the calendar month, and then 
the rain gauge data are used to apply a large-scale 
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bias adjustment to the multi-satellite estimates 
(Huffman et al., 2007). While the GPM products 
show an improvement over its predecessor, as 
high frequency channels (165.6  and 183.3 GHz) 
are added to the GMI, and a Ka-band (35.5 GHz) 
is added to the DPR. This increase in high-
frequency channels improves the ability to detect 
solid rainfall. Therefore, the GPM DPR is more 
sensitive in measuring light rainfall and high-
latitude snowfall, providing a better understanding 
of global water circulation (Liu & Zipser, 2015). 
For this study, the 3IMERGM product was used 
which is an hourly dataset with a spatial resolution 
of 0.1°×0.1° covering an area from 60°N to 60°S, 
then these data are combined with GPCC rain 
gauge data to obtain the monthly satellite product, 
similar to the 3B43 products.

3.2. MERRA-2 reanalysis

The MERRA-2 reanalysis covers the period 
of satellite Earth observation from 1980 to the 
present. MERRA-2 is downloaded through the 
Goddard Earth Science Data and Information 
Services Center (GES DISC). MERRA-2 datasets 
contain different geophysical variables, including 
air temperature and humidity on a fixed pressure 
grid consisting of 42 standard pressure levels from 
a surface pressure of 1000 hPa to the top of the 
model of 0.1 hPa (Gelaro et al., 2017). The spatial 
resolution of MERRA-2  varies between 0.6° 

and 0.5° in the range of longitude and latitude.  
MERRA-2 was improved by including data 
from the Cross Track Infrared Sounder (CrIS), 
the Advanced Technology Microwave Sounder 
(ATMS) aboard the Suomi-NPP satellite, the 
visible and infrared imager aboard the MeteoSat 
satellite, and other sensors. One of the most 
important improvements is the measurement of 
air temperature at different atmospheric pressure, 
which facilitates the study of this variable at 
different altitudinal levels. For more details of the 
improvements included in MERRA-2 and their 
applications see McCarty et al. (2016).

3.3. In situ air temperature and rainfall 
data

Hourly temperature and rainfall records for the 
16 weather stations were provided by the Centro 
de Investigación Ambiental para el Desarrollo 
(CIAD). Rainfall data were grouped according 
to the location of the meteorological stations 
available for each of the 4  regions (R1Sn, 
R2Mr, R3Pt and R4Pc) and temperature data 
were grouped according to the polygon of the 
department of Ancash. The distribution of the 
stations, the regions, the SRTM digital elevation 
model and the Ancash department boundary are 
shown in Table 1.

In the analysis of the temperature and rainfall time 
series, missing or erroneous data were detected, 

Table 1. Location of the weather stations and number of years between 2012 and 2017 with observations.

Weather station name Region Longitude (W)
Latitude

(S)
Elevation
(m a.s.l.)

T
(°C/year)

Rainfall 
(mm/year)

EM-05 Shilla R1Sn 77°37’ 9°14’ 3210 14.8 773
EM-06 Corongo R1Sn 77°54’ 8°33’ 3207 11.8 509
EM-08 Cañasbamba R1Sn 77°46’ 9°05’ 2367 19.0 423
EM-10 Shancayan R1Sn 77°31’ 9°30’ 3135 15.4 686
EM-13 Pastoruri R1Sn 77°18’ 9°53’ 4194 6.7 760
EM-15 Tingua R1Sn 77°41’ 9°13’ 2614 18.0 626
EM-16 Quillcayhuanca R1Sn 77°24’ 9°29’ 3830 9.0 945
EM-02 Chacas R2Mr 77°28’ 9°09’ 3964 9.4 1046
EM-07 San Nicolas R2Mr 77°11’ 8°58’ 2573 18.2 526
EM-09 Purhuay R2Mr 77°12’ 9°18’ 3450 12.4 944
EM-12 Pomabamba R2Mr 77°28’ 8°48’ 3024 15.4 1152
EM-01 Ocros R3Pt 77°23’ 10°24’ 3514 12.3 286
EM-03 Chiquian R3Pt 77°09’ 10°09’ 3367 13.4 620
EM-04 Casma R4Pc 78°14’ 9°28’ 167 22.56 7
EM-11 Huarmey R4Pc 78°08’ 10°03’ 12 21.13 11
EM-14 Nepeña R4Pc 78°22’ 9°10’ 126 22.1 13
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possibly due to mishandling of the data by field 
personnel or meteorological impacts on the 
measurements (Franchito et  al., 2009). Some of 
the missing data were recovered, as the stations 
generate a report that is sent to an electronic 
platform in the cloud. Those missing data that 
were not recovered were also not completed, as 
we sought to capture the actual behavior of rainfall 
and temperature over the dates, while erroneous 
data were filtered out using a data quality control 
process (See section 4.1). Finally, it is important to 
note that the stations were installed in March 2012, 
so the first months of this year do not present very 
dense records of information.

4. Methodology

4.1. Quality control (QC) of temperature 
and rainfall in situ data

Daily maximum and minimum temperature values 
were calculated with the hourly temperature 
records, while daily accumulated values were 
calculated for rainfall. These daily data were then 
subjected to a QC to remove some extreme or 
anomalous values. This removal was performed 
by employing an upper and lower limit to the 
entire daily time series of temperature and rainfall, 
following the Equation (1) proposed by Zhang 
et al. (2018),

	 Lim = x̅ ± 3·S� (1)

where Lim is the maximum and minimum limit 
for the temperature and rainfall time series, x̅ is 
the mean and S is the standard deviation of the 
temperature or rainfall. The QC was applied using 
a script developed in Python and with these values 
the monthly cumulative rainfall and monthly mean 
temperature were calculated for each weather 
station.

4.2. Pre-processing TRMM, GPM and 
MERRA-2

The comparison between in  situ and raster data 
(TRMM, GPM and MERRA-2) was performed 
by extracting the value of the cells of each raster 
to a vector composed of 16 points that represent 
the geolocation of the weather stations over the 
study area. Thus, a vector of points with monthly 
precipitation and temperature data was obtained 

from each raster data for the period 2012 to 2017. 
The TRMM and GPM data, being homologous, 
were aggregated into a single time series for 
comparison with the monthly in situ rainfall data, 
while the MERRA-2 values were converted to 
degrees Celsius for comparison with the in  situ 
data. The comparison was possible because the 
data extracted from the raster and in situ data were 
indexed according to the date of the data (month 
and year). Then the monthly rainfall data were 
grouped according to the distribution of weather 
stations in each region (Table  1). In the case of 
temperature, the stations were grouped for the 
entire study area.

4.3. Correction model for TRMM 3B43 
and GPM 3IMERGM

In the analysis by regions, we could observe that 
only a few stations were available, so we decided 
not to perform a spatial interpolation. However, 
we propose the correction of the rainfall raster 
(TRMM and GPM) using an additive model 
based on the calculation of a correction factor 
(F1) that is applied to each cell value of the raster 
data (Condom et al., 2011), This factor represents 
the difference between the raster and in situ data 
values of the stations located in each region, 
assuming that the in  situ data are correct. For 
this purpose, we used the monthly rainfall values 
extracted from the raster data found in the attribute 
table of the point vector and using Equation (2) we 
calculated the cumulative F1 for each month (i) of 
the year (j) in each region of the study area,

	 � (2)

where RASTERi,j is the rainfall estimated by 
TRMM and GPM over the (x, y) cell and INSITUi,j 
is the data measured by the stations located 
over the (x, y) cell. Consider that (x, y) is given 
by the geographical coordinates of the weather 
stations (Table 1). Then, we apply the pixel-level 
correction factor for all the original TRMM and 
GPM raster data according to Equation (3),

	 � (3)

where RASTER_Ci,j is the raster product with the 
corrected values of TRMM and GPM for month 

𝐹𝐹!" =
∑ (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅",$ − 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼",$)
$
%&!

𝑗𝑗 		 1 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅_𝐶𝐶	",$ = )𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅_𝑂𝑂",$ + 1
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i of year j, F1i is the correction factor for each 
month and RASTER_Oi,j is the original raster of 
the rainfall estimated by TRMM and GPM. This 
equation was implemented using a Python script 
that allows to perform mathematical operations 
with raster or gridded data. For more details on 
additive models and raster data correction, please 
refer to the bibliography of Condom et al. (2011) 
and Lavado-Casimiro et al. (2009).

4.4. Correction model for MERRA-2

MERRA-2 data were corrected by applying a 
model based on the altitudinal variation and 
temperature gradient proposed by Fries et  al. 
(2012). However, for this study we have made 
a modification in the altitude estimation for the 
reference level (ZDet). The proposed modification 
consisted of performing the difference between 
the in  situ temperature and the MERRA-2 
temperature, thus identifying stations with similar 
temperatures and establishing the altitude of the 
reference level (ZDet) based on this similarity. 
Subsequently, a linear regression was performed 
between temperature and elevation to calculate the 
temperature gradient with altitude (r); this process 
was carried out with the in  situ and MERRA-2 
temperature. The altitude of all values was reduced 
to the reference altitude level using the calculated 
gradients, thus eliminating vertical gradients in 
our study area. This reduction was calculated by 
applying Equation (4),

	 � (4)

where TDet is the monthly average temperature 
of the reference level, Tm is the average monthly 
temperature, and Zm is the altitude of the weather 
station with in  situ data and data extracted 
from MERRA-2. We then applied Equation (5) 
to replace the original altitude values of the 
MERRA-2 data using the temperature gradient 
obtained between the in  situ values and the 
elevation, obtaining a MERRA-2 temperature 
with an initial correction,

	 � (5)

where T(x,y) is the temperature at an altitude and 
location determined by the DEM(x,y), TDet is the 
temperature determined in the Equation 5,  is 

the altitude of a cell in the DEM, and ZDet is the 
altitude at which the temperature was determined. 
Finally, a comparison was made between the two 
linear equations obtained between the in situ data 
and MERRA-2 versus elevation. Both equations 
showed differences, with the MERRA-2 data 
being slightly underestimated, so the MERRA-2 
data equation was added to the existing difference 
with the in situ data to obtain the final temperature 
MERRA-2.

4.5. Difference between corrected 
products and in situ data

The comparison of the satellite temperature and 
rainfall data with the in  situ data from weather 
stations (Condom et  al., 2011) was applied 
through Equation (6), which allows us to observe 
the difference between the corrected products and 
in situ data,

	 � (6)

where ∆TPs is the variation between the corrected 
products with the in situ data, TPsi,j are MERRA-2, 
TRMM and GPM corrected by the model, EMi,j 
are data from the weather stations, j number 
of years (2012-2017) and i number of months 
(January-December).

4.6. Evaluation metrics of corrected 
products

We analyzed the probabilistic behavior between 
the satellite and in situ data, using the root mean 
square error (RMSE) to verify that the estimated 
value is the lowest possible value in terms of its 
standard deviation (Despotovic et al., 2016). Also, 
the relative root mean square error (RRMSE) was 
used to indicate the precision of the satellite data 
with respect to the in situ data, being determined 
in percentage, if <50% is determined as reliable 
values, if ≥50% the estimate is considered 
unreliable (Condom et al., 2011). The evaluation 
of the covariation was carried out using the 
coefficient of determination (R2). For a better 
interpretation, the R2 values ​​were classified as very 
good >0.95, good from 0.85 - 0.95, satisfactory 
from 0.65 - 0.85, and unsatisfactory <0.65 
(Lujano-Laura et al., 2015). We also calculated the 
percentage BIAS (7) and NSE (Nash and Sutcliffe 
Efficiency) (8), values ​​greater than 0.90 are very 

𝑇𝑇!"# = 𝑇𝑇$ + $𝑟𝑟 ∗ (𝑍𝑍!"# − 𝑍𝑍$)+		 1 

𝑇𝑇(",$) = 𝑇𝑇&'( + 𝑟𝑟 ∗ &𝑍𝑍(",$)
&)* − 𝑍𝑍&'()		 1 

∆𝑇𝑇𝑇𝑇𝑇𝑇 = &𝑇𝑇𝑇𝑇𝑇𝑇!,# − 𝐸𝐸𝐸𝐸!,#*			 1 
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good, good from 0.80 - 0.90, acceptable between 
0.65 - 0.80 and unsatisfactory <0.65 (Ritter and 
Muñoz-Carpena, 2013),

	 � (7)

	 � (8)

where EMi is the multi-year monthly station value, 
TPsi is the corrected estimated value (MERRA-2, 
TRMM and GPM), and i is the monthly average of 
all years (January-December).

5. Results and discussion

5.1. Evaluation of satellite data

TRMM. Rainfall values measured in the region 
R1Sn indicate that during the wet months 
(November-March) they fluctuate between 40 to 
202 mm, while the driest months (April-October) 
vary between 0 to 80 mm. In the R2Mr, the rainfall 
values in the wet season range between 50 to 
213 mm and in the dry season between 0 to 87 mm. 
In R3Pt the rainfall values reach values of 10 to 
156 mm in the wet season and minimum values 
in the dry season between 0 to 40 mm and finally, 

R4Pc is the driest region since the rainfall values 
reach values of 3 to 124 mm in the wet season and 
minimum values in the dry season between 0  to 
22 mm (Figure 2).

GPM. The GPM rainfall values indicate that the 
R1Sn region fluctuates between 36  to 218  mm 
(wet season), while in the dry months the rainfall 
varies between 0  to 59  mm. In R2Mr between 
55 to 210 mm in the wet months and between 0 to 
83  mm in the dry months. R3Pt reaches rainfall 
values between 10  to 167 mm in the wet season 
and minimum values in the dry season between 
0 to 48 mm. Finally, R4Pc as in the TRMM data, 
this region presents the lowest rainfall values 
between 10  to 105  mm in the wet season and 
minimum values in the dry season between 0  to 
23 mm (Figure 2). The rainfall data generated by 
the satellites have a high degree of relationship 
with respect to the in situ data having a maximum 
of TRMM 0.83  for region 3  and in GPM of 
0.81  for region 1. These values are higher than 
others calculated for zones similar to our study 
area, for example, in the Santa River basin an 
R2 value between 0.7  (Condom et al., 2011) and 
0.86 (Lujano-Laura et al., 2015) was estimated.

MERRA-2. Temperature data show that below 
1000  m a.s.l., they have a temperature between 
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Figure 2. Comparison of rainfall variability as a function of altitude, region, weather station and satellite data (TRMM 
and GPM).
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21 °C to 26 °C. On the other hand, in areas above 
2000  m a.s.l. temperatures are between 7.4 °C 
and 14.8 °C, while in areas above 3500  m a.s.l. 
temperatures vary between 2.15 °C and 5.8 °C. 
The MERRA-2  data have an annual monthly 
correlation with the altitude shown in Figure  3, 
where there is a minimum of 0.91  in October, 
while reaching a maximum of 0.94 in March. This 
correlation of the temperature data has a behavior 
similar to the results obtained from the study of 
Ninyerola et al. (2000) and Rau & Condom (2010).

5.2. Analysis of satellite, in situ and 
model products

Rainfall. The rainfall data has a quite differentiated 
behavior, observing that in R1Sn, R2Mr and R3Pt 
between the months of May to September they are 
lower than in the rest of the months (rainfall values 
between 0 and 125 mm) but that they May present 
anomalies with values close to 250 mm (as in the 
case of R2Mr). With the month of March being 
the rainiest (>350 mm) in these three regions. This 
behavior coincides with the rainfall patterns of the 
western-central part of mountain areas found by 
(Endara-Huanca, 2016). On the other hand, R4Pc 
presents the driest months between the months of 

April to November, while the months of December 
to March present a little rainfall, which coincides 
with the patterns found in the North Coast by 
Endara-Huanca (2016). The corrected products 
for rainfall were corrected using Equations (2) 
and (6). The corrected values show that the 
existing difference with the station values is about 
200  mm (Figure 4), both for TRMM and GPM. 
This difference is similar to the one calculated by 
Condom et al. (2011) for some areas of Peru, and 
it is statistically acceptable, since the difference 
is close to 0, indicating that both data are related 
to a monthly scale. Therefore, this model allowed 
obtaining rainfall data without being affected by 
the low density of weather stations and mountain 
topography, fitting these conditions, since the 
application of the Thiessen polygon or other 
interpolation methods require a large availability 
of in  situ data and usually do not represent the 
spatial gradients of rainfall in our study area.

Temperature. The analysis of the temperature as 
a function of the altitude shows that there is a non-
constant behavior throughout the year, with periods 
of greater correlation being in  situ in the months 
of January to March (coinciding with the summer), 
while there is a decrease in the correlation for April 
- August months (Figure 5) that agrees with the 

Figure 3. Comparison between the mean temperature at each weather station and the MERRA-2 data.
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months of greatest rainfall in the coastal zone and 
that corresponds to the dry season in the mountain 
areas, as described by Quevedo and Sánchez (2009). 
The MERRA-2 data were corrected, since they 
have a constant variation and a behavior repeated 
throughout the year with an underestimation of 
-4.8 °C on average.

5.3. Validation and accuracy

Corrected products for the TRMM and GPM 
(Table  2), in R1Sn and R2Mr, improve 
considerably the correlation, becoming 
satisfactory. The quadratic error also reaches 
acceptable values, and the NSE indicates that the 
additive model works well. However, for R1Pt the 
quadratic error is very high, despite the fact that the 
predictor model works well, while for R4Pc most 

of the statistics calculated are unacceptable, that 
is, the satellite products do not improve despite 
their correction using in  situ data. According to 
Condom et al. (2011), the TRMM and GPM data 
are not adequate to be used on the Peruvian coast, 
something that is evidenced in this study as well. 
Adding other variables that reflect the behavior of 
rainfall could support the improvement of TRMM 
and GPM satellite data, for example a variable 
such as the NDVI, which yielded good results 
according to Georganos et al. (2017).

Regarding the model implemented for 
temperature, an improvement in the correlation 
between the in situ data and the satellite data has 
been obtained, obtaining the improvement of 
the correlation in a maximum of 0.26, while the 
RMSE has maximum values of 1.94 and minimum 

Figure 4. Variability of TRMM and GPM corrected product and in situ data.

Figure 5. Correlation of temperature-elevation from in situ data, MERRA-2 and corrected product per months.
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values of 1.25 (Table 3), which are similar to the 
results obtained for RMSE (1.83 °C) in the study 
of Benali et  al. (2012), demonstrating that high 
precision monthly and annual climatic data can be 
generated following methodologies that integrate 
statistical techniques and GIS methods (Ninyerola 
et al., 2000).

Table 3. Metrics results of corrected products for MER-
RA-2 temperature.

Month R2 (a) R2 (b) BIAS RMSE
January 0.87 0.93 -0.1 1.40
February 0.90 0.95 +1.4 1.25
March 0.90 0.95 +0.1 1.29
April 0.83 0.92 0 1.39
May 0.80 0.90 +1.1 1.46
June 0.73 0.84 +1.0 1.70
July 0.67 0.79 -1.4 1.86
August 0.60 0.72 -0.8 1.94
September 0.62 0.75 -0.1 1.83
October 0.67 0.80 +0.5 1.66
November 0.73 0.84 +0.7 1.58
December 0.82 0.91 -0.5 1.41

6. Conclusions

The monthly rainfall and temperature in the 
16 weather stations was characterized by strong 
seasonality in the values ​​recorded during the wet 
period (October to March) and the dry season 
(April to September). One of the main problems 
found is that the TRMM and GPM products do 
not allow the prediction of rainfall in the Peruvian 
coast, due to the scarce quantity of weather stations. 
The MERRA-2 data tend to underestimate the 
actual temperature values, which shows that data 
must be corrected before their use. Therefore, an 
additive model for rainfall and a regression model 
for temperature can be applied to monthly satellite 

data. Without correction, the TRMM and GPM 
data showed a low correlation with the in situ data, 
but it was improved to a maximum value of 0.83 
in the R1Sn, R2Mr and R3Pt regions. In the case 
of temperature, the correlation values ​​improved in 
a range from 0.72 to 0.95 for the entire study area. 
Finally, the corrected data provided the possibility 
of having high-precision climate information in 
high mountain areas. However, it is still pending to 
explore new techniques for the estimation of these 
climatic variables at a higher spatial and temporal 
resolution in areas with few weather stations and 
high spatial variability.

7. Data availability

Corrected products based on TRMM, GPM and 
MERRA-2 from January 2012 to December 2017 
are available as open source in the following links:

•	 The GPM corrected data is available in 
https://doi.org/10.6084/m9.figshare.14541720

•	 The TRMM corrected data is available in 
https://doi.org/10.6084/m9.figshare.14541903

•	 The MERRA-2 corrected data is available in 
https://doi.org/10.6084/m9.figshare.14541930
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