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ABSTRACT

Across the Arctic changes in active layer, melting of glaciers and ground ice, thawing of permafrost and sequestration
changes of carbon storage are driven in part by variations of land surface heat absorption, conduction and re-radiation
relative to solar irradiance. We investigate Arctic land-surface temperature changes and regional variations derived by
the MODIS sensors on NASA Aqua and Terra from March 2000 through July 2012. Over this decadal period we detect
increase in the number of days with daytime land-surface temperature above 0°C. There are indications of increasing
trends of land-surface temperature change. Regional variations of the changes in land-surface temperature likely arise

due to surface material types and topography relative to the daytime variation of solar irradiance.
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1. Introduction

The ongoing NASA Earth Observation System (EOS) is
conceived by the successes of NASA and international
Earth observing satellite missions up to the early 1990’s
[1,2]. EOS consists of science segments, data processing
and archiving systems and space segments, growing and
evolving since fiscal year 1991 within the NASA Earth-
Sun Exploration Division. A fundamental guiding ques-
tion for EOS is, “How is the Earth changing and what are
the consequences for life on Earth?”

Land-surface temperature is a key parameter of land-
surface physics and processes at local and up to global
scales [2]. It is the consequence of direct and indirect
energy fluxes of the sun and atmosphere with the ground.
Hence it is a vital parameter for the changes in biogeo-
chemical cycles, ecosystems, energy-heat-mass budgets
and cycles, meteorology and climate across the spectrum
of temporal scales from the diurnal to multidecadal and
longer.

Across the Arctic a unique variety of land-surfaces are
present [3]. These include the snow fields and glacier ice
of the Greenland Icesheet and ice caps of the Canadian
high north, tundra landscapes, summertime wetlands—
peatlands, thaw lake districts, the northern continuous
permafrost zone and its summertime thaw-layer (the ac-
tive layer), lowland-upland ecosystems and river basins
feeding freshwater to the Arctic Ocean.

Recent investigations have turned to address the vul-
nerability of carbon and associated biological sequestra-
tion and release of old-carbon from carbon-ice rich per-
mafrost [4,5]. The change of land-surface temperature is
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a key physics constraint and parameter in the changes of
land-carbon storage [6].

In this research we investigate land-surface tempera-
ture and its changes across the Arctic derived by the
Moderate Resolution Imaging Spectroradiometer (MODIS)
on the NASA Terra and Aqua satellites from year 2000
through 2012 (Figure 1). This being the first complete
decade of MODIS operations we explore the changes and
trends of Arctic land-surface temperature.

2. MODIS Terra and Aqua Data

The NASA Terra satellite was launched in December
1999 [7]. It is a satellite of the NASA EOS program [8].
NASA EOS satellites Terra and Aqua carry the MODIS
Proto-Flight Model (PFM) and Flight Model 1 (FM1),
respectively. Terra orbits in a near polar 98° sun-synchro-
nous “morning phase” orbit with a local equator crossing,
705 km altitude, at 10:30 hours local time in the de-
scending mode [7]. In May 2002 NASA launched the
EOS Aqua satellite. The Aqua orbit mirrors Terra in near
polar sun-synchronous “afternoon phase” with a local
equator crossing at 13:30 hours local time in the ascend-
ing mode [7]. Both Aqua and Terra orbits are with re-
spect to the Worldwide Reference System 2 grid [8].
EOS Aqua is the long-term member satellite of the
NASA “A-Train” constellation [9]. The A-Train includes
NASA Aura, CALIPSO, CloudSat and Glory in addition
to CNES Parasol and JAXA GCOM-W1 satellites. Orbit
corrections are performed routinely to maintain “orbit-sta-
tion” and temporal synchronization [8]. Aqua and Terra
MODIS sensor pointing accuracy and on-orbit calibrations
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Figure 1. MODIS land-surface temperature and regions of interest: (A) MODIS-Terra 22 July 2004 with 65°N region and (B)
65°N ACE2 DEM. Regions of interest for land-surface temperature change are represented by the 65°N red circle A and the

120° sector regions B.

are performed monthly [10].

The MODIS land-surface temperature (Kelvin) retrieval
algorithm uses clear-sky day/night thermal emission and
emissivity in the 10.78 to 11.28 um and 11.77 to 12.27
pum bands [11]. L1B Level 2 swath product using cloud-
cover detection routines with corrections for atmosphere
column water vapor and boundary level temperatures and
off-zenith-angle pointing are the input data source.

MODI11A1 (Terra) and MYDI11AI (Aqua) Level-3
Version 5 datasets are in HDF-EOS format and data
structure. The kelvin data layer is a 5-by-5 degree gran-
ule at 1-km posting sinusoidal grid [12]. We extract day-
time (AM and PM) temperatures with the highest quality
flag (most reliable) beginning on 5 March 2000 (Terra)
and 8 July 2002 (Aqua). Accuracy of the retrieval land-
surface temperature is at 1-kelvin level [13,14]. Diur-
nal-average trends of MODIS land-surface temperatures
with near-ground air temperatures and shallow sub-sur-
face soil temperatures show consistent and high correla-
tion [15].

We process the northern hemisphere 5-by-5 degree
granule grids at 1-km posting into daily AM daytime
morning and PM daytime afternoon mosaics. We re-
project the daily mosaics using the World Geodetic Sys-
tem reference ellipsoid WGS-84 to be consistent with the
International Terrestrial Reference Frame.

3. Results

To explore trends from the MODIS land-surface temper-
ature we use areas of interest covering the 65°N and high
latitudes (Arctic), and three 120° azimuth sectors for Eur-
asia, Western North American-Eastern Russia and East-
ern North America-Northwestern Europe (Figure 1). In
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these regions we extract the daily daytime morning and
afternoon temperatures at 1-km spacing and compose
time series at daily and monthly intervals through March
2010 (Terra) and July 2012 (Aqua). The results are illus-
trated in Figure 2 through 5 and summarized in Tables 1
and 2.

3.1. Decadal Period Daily Comparisons

Figure 2 and Table 1 show decadal comparisons of daily
morning land-surface temperatures from March 2000
through March 2010 from MODIS-Terra. The Arctic
region Figure 2(A) shows 2010 land-surface tempera-
tures are increase relative to 2000 land-surface tempera-
tures by 2.1°C £ 0.2°C on average with uncertainty. The
P-Value (ANOVA) of the increase is 0.01 indicating high
significance. The correlation has an R-Square value of
0.97.

On a sector basis regional Arctic morning land-surface
temperature show spatial variation. Arctic Eurasia shows
an increase of 1.7°C = 0.3°C on average with uncertainty,
P-Value of 0.01 and R-Square value of 0.93, Figure 2(B).
Arctic western North America shows an increase of 1.9°C
+ 0.2°C on average with uncertainty, P-Value of 0.01 and
R-Square value of 0.95, Figure 2(C). Arctic eastern North
America-Western Europe shows an increase of 2.5°C +
0.3°C on average with uncertainty, P-Value of 0.01 and
R-Square value of 0.85, Figure 2(D).

Figure 3 and Table 2 show decadal comparisons of
daily afternoon land-surface temperatures from July 2002
through July 2012 from MODIS-Aqua. The Arctic region
Figure 3(A) shows 2012 land-surface temperatures are
increase relative to 2000 land-surface temperatures by
0.1°C + 0.2°C on average with uncertainty. The P-Value
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Figure 2. Comparison plots of MODIS-Terra land-surface
temperatures in the regions of interest, year 2000 through
2010: (A) 65°N; (B) Eurasia; (C) Western North America
and (D) Eastern North America and Western Europe.

Table 1. Arctic MODIS-derived decadal land-surface tem-
perature change trends.

Regions MODIS-Terra MODIS-Aqua
10:30 13:30
2000-2010 2002-2012
D°C PV R? D°C PV R?
Arctic +2.1£0.20.01 0.95 +0.1£0.20.01 0.95
"Eurasia +1.7+£0.30.01 0.93 +2.8+0.30.010.93
“Western NA +1.9+0.20.01 0.95 -1.5+£0.20.01 0.95

“Eastern NA-WE -1.5+0.30.01 0.87

"120° azimuth sectors of the Arctic. PV = P-Value (ANOVA).

+2.5+0.30.01 0.85

Table 2. Arctic MODIS-derived decadal change of days
above 0°C.

Regions MODIS-Terra MODIS-Aqua
10:30 13:30
2000-2010 2002-2012
D Days Above 0°C D Days Above 0°C

Arctic +14 +14
"Eurasia +0 +20
“Western NA +13 +8
“Eastern NA-WE +31 +23

*120° azimuth sectors of the Arctic. PV = P-Value (ANOVA).

(ANOVA) of the increase is 0.01 indicating high signifi-
cance. The correlation has an R-Square value of 0.97.
Using the same sector basis regional Arctic afternoon
land-surface temperatures show spatial variation that is
difference than morning land-surface temperatures. Arc-
tic Eurasia shows an increase of 2.8°C + 0.3°C on aver-
age with uncertainty, P-Value of 0.01 and R-Square
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Figure 3. Comparison plots of MODIS-Aqua land-surface
temperatures in the regions of interest, year 2002 through
2012: (A) 65°N; (B) Eurasia; (C) Western North America
and (D) Eastern North America and Western Europe.

value of 0.93, Figure 3(B). Arctic western North Amer-
ica shows a decrease of 1.5°C + 0.2°C on average with
uncertainty, P-Value of 0.01 and R-Square value of 0.95,
Figure 3(C). Arctic eastern North America-Western Eur-
ope shows a decrease of 1.5°C + 0.3°C on average with
uncertainty, P-Value of 0.01 and R-Square value of 0.87,
Figure 3(D).

Figure 4 shows the Arctic daily morning (A) and af-
ternoon (B) land-surface temperature change over the
decadal periods of MODIS-Terra and MODIS-Aqua, re-
spectively. Non-stationarity of the daily morning and af-
ternoon land-surface temperature changes is evident. More
land-surface temperature decreases occur during after-
noon than during morning.

On a daily basis we take account of the number of
days with land-surface temperature above 0°C. Within
the Arctic over the decadal periods of MODIS-Terra and
MODIS-Aqua the number of days with morning and af-
ternoon land-surface temperature above 0°C is increase
by 14.

On a sector basis there is variation of days of morning
and afternoon land-surface temperature above 0°C over
the decadal period. Arctic Eurasia mornings have no in-
crease of days above 0°C whereas afternoons show an
increase of 20 days above 0°C. Arctic western North Amer-
ica mornings show an increase of 13 days above 0°C
whereas afternoons show an increase of 8 days above 0°C.
Arctic eastern North America-Western Europe mornings
show an increase of 31 days above 0°C whereas after-
noons show an increase of 23 days above 0°C. Note that
the afternoon land-surface temperature change decade
form MODIS-Aqua extends two years after the morning
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Figure 4. Change of land-surface temperature above 65°N:
(A) MODIS-Terra relative 10:30 and (B) MODIS-Aqua
relative 13:30 local equator crossing times. Note: (A) that
the beginning series March is from 2000 through 2010 and
the ending series March is from 2001 through 2011 and (B)
that the beginning series July is from year 2002 through
year 2011 and the ending series July is from year 2003
through 2012.

land-surface temperature decade from MODIS-Terra.

3.2. Decadal Period Monthly Changes

From the Arctic daily morning and afternoon land-sur-
face temperatures we compose monthly changes over the
decadal periods of MODIS-Terra and MODIS-Aqua, Fig-
ure 5. Morning monthly mean land-surface temperature
change (Figure 5(A)) shows increase is largest during
January and May decrease in largest during February and
August. The magnitude of the land-surface temperature
increase is larger than decrease by up to a factor of four.
Moreover, March monthly mean land-surface tempera-
ture shows a decadal increase, i.e. a trend.

Afternoon monthly mean land-surface temperature ch-
ange (Figure 5(B)) shows decrease is largest during No-
vember and increase is largest during June. Seven mon-
ths show decrease and six months show increase. The
magnitude of the November decrease is less than the mag-
nitude of the June increase. July afternoon monthly mean
land-surface temperature shows a decadal increase, i.e. a

trend consistent with morning mean changes (Figure
5(A)).
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Figure 5. Change of land-surface monthly temperatures above
65°N: (A) MODIS-Terra relative 10:30 and (B) MODIS-
Agua relative 13:30 local equator crossing times. Note the
decadal context of the months is the same as in Figure 4.

4. Discussion and Conclusion

Solar irradiance at the surface of the Earth is a funda-
mental driving parameter of climate, ecosystems, energy-
water cycles and meteorology [16,17]. Solar irradiance
and activity varies diurnally, by latitude and seasonally
(the solar zenith angle) [16]. Solar irradiance varies by
solar physics operative on decadal (Schwabe Cycle),
multi-decadal (Hale-Gleissberg Cycles) and century and
longer periods (Suess/deVries-Hallstatt Cycles) [18-21].

At the surface of the Earth irradiance is direct (solar)
and indirect (re-radiance) [19,20]. Re-radiance depends
on surface properties, terrain elevation and geometry, and
on atmosphere absorption, scattering and transmission by
aerosols, chemical species such as those of carbon, hy-
drogen, nitrogen, and oxygen and their compounds such
as carbon monoxide and dioxide, methane, water vapor
and ice and ozone [16,22].

At local, regional hemisphere and global scales clouds
play important roles in indirect irradiance at infrared
wavelengths [16,19,20,23]. This is secondary in power-
magnitude relative to direct solar irradiance at the ultra-
violet through blue wavelengths.

5. Conclusions

Our investigation utilizes the MODIS sensors daytime
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acquisitions at local times of 10:30 NASA-Terra and
13:30 NASA-Aqua. For both satellite missions the op-
erational periods are now extending beyond one decade.
On this short period there are indications of trends of
land-surface temperature, where we focus on the Arctic
region. The Arctic is noteworthy for the historical obser-
vations of its cloud cover. Many important energy pro-
cess feedbacks rely on albedo of atmosphere (clear sky),
clouds and surface with respect to long-term changes
referred to as global dimming and brightening that plays
an important role in the surface energy budget.

During the first decade of MODIS land-surface tem-
perature retrievals we detect increase of the number of
days with land-surface temperature above 0°C. This is an
important constraint on physical processes affecting snow-
ice-permafrost vulnerability, ecosystems and hydrology
of the Arctic region. We detect significant trends of land-
surface temperature changes during the first decade of
daytime sun-synchronous 10:30 and 13:30 local equato-
rial crossing acquisitions from MODIS on Terra and
Aqua satellites, respectively.

Furthermore we detect regional variations intrends of
Arctic Eurasia, North America and Western Europe. These
are dependent on surface material types and resident heat
capacities. The Arctic regions are noteworthy for the
high spatial density of tundra thaw lakes. Likely the va-
riations in land-surface temperatures across Arctic West-
ern North America and Arctic Eastern Eurasia are in part
due to a summertime lake signal given the large heat
capacity of water.
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