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Abstract
The accurate spatial estimation of temperature is crucial in climate research. This study investigated the
e�ciency of temperature products of the TRMM satellite in estimating temperature in Mazandaran
Province, and its accuracy were compared with inverse distance weighting and Co-Kriging interpolation
methods. Finally, a new method was proposed to improve the accuracy of temperature estimation by
combining the TRMM temperature products and terrains. Data recorded at 25 meteorological stations
and 26 monthly and annual TRMM satellite images in 2012 and 2013 were used. The results showed a
signi�cant correlation between temperature data and satellite products, latitude, and altitude in
signi�cance level of 95%. Analyzing error indices showed that TRMM products have underestimation
error that this bias error contributed to about 60% of error in these satellite images. Despite the larger error
of TRMM products than interpolation methods, the regression analysis results demonstrated the
superiority of satellite temperature products over interpolation methods. Furthermore, higher correlation
of observed and estimated data showing that satellite products give a better understanding of cold and
hot points of the study area despite its underestimation error. Combining satellite temperature products
with in�uential covariates of altitude and latitude in the regression equation reduced the temperature
estimation error of the TRMM products by 80%. The estimation precision increased over 70% compared
to other temperature interpolation methods. Analyzing isotherm maps indicate the higher temperature of
eastern coasts than western coasts. Moreover, evaluating different temperature estimation methods
showed the higher precision of the methods that involved covariates than other methods.

1. Introduction
Many scienti�c centers worldwide give high priority to various weather issues. Climatic prediction of
weather conditions through evaluating annual variations of the low-layer atmosphere is among the basic
activities in these centers (Ali Bakhshi et al., 2019). Temperature is among the most substantial climatic
elements with a basic role in dispersing other climatic elements. Considering the vital role of temperature
in climatic zoning and classi�cations, its variations and �uctuations are also of great importance. Air
temperature plays a key role in increased evapotranspiration, decreased groundwater and surface water,
spreading various diseases, forest �res, glacier melting, drought, and water scarcity (Shari� et al., 2016).
Air temperature is also a basic weather component and an important parameter in hydrological,
meteorological, and agricultural studies. This parameter plays a key role in biological, physical, and
biogeochemical processes between hydrosphere, biosphere, and atmosphere. As a result, it is necessary
to know this parameter in many aspects, including soil-plant-atmosphere system simulation models and
running plant growth and yield simulation models (Ali Bakhshi et al., 2019). The mean daily temperature
is the most climatic parameter which can be exactly and approximately calculated at meteorological
stations. The mean maximum and minimum daily temperatures are considered the mean daily
temperature in the approximate method. In contrast, thermograph data are used in the exact method, and
the mean daily temperature is calculated by integrating daily variations of temperature. According to the
literature, the precision of the �rst method is low on a daily scale and even differs 3°C from the actual
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value. Instead, the second method is accurate, showing a slight difference in the integration precision
order with the actual value (Habibi et al., 2008). Air temperature measured at meteorological stations
gives limited information on the spatial distribution of air temperature patterns (Sun et al., 2014).
Therefore, it seems necessary to have the technology to eliminate de�ciencies of meteorological stations
in calculating temperature in sampling intervals and in impassable places where meteorological stations
cannot be constructed (Kazemi Garajeh et al., 2020). Exact spatial estimation of air temperature at
ungauged points and impassable highlands is a key prerequisite for agricultural planning and water
resource management by different methods such as empirical, semi-empirical, and intelligent models
(Saraf Zadeh et al., 2017). Remote sensing has high potential in large-scale air temperature estimation
using surface temperature images (Janatian et al., 2016). New sciences such as remote sensing have
recently provided new techniques for monitoring the environment and acquiring and analyzing
environmental data, presenting a wide range of environmental parameters. This technology is raised a
vital growing information source to study climate changes directly in�uencing ground surface
temperature (Williamson et al., 2017). In addition to remote sensing, interpolation is also used to measure
climatic parameters in places lacking meteorological stations. Spatial data interpolation techniques are
used to estimate a variable in a speci�c point from measured actual data at adjacent points (Nadi, 2010).
By weighting surrounding data of the estimated point, IDW interpolates to obtain the unknown quantity. It
is also assumed that closer points are more similar than far points, leading to the larger weight of closer
points (Eyyazi et al., 2008). Kriging is an advanced interpolation technique suitable for data with de�ned
local trends. Kriging interpolates with the least estimation variance, and its error depends on variogram
speci�cations (Delavari et al., 2013). The Co-Kriging (CK) method is used in the case of insu�cient
sampling of the main variable when the statistical estimation of intended precision cannot be performed.
Estimation can be corrected, and its precision can be improved in such cases by considering a spatial
correlation between the main variable and a su�ciently sampled auxiliary variable. This method is used
when the correlation coe�cient between the main and auxiliary variables is signi�cant, larger than 0.5
(Jamei et al., 2013). Linear gradient methods are based on the linear regression relationship between the
main variable and auxiliary variables, assuming a linear trend in length, width, and height of the region. In
the 3D linear gradient method, the main variable can be estimated at unknown points of known longitude,
latitude, and altitude by �tting a multiple linear regression relationship between the main variable and
auxiliary variables (Nadi et al., 2013). Numerous studies have been conducted in this area; some are
reviewed below.

Vali et al. (2019) investigated the effects of land use, geological formation, and climatic and
topographical factors on the surface temperature of Kharestan, Iran, using Landsat satellite images in
June-July from 2000 to 2017. According to their results, the mean surface temperature was 43°C, the
normalized difference vegetation index (NDVI) was 0.144, and the normalized difference moisture index
(NDMI) was − 0.068. Considering image classi�cation with overall precision of 99.96% and κ = 0.96,
rangelands and gardens had the highest and lowest surface areas, respectively. Arvin et al.(2019)
examined Landsat 8 satellite images to calculate and estimate Esfahan air temperature and its
surrounding region. Sobrino’s split-window algorithm (SWA) was used to estimate the ground surface
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temperature. The use of this method on the satellite images of Esfahan covered by urban, green space,
and industrial regions shows its ability and the proportions of images for this purpose. Zadmehri et al.
(2020) estimated the soil temperature in Khuzestan Province in a 25-year interval (1994–2018) using
meteorological parameters and multi-layer perceptron neural network (MLPNN), extreme learning
machine (ELM), and multi-linear regression (MLR). Their results showed the relatively similar
performance of MLPNN and ELM, outperforming the MLR technique. However, the computational speed
of ELM was much higher than other techniques. Zhou et al. (2017) studied a relatively small region and
found a higher precision of piecewise multi-variable linear regression in estimating air temperature in a
few cases than simple regression. Meteorological stations are the major sources of climatic data, and
these stations provide climatic statistics at speci�c points. However, temperature varies at different
distances of meteorological stations, increasing or decreasing relative to the intended station. Amini et al.
(2019) evaluated 11 geostatistical methods for zoning and temperature estimation using observed mean
maximum and minimum monthly temperatures recorded at 18 meteorological stations in the
Zayandehrud basin. According to the results of implementing these models, linear kriging and natural
neighborhood with a mean absolute error of 1.82 and 1.18 showed the best result for the maximum
temperature. Molavi Arabshahi et al.(2017) evaluated different interpolation methods for temperature and
precipitation in Ramsar, Babolsar, and Bandar Anzali synoptic stations from 1951 to 2017. According to
their results, the Neville and Spline methods give more precise approximates for all studied stations.
Safarzadeh et al.(2017) collected the daily temperature of 18 synoptic stations and 26 evaporation gauge
stations in Khuzestan Province to estimate the daily temperature in a 14-year statistical period (2000–
2014). According to their results, the lowest and highest mean squared error (MSE) was obtained July-
August (0.85) and March-April (3.51), respectively.

According to the literature, auxiliary variables improve the e�ciency of spatial temperature estimation
methods. Given the good correlation between altitude and temperature and its accessibility, altitude can
often be used as an auxiliary variable to improve spatial temperature estimation (Nadi et al., 2013). Given
the development of various satellite temperature products such as ground air temperature maps and
regular compact networks of climatic data in recent years and the estimation error of these networks in
temperature estimation, integrating interpolation techniques and satellite temperature products can
increase the precision of isothermal mapping. The literature shows the complex topography of
Mazandaran Province, particularly in Alborz Highlands. Most meteorological stations are scattered in the
plains of Mazandaran, and dense meteorological stations cannot be built due to impassable highlands.
On the other hand, achieving exact temperatures at altitudes lacking meteorological data is of great
importance due to some high peaks in Mazandaran highlands and their vital role in water resource
management, agricultural planning, Hyrcanian forest management and tourism management.
Accordingly, this study presents a new method to increase the precision of isothermal maps by
combining TRMM satellite network temperature products and interpolation methods in Mazandaran
Province and comparing them with conventional interpolation methods. The method proposed in this
study can be used to correct temperature networks.
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2. Materials And Methods
Study area

Covering 23756.4 km2, Mazandaran Province is located between longitudes 50° 34’ and 54° 10’ and
latitudes 35° 47’ and 36° 35’ on the south of Caspian Sea and north of Alborz Mountains, playing a key
role in the regional weather conditions. The elevation in Mazandaran Province varies from − 61 to 5610
m. Factors affecting the regional weather conditions include Alborz mountains and their direction,
elevation, proximity to the sea, vegetation, local winds, the mean latitude, and northern and western air
masses (Ataei et al., 2014).

Required data

Data recorded at 24 meteorological stations and 26 TRMM satellite temperature images were used to
estimate the temperature in Mazandaran Province. Figure 1 displays the geographical location of these
stations. Due to complete station data in the statistical period 1991–2018, the years 2012 and 2013 were
selected to evaluate the precision of the TRMM temperature network and compare it with interpolation
methods.

3. Trmm Satellite
This satellite is a joint product of Japan and the United States, located at an altitude of 350 km above the
ground. The products of this satellite are presented from the latitude 50°E to 50°N. The minimum and
maximum spatial resolutions of recording precipitations are 0.25°×0.25° and 5°×5°. TRMM passes
through different parts of the earth several times a day to survey the required information. It rotates the
earth within 91.538 min, passing 16 orbits with an inclination angle of 35°. TRMM satellite data are
presented in different formats, including KMZ, TXT, TIF, NETCDF, ASCII, and HDF formats (Tan et al.,
2018).

4. Methodology
Interpolation is an applied science used by climatologists for zoning climatic variables (Amini et al.,
2019). Various interpolation techniques are classi�ed into statistical and geostatistical categories. Geo-
statistics is a branch of applied statistics science capable of presenting a broad set of statistical
estimators to estimate the intended feature at unsampled points using information obtained at sampled
points (Yang et al., 2015). A known value of surrounding points is used in geostatistical methods to
estimate a variable so that a weight is assigned to each measured sample, as shown in Eq. 1 (Nabi Pur et
al., 2019).

Z =
N

∑
i=1

λiZVi
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1
where z represents the estimated variable, λi the weight or signi�cance of the quantity related to ith

sample, and zvi
 is the known parameter of the ith sample (Delavari et al., 2013). Various geostatistical

methods differ in determining coe�cients of known points. For instance, the IDW method is based on the
assumption that the effect of adjacent points decreases with increasing the distance. In this method,
distance is used as the known variable weight for predicting unmeasured points. On the other hand, the
effect of spatial dependence intensity can be applied by the IDW method (Amini et al., 2019). One or
several secondary variables related to the intended variable are used for interpolation in the CK method.
This method is suitable for areas lacking meteorological stations, assuming that the correlation between
variables can increase the estimation precision (Guo et al., 2016). It is assumed in the gradient method
that there is a kind of trend in a different direction in the study area, and this trend is assumed a
polynomial of order n. The order (n) is assumed unity in all directions in the linear gradient method. In
other words, the spatial variable linearly varies in all directions. The dimensions of a linear gradient
method are equal to the number of dependent variables. These dependent variables include two sets:
geographical location variables (longitude and latitude) and topographical variables (latitude, gradient
value, and direction, …). A constant dimensionless multiple linear regression should be established
between independent variables and dependent spatial variables to achieve an n-dimensional linear
gradient equation (Nadi et al., 2013).

Combining satellite images and gradient method

TRMM satellite images were combined with interpolation methods. After receiving satellite images from
the TRMM network, the intended �le was entered into GIS software to extract temperature information.
Geographical information of stations was entered into the software to obtain their temperatures from the
TRMM network images. Information of each point was then obtained by extracting images and station
points.

Satellite images, topographical maps, latitude, and longitude are used as predictors in the regression
equation. The trend of data is calculated using the multiple linear regression relationship between the
main variable and auxiliary variables, and the role of the satellite as the auxiliary variable in estimating
precipitation is tested. According to the above discussion and considering that the altitude of
meteorological stations in Mazandaran Province varies from − 21 to 2300 m, temperature data is not
available for highlands above rain-gage stations. Latitude, longitude, and altitude were used as auxiliary
variables beside TRMM temperature, forming the following regression equation to increase the precision
of TRMM satellite temperature data.

Y i = a1 * X ( 1.i ) + a2* X ( 2.i ) +…..+ an−1* X ( n−1.i )  + an* X ( n.1)  (2)

where Yi is the spatial variable estimated at point i, X ( 1.i ) , X ( 2.i ) , X ( n−1.i ) , X ( n.1)  are independent

variables at point i including geographical location variables and topography, a1, a2, an, and an−1 are
equation parameters, and n is the number of independent variables.
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Evaluation criteria

The root mean square error (RMSE) and mean bias error (MBE) were used to evaluate TRMM satellite
data with actual data. RMSE and MBE are calculated as follows (Youse� Kabria et al., 2019).

RMSE = 
∑N

i=1 Ẑ xi −Z xi
2

N  (3)

 (4)

where Ẑ(Xi) is the estimated value, Z(Xi) the observed value, N is the number of data. Minitab 16, GS + 
2018, Arc GIS 10.3, NDVI 5.3, and Excel 2016 were used in this study.

5. Results And Discussion
a. Regression relation of temperature with auxiliary variables

Table 1 reports the correlation results of actual temperature data with auxiliary variables of latitude,
longitude, altitude, and satellite temperature products. As shown, although the annual data is somewhat
correlated with latitude so that temperature decreases from north to south, the temperature is not
signi�cantly correlated with latitude in the studied month. However, increasing altitude in most months
has a signi�cant negative correlation with temperature in Mazandaran Province. Moreover, temperature
data in Mazandaran Province are insigni�cantly correlated with longitude. According to the table, satellite
temperature product (TRMM column) has a signi�cant positive correlation with annual data in most
months.

√ [ ( ) ( ) ]
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Table 1
correlation results of monthly and annual

Temperature with covariate variables
TRMM Z Y X    

r* r** r* r Year Month

0.58 -0.92 0.52 0.12 2012 Jan

0.61 -0.91 0.44 0.24 2013

0.2 -0.43 0.23 0.24 2012 Feb

0.6 -0.92 0.52 0.12 2013

0.42 -0.64 0.33 0.42 2012 Mar

0.51 -0.82 0.32 0.24 2013

0.58 -0.92 0.32 0.33 2012 Apr

0.57 -0.93 0.52 0.23 2013

0.59 -0.81 0.44 0.24 2012 May

0.58 -0.94 0.53 0.34 2013

0.63 -0.92 0.42 0.24 2012 June

0.61 -0.93 0.52 0.38 2013

0.63 -0.92 0.53 0.23 2012 July

0.62 -0.94 0.54 0.24 2013

0.59 -0.82 0.43 0.21 2012 Agu

0.63 -0.93 0.52 0.33 2013

0.66 -0.94 0.51 0.32 2012 Sep

0.62 -0.93 0.52 0.23 2013

0.63 -0.92 0.51 0.23 2012 Oct

0.6 -0.91 0.53 0.34 2013

0.61 -0.91 0.54 0.23 2012 Nov

0.59 -0.92 0.44 0.32 2013

0.57 -0.93 0.53 0.13 2012 Dec

0.56 -0.92 0.42 0.32 2013

0.65 -0.93 0.51 0.22 2012 Annual
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TRMM Z Y X    

0.63 -0.94 0.53 0.32 2013

*: signi�cant at 95% **: signi�cant at 99%

b. Relationship between temperature and TRMM satellite images

TRMM satellite images were used auxiliary variables along with latitude and altitude in the regression
equation to estimate temperature and plot isothermal maps. As shown in Table 2, the coe�cient of
determination of regression equations is above 0.8 except for a few cases. The coe�cient of
determination of annual data is also greater than 0.9.
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Table 2
Temperature regression equation of Mazandaran province

year month Regression Equation of Regres R2

2012 jan t = − 63.3 + 1.54 Y − 0.00294 Z − 0.033 trmm 0.79

2013 t = 3.8 − 0.73 Y − 0.00359 Z + 0.117 trmm 0.82

2012 feb t = − 192 + 3.95 Y − 0.00129 Z − 0.187 trmm 0.40

2013 t = − 27.3 + 0.55 Y − 0.00317 Z + 0.048 trmm 0.82

2012 mar t = − 156 + 2.67 Y − 0.00159 Z − 0.113 trmm 0.49

2013 t = − 2.4–0.52 Y − 0.00293 Z + 0.050 trmm 0.70

2012 apr t = 16.8–1.02 Y − 0.00333 Z + 0.121 trmm 0.81

2013 t = − 89.5 + 1.87 Y − 0.00245 Z − 0.082 trmm 0.84

2012 may t = 26–1.02 Y − 0.00441 Z + 0.186 trmm 0.84

2013 t = − 137 + 2.80 Y − 0.00302 Z − 0.119 trmm 0.86

2012 June t = − 53.3 + 0.85 Y − 0.00421 Z + 0.097 trmm 0.83

2013 t = − 134 + 2.80 Y − 0.00321 Z − 0.087 trmm 0.89

2012 July t = − 51.3 + 0.96 Y − 0.00421 Z + 0.127 trmm 0.84

2013 t = − 91.9 + 2.05 Y − 0.00329 Z + 0.023 trmm 0.87

2012 agu t = 18–0.64 Y − 0.00457 Z + 0.190 trmm 0.72

2013 t = − 123 + 2.64 Y − 0.00311 Z − 0.069 trmm 0.91

2012 sep t = − 126 + 2.49 Y − 0.00332 Z − 0.002 trmm 0.92

2013 t = − 71.7 + 1.45 Y − 0.00339 Z + 0.012 trmm 0.86

2012 oct t = − 84.1 + 1.60 Y − 0.00370 Z + 0.028 trmm 0.92

2013 t = − 107 + 1.98 Y − 0.00352 Z − 0.066 trmm 0.95

2012 Nov t = − 96.2 + 1.86 Y − 0.00365 Z − 0.019 trmm 0.93

2013 t = − 76.9 + 1.08 Y − 0.00389 Z − 0.001 trmm 0.9

2012 Dec t = − 45.1 + 0.92 Y − 0.00324 Z − 0.023 trmm 0.9

2013 t = − 114 + 1.87 Y − 0.00313 Z − 0.037 trmm 0.82

2012 Annual t = − 69.8 + 1.24 Y − 0.00338 Z + 0.015 trmm 0.93

2013 t = − 88.9 + 1.67 Y − 0.00326 Z − 0.030 trmm 0.95
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c. Selecting the best temperature estimation method

Tables 3 and 4 show the RMSE and MBE of estimated precipitation in 2012 and 2013, respectively. The
highest temperature estimation error was observed in January, February, May, and August 2012 and in
January, November, and December 2013. The lowest error was observed in March, April, and December
2012 and 2013. According to Tables 3 and 4, the highest and lowest temperature estimation errors were
observed in winter and autumn.

Comparing interpolation methods shows that CK and IDW methods have the highest temperature
estimation errors. Despite good correlation with actual data, the TRMM satellite cannot properly estimate
temperature alone. Given the negative MBE in all months, the temperature products of this satellite have a
lower estimation error. Temperature estimation by the regression method in 2013 reduced error by 55%
relative to CK and IDW methods and by 68% relative to the TRMM satellite. Error reduction in 2012 by the
above methods was 65 and 70%, respectively.

Comparing interpolation methods in different months showed that among the IDW, CK, regression, and
TRMM satellite network, the regression method, as a combination of interpolation and TRMM satellite
network data, has the lowest temperature estimation error in all months, and the TRMM satellite network
alone shows a relatively large error. Analyzing the MBE of temperature estimation methods shows the
highest error for the TRMM satellite, ranging from 2 to 5̊. The regression method showed the lowest MBE
of zero among the studied methods. According to the error analysis results of methods used in this study
(Tables 3 and 4), the regression method is the best temperature estimation method in Mazandaran
Province. It can be concluded that using the auxiliary variable of the TRMM satellite increases the
precision of temperature estimation methods while decreasing errors.
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Table 3
RMSE and MBE values of interpolation method for monthly and annual average

temperature data for 2012
TRMM Cokrg IDW Regres Month

RMSE MBE RMSE MBE RMSE MBE RMSE MBE

4.7 -3.1 2.5 -0.09 2.8 -0.03 1.3 0 Jan

7.4 -5.5 3.8 -0.47 3.2 0.01 2.7 0 Feb

5.3 -3.9 2.7 -0.18 2.4 0.04 1.8 0 Mar

3.5 -1.2 3.1 -0.03 3.3 0.09 1.4 0 Apr

3.8 -0.2 4.4 -0.06 4.7 0.05 2.3 0 May

3.7 -1.5 3.9 0.08 4.3 0 1.7 0 June

3.4 -1.2 3.8 0.04 4.3 -0.40 1.7 0 July

3.9 -0.4 4.7 0.08 5.0 0 2.5 0 Agu

3.4 -2.1 3.0 0.05 3.4 -0.03 0.9 0 Sep

3.7 -1.8 3.4 0.06 3.7 -0.01 1.0 0 Oct

4.2 -2.6 3.1 0.01 3.5 0.01 0.9 0 Nov

4.6 -2.8 2.6 -0.03 2.9 -0.64 0.9 0 Dec

3.6 -2.2 2.8 0.02 3.1 0.01 0.8 0 annual
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Table 4
RMSE and MBE values of interpolation method for monthly and annual average

temperature data for 2013
TRMM Cokrg IDW Regres Month

RMSE MBE RMSE MBE RMSE MBE RMSE MBE

4.4 -1.5 3.4 0.02 3.6 0.06 1.5 0 Jan

3.4 -1.4 3.2 -0.4 3.4 -1 1.3 0 Feb

3.6 -1.1 3.3 -0.3 3.2 -0.6 1.6 0 Mar

3.3 -2.0 2.2 -0.09 2.4 -0.2 0.9 0 Apr

4.2 -3.0 2.4 -0.1 2.8 -0.2 1.1 0 May

3.7 -2.7 2.6 -0.06 3.1 -0.2 1.1 0 June

2.9 -1.4 2.8 -0.05 3.3 -0.2 1.2 0 July

3.5 -2.6 2.7 -0.07 3 -0.2 0.9 0 Agu

2.9 -1.1 2.9 -0.05 3.3 -0.2 1.2 0 Sep

3.7 -2.1 2.7 -0.1 3.1 -0.2 0.7 0 Oct

4.1 -2.2 3.3 -0.1 3.7 -0.4 1.1 0 Nov

4.8 -3.2 3.1 0.04 3.2 0.04 1.3 0 Dec

3.4 -2.0 2.6 -0.1 3.01 -0.27 0.7 0 annual

d. Regression analysis of temperature estimation methods

Diagrams were plotted for 2012 and 2013 for the regression analysis of the methods used in this study.
Similar results were obtained. To this end, the diagram for 2013 in Fig. 2 was used. In this diagram, the
actual and estimated temperatures were plotted, and the line equation was �tted on data for different
interpolation methods. According to the equations and resulting diagram, the regression method gives the
best line of y = x as the closest line equation than other methods. The analysis results revealed the
regression method as the top method.

e. Analysis of isothermal maps

Annual isothermal maps of 2012 and 2013 were plotted in ArcGIS to better compare and understand the
performance of the regression method in correcting the TRMM satellite for estimating the annual
temperature of Mazandaran Province. Equations in Table 2 were used to plot the regression map in Fig. 3.

Analyzing the map plotted by the IDW method shows that this method only gives a correct estimation in
the vicinity of meteorological stations. Due to not using the auxiliary variable, a suitable isothermal map
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was not obtained compared to other methods, not showing a correct spatial distribution of temperature,
particularly in Mazandaran highlands. Despite better temperature distribution in coasts and highlands
from the isothermal map obtained from the CK method compared to the IDW method, it gives no correct
understanding of temperature distribution of coastal regions, not properly showing the temperature
distribution of the western regions of Mazandaran province because of its complex topography. The
isothermal map plotted by the regression method properly displays the temperature range of Alborz
highlands. This isothermal map also properly shows the temperature algorithm of Caspian coasts so that
temperature increases from eastern coasts to Nowshahr. Maps generated by this method consider a very
good spatial distribution, especially in the west of Mazandaran Province, showing a good temperature
distribution. These two maps show that spatial temperature variations are almost the same, and
temperature increases in the eastern part of Mazandaran Province. In total, maps obtained from different
methods showed the higher precision and accuracy of the regression method than other methods,
displaying the temperature distribution of Mazandaran Province more properly. Accordingly, the
regression method is the best method for spatial temperature estimation and map plotting, indicating
increased precision of the methods using the auxiliary variable of the satellite image than other methods.

6. Conclusion
This study investigated the use of TRMM satellite temperature products and presented a method to
employ the temperature products of this satellite. According to the results, despite the good correlation of
TRMM satellite temperature product with actual data recorded at meteorological stations and the ability
to detect cold and hot points in Mazandaran Province, it underestimated temperature almost across the
province and correcting this network signi�cantly improved the precision of this satellite in temperature
estimation. A regression model was presented given the signi�cant correlation of temperature with
altitude, latitude, and satellite temperature products to use TRMM temperature products as an effective
auxiliary variable in temperature estimation. While eliminating temperature underestimation by the TRMM
temperature products, the results showed an increase in the precision and accuracy of temperature
estimation by this method. The MBE reached zero, and MRSE signi�cantly decreased. For example, the
mean error of annual temperature estimation in other methods was above 3̊C, reduced to 1̊C by the
combined method proposed in this study. The signi�cance of the proposed method is understood in
climate change studies at ungauged points as large temperature estimation error (3̊C) is the same as
temperature rise caused by climate change (Wilby et al., 2014), challenging climate change studies at
points lacking temperature data. The proposed method gives a more exact understanding of temperature
distribution in the region, properly showing temperature variation in the eastern and western areas and
coastal regions. According to the results, methods in which an auxiliary variable (such as CK and gradient
methods) is used are more precise than other methods (Nadi et al., 2013). In addition to lower error, the
method used in this study takes less time and can be calculated and estimated by the simplest method
without correction, data extraction from satellite images, and downloading large images. It can be used in
a short time with low-volume suitable information. In similar samples where the temperature was
estimated by analyzing satellite images of different bands, a higher temperature estimation error was
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obtained. For instance, extracting the ground surface temperature from Landsat 5 thermal band
(Pahlavanzadeh et al., 2019) was associated with an error of 7̊C. The results of this study can be used for
eliminating statistical de�ciencies of stations, expanding the temperature network of Mazandaran
Province, and estimating the temperature of highlands lacking meteorological stations.
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Figure 1

Location of meteorological stations used in Mazandaran province



Page 19/20

Figure 2

Regression analysis of different methods of locating average temperature data for 2013
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Figure 3

Temperature map of Mazandaran province using studied methods (A, B, C are Cokrg, Idw, Regres and 1,2
are 2012, 2013)


