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To estimate the spatial variation of soil CO2 flux in a permafrost region, major environmental parameters
were measured and analyzed using the proposed ubiquitous sensor network-based remote monitoring system
(U-RMS). The use of techniques for power-efficient operation and network scalability that enable long-term
use of a wireless sensor network (WSN) that can be deployed reliably and widely is described. The temporal
and spatial variations in air temperature (Ta) and relative humidity (RH) near the surface at 16 locations and
soil temperature (Ts) and soil water content (SWC) at 10 locations were measured tomonitor the active perma-
frost layer in Alaska from September 2012 to January 2013 and from July to September 2013. The temporal var-
iations in environmental parameters in the soil and near the surface depended on the thawing and freezing of the
snow cover in the permafrost regions. The spatial patterns of Ts in the three periods were not similar because of
the heterogeneous distribution of snow coverage and depth in winter. On the other hand, the spatial patterns of
Ts and SWC had a negative relationship during summer. The spatial variations in Ts and SWC showed a high co-
efficient of variation (CV) that ranged from20% to 40%,while the CV of Ta and RHwaswithin 5% except inwinter
due to the spatially heterogeneous snow cover. The relationship between CO2 efflux and Ts or SWC in 2012,
which had a high CV, was examined to estimate the soil CO2 efflux in 2013. The Ts explained ~60% (soil CO2

efflux = 0.066 × exp0.1443 × Ts, R2 0.59) of the variation in soil CO2 efflux in a temperature range of 3 to 8 °C.
Therefore, the soil CO2 efflux in 2013 was estimated in the range of 0.08 mg m−2 s−1 to 0.47 mg m−2 s−1, and
average CV was 25%. Using the camera sensor, the growth of vegetation and the operating appearance of the
remote WSN were also monitored. In the long term, measurement of temporal and spatial variations in
environmental parameters, based on U-RMS, is expected to contribute to the understanding of the carbon and
water cycles in permafrost.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Permafrost regions occupy about one-quarter of the land surface of
the northern hemisphere (Pewe, 1983; Zhang et al., 2000). Long-term
monitoring of temperature andmoisture content on or within an active
layer and active layer thickness and spatial variability is essential to
investigate the response of permafrost to climate change. These envi-
ronmental aspects of permafrost support an understanding of the
cycle of greenhouse gases as the controlling parameters of the biological
process (Oechel and Vourlitis, 1994; Vourlitis et al., 1993). Soil CO2 ef-
flux is controlled primarily by soil temperature and soil water content.
Soil temperature explains the variation in soil respiration in various eco-
systems as the most important factor controlling soil carbon emission
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(Boone et al., 1998; Lloyd and Taylor, 1994), while soil water content
plays a positive or negative role depending on the water conditions
(Davidson et al., 2000; Rey et al., 2002; Swanson and Flanagan, 2001).
Especially in permafrost, the spatial distribution of both parameters
within tens of meters is unpredictable because of the extent of thawing
and variation in the active layer during the thawing season. Therefore,
spatial variations in soil temperature and soil water content are very
important in investigating soil CO2 flux and will be used in modeling
carbon emission in the tundra.

To understand the changing properties of permafrost in the tundra
ecosystem, long-term continuous measurements must be conducted.
However, there are limitations in site accessibility, data transfer, and
the supply of electric power according to the weather conditions and
the topographic and geographic characteristics at the high latitudes of
the tundra.

Environmental monitoring has been conducted to overcome the
difficulties of using various techniques and methods (e.g., sensor
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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networking, wireless sensing, and acoustic sensing) in permafrost
(Albert et al., 2008; Kotovirta et al., 2011; Vilajosana et al., 2011). As
the wireless sensor network (WSN) technologies provide many advan-
tages, such as low power consumption, low cost, easy installation, and
network reliability and scalability, they have been widely used for
real-time monitoring of environmental change for prevention of disas-
ters; automation in various fields, such as in factories, agriculture, and
homes; and collection of environmental data for research purposes
(Gill et al., 2009; Gungor and Hancke, 2009; Sardini and Serpelloni,
2011; See et al., 2012; Spacek et al., 2013; Wang and Liao, 2006;
Whelan et al., 2009).

Inmicrometeorology research, the system formeasuring spatial var-
iation in themicrometeorological parameters of a wide field has a weak
infrastructure (e.g., electricity and communication). Therefore, a ubiqui-
tous sensor network-based remote monitoring system (U-RMS) was
used to overcome this problem. This study has two main objectives.
First, we present the U-RMS for collecting and managing the environ-
mental data of air temperature (Ta) and relative humidity (RH) of the
near-surface, soil temperature (Ts), soil water content (SWC), and cam-
era images from theWSN deployed in Council, Alaska. Second, we per-
formed spatial and temporal analyses of the environmental parameters
at the micrometeorological measurement site (i.e., the chamber and
eddy flux tower system). Ta, RH, Ts, and SWC play important roles in
the tundra ecosystem as controlling parameters of the carbon cycle.

2. Description of the ubiquitous sensor network-based remote
monitoring system (U-RMS)

The U-RMS is a real-time, two-way communication observation
system that collects environmental data from polar regions that are
not easily accessible. The U-RMS is basically a WSN system that uses
an Iridium satellite network (ISN) backbone, as shown in Fig. 1. Efficient
data transmission from the remote WSN to a local monitoring center
was achieved through the use of two types of ubiquitous sensor net-
work (USN) gateways equipped with an Iridium modem. For use on
Fig. 1. Ubiquitous sensor-network-based remote
the local PC, an application software program was developed for status
determination and parameter setting of the WSN and for management
of the climate and image data collected from the remote WSN.

2.1. Wireless sensor network (WSN)

The WSN consists of sensor nodes, which operate in sleep and
wakeup modes, and a gateway that performs protocol conversion be-
tween the WSN and the ISN. This section describes the components
used in a sensor node, its usable lifetime, and the scalability of a WSN.

2.1.1. Sensor nodes
Oneof themeasurement or image sensors is combinedwith a ZigBee

radio controlmodule (RCM) in a sensor node that acts as a sleepy ZigBee
end device (ZED) (ZigBee Standard Organization, 2007). The RCM uses
EM357 (Ember, USA), its receiver sensitivity is normally −100 dBm,
and it performs at a 1% packet error rate for a 20-byte packet. The exter-
nal power amplifier RF6525 (RFMD, USA) is added to extend the com-
munication range by controlling the transmission power. The ZigBee
RCM in the USN gateway takes charge of the network management, as
a ZigBee coordinator (ZC) device.

Each sensor node is battery (3.6 V–19 AH Lithium XL-205F,
Xenoenergy, Korea)-powered and designed to operate for at least one
year. Its network components must be designed to minimize power
consumption for its long-term operation in unpowered regions. The
sleep andwakeup intervals, which are remotely controllable, determine
the battery life and how often and for how long measurements can be
made. With the sleep–wakeup algorithm, sensor nodes will consume
only several μAwhen the radio is in sleepmode. To estimate the operat-
ing life-time of sensor nodes, the current consumptions when the sens-
ing data were transferred to the USN gateway were measured for the
soil, near-surface, and image sensor nodes, respectively. Based on
these measurements, the possible number of measurements/days for a
one-year operation was determined to be 12,686 and 71,292 for the
soil sensor and the near-surface sensor, respectively. The image sensors
monitoring system (U-RMS) architecture.



Fig. 2. Network topology for the (a) star and (b) hybrid mesh.
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were shown to be able to capture 50 images in one day. The analysis
included temperature de-rating at −30 °C, at which point the battery
capacity drops to 30% of its nominal capacity.

2.1.2. Network scalability
Using the two types of devices, ZC and sleepy ZED, theWSNwas de-

ployed with a star topology (Fig. 2). Prior to the deployment, the com-
munication range of the external-power-added-RCM was tested in a
line of sight environment. Using a 17-dBm transmission power, the av-
erage received signal strength (RSS) at a 500 m distance was measured
as −88 dBm. No communication error occurred in the 1000 packet
transmission trials. During the observation period after deployment,
the average RSS was −55 dBm without any packet loss. Based on
these experimental results, the deployment area can be extended up
to 500 m × 500 m.

2.2. Ubiquitous sensor network (USN) gateways

To convert the communication protocol of the WSN to that of the
ISN, a USN gateway is used, as shown in Fig. 3. Since the measured
data are as small as 240 bytes per measurement, the Iridium modem
(9602-N, NAL Research Co., USA) in a short-burst data (SDB) service
was used because it consumes relatively little power and transfers
small amounts of data more efficiently than does the dial-up data
(DUD) service that is associated with circuit-switched data calls. To
Fig. 3. Installation of the gateway for (a) compl
transfer the image data, the Iridium modem (A3LA-X, NAL Research
Co.) in the DUD service was used, because it provides a better transmis-
sion rate without the need for the terrestrial ISN gateway. In case data
transfer via the ISN is not possible, a 16 GB backup storage is mounted
at the USN gateway to prevent loss of the collected data from theWSN.

Since the USN gateway operates for two seconds every 10 min, its
average power consumption is 0.83 W. Assuming three hours of sun-
light in one day and 40% loss of output power, a solar panel that gener-
ates 20 W of power was used, which is larger than the calculated 11-W
power need. Assuming that there could be six sunless days and a 25%
charging loss, 13 AHwas required, so a 12 V, 60 AH rechargeable battery
was chosen. Taking into consideration the polar nights with no mid-
night sun and the 165-mA standby current consumption, a backup
12 V, 600 AH Li-battery was used.

To collect and manage the measurements and the image data, two
separate application software programs were developed. The applica-
tion software for themeasurement data, the post office protocol version
3 (POP3) client, enables downloading of the data in the Korea Polar Re-
search Institute (KOPRI)mail server onto the hard disk of a local PC. The
sensing interval, transfer period, and backup interval can also be config-
ured. Using the application software for image data, the shooting time,
resolution, and compression rate of a camera can be configured directly
through the IridiumDUDmodem connected to a local PC via RS 232C. In
the application window, the image data to be remotely transferred to
the local PC can be selected and imported.
ete assembly and (b) internal components.



Fig. 4. Measurement site in Council (64°50.63′ N, 163°42.64′ W), Seward Peninsula,
Alaska.

Table 1
Locations, depth, and periods of environmental parameters.

Parameter Location (No.) Depth (m) Period

Ta 1–16 0.1 Periods I, II, III
RH 1–16 0.1 Periods I, II, III
Ts 1–10

1, 3, 5, 6, 7, 8, 9, 10 / 2, 4
0.1
0.1 / 0.3

Periods I, II
Periods III

SWC 1, 3 / 2, 4, 5, 6, 7, 8, 9, 10
1, 3, 5, 6, 7, 8, 9, 10 / 2, 4

0.1 / 0.1 − 0.4
0.1 / 0.3

Periods I, II
Periods III
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3. Materials and methods

3.1. The study site

This study was conducted in Council, Alaska (64° 50.63′ N, 163°
42.64′W), on the Seward Peninsula (Fig. 4). The site contains vascu-
lar plants (e.g., Erophorum scheuchzeri and Betula nana), moss
(e.g., Sphagnum lenese pohle and Sphagnum russowii Warnst), and li-
chen (e.g., Cladonia stellaris). The vegetation type is mainly tussock,
underlain by soil (i.e., Histic Cryosols). The annual Ta ranges from
−30 to 20 °C; the predominant wind directions are north and north-
west; the wind speed generally ranges from 2 to 6m s−1; and the aver-
agemaximum snow depth has been about 0.7 m from February to April
over the last 10 years, according to themeteorological data of the Inter-
national Arctic Research Center of the University of Alaska, Fairbanks.
The depth of the active layer was measured at a maximum of ~0.6 m
in early September in 2012 and 2013. The automated chamber system
and the eddy covariance method system have been used on this site
to investigate CO2 exchange between soil, vegetation, and atmosphere.
Fig. 5. Sensor positions in the measurement plot (100 m × 100 m).
The chambermethod using an infra-red gas analyzer is used tomeasure
soil CO2 efflux over soil surface (Nay et al., 1994). The eddy covariance
method using sonic anemometers and infrared gas analyzers is used
to measure energy flux and CO2 flux in the surface boundary layer
(Foken et al., 2012).
3.2. Measurements

The study period from 13 September 2012 to 25 September 2013
wasdivided into three sub-periods: period I (13 September to 2Novem-
ber 2012), period II (3 November 2012 to 27 January 2013), and period
III (18 July 2013 to 25 September 2013). Themeasurement of Ta, RH, Ts
and SWC was conducted in a 100m × 100 m plot that included the site
of the automated chamber system (Fig. 5). Ta, RH, Ts, and SWC were
measured in areas with representative vegetation (Table 1). Three
kinds of sensor were used, onemeasuring Ta and RH (SHT71, Sensirion,
Switzerland), another Ts and SWC (CS650L, Campbell Scientific, Inc.,
USA), and a third capturing images (SCAM-30, Hanjin, Korea). The
major specifications of the sensors and the camera are described in
Table 2.

Ta and RHwere simultaneouslymeasured 0.1m above the ground at
16 locations using SHT71, which was equipped with a radiation shield
during periods I–III. Ta and RH were measured in the air in the snow-
free season and in the snow layer in the snow-covered season because
the sensor was covered by snow in winter.

Ts and SWC were also simultaneously measured at 10 locations
using CS650L. CS650L is a probe type of 30 cm in length for measuring
SWC and Ts at the same time. SWC was detected over the whole
probe length but Ts was detected only at the top of the probe. For pe-
riods I and II, the sensors were installed horizontally in two locations
(Nos. 1 and 3) and vertically in eight locations (Nos. 2, 4, 5, 6, 7, 8, 9,
and 10) in the soil. The Ts was measured at a depth of about 0.1 m in
10 locations, and SWC was measured at a depth of about 0.1 m in two
locations (Nos. 1 and 3) and in the 0.1–0.4 m soil layer in the other
eight locations (Nos. 2, 4, 5, 6, 7, 8, 9, and 10) for periods I and II. How-
ever, Ts at the two locations (Nos. 3 and 7) was not recorded because of
communication errors due to water leakage. For period III, all sensors
were installed horizontally, and Ts and SWC were measured at a
depth of about 0.3 m at two locations (Nos. 2 and 4) and at a depth of
about 0.1 m in the other eight locations (Nos. 1, 3, 5, 6, 7, 8, 9, and 10).
Tomonitor the phenology, environment, and operation of themeasure-
ment systems during the study period, 10 cameraswere installed inside
Table 2
Major specification of measurement sensors and camera.

Sensor Operating range Accuracy Precision

CS650 Volumetric water contents 5–50% ±3% VWCa b0.05%
Temperature −10–70 °C ±0.5 °Cb ±0.02 °C

SHT71 Relative humidity 0–100% RH ±3% RH ±0.1% RH
Temperature −40–123.8 °C ±0.4 °C ±0.1 °C

SCAM-30 Image sensor −10–70 °C 0.3 M pixel (VGA), JPEGc,
120° view angle, 45 dB SNR

a Typical in mineral soils where electrical conductivity ≤ 3 dS/m.
b For probe body buried in soil.
c Variable compression rate of 16 kB–55 kB.



Fig. 6.Air temperature at eight locations (Nos. 1, 2, 3, 4, 5, 6, and 8) and snow depth from theweather system of IARC, UAF (a), air temperature at eight locations (Nos. 9, 10, 11, 12, 14, 15,
and 16) (b), relative humidity at eight locations (Nos. 1, 2, 3, 4, 5, 6, and 8) (c), and relative humidity at eight locations (Nos. 9, 10, 11, 12, 14, 15, and 16) (d) 0.1 m above the surface for
periods I–III.
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and near the chamber system plot. The net CO2 exchangewasmeasured
using an automated chamber system (Li840, LI-COR, Inc., Lincoln, NE,
USA and manufactured chambers) at 15 locations in the CO2 flux mea-
surement plot, and Ts was measured simultaneously at a depth of
about 0.1 m below the soil surface from 6 July to 11 September, before
period I.

4. Results

4.1. Air temperature (Ta) and relative humidity (RH)

The daily average Ta 0.1 m above the surface at the 16measurement
locations ranged from−35 °C to 20 °C (Fig. 6a and b). The continuous Ta
measurements for the periodswere compared, except the values at Nos.
1, 7, and 13 for periods I–II and Nos. 7, 10, 11, 12, and 13 for period III
due to communication errors caused by water leakage. Temporal varia-
tion in Ta showed no significant differences inmagnitude over the study
period as a whole (p N 0.05; ANOVA) but did show significant differ-
ences in magnitude during period II (p b 0.05; ANOVA). The daily aver-
age RH 0.1 m above the surface at 16 locations ranged from 62% to 99%
(Fig. 6c and d). The temporal variation in RH for all locations also
showed significant differences in magnitude only during period II
(p b 0.05; ANOVA).

The Ta and RH values at all locations in the snow-free season were
not different due to the atmospheric mixing caused by turbulence
near the surface in the study plot. However, Ta and RH values in the
snow-covered season, wherein some sensors were covered by snow,
were different among the locations because the snow coverage and
depth on the ground surfacewere affected by the distribution of vegeta-
tion (e.g., grass at a depth of around 0.3 m in the tussock, shrubs, moss,
etc.) and by wind direction and speed. To verify the significant differ-
ences in Ta and RH in period II, snow depth data from the weather sys-
tem of the International Arctic Research Center at the University of
Alaska, Fairbanks were used (Fig. 6a). The temporal variations in Ta
and RHcorrespondedwith those of the accumulated snowfall. Themag-
nitudes of Ta and RH were increased at several locations (e.g., Nos. 2, 4,
11, 12, and 12) and were then more or less constant when the snow
accumulated to higher than 0.2 m after 17 December because accumu-
lated snow layer protected near-surface sensors from cold air and
strong wind as a buffer layer.



Fig. 7. Spatial distributions of the air temperature (a: period I; b: period II; and c: period III) at 11 or 13 locations, and relative humidity (d: period I; e: period II; and f: period III) at 12 or 13
locations in a 100 m × 100 m plot.
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Fig. 7 shows the spatial distributions of average Ta (a, b, and c) and
RH (d, e, and f) for period I (a and d), period II (b and e), and period III
(c and f). The average Ta of each period ranged from −1.0 °C
(No. 8) to 0.1 °C (No. 15), from −12.8 °C (No. 10) to −9.3 °C (No. 14),
and from 10.9 °C (No. 2) to 11.5 °C (No. 16), respectively (Fig. 7a, b,
and c). Ta showed a wide range of spatial distribution for period II in
winter (Fig. 7b). The average RH of each period ranged from 87 to 89%,
from 85 to 88%, and from 82 to 85%, respectively (Fig. 7d, e, and f). The
spatial patterns of Ta were similar in the three periods, within 2 °C,
and those of RH were also not different, with only slight variation (5%).

4.2. Soil temperature (Ts) and soil water content (SWC)

The daily average Ts changed seasonally from around −10 °C to
10 °C during the three periods (Fig. 8a and b). The Ts values at the 10 lo-
cations showed significant differences in magnitude for periods I–III
(p b 0.05; ANOVA). Ts decreased to less than 0 °C by mid-October,
reached a minimum value near−10 °C in mid-December, and then in-
creased to near 0 °C in January due to the insulating effect of the snow
cover. For period III, Ts showed a maximum value near 10 °C in early
August and then gradually decreased.

The daily average SWC ranged from 3% to 50% (Fig. 8c and d). How-
ever, no sensor outputs except No. 1 recorded a measurement higher
than 50% for period I due to limitations in sensor performance. The
SWC decreased dramatically after 3 November 2012 and was then
measured near 0% due to a deficiency in sensor type (i.e., time domain
reflectometer, TDR) formeasuring below-freezing temperatures. There-
fore, although the SWC for period II was not properly measured, soil
freezing was assumed based on the Ts for the same period. Based on
the response of the SWC using the performance of TDR, the freezing
stage and the freezing speed of the soil water were indirectly estimated
for one month after 3 November. The SWC values in period III showed
significant differences in two locations; it was less than 10% at location
No. 1 due to the coarse humic layer, while that at location No. 10 was
around 50% due to the downward slope. The other SWC values ranged
from 20 to 40% during period III. The continuous SWC values at six
locations (Nos. 1, 3, 7, 8, 9, and 10) demonstrated significant differences
in magnitude during period III (p b 0.05; ANOVA).

Fig. 9 shows the spatial distribution of the average Ts for each period
(a: period I, b: period II, and c: period III) and the average SWC for peri-
od III (d). The average Ts values ranged from 0.7 °C (No. 6) to 1.3 °C
(No. 4) during period I, from−5.8 °C (No. 2) to−2.5 °C (No. 10) during
period II, and from 4.7 °C (No. 3) to 8.5 °C (No. 1) during period III. The
average SWC of the six locations ranged from 7% (No. 1) to 49% (No. 10)
during period III. The spatial patterns of Ts also depended on the distri-
bution of the vegetation and on the micro-topography, so the spatial
patterns in the three periods were not similar. The Ts for period I had
a very slight spatial variation due to its narrow range (~0.6 °C), while
those for periods II and III had wide spatial variation. The difference be-
tween the spatial patterns of periods II and III wasmainly caused by the
heterogeneous distribution of the snow coverage and depth in period II,
similar to Ta and RH. On the other hand, in the comparison of the spatial
patterns of Ts and SWC, opposing patterns were observed at several
locations (Nos. 1, 3, 8, and 10) in period III. This negative relationship
between Ts and SWC was due to micro-topography with an upward
or downward slope and a coarse humic layer.

4.3. Coefficient of variation (CV)

The coefficient of variation (CV: ratio of the standard deviation to the
mean) was used to evaluate the spatial variations in Ta, RH, Ts, and SWC.
Fig. 10 shows the wide spatial variations in Ts and SWC according to the
seasonal change of the CV. The CV of Ts ranged from 20 to 40% in period
III, while that of SWC was about 40%. The CV of Ta was within 5% for pe-
riods I and III and increased by amaximumof 30%within the temperature
range of−30 to−20 °C during period II. The CV of the RHwaswithin 3%.

4.4. Image data

Fig. 11 shows images of 10 locations captured by camera sensors be-
tween 24 July 2012 and 24 August 2012. Six cameras (Nos. 1, 2, 5, 8, 9,
and 10) were installed to monitor phenology, considering four cardinal



Fig. 8. (a) Soil temperature at a depth of 0.1m in 10 locations for periods I and II. (b) Soil temperature at a depth of 0.1m in eight locations (Nos. 1, 3, 5, 6, 7, 8, 9, and 10) and at a depth of 0.3m
in two locations (Nos. 2 and 4) for period III. (c) Soil water content at a depth of 0.1m in two locations (Nos. 1 and3) and in the0.1–0.4m layer in eight locations (Nos. 2, 4, 5, 6, 7, 8, 9, and 10)
for periods I and II. (d) Soil water content at a depth of 0.1m at eight locations (Nos. 1, 3, 5, 6, 7, 8, 9, and 10) and at a depth of 0.3m in two locations (Nos. 2 and 4) for period III. Unit ismeter.
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points, and the other cameras (Nos. 3, 4, 6, and 7)were installed tomon-
itor the growth of plants in the CO2 chamber and to verify the operation
of the chamber system. The image date could not be more accurately
Fig. 9. Spatial distribution of the soil temperature at seven locations (Nos. 2, 4, 5, 6, 8, 9 and 10) fo
(Nos. 1, 3, 5, 6, 8, 9, and 10) for period III (c), and soil water content at five locations (Nos. 1, 3
investigated due to poor resolution of the phenology. Unfortunately,
therewas a limit to the real-timedata transfer of high-resolution images
as only one channel of Iridium was used.
r period I (a) and period II (b), spatial distribution of the soil temperature at seven locations
, 7, 8, 9, and 10) for period III (d) in a 100 m × 100 m plot.



Fig. 10. Coefficients of variation of the soil temperature (Ts), soil water content (SWC), air
temperature (Ta), and relative humidity (RH). The circle indicates high coefficients of var-
iation in summer.
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4.5. Estimation of soil CO2 efflux

To estimate the spatial variation in soil CO2 efflux in 2013, the rela-
tionship between soil CO2 efflux and Ts or SWC showing high CV was
examined. Nightly average net CO2 exchange with Ts and SWC in
2012 was used to estimate soil CO2 efflux in 2013. Equations for the ex-
ponential function (Eq. (1); Lloyd and Taylor, 1994) of Ts and the para-
bolic function (not shown) of SWC (Mielnick and Dugas, 2000) were
used. The coefficients a and b were derived from non-linear least-
square fittings (a N 0 and b N 0). However, a relationship between soil
CO2 efflux and Tswas found only under dry conditions (Fig. 12). The co-
efficients a and bwere 0.066 and 0.1443, based onmeasurement data in
2012 (R2 = 0.59). Soil CO2 efflux in 2013 was calculated in the range of
0.08mgm−2 s−1 to 0.47mgm−2 s−1 for the same range of Ts based on
the observed relationship (Fig. 13a). Fig. 13b shows the spatial distribu-
tion of estimated soil CO2 efflux. The average soil CO2 efflux for period III
ranged from 0.09 mg m−2 s−1 (No. 4) to 0.19 mgm−2 s−1 (No. 9). The
average CV of soil CO2 efflux was 28%.

Soil CO2 efflux ¼ a expbTs ð1Þ
Fig. 11. Images for the monitoring of the chamber sy
5. Discussion and future developments

To elucidate the carbon cycle, the environmental parameters of the
tundra ecosystem were measured in a 100 m × 100 m plot using the
U-RMS with an optimized battery system. The Ts and SWC values at
10 locations and the Ta and RH at 16 locations were measured in real
time, and their temporal and spatial variations were investigated. Tem-
poral variation in Ts ranged from0 °C to 5 °C inmid-September, was less
than 0 °C at the end of October, reached the minimum at−10 °C at the
end of December, gradually increased in January, and showed a maxi-
mum value in early August. The SWC range varied between 10% and
50% in each location in summer and was higher than 50% during the
thawing season in the fall. Ta decreased from 5 °C in early September
to 0 °C in mid-October, achieved its minimum around −30 °C by the
end of December, gradually increased to up to 0 °C in January, and
showed a maximum value in early August. The RH generally varied in
range from 70% to 95%, except in winter. In the permafrost regions,
the temporal variations in the environmental parameters in the soil
and the near-surface depended on the thawing in summer and the
freezing and snow cover in winter.

The spatial variations in Ts and SWC demonstrated significant
change with a high CV (20–40%). There was no change in Ta and RH
within 5% and 3% of the CV during the overall study period. However,
the Ta and RH changed only in winter due to the spatially heteroge-
neous snow cover.

Temporal and spatial variations in Ts and SWC can be used to mon-
itor the active layer of permafrost. The Ts and SWC variations are affect-
ed by the thawing of the active layer. Therefore, the monitoring of Ts
and SWC variations can estimate the change in the active layer in the
snow-free season. Both are provided as indispensable initial or forcing
data in the carbon cycle model of the permafrost, used to understand
the thawingmechanism of the active layer. In addition, the index of spa-
tial variation will be used as supplementary information for scaling up
environmental parameters. Moreover, in winter, the changes in tempo-
ral and spatial variation in Ta andRH of the near-surfacewere due to the
effects of the snow cover. Therefore, snow depth variations will be
estimated based on the temporal and spatial variations in Ta and RH
stem and the phenology at 10 locations in 2012.



Fig. 12. (a) Temporal variation of soil temperature (Ts) and soil CO2 efflux from July 6 to September 11 (fromDOY 188 to DOY 255), 2012 (solid-circle line is Ts; open-circle line is soil CO2

efflux). (b) Relationship between Ts and soil CO2 efflux.
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when there is no snow-depth sensor (e.g., sonic ranging sensor) or
when there is limited snowfall measurement.

Using the chamber system, soil CO2 efflux was measured with envi-
ronmental parameters, using U-RMS in 2012. However, soil CO2 efflux
was not measured in 2013. Therefore, an estimation of soil CO2 efflux
during summer in 2013 was attempted based on the relationship be-
tween soil CO2 efflux and Ts, with high CV in 2012. The Ts explained
~60% of the variation in the soil CO2 efflux during summer. The soil
CO2 efflux varied spatially by 25% of Ts, with a 28% CV. Emission from
the soil surface is a major component of the surface carbon budget.
Themeasurement of soil CO2 efflux in thepolar region ismoremeaning-
ful than in other regions due to the lack of vegetation. Therefore, the
spatial and temporal changes in these environmental parameters, with-
in or on the permafrost, play important roles in the carbon cycle during
the thawing period.

In this study, U-RMS had shown several advantages ofwireless func-
tionality, long battery life, high spatial resolution, easy deployment,
light weight, and need for minimal human interventions. Therefore,
U-RMS can be regarded as very suitable for the observation of
various parameters in large areas without electricity and no communi-
cation infrastructure. Moreover, this system can monitor not only
seasonal, but also annual variations in continuous and real-time
data. For the long-term monitoring of annual variations, the primary
lithium battery of sensor nodes must be replaced with rechargeable
small solar cell batteries. Condensation within the case should also be
prevented.

A high-resolution camera was planned for installation in the WSN
system in order to establish a high-quality vegetation index at themon-
itoring site. A high-resolution camera interfaced with an Iridium
modem and use of the multi-channel approach can guarantee reliable
and fast data transfer from any location (Mohammad et al., 2004).
Furthermore, to scale up the monitoring area and to add various envi-
ronmental parameters, the network coverage must be extended with
a multi-hop mesh network.
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Fig. 13. (a) Temporal variation of the estimated soil CO2 efflux at eight locations during period III. (b) Spatial distribution of the estimated soil CO2 efflux at the same locations.
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