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Abstract

Arctic nighttime land-surface temperatures derived by the Moderate Resolution Imaging Spectro-
radiometer (MODIS) sensors onboard the NASA Terra and Aqua satellites are investigated. We use
the local equator crossing times of 22:30 and 01:30, respectively, in the analysis of changes, trends
and variations on the Arctic region and within 120° sectors. We show increases in the number of
days above 0°C and significant increase trends over their decadal periods of March 2000 through
2010 (MODIS Terra) and July 2002 through 2012 (MODIS Aqua). The MODIS Aqua nighttime Arctic
land-surface temperature change, +0.2°C + 0.2°C with P-value of 0.01 indicates a reduction relative
to the MODIS Terra nighttime Arctic land-surface temperature change, +1.8°C + 0.3°C with P-value
of 0.01. This reduction is a decadal non-stationary component of the Arctic land-surface tempera-
ture changes. The reduction is greatest, —1.3°C + 0.2°C with P-value of 0.01 in the Eastern Russia—
Western North American sector of the Arctic during the July 2002 through 2012.

Keywords

MODIS, Aqua-Terra, Nighttime, Arctic, Land-Surface Temperature, Trends, Non-Stationary
Changes

1. Introduction

“How is the Earth changing and what are the consequences for life on Earth?” [1] [2]. Through the successes of
international Earth observing satellite missions up to the early 1990’s, NASA and international partners
launched the Earth Observation System (EOS) mission. Growing and evolving since 1991 directed by the
NASA Earth-Sun Exploration Division EOS consists of an international array of space science missions, data
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processing and archiving centers, sensor-design, algorithm development and testing and sub-orbital testing plat-
forms and ground-validation facilities activities.

Physics and processes operative at and near the surface of Earth rely on the exchanges and transformations of
energy and mass [2]. A key parameter in monitoring these transformations is land-surface temperature. It is the
direct consequence of absorption and radiance of the ground with direct and indirect solar, atmosphere and geo-
thermal energy fluxes. Land-surface temperature is a vital parameter to monitor transformations of biogeochemi-
cal cycles, ecosystems, energy-mass budgets, meteorology and climatology across temporal scales from the di-
urnal to multi-decadal and longer.

The Arctic presents a unique variety of land-surfaces on Earth [3]. Snowfields and glaciers ice, tundra land-
scapes, peatlands and wetlands, thaw lakes, the northern continuous permafrost zone and its summertime thaw-
layer (the active layer), ecosystems and river basins connected to the coastal seas of the Arctic Ocean play vital
roles in Earth’s energy balance.

Due to the decades long rise and variability of global near-surface temperatures, investigators are probing the
resiliency and vulnerability of land-stored carbon, biological sequestration changes and release of “old-carbon”
from carbon-ground ice rich permafrost as a consequence of long-term thaw and degradation [4] [5]. The
changes of land-carbon storage will be driven by physics for which land-surface temperature is a key input pa-
rameter [6].

We are conducting an ongoing investigation of land-surface temperature and its changes across the Arctic,
Figure 1 [7]. These are derived by the MODIS sensors on the NASA Terra and Aqua satellites operating conti-
nuously now into their second decade since launchings. The data derived to date offer the first complete decade
of MODIS operations for us to explore the changes and climatology of Arctic land-surface temperatures.

2. Data

In December 1999 and May 2002, NASA launched the first satellites of the Earth Observation System program,
Terra and Aqua, respectively [8] [9]. Though scaled back from the original concept Terra and Aqua complement
each other in orbit design and sensor loads. Terra occupies an AM near-polar 705 km altitude orbit with sun-
synchronous equator crossing times at local 10:30 (daytime) descending-mode and 22:30 (nighttime) ascending-
mode [9]. Aqua occupies a PM 705 km altitude near-polar orbit with sun-synchronous equator crossing times at
local 13:30 (daytime) ascending-mode and 01:30 (nighttime) descending-mode [9]. Both orbits are managed
relative to the Worldwide Reference System 2 grid [9]. Corrections to both orbits are performed routinely to
maintain “orbit-station”, i.e. temporal synchronization [9] [10].

Terra carries MODIS Proto-Flight Model (PFM) and Aqua carries MODIS Flight Model 1 (FM1) electro-
optical sensors [8] [9]. Backscatter and upwelling electromagnetic radiation from Earth’s surface and atmos-
phere components is received at the sensor in 36 narrow bands from 405 nm (blue) to 2155 nm (infrared) and
1.360 um to 14.385 um (thermal). Both MODIS PFM and FM1 sensor pointing accuracy and on-orbit radiance
calibrations are performed on a monthly schedule [8] [11]. MODIS land-surface temperature (Kelvin) estimates
are derived through a retrieval algorithm [8] [10]-[13]. The algorithm, a “split-window” variety utilizes day/
night thermal emission and emissivity in the 10.78 to 11.28 um and 11.77 to 12.27 pum bands [12]. In the
processing chain to Level 3 products, the input data source is the L1B Level 2 swath product. The L1B product
uses cloud-cover detection routines to admit only “clear-sky” emissions. Corrections for atmosphere column wa-
ter vapor and boundary level temperatures and off-zenith-angle pointing are also utilized [8] [12]-[14].

We use the MOD11A1 (Terra) and MYD11Al (Aqua) Level-3 Version 5 datasets. These are in HDF-EOS
format and data structure. The land-surface temperature data layer constitute 5-by-5 degree granule at 1-km
posting sinusoidal grid [12]. Nighttime (AM and PM) temperatures with the highest quality flag (most reliable)
beginning on 5 March 2000 (Terra) and 8 July 2002 (Aqua) are extracted for investigation. The retrieval accu-
racy of land-surface temperature has been quantified at the 1-Kelvin level [14]-[16].

We extract the northern hemisphere 5-by-5 degree granule sinusoidal grids at 1-km posting from the HDF da-
tasets into daily AM nighttime and PM nighttime mosaics. We re-project these mosaics into northern stereo-
graphic projection using the World Geodetic System reference ellipsoid WGS-84 relative to the International
Terrestrial Reference Frame. From these mosaics we extract land-surface clear-sky land-surface temperature
within the Arctic region and three 120° sectors for analysis, Figure 1.
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Figure 1. (A) MODIS (Aqua) 19 July 2012 nighttime land-surface temperatures; (B) Arctic region and 120 degree sector
areas of interest. Sectors: Eurasia (Central East), Eastern Russia-Western North America (Northwest), Eastern North America-
Western Europe (Southwest). The Altimetry Corrected Elevation DEM 2 (ACE2) provides elevations shown in (B).

3. Results

Using nighttime AM and PM land-surface temperatures extracted in the regions of interest, Figure 1, we ex-
plore changes, nascent climatology and non-stationary characteristics. We illustrate the results in Figures 2-5
and Table 1 and Table 2. Distributions plots (1:1) spanning the Terra decade (March 2000 through 2010) and
Aqua (July 2002 through 2012) of nighttime land-surface temperature allow for assessment of increase (above
1:1) and decrease (below 1:1) to indicate nascent trends and non-stationary characteristics, on average.

3.1. Terra-MODIS 22:30 Equator Crossing Time

The Arctic region Figure 2(A) shows 2010 land-surface temperatures are increase relative to 2000 land-surface
temperatures by 1.8°C £ 0.3°C, on average with P-value (ANOVA) of 0.01. Sector results indicate increase of
2.0°C £ 0.3°C in Eurasia, 1.6°C £ 0.2°C in Eastern Russia-Western North America and 0.6°C * 0.3°C in Eastern
North America-Western Europe, on average with P-values of 0.01. Regression R? values are from 0.94 to 0.96.

Nighttime PM (22:30) monthly mean land-surface temperature change on the Arctic (Figure 3(A)) shows in-
creases in eleven out of 12 months with January having the largest increase in excess of 4°C and August having
the smallest increase (near zero) over the decade. February shows a modest decrease of 1°C over the decade. In
the sectors monthly land-surface temperature changes terrain-controlled variations. Eurasia (Figure 3(B)) has
the largest magnitude increase of almost 8°C during March by the end of the decade whereas the increase is
small at the March beginning the decade. Eastern Russia-Western North America (Figure 3(C)) shows increases
except for February and the ending decade March. Eastern North America-Western Europe (Figure 3(D)) shows
December and February with decreases and increases in the remaining months over the decade.

Over the March 2000 through 2010 decade there are changes in the number of days with land-surface tempera-
ture above 0°C, Table 2. On the basis of equator crossing time of 22:30 the number of days above 0°C is in-
crease by 26. The Arctic Eurasia sector shows an increase of 14. The Arctic Eastern Russia-Western North
America shows an increase of 42. The Arctic Eastern North America-Western Europe sector shows no increase

in the number of days above 0°C.
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Figure 2. Regression plots of NASA MODIS (Terra, 22:30 local equator cross-
ings) of Arctic and Arctic sector Land-Surface Temperature (LST) during night-
time (N) March 2000 through 2010. (A) Arctic; (B) Eurasia; (C) East Russia
Western North America; (D) Eastern North America-Western Europe.

Table 1. Trends of nighttime arctic land-surface temperatures.

Region ECT Decade A (°C) STD (°C) UNC (°C) P-value R?
Terra
Arctic 22:30 2000 through ‘10 +1.8 2.7 0.3 0.01 0.96
Sectors
E +2.0 5.3 0.3 0.01 0.96
ER-WNA +1.6 3.9 0.2 0.01 0.94
ENA-WE +2.1 5.6 03 0.01 0.96
Aqua
Arctic 01:30 2002 through ‘12 +0.2 29 0.2 0.01 0.96
Sectors
E +2.3 5.0 0.3 0.01 0.89
ER-WNA -13 4.2 0.2 0.01 0.93
ENA-WE -0.6 5.6 0.3 0.01 0.81

ECT = Equator Crossing Time, A = Average Land-Surface Temperature Change (Nascent Trend), STD = Standard Deviation, UNC = Uncertainty. Arc-
tic sectors: Eurasia (E), Eastern Russia-Western North America (ER-WNA) and Eastern North America-Western Europe (ENA-WE) as shown in Fig-

ure 1.

3.2. Aqua-MODIS 01:30 Equator Crossing Time

Figure 4 and Table 1 show decadal comparisons of nighttime daily land-surface temperatures from July 2002

()
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Table 2. Nighttime Arctic MODIS-derived change in the number of days above 0°C, 2000 through 2010 and 2002 through

2012.

Regions

Arctic
Sectors
E
ER-WNA

ENA-WE

MODIS-Terra MODIS-Aqua

ECT 22:30 ECT 01:30
2000 through ‘10 2002 through ‘12

ANumber of Days above 0°C ANumber of Days above 0°C

+26 +21

+14 +15

+42 +34
0 0

Equator Crossing Time (ETC), Arctic sectors Eurasia (E), Eastern Russia-Western North America (ER-WNA) and Eastern North America-Western

Europe (ENA-WE) as shown in Figure 1.
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Figure 3. NASA MODIS (Terra) monthly nighttime land-surface temperature changes for the March 2000 through 2010. (A)
Arctic; (B) Eurasia; (C) Eastern Russia-Western North America; (D) Eastern North America-Western Europe.

through July 2012 from MODIS-Aqua. The Arctic region Figure 4(A) shows 2012 land-surface temperatures
are increase relative to 2002 land-surface temperatures by 0.2°C + 0.2°C, on average with P-value (ANOVA) of
0.01. Sector results indicate an increase of 2.3°C + 0.3°C in Eurasia and decreases of 1.3°C + 0.2°C in Eastern
Russia-Western North America and 2.1°C + 0.3°C in Eastern North America-Western Europe, on average with
P-values of 0.01. Regression R? values are from 0.81 to 0.93 in the sectors and 0.96 in the Arctic region.
Nighttime AM (01:30) monthly mean land-surface temperature changes show a distinctive contrast (Figure 5)

()
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Figure 4. Regression plots of NASA MODIS (Aqua, 01:30 local equator
crossings) of Arctic and Arctic sector land-surface temperature during night-
time (N) July 2002 through 2012. (A) Arctic; (B) Eurasia; (C) Eastern Rus-

sia-Western North America; (D) Eastern North America-Western Europe.

MODIS LST - Agqua 01:30

MODIS LST - Aqua 01:30

C

o
£
v 2
8
]
uﬂ
5
&
5-2
(]
4
-6
July Aug. Sept. Oct Now. Dec. Jan. Feb. Mar. Apr  May June July Duly Aug. Sepl. Oct.  Now. Dec. Jan. Feb. Mar. Apr.  May June July
-8
L e - R L R L I I P T T Rl oy e - e N Rl Rl o - i B Rl i)
R R e R s Ry s N T e R IR ERERSNASRRABRHERER
Bin Number Bin Number
&
MODIS LST - Aqua 01:30 MODIS LST - Agua 01:30
™~
&
~
g
=
o~
o
5
s
o
E.
[
July Aug. Sept. Oct. MHow. Dec. Jan. Feb. Mar  Apr.  May Jume July
O P O BT D N @ =D D M @
FNMT OO NMTOSTNO T NTNONDO T MNM TSN
NAANNNNG®S oSG a

Figure 5. NASA MODIS (Aqua) monthly nighttime land-surface temperature changes for the July 2002 through 2012.
(A) Arctic; (B) Eurasia; (C) Eastern Russia-Western North America; (D) Eastern North America-Western Europe.
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relative to their PM counterparts. The Arctic region (Figure 5(A)) shows five months with decreases approach-
ing 2°C, two months with increases approaching 3°C and the remainder show very small increase less than 1°C.
Eurasia (Figure 5(B)) shows increases of 3°C to about 6°C on the months of September through February. De-
creases occur in beginning decade July, and in March and April. May and June show increases. Ending decade
July shows an increase, however its magnitude is less than the decrease in the beginning decade July. Eastern
Russia-Western North America (Figure 5(C)) shows most months with decrease, as much as 7°C in November
and February and June with increase in excess of 1°C and 2°C, respectively, over the decade. The beginning
decade July and ending decade July show small increase and decrease, respectively. Eastern North America-
Western Europe (Figure 5(D)) shows December with the largest month decrease in excess of 7°C, in a group of
5 months having decreases. The remaining months show increases that are much smaller in magnitude relative
to the months with decrease, on average.

Over the July 2002 through 2012 decade there are changes in the number of days with land-surface tempera-
ture above 0°C, Table 2. On the basis of equator crossing time of 01:30 the number of days above 0°C is in-
crease by 21. The Arctic Eurasia sector shows an increase of 15. The Arctic Eastern Russia-Western North
America shows an increase of 34. The Arctic Eastern North America-Western Europe sector shows no increase
in the number of days above 0°C.

4. Discussion

At the global and local scales solar irradiance is a fundamental driving parameter of climate, biogeochemical,
energy-water cycles and geophysical processes on Earth [17] [18]. Irradiance absorbed and scattered by the at-
mosphere and ocean redistribute energy to maintain near surface mean temperatures and energy budgets in nar-
row ranges. Temporal variations occur diurnally, by latitude and by season from Earth’s rotation and orbit and
by solar processes operative at decadal and longer periods [17] [19]-[23]. Spatial variations on Earth’s surface
have variations dependent on terrain, geomorphology and material types and the influences of the near-surface
atmosphere (i.e. turbulent layer) [17] [20] [21]-[24].

Using the local equator crossing time as a key (Figure 2 and Figure 4, Table 1) we elucidate the Arctic
nighttime land-surface temperature change, the change in the number of days with land-surface temperature
above 0°C (Table 2) and changes on a monthly basis of their respective decade periods (Figure 3 and Figure 5).
While the 22:30 crossings show a significant increase of 1.8°C + 0.3°C the 01:30 crossings show a significant
increase of 0.2°C + 0.2°C using the Arctic as the region of interest. Further examination on a 120° sector basis
shows the 22:30 crossings have significant increases whereas two of the 01:30 crossings sectors, Eastern Rus-
sia-Western North America and Eastern North America-Western Europe, have significant decreases of 1.3°C +
0.2°Cand 0.6°C £ 0.3°C, respectively. The 01:30 crossing are advanced by 2 years (NASA Aqua) relative to the
22:30 crossings (NASA Terra).

The change in the polarity and magnitude of the sector nighttime land-surface temperature changes at the re-
spective local equator crossing times expressions of non-stationary character of nascent trends. Whereas the
daytime AM and PM Arctic land-surface temperature are forced by direct and in-direct solar irradiance the
nighttime AM and PM are forced by in-direct radiation, i.e. the near-surface atmosphere.

5. Conclusion

Acrctic nighttime land-surface temperatures derived by the MODIS sensors onboard the NASA Terra and Aqua
satellites keyed by the local equator crossing times of 22:30 and 01:30, respectively, show increases in the
number of days above 0°C and significant increases and decreases of nascent trends over their periods of March
2000 through 2010 and July 2002 through 2012. The MODIS Aqua nighttime Arctic land-surface temperature
change, +0.2 = 0.2°C with P-value of 0.01 indicates a reduction relative to the MODIS Terra nighttime Arctic
land-surface temperature change of +1.8 + 0.3°C with P-value of 0.01. The reduction is a decadal non-stationary
component of the Arctic land-surface temperature changes. The greatest reduction, —1.3°C £ 0.2°C with P-value
of 0.01, is in the Eastern Russia-Western North American sector of the Arctic during the July 2002 through 2012
period.
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