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Spatially distributed air temperature data are required for climatological, hydrological and environmen-
tal studies. However, high spatial distribution patterns of air temperature are not available from mete-
orological stations due to its sparse network. The objective of this study was to estimate high spatial
resolution minimum air temperature (7,,;,) and maximum air temperature (7},.x) over the Indo-Gangetic
Plain using Moderate Resolution Imaging Spectroradiometer (MODIS) data and India Meteorological
Department (IMD) ground station data. T,,;, was estimated by establishing an empirical relationship
between IMD T,,;, and night-time MODIS Land Surface Temperature (7;). While, T},,., was estimated
using the Temperature-Vegetation Index (TVX) approach. The TVX approach is based on the linear
relationship between T, and Normalized Difference Vegetation Index (NDVI) data where T, is esti-
mated by extrapolating the NDVI-T; regression line to maximum value of NDVI,,,, for effective full
vegetation cover. The present study also proposed a methodology to estimate NDVI,,,, using IMD mea-
sured T,,.x for the Indo-Gangetic Plain. Comparison of MODIS estimated T,,;, with IMD measured T},
showed mean absolute error (MAE) of 1.73°C and a root mean square error (RMSE) of 2.2°C. Analy-
sis in the study for T,., estimation showed that calibrated NDVI,, ., performed well, with the MAE of
1.79°C and RMSE of 2.16°C.

1. Introduction obtaining high spatial resolution T,;, and T.x

map from meteorological stations data is not pos-

Air temperature is a useful environmental variable
in a wide range of applications in areas of ecology,
hydrology and atmospheric sciences. Land surface
process models such as soil-vegetation-atmosphere
transfer models (Olioso et al. 1999), distributed
hydrological models (Stisen et al. 2008) and global
primary production models (Prince et al. 1998)
require air temperature as driving variable. Meteo-
rological stations measure air temperature at two-
meter height above ground. However, density of the
meteorological station network is generally sparse
and installation and running cost of additional
meteorological stations are very high. As a result,

sible (Willmott et al. 1991; Vogt et al. 1997). Satel-
lite provides synoptic spatial coverage compared
to discrete spatial distribution of meteorological
stations, thus attracting researchers to make use
of satellite data to fill in the gaps inherent in
meteorological station data.

The types of methods commonly used to esti-
mate air temperature from the T} can be classified
into five groups:

1) Statistical approaches (Davis and Tarpley 1983;
Vancutsem et al. 2010) generally based on re-
gression model, which establish the relationship
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between T, and air temperature. This method
generally executes well within the region (Stisen
et al. 2007).

2) Empirical solar zenith angle approach (Cresswell
et al. 1999) which is also known as advanced sta-
tistical approach. Along with T, and air temper-
ature, it requires solar zenith angle as proxy for
solar energy reaching the earth’s surface. This
approach basically performs individual regres-
sion analysis for each acquisition time during
the day due to the changing interaction between
surface and air temperature.

3) Energy balance approaches (Sun et al. 2005)
that are developed from physically based pro-
cesses. The major drawback of these approaches
is that they require large amount of inputs that
cannot be often obtained by remotely sensed
observation from satellite-based platform.

4) TVX approach (Nemani and Running 1989;
Goward et al. 1994; Prihodko and Goward 1997)
is based on negative correlation between T} and
NDVI. This approach is contextual in nature
and assumes uniform atmospheric forcing and
moisture condition within the contextual array.

5) Neural network approach (Jang et al. 2004) com-
paratively new and promising for deriving air
temperature. However, this method is empirical
in nature and hard to generalize over different
regions.

Generally during night time, 7)., estimation is
simpler because of the lack of solar radiation effect
on thermal infrared signal and as a result there
exists a linear relationship between night time 7;
and T,,;,. During day time, estimation of T},., is
not simpler as difference between T, and Ty, is
mainly controlled by the surface energy balance
(Oke 1987; Zaksek and Schroedter-Homscheidt
2009). These energy balance approaches require
input parameters like incoming solar radiation,
cloud-cover, wind speed, soil moisture and sur-
face roughness which are not easily available
from satellite-based platform at regular interval
(Prince et al. 1998). Previous studies (Florio et al.
2004; Nieto et al. 2010) have attempted to derive
Thax using the correlation between T, and NDVI
measurements called the Temperature-Vegetation
Index (TVX) approach. This method assumes that
the temperature of a full cover canopy approaches
the temperature of air within the canopy
(Prince 1990; Czajkowski et al. 1997; Prihodko and
Goward 1997). Vegetation canopies consist primar-
ily of air filled with relatively small, thin leaves and
branches that are mutually shading and the small
dimensions of tile leaves in a canopy make them
strong heat radiators and cause them to remain
close to the ambient air temperature (Prihodko
and Goward 1997). In this study, we attempt to
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estimate the T, of an infinitely thick canopy for
each contextual array and this is done by extrap-
olating the observed TVX relation to maximum
vegetation cover canopy (NDVI,..). As appli-
cability of TVX approach requires testing over
different parts of earth’s surfaces, we need to
better understand the potential applicability, lim-
itation, sources of differences and biases between
the meteorological stations and remotely sensed
estimates, and how these differences manifest as a
function of spatial and temporal scale for the TVX
approach over the various parts of globe. In an ear-
lier study, Shah et al. (2012) demonstrated retrieval
of T and T, over Gujarat region using MODIS
products and Indian Space Research Organization
(ISRO) Automatic Weather Stations (AWS) air
temperature data for the year 2011. This study suc-
cessfully retrieved the air temperature with mean
absolute error (MAE) ranging from 1.49° to 1.96°C
and root mean square error (RMSE) ranging from
1.95° to 2.46°C. However, that study (Shah et al.
2012) provided analysis on discrete points repre-
senting the AWS stations and did not provide the
spatial maps of T,,;, and T,,., over the study area
of Gujarat. Applying TVX approach on the satel-
lite images to obtain the spatial maps is a chal-
lenging task because of the difficulty in estimating
regression coefficients of TVX approach through a
moving window algorithm. So there is a need to
demonstrate the applicability of TVX approach on
the satellite images, which is one of the major aims
of the present study. A good attempt was made
by Bhowmick et al. (2008) for India to estimate
air temperature using K1-VHRR satellite diurnal
brightness temperature (BT) and IMD as well as
AWS ground observations. However, the drawback
of Bhowmick et al. (2008) study was, they used the
BT instead of T, and BT changes with the active
constituents of the atmosphere and many times it
does not represent 7.

A study was carried out with an objective
to estimate T;, by regression and 7T,,.. with
TVX approach using MODIS data over the Indo-
Gangetic Plain. Specifically, we first investigated
Tin using night time MODIS T, data and vali-
dated the accuracy of the retrieval. Then, dur-
ing day time we employed the TVX approach to
retrieve T,,.. from MODIS T, and NDVI data.
Moreover, the study also proposed to estimate the
best values of NDVI,,.. based on IMD measured
Tiax Observation for the study region to improve
the accuracy.

2. Study area

The study was carried out over Indo-Gangetic
Plain (IGP) located in the northern part of India
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(figure 1). It encompasses about 488,000 km? geo-
graphical area. It includes the state of Punjab,
Haryana, Delhi, Chandigarh, West Bengal, Uttar
Pradesh, Bihar and some parts of Rajasthan. The
region has three seasons: winter (November to
February), summer (March to June) and monsoon
(July to October). During the clear sky days this
region has the annual range of Ty, from 2°-30°C
and Tp., from 15°-45°C. The IGP is made up
by the rivers such as Indus, Ganges, Brahmaputra
and their tributaries. There is constant supply of
water from the snow packed Himalayan region to
these rivers and nutrient laden alluvial soil make
this region very fertile for crop production and for
this reason, 85% of the total area is cropland. The
topography is plain and elevation of different IMD
stations ranges from 6 to 347 m above sea level.

3. Data and methodology

3.1 Meteorological station data

Air temperature observations during 2008-2010
over the IGP were obtained from the IMD ground
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station measurement at 2 m above ground. This
data included daily T, and T,,.. observations.
There are 19 stations located across the study area.
The spatial distribution of different IMD stations
is shown in figure 1. The name of IMD stations,
location, elevation, and land cover type are listed
in table 1. Out of 19 IMD stations, 14 stations are
located in cropland and 5 stations are positioned
in urban environment.

3.2 MODIS data

The MODIS T, is derived from two thermal
infrared (TIR) bands; 31 (10.78-11.28 pum) and
32 (11.77-12.27 pm) using a split window algo-
rithm (Wan and Dozier 1996) that corrects for
atmospheric and emissivity effects using a look-up
table based on global land surface emissivity in the
thermal infrared bands. In this study, MODIS 8-
day composite (MYD11A2) T, data for the period
of 2008 to 2010 over IGP was used covering the
four tiles, h24v05, h24v06, h25v05 and h25v06.
The rationale behind selecting 8-day data is that
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Figure 1. The study area Indo-Gangetic Plain is shown in the above figure with the location of IMD meteorological stations
(+), are marked along with the different Agro Climatic Zones boundary (black) and MODIS land cover type (IGBP).
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Table 1. IMD station name, latitude, longitude, land cover, and altitude for 19 IMD stations used in the

study.

IMD station Latitude (DD) Longitude (DD) Altitude (m) Land cover
Agra 27.16 78.03 169 Cropland
Allahabad 25.45 81.73 98 Cropland
Bahirich 27.56 81.60 124 Cropland
Bareily 28.36 79.40 172 Cropland
Bhagalpur 25.23 86.98 49 Cropland
Chandigarh 30.73 76.88 347 Cropland
Delhi PLM 28.56 77.11 233 Cropland
Gaya 24.75 84.95 118 Cropland
Kolkata-Dumdum 22.65 88.45 6 Cropland
Lucknow 26.75 80.88 128 Cropland
Malda 25.03 88.13 31 Cropland
Patiala 30.33 76.46 251 Cropland
Patna 25.60 85.16 57 Cropland
Purnia 25.23 87.45 38 Cropland
Ambala 30.38 76.76 272 Urban
Amritsar 31.63 74.86 234 Urban
Delhi SFD 28.58 77.20 216 Urban
Hissar 29.16 75.73 221 Urban
Kolkata-Alipur 22.53 88.33 6 Urban

they are mostly filled (no data gaps except per-
sistent cloud cover) and get average behaviour of
those 8-day which reduces the efforts while working
with large amount of data and still provides sim-
ilar results. These MODIS data were downloaded
from Level 1 and Atmosphere Archive and Dis-
tribution System (LAADS) webdata archive cen-
tre (http://ladsweb.nascom.nasa.gov). The spatial
resolution of MODIS 8-day T} data is 0.93 km. Val-
idation studies for MODIS T, have shown that the
accuracy is less than 1 K under clear-sky conditions
and higher errors may occur at large view angles
and in semiarid regions (Wan and Li 2008). The
nominal equatorial passing time of Terra is around
10:30 am and pm while Aqua passes the earth’s
equator around 01:30 am and pm. The overpasses
of the Aqua satellite are closer to the time of T},;,
and Ty, (Shah et al. 2012), thus this work made
use of only MODIS Aqua data. MODIS Aqua 16-
day composite NDVI product (MYDO013A2) was
also used along with MODIS Aqua 8-day compos-
ite T, (MYD11A2) data to estimate T,,.. using
TVX approach. In order to match the composit-
ing period of NDVI with the 7T for use in the
TVX approach, two consecutive 16-day NDVI data
was averaged in order to get 8-day data consider-
ing that NDVI does not change significantly within
16-day period.

3.3 Method for minimum air temperature

There is a significant linear correlation between
Trmin and night T, which is the physical basis for
the empirical models of T},,;, estimation (Shah et al.

2012). So for T}, estimation, MODIS Aqua 8-day
composite night T, products were compared with
IMD 7T,,;, observations of 19 stations. In order to
achieve this relationship, following procedure was
carried out:

® The IMD T,.;, data was aggregated to 8-day
period by averaging the daily observations,

e For each station MODIS T, values were extracted
for a small window of 3x3 pixels around the
nearest points of IMD ground stations,

® The mean value of all pixels within the window
was then used for comparison with IMD T, of
the same 8-day compositing period,

® The observations from the year 2008 and 2009
used for correlation analysis and model calibra-
tion and the remaining year 2010 observations
were used to validate the model,

® The linear regression analysis was carried out
between MODIS T and IMD T,,;,, and

® A cross validation was performed by predicting
Trin for each station and analyzing the statistics
including the bias (B), the mean absolute error
(MAE), the root mean square error (RMSE)
and the coefficient of determination (R?), for the
year 2010.

3.4 Method for mazimum air temperature

The basic consideration of TVX approach for air
temperature estimation is the surface temperatures
of a dense and thick vegetation cover, measured by
a thermal sensor, is very close to the ambient air
temperature (Goward et al. 1985). Such a dense
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vegetation cover is described by maximum NDVI
(NDVI,,ayx). Further, during daytime observations,
a strong, negative correlation is typically found
between surface temperatures and NDVI in local
spatial arrays of observations (Prihodko and
Goward 1997). Example is presented in figure 2 for
MODIS Aqua T,-NDVI correlation for 9 x 9 pixel
window around Delhi PLM IMD station. A linear
regression for these pixels within the window was
used for generation of slope () and intercept (/3)
of the equation

T, = a x NDVI + 3. (1)

After calculating the regression parameter « and
0, the canopy temperature can be estimated by
allowing the linear relation to intersect with the
NDVI of full vegetation cover (NDVI,,,,) which is
equal to air temperature and calculated using the
following equation.

T. = a x NDVI,., + 8 =~ Air temperature (2)
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Figure 2. The basis of TVX approach is shown in the above
figure, where the example of Ts-NDVI correlation for a 9 X
9 pixel window around the Delhi PLM field site. The Tmax
is estimated by extending the regression line to an NDVT for
effective full vegetation cover.
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Value of NDVI, .. is very critical but NDVI, ..
varies significantly with different satellite data and
study areas. Numerous values have been reported
in the literature. Table 2 gives values reported in
the literature for NDVI, .. over past decade over
different areas of earth’s surfaces.

The slope and intercept between the NDVI and
T, were computed in a 9 x 9 moving window.
The size of this moving window act in response
to a trade-off between being big enough in order
to obtain a reasonable number of valid observa-
tions even if not all pixels within the contextual
array can be used like in case they are identified
as water (negative NDVI) or cloud (no data). This
TVX approach assumes uniform atmospheric forc-
ing and moisture condition within the contextual
array because it deforms the straight line fit to the
NDVI-T; scatter plot. Further, in some cases, pos-
itive slope was observed because of heterogeneity
in landscape or due to presence of residual cloud
which cannot be removed by MODIS cloud mask
product. Those contextual arrays must be removed
because it denies the theoretical consideration of
TVX approach. In the process of stationwise val-
idation, four statistical measures B, MAE, RMSE
and R? were also computed to assess the accuracy
of the retrieved T, x.

4. Results and discussion

The T, and T, data derived from the 19 IMD
stations were compared with MODIS 7, day and
night data derived from 3 x 3 pixel average located
over stations. Figure 3 shows the temporal change
for four stations located in different parts of the
study region confirming that both 7, and air tem-
perature have seasonal cycles. During night time,
good temporal agreements were observed between
Twin and MODIS T;, while significant differences
were found during day time depending upon the
land cover type and seasonality.

Table 2. Numerous values reported in literature for NDVImaax for TVX approach over past decade.

NDVImax Satellite data used Study area References

0.7 AVHRR Boreas, Canada Czajkowski et al. (1997)
0.86 AVHRR Manhattan, USA Prihodko and Goward (1997)
0.77 Landsat TM and SPOT West Africa Boegh et al. (1999)

0.65 AVHRR USA Czajkowski et al. (2000)
0.7 AVHRR Red Arkansas Lakshmi et al. (2001)
0.9 AVHRR West Africa Goward et al. (2002)
0.65 MSG SEVIRI Senegal, West Africa Stisen et al. (2007)

0.65 and 1 MODIS Africa Vancutsem et al. (2010)
0.996 MSG SEVIRI Iberian Peninsula Nieto et al. (2010)

0.95 Landsat 7 ETM+ Germany, Europe Wloczyk et al. (2011)
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Figure 3. Tynin and Tmax profile derived from IMD stations (green) and MODIS Aqua day/night 7s measurements (black)

for four stations over different parts of the study area.

90

80

70

60

50

Frequency

40

30

20

10

-10 -8 6 -4 2 0 2 4 6 8 10
Difference (MODIS Aqua night T, - IMD measuredT,,,) °C

Figure 4. The frequency distribution histogram of difference
between MODIS Aqua derived night Ty and IMD Typjy,-

4.1 Minimum air temperature using
statistical analysis

Night time MODIS T, and IMD measured Ty,
differences were quantified on 8-day basis. The
frequency distribution histogram of this difference

is showed in figure 4. In addition, MAE, median,
standard deviation, R?, slope and intercept are pre-
sented in table 3. The stations are also organized
land cover-wise for possible relation between land
cover and level of correctness.

The skewness value for the differences between
night time MODIS Aqua 7; and IMD measured
Thin 18 0.07 indicating evenly distributed data as
seen in histogram of figure 4. The slope and inter-
cept between the observed and predicted accord-
ing to Pineiro et al. (2008), is that the good model
always follows 1:1 line (slope is unity and no inter-
cept). From table 3, it is clear that all the stations
have slope close to unity with small intercept. A
total of 1491 observations of IMD Ti,;, and night
time MODIS T; obtained during the year 2008
and 2009 were used for the regression analysis and
leaving the 453 observations corresponding to the
year 2010 were used for validation purpose. From
figure 5, it can be seen that there is significant lin-
ear correlation exists between IMD T,,;, and night
time MODIS Aqua T,. Further, the R? was 0.90
with the RMSE of 2.20°C indicating a good corre-
lation. Analysis performed between MODIS Aqua
night 7, and IMD T,;, showed good accuracy for
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Table 3. Mean absolute error (MAE), median (MED), standard deviation (SD), coefficient of determination (R*), slope
and intercept computed between night MODIS Ts and IMD Tyyin .

Station Land cover MAE MED SD R? Slope Intercept
Agra Cropland 2.05 0.80 2.37 0.93 1.22 —5.13
Allahabad Cropland 2.83 —2.50 1.73 0.94 1.05 1.85
Bahirich Cropland 1.33 —-0.77 1.45 0.96 1.09 —0.53
Baraily Cropland 2.25 —1.68 1.97 0.92 1.05 1.20
Bhagalpur Cropland 2.77 —2.89 1.25 0.95 1.01 2.51
Chandigarh Cropland 1.90 —1.43 1.89 0.93 1.06 0.31
Delhi PLM Cropland 1.53 —1.24 1.46 0.97 1.07 0.02
Gaya Cropland 1.40 —0.97 1.47 0.97 1.12 —1.13
Kolkata-Dumdum Cropland 1.75 —-0.07 2.29 0.83 1.10 —1.55
Lucknow Cropland 1.43 —0.85 1.69 0.95 1.10 —-0.73
Malda Cropland 2.54 —2.49 1.36 0.93 1.01 2.34
Patiala Cropland 1.76 —1.45 1.65 0.96 1.09 0.10
Patna Cropland 2.09 1.75 1.90 0.95 1.23 —6.35
Purnia Cropland 1.53 —1.18 1.33 0.95 1.05 0.46
Ambala Urban 1.41 0.47 1.88 0.94 1.03 —0.86
Amritsar Urban 2.41 2.08 2.06 0.95 1.10 —3.87
Delhi SFD Urban 1.53 —0.05 1.84 0.97 1.19 —3.47
Hissar Urban 2.67 —2.44 1.64 0.95 1.01 2.46
Kolkata-Alipur Urban 1.47 —-0.37 1.90 0.88 1.14 —2.23
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Figure 5. Scatter plot between IMD station T}, and
MODIS derived Aqua night Ts.

all the stations with the MAE of 1.33°-2.83°C,
median of —2.89° to 2.04°C and standard deviation
(SD) of 1.25°-2.37°C (table 3). Statistical analy-
sis was performed between MODIS estimated and
IMD measured Ty, for each station for the year
2010 (table 4). It showed good performance for
all the stations with the bias of —0.11° to 0.11°C,
MAE of 1.09°-2.54°C, RMSE 1.28°-2.85°C and R?
of 0.90-0.99. Accuracy was also estimated by calcu-
lating the residual error for the observations using
MODIS Aqua (figure 6), 83% of estimated T}, is
within 3°C and 97% of the estimated T.,;, is within

Table 4. Statistical analysis between MODIS predicted and
IMD observed Ty observations for each station.

Station Bias MAE RMSE  R?
Agra 0.0734 2.26 2.71 0.93
Allahabad —0.0991 2.24 2.71 0.96
Bahirich —0.0452 1.19 1.55 0.97
Baraily —0.0659 1.82 2.29 0.94
Bhagalpur —0.1135 2.55 2.85 0.96
Chandigarh —0.0547 1.45 1.88 0.96
Delhi PLM —0.0669 1.65 2.02 0.97
Gaya —0.0545 1.33 1.61 0.98
Kolkata-Dumdum —0.0004 1.79 1.99 0.90
Lucknow —0.0238 1.09 1.28 0.97
Malda —0.0849 1.81 2.22 0.95
Patiala —0.0763 1.68 2.19 0.95
Patna 0.1151 2.28 2.78 0.96
Purnia —0.0506 1.20 1.62 0.96
Ambala 0.0590 1.50 1.86 0.96
Amritsar 0.0940 1.97 2.29 0.97
Delhi SFD —0.0108 1.22 1.47 0.98
Hissar —0.0893 2.30 2.82 0.92
Kolkata-Alipur —0.0010 1.64 1.81 0.92

5°C. Hence, we found that MODIS Aqua T; data
is useful for estimating T).;,. Figure 7 presents a
high-spatial resolution monthly 7., of IGP gen-
erated from the MODIS Aqua T, product for the
year 2010.

Relationship between land cover type and level
of accuracy was investigated for detailed analysis.
For majority of stations located in the cropland
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region and few stations placed in urban area, lit-
tle differences were found in the level of accuracy
in retrieving T,,;,. However, for the stations located
close to water bodies (Agra, Allahabad and Patna),
the accuracy decreased in estimating 7T,;,. The
cause may be due to differences between water and
soil physical properties concerning their specific
heat and density, soil take less time to warm up
and cool down than water bodies. Further, water
bodies increase surrounding atmospheric moisture
and this induces smaller temperature amplitudes
near large water bodies resulting in erroneous
Tin estimation.
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4.2 Mazimum air temperature using
TVX approach

Slope and intercept for NDVI-T; contextual arrays
were calculated for all the 19 stations on 8-day
composite MODIS product. T,,.. was estimated
by extrapolating the NDVI-T; regression line to a
maximum value of NDVI,,, for effective full vege-
tation cover. Here, we have selected different values
of NDVI,,,.., ranging from 0.55 to 1 in the increment
of 0.05. This estimated T}, for each NDVI,,,, val-
ues were then compared with the IMD measured
Trax- The results in table 5 shows the MAE
calculated for MODIS estimated T,,.x and IMD
measured T,,.x for different values of NDVI, ..
Overall best result is obtained with NDVI,,., value
0.55. The scatter plot between MODIS derived
Thax and IMD measured Ty,., (figure 8) showed
overall strong correlation with R? of 0.88 and
the RMSE of 2.16°C for NDVI, .. value 0.55.
Further, a comparison of the MODIS estimated
Tmax and IMD measured T, for all observations
(figure 8) showed the tendency to overestimation
with decreasing T,,.<. Our results showed similar
performances compared to previous similar studies
performed by Czajkowski et al. (1997) in Canada,
with the RMSE of 4.2°C, Prihodko and Goward
(1997) in Kanas, with the RMSE of 2.9°C and
Prince et al. (1998) did comparative study of differ-
ent validation sites resulting in RMSEs of 3.48°C

November

Nodata 0 3 6 9 12 15

18 21 24 27 30 32°%

Figure 7. Spatial distribution of monthly average T,i, images over Indo-Gangetic Plain for the year 2010.
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Table 5. Monthly reliance of MAE for different values of NDVInpaa calculated between TVX predicted and IMD measured
Tmazx values.

MAE for different values of NDVIax

Months 1.00 0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.5
January 2.69 2.52 2.36 2.22 2.11 2.02 1.97 1.98 2.03 2.13 2.26
February 3.45 3.02 2.62 2.24 1.91 1.62 1.40 1.23 1.27 1.39 1.65
March 5.81 5.21 4.62 4.03 3.46 2.94 2.48 2.10 1.83 1.74 1.82
April 6.48 5.87 5.27 4.68 4.10 3.53 3.00 2.52 2.14 1.86 1.91
May 6.62 6.00 5.40 4.83 4.27 3.73 3.23 2.77 2.46 2.30 2.41
June 5.81 5.28 4.78 4.29 3.83 3.39 2.98 2.67 2.47 2.36 2.39
July 5.26 4.94 4.63 4.32 4.02 3.73 3.46 3.24 3.08 2.96 2.91
August 6.58 6.04 5.50 4.96 4.42 3.89 3.39 2.97 2.61 2.34 2.17
September 5.27 4.82 4.37 3.93 3.51 3.13 2.77 2.44 2.12 1.86 1.98
October 3.68 3.31 2.95 2.59 2.24 1.90 1.58 1.33 1.16 1.08 1.09
November 2.52 2.26 2.00 1.77 1.55 1.36 1.22 1.14 1.15 1.22 1.34
December 2.06 1.91 1.76 1.64 1.54 1.45 1.39 1.39 1.46 1.57 1.74
All 4.51 4.09 3.67 3.27 2.90 2.55 2.24 2.00 1.85 1.79 1.84
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Figure 8. Scatter plot for MODIS Aqua derived Tmax and
IMD station measured Tmax.

for FIFE, 1.72°C in HAPEX-Sahel, 2.21°C over
BOREAS and 4.85°C for the Red—Arkanas basin.
This error value falls within the error of both satel-
lite and ground measurement methods. Figure 9
showed annual dependency of MAE for the two
different values of NDVI,,.. (i.e., 0.55 and 0.65).
Result confirmed that MAE was the lowest for
NDVI,,.. value 0.65 during winter months and for
rest of the months MAE was the smallest amount
for NDVI,,.« value of 0.55. Table 6 demonstrates
the statistical analysis between MODIS predicted
and IMD observed T,,.x observations for individual
station. The individual station validation generally
showed good results with the correlation coefficient
as given in table 6 ranging from 0.71 to 0.94, the
Bias varies from —0.0279 to 0.0527°C, MAE rang-
ing from 1.13 to 2.49°C and RMSE varies from

Figure 9. Annual dependency of MAE for Tmax estimated
for NDVIphax = 0.55 and NDVIpax = 0.65.

1.54 to 3.19°C found between MODIS estimated
and IMD observed T,... Figure 10 shows the
residual error between MODIS estimated T}, and
IMD measured T}, for NDVI,,.... value 0.55, about
37% of all measurements had deviation smaller than
1°C, 65% smaller than 2°C, 82% smaller than 3°C,
and only less than 5% measurements had devia-
tion larger than 5°C, which represents overall good
accuracy for Ty, estimation. The TVX approach
was applied for the whole study area in a sliding
window mode around center pixel to preserve
the spatial resolution. Figure 11 is an example of
the high-spatial resolution monthly average T,,.x
estimation produced by the TVX method for the
year 2010.

Figure 12 showed monthly variation of slope
and intercept generated from NDVI-T; correlation
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Table 6. Statistical analysis between MODIS predicted and IMD observed

Tmaz observations for each station.

Station Bias MAE RMSE R?
Agra 0.0527 2.07 2.62 0.93
Allahabad 0.0450 1.45 2.45 0.92
Bahirich 0.0393 2.21 3.00 0.86
Baraily 0.0273 1.57 2.09 0.92
Bhagalpur 0.0331 2.07 2.44 0.93
Chandigarh 0.0010 1.48 1.98 0.92
Delhi PLM —0.0133 2.01 2.79 0.86
Gaya 0.0396 1.80 2.23 0.94
Kolkata-Dumdum 0.0084 1.13 1.54 0.90
Lucknow 0.0196 1.58 1.97 0.92
Malda —0.0241 1.63 2.21 0.81
Patiala —0.0365 1.95 2.47 0.90
Patna 0.0351 1.60 1.99 0.88
Purnia 0.0403 2.49 3.19 0.71
Ambala 0.0199 1.61 2.13 0.92
Amritsar 0.0212 1.83 2.29 0.93
Delhi SFD —0.0279 1.77 2.50 0.89
Hissar 0.0025 1.60 2.03 0.93
Kolkata-Alipur 0.0267 1.42 1.82 0.85
25 — For the TVX approach, possible sources of errors
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Figure 10. Histogram of residual for MODIS Aqua derived
Tmax and IMD station measured Timax for the NDVIyax =
0.55.

for contextual array. It shows highest slope (neg-
ative) and intercept was found during summer
months whereas lower values during winter sea-
son. Czajkowski et al. (1997) showed that the
NDVI-T; slope decreases with high solar zenith
angles and, therefore, the slope should be smaller
during the winter and higher during the summer
months. Further, during the month of July, there
is sharp plunge, i.e., due to the presence of residual
cloud that cannot be removed from MODIS cloud
mask (MYDO035) product which may be the reason
for increase error for T,,.. estimation during the
persistent cloud cover months.

and limitations are:

® The largest errors occur for T,,.. estimation is
during monsoon season because station mea-
surements were averaged over cloudy as well as
clear sky days while the TVX approach sam-
ples only clear sky pixels with 8-day frequency
and this may contribute to a warm bias in T},
estimation.

® The relationship between NDVI and 7; changes
according to seasons (Bayarjargal et al. 2006)
and also with the surface moisture conditions.
Hence, extreme heterogeneity in soil moisture
within the contextual array decreases the corre-
lation between NDVTI and T} resulting an increase
in the error in estimating 7T,., (Lakshmi et al.
2001).

e Atmospheric water vapour is also an important
component which traps long-wave radiation from
the heated land surface. There is more water
vapour in summer and like other trace green-
house gases, water vapour has the effect to warm
both the land surface and air, but the magnitude
of the warming effect in terms of radiative forc-
ing due to greenhouse gases is different for the air
and the land surface (Zhang et al. 2010) and this
effect of differential warming leads to erroneous
estimation of Ty, .x.

® [GP is highly affected by fog during winter season
and that introduces large error in the estimation
of T, which finally leads to increase the error for
both T, and Tp.y estimation.
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Figure 11. Spatial distribution of monthly average Tmax images over Indo-Gangetic Plain for the year 2010.
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Figure 12. Monthly average variation of slope and intercept
for TVX approach.

® The diurnal variation of air temperature in clear
sky day shows sino-exponential pattern similar
to T, but there is the lag time between local solar
noon (around 13:30 IST) and T,,.. occurrence
(around 16:00 IST). MODIS Aqua passes around
13:30 IST which is the time for occurrences of
maximum 7, but T,,.. takes place around 16:00
IST over the IGP. Hence, variation of satellite
overpasses time over IGP introduces errors for
Thax estimation.

5. Conclusions

A study was carried out to estimate Ty, and
Trax over the IGP using MODIS 7, and IMD
measured Ty, and 7.« observation from 19 sta-
tions. From the statistical analysis between
night time MODIS Aqua 7, and IMD 7T,,;, mea-
sured at 19 stations represented a good agreement
with the MAE of 1.73°C and RMSE of 2.2°C.
Hence, MODIS Aqua 7T, products were found to
be accurate enough to spatially represent Ty, in
an operational way with an 8-day frequency. A
methodology of computing NDVI, ., was devel-
oped to estimate Ty,.. using the TVX approach.
The results showed similar performances com-
pared to previous studies with the MAE of
1.79°C and RMSE of 2.16°C. This work con-
firms that 8-day average Ty, and T,.. can
be accurately estimated using MODIS products
which can be useful in applications such as veg-
etation water status availability, evapotranspi-
ration and high temperature extremes related
with the urban heat island effect. This study
was carried out using 8-day composite MODIS
data but one can use similar approach for daily
dataset for real-time application to the models.
This kind of methods will be very useful in
the INSAT-3D satellite time frame where diur-
nal estimates of LST will be available over
India.
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