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ABSTRACT

The Bromine, Ozone, and Mercury Experiment (BROMEX) was conducted in March and April of 2012
near Barrow, Alaska, to investigate impacts of Arctic sea ice reduction on chemical processes. During
BROMEX, multiple sensors were deployed to measure air and surface temperature. The uncertainties in
temperature measurement on snow-covered land and sea ice surfaces were examined using in situ data and
temperature measurements that were derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and are part of the Terra and Aqua ice-surface temperature and land-surface temperature (LST)
standard data products. Following an ~24-h cross-calibration study, two Thermochrons (small temperature-
sensing devices) were deployed at each of three field sites: a sea ice site in the Chukchi Sea, a mixed-cover site,
and a homogeneous tundra site. At each site, one Thermochron was shielded from direct sunlight and one was
left unshielded, and they were placed on top of the snow or ice. The best agreement between the Thermochron- and
MODIS-derived temperatures was found between the shielded Thermochrons and the Aqua MODIS LSTs,
with an average agreement of 0.6° = 2.0°C (sample size of 84) at the homogeneous tundra site. The results
highlight some uncertainties associated with obtaining consistent air and surface temperature measurements
in the harsh Arctic environment, using both in situ and satellite sensors. It is important to minimize un-

certainties that could introduce biases in long-term temperature trends.

1. Introduction

Assessments of climate change show that the temper-
ature in the Arctic has been changing by only a fraction of
a degree Celsius in recent decades (Stocker et al. 2013).
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Thus, even small measurement errors can introduce
temporal and spatial biases from which misleading con-
clusions may be drawn, highlighting the critical need for
accurate and consistent temperature measurements in
polar environments.

The Bromine, Ozone, and Mercury Experiment
(BROMEX) field campaign was conducted in March
and April of 2012 to investigate impacts of Arctic sea ice
reduction on chemical processes, transport, and distri-
bution of bromine, ozone, and mercury from snow-
covered sea ice and land surfaces (Nghiem et al. 2013a,b;
Moore et al. 2014). Temperature is a key factor in
chemical reactions (Tarasick and Bottenheim 2002), and
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an increase in temperature fluctuations may lead to
more episodes of the halogen chemical process known as
bromine explosion (Wennberg 1999) and more-severe
tropospheric ozone and mercury depletion in the Arctic
(Nghiem et al. 2012). Therefore, temperature was
measured both on the ground at selected field sites and
from space during BROMEX.

The objectives of this work are 1) to investigate the
uncertainties of measuring temperature on snow-covered
land and sea ice during BROMEX by using surface tem-
peratures that were derived from Maxim Integrated, Inc.,
Thermochrons (small temperature-sensing devices) and
the Moderate Resolution Imaging Spectroradiometer
(MODIS) and 2) to assess the accuracy of MODIS-derived
surface temperatures by comparison with Thermochron-
derived surface measurements. Here, we consider three
Arctic domains that have different thermal characteristics:
1) snow-covered sea ice, 2) snow-covered tundra in
a complex “built environment,” defined as an area with
human-made structures and energy-use networks, and 3)
snow-covered tundra in a homogeneous environment.

Several different types of temperature sensors were
used to collect an array of in situ temperature measure-
ments during BROMEX. Meteorological stations were
set up on sea ice and land, and drifting buoys were
deployed as a part of the International Arctic Buoy
Programme (IABP; Rigor et al. 2000, 2014). In addition,
Thermochrons were placed directly on the snow or ice to
record surface temperature. Thermochrons were partic-
ularly useful for this work because of their portability and
their record of successful implementation in previous
studies under Arctic conditions. The MODIS ice-surface
temperature (IST) standard products from both the Terra
and Aqua satellites (Hall et al. 2004) were used to obtain
surface temperature over sea ice, and the MODIS land-
surface temperature (LST) standard products (Wan et al.
2002) were used over the land sites (Hall et al. 2013).

2. Background
a. MODIS IST and LST standard data products

MODIS IST and LST are skin temperatures, or sur-
face radiometric temperature (Dash et al. 2002), which
is the temperature of the surface at radiative equilibrium
at the interface between the snow/ice surface and the
atmosphere. The estimated depth affecting the satellite-
derived temperature is less than a few millimeters
(Warren and Brandt 2008), but it can vary as the near-
surface composition changes during the year. For ex-
ample, if snow cover is present, its grain size and liquid
water content will affect the dielectric properties and
hence the penetration depth. The satellite swath-based
IST and LST products were used in this work because
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swath products provide the time of the satellite overpass
within *5min. Knowledge of the acquisition time is
needed to synchronize with ground observations.

We use the LST collection-5 standard product suite
(MOD11 and MYD11) developed by Wan et al. (2002)
and Wan (2008) with heritage from Wan and Dozier
(1996). (MOD refers to a Terra MODIS standard
product, and MYD refers to an Aqua MODIS standard
product.) The MODIS 1-km-resolution LST algorithm
produces a swath product (MOD/MYD11_L2) and is
only available over land.

IST is mapped at 1-km resolution using the algorithm
developed for the MODIS standard sea ice product,
MOD/MYD?29. We use collection-5 IST Terra and Aqua
standard products. Detailed information on the MODIS
IST product may be found in Hall et al. (2004) and Riggs
et al. (2006) (and online at http://modis-snow-ice.gsfc.
nasa.gov/?cSuserguides). The MODIS IST algorithm
derives its heritage from Key and Haefliger (1992) and
Key et al. (1997). The MODIS IST is only available over
sea ice and, as a special product, over the Greenland ice
sheet (Hall et al. 2012).

There are similarities and differences in the algorithms
that produce MOD/MYD11 and MOD/MYD29. Both
employ a split-window technique using MODIS bands
31 (10.780-11.280 wm) and 32 (11.770-12.270 wm). The
split-window method corrects for atmospheric effects on
the basis of differential absorption in adjacent infrared
(IR) bands and is widely used for atmospheric correction
because the measured temperature difference between
the two IR channels is proportional to the amount of
water vapor in the atmosphere.

Although they produce similar results over snow and
ice surfaces, the MOD/MYD29 IST algorithm uses a fixed
snow/ice emissivity that is tuned to snow/ice targets,
whereas the MOD11 LST algorithm estimates the emis-
sivity on the basis of land cover type, atmospheric column
water vapor, and lower-boundary air surface temperature.
Thermal IR emissivity is insensitive to impurities, snow
depth, liquid water content, and density (Warren 1982),
although it is somewhat sensitive to grain size (Salisbury
et al. 1994; Hori et al. 2006). Both the IST and LST algo-
rithms use coefficients derived from MODIS spectral re-
sponse functions and from regression analysis of radiative
transfer simulations. In the MOD?29 algorithm, sets of co-
efficients are implemented for different temperature ranges.

The cloud-mask standard product, MOD/MYD35, is
used in both MOD/MYD11 and MOD/MYD29 but is
handled differently in each algorithm. MOD/MYD11
interprets a pixel as clear if the cloud mask indicates
95% or greater probability of clear, whereas MOD/
MYD29 interprets a pixel as clear if the cloud mask in-
dicates 66% or greater probability of clear.
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FIG. 1. Location map showing BROMEX field sites. Two Thermochrons were deployed at
each field site. Thermochrons with blue, red, and yellow holders were deployed at the OOTI
sea ice site, the NARL Hut 268 site, and the tundra snow site, respectively. (Photograph credit:
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the Polar Geospatial Center, University of Minnesota.)

b. Thermochrons

Thermochron sensors are small (16-mm diameter)
digital thermometers and dataloggers that operate over
a temperature range from —40° to +85°C. The Model
DS1922L Thermochrons that are used in this work have
an inherent accuracy that ranges from —0.8° to +1.5°C,
according to the manufacturer’s specifications, for tem-
peratures from —40° to —10°C, which were the tem-
peratures that were encountered during the BROMEX
2012 field work. Thermochrons have been used pre-
viously for measuring surface temperature of snow and
ice (e.g., Lundquist and Lott 2008; Koenig and Hall
2010). Thermochrons used during a validation study in
the 2009/10 winter at Summit, Greenland, were very
accurate: they were within 0.1° £ 0.3°C of the National
Oceanic and Atmospheric Administration (NOAA)
temperature instrument for air temperatures in the
range from —40° to —15°C (Koenig and Hall 2010). The
same paper reported that LSTs from the MOD11_L2
(swath) product were ~3°C lower than Thermochron
skin temperatures at Summit.

The NOAA temperature instrument at Summit has
acquired 2-m air temperature data at the Temporary
Atmospheric Watch Observatory since 2005 and is op-
erated by the NOAA/Earth System Research Labo-
ratory’s Global Monitoring Division (http://www.esrl.
noaa.gov/gmd/obop/sum/). It is actively ventilated and is
serviced daily. This daily maintenance is important to
reduce the presence of rime ice that can form on the
instrument and affect the temperature retrievals. Be-
cause of the active ventilation and daily servicing, the
accuracy of the NOAA temperature instrument is con-
sidered to be very high (Shuman et al. 2014).

Recent work performed at the Summit station by
Shuman et al. (2014) shows that the offset between the
NOAA temperature sensor, which senses ~2-m air
temperature, and the MODIS Terra, or MOD?29, IST is
lowest near 0°C and increases as temperatures drop to
—60°C. Although it is well known that near-surface air
temperatures and surface temperatures do not necessar-
ily agree (Miller 1956; Koenig and Hall 2010), the air and
surface temperature patterns generally agree and provide
great insight on the accuracy of the satellite-derived
surface temperatures in a range of temperatures from
0° to ~—65°C, as discussed in Wenny et al. (2012). Thus,
the calibration of MODIS Terra and Aqua bands 31 and
32 is best for snow/ice around 0°C (Wenny et al. 2012).

3. BROMEX field campaign and study area

BROMEX included participation and contributions
from scientists, researchers, and support staff from 20
different agencies and institutions from the United
States, Canada, Germany, and the United Kingdom in
March and April of 2012. BROMEX also involved mul-
tiple satellite instruments, three aircraft, various field
sites on sea ice and tundra, and meteorological buoys and
stations. The field-study area included inland terrestrial
sites and sea ice sites in the Beaufort and Chukchi Seas
(Fig. 1). In addition to existing weather stations, a mete-
orological tower and a snow-measurement tower were
installed by the field team at a site on the tundra to
measure wind and temperature, along with snow. At
these sites, continuous atmospheric chemical and mete-
orological measurements were made for about four weeks
(Nghiem et al. 2013a,b). In addition, IABP buoys that
were deployed offshore from the field camp and beyond
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FIG. 2. OOTT sea ice site in the Chukchi Sea. The white notebook, referred to in the text, is
shown in the foreground just to the right of center; the Thermochrons were deployed next to the
white notebook as shown in the close-up view in Fig. 7, below.

provided measurements that are vital for large-scale
analyses (Rigor et al. 2000).

During BROMEX the “Out On The Ice”” (OOTI) sea
ice site in the Chukchi Sea at 71°19'22.21"N and
156°44'38.79"W consisted of very rough, deformed first-
year sea ice as far as the eye could see on a clear day
(>1kmiin all directions) (Fig. 2). Ridges between ice flows
created many shadows on the sea ice surface. Snow depth
averaging 11.6 = 9.1 cm was measured around the sea ice
site using a Cochranes of Oxford, Ltd., MagnaProbe.

The two study sites on land are located in and near
Barrow, Alaska, which has been the site of intensive
field work by scientists since at least the middle of the last
century. Permafrost underlies all land surfaces at depths
down to ~600m and is composed of nearshore marine,
fluvial, alluvial, and aeolian deposits. Forty percent of the
surface is covered by large, elliptical thaw lakes, and
drainage is poor (Brown et al. 1980). There is significant
variation in thaw depth and near-surface soil moisture
content, reflecting the influence of vegetation, substrate
properties, snow-cover dynamics, and terrain. The region
is underlain by silty soil, with drained lake basins and la-
goons nearby (Hinkel and Nelson 2003). An inversion is
present on 62% of winter days, with the day-to-day tem-
perature changes being largely determined by changes in
cloud cover (Dingman et al. 1980). Anticyclonic condi-
tions during late winter lead to clear skies and allow re-
ceipt of a high percentage of the potential solar radiation.

For BROMEX, the Naval Arctic Research Labora-
tory (NARL) Hut 268 site located at 71°19'26.47"N and
156°41’8.03"W in Barrow was chosen for its complexity
(Fig. 3). It is an inhomogeneous, mixed-use built-
environment with a mix of natural environment and an-
thropogenic structures as far as could be seen (>1km in
all directions). Snow depth at this site was variable during
BROMEX. At the location of the NARL Thermochron
deployment, the snow depth was ~8cm and rapidly
changed to 40-60cm at a distance of ~1m toward
a nearby dune.

The BROMEX tundra site was homogenous over
a large area covering more than the 1 km X 1km MODIS
pixel area located at 71°16'30.45”"N and 156°38'25.06"W.
Photographs show extensive homogeneous snow-covered
terrain that is virtually devoid of surface features for
many kilometers, but with some very low topography
(Fig. 4). The snow depth at this site was variable but av-
eraged ~80cm (with a standard deviation of 20%) ac-
cording to snow-pit data that were acquired on 14 March
2012.

4. Method

The Thermochrons, placed approximately 3-6cm
apart, were cross calibrated at the NARL Hut 268 site in
Barrow for ~24h (Figs. 3 and 5) on 6-7 March 2012.
Each Thermochron was placed in a holder that is 53 mm
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FIG. 3. The site near NARL Hut 268, in an area that contains a mixture of built environment
(huts, roads, power poles, etc.) and snow-covered tundra near the coast.

in length. They were unshielded and were in direct surface at each of the three sites: the OOTI sea ice site
sunlight during daylight hours. [Thermochrons 5 and 6 (blue holders)] from 19 March to

After the cross calibration was conducted, two Ther- 3 April (Fig. 2), near the NARL Hut 268 mixed-cover
mochrons were placed ~0.5m apart on the snow/ice site [Thermochrons 7 and 8 (red holders)] during 13-31

FIG. 4. The tundra snow site in homogeneous land cover.
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FI1G. 5. Thermochrons outside of NARL Hut 268 on 6 Mar 2012 during cross calibration. The
actual button-sized Thermochrons (16 mm in diameter) are not visible in this photograph be-
cause the colored holders (53 mm in length) block the view of the Thermochron from the
camera. Thermochron 9 (see yellow holder on the left) was buried below the snow surface, and
Thermochron 6 (see blue holder on the right) was partially buried. (Photograph credit:
S. Nghiem.)

March (Fig. 3), and at the homogeneous tundra site
[Thermochrons 9 and 10 (yellow holders)] during 9 March—
5 April (Fig. 4). Although snow was dusted off of the
Thermochron holders once daily, there were times during
which snow accumulated on the surface of the holders
between dustings. The effect of this snow on the accuracy of
the Thermochron measurement is discussed later.

Each Thermochron was programmed to measure
temperature once every 30min during the BROMEX
campaign. To ensure that comparisons with the satellite
data were optimal, MODIS LST or IST retrievals were
matched, within 30 min of the Thermochron measure-
ments. In addition, only MODIS retrievals obtained
from within 1 km of each of the sea ice or land sites were
used. Each MODIS pixel of the LST or IST swath
product is 1km X 1km at nadir (see box for scale in
Fig. 1) and thus includes a large area of sea ice or land.
See earlier discussion of the homogeneity of each of the
three study sites.

5. Results

a. Cross calibration

In the ideal case, the temperatures measured by all of
the Thermochrons would be exactly the same since they
were separated by only a few centimeters at each location;

there are some notable differences, however. The dis-
crepancies during daytime may be due to different colors
of holders (having different albedos), which may absorb
differing amounts of solar radiation and cause differential
heating of the handle and the sensor. In addition, un-
intended shielding of the sensor occurred as a result of
a shadow being cast by a Thermochron handle. Each
handle had a different angle with respect to the solar
azimuth that changed diurnally. Snow cover on the
Thermochron handles could also influence the tempera-
ture measurements because snow alters the effective al-
bedo and thermal conductivity. These factors illustrate
the difficulty in obtaining consistent temperature mea-
surements, especially in the harsh Arctic environment.
Thermochrons 6 and 9 were partially and fully buried
in the snow, respectively, as seen in Fig. 5. Note in Fig. 6
that those Thermochrons provide temperature readings
that are different from the others during the cross-
calibration study. Thermochron 9 provides higher tem-
peratures at the beginning (~1.6°C) and end (~0.8°C) of
the ~24-h study period, and Thermochron 6 readings
are both higher and lower than most of the others. There
are some reasons that this may have occurred: 1) snow
cover on top insulated the Thermochrons, thus affecting
the temperature reading; 2) the albedo difference due to
the different colors of the holders may have influenced
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FIG. 6. Plots derived from the cross-calibration study outside of NARL Hut 268 (see Fig. 2)
from 6 to 7 Mar 2012, showing the temperatures recorded by the Thermochrons. Six of these
Thermochrons were later deployed at the field-study sites. Note the higher temperatures from
Thermochron 9 at the beginning of the calibration study period and the higher temperatures
from Thermochron 6 during the middle of the study period. All of these Thermochrons were in
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the direct sunlight during daylight hours.

heat absorption during the daylight hours; or 3) some
combination of the above reasons. Although the other
Thermochron holders are also brightly colored, they
were not buried in the snow. Thermochrons 6 (deployed
at the OOTT site) and 9 (deployed at the tundra snow
site) did not show unusual behavior at those sites, as we
will see later. Complexity from multiple effects and their
interactions may explain why Thermochrons 6 and 9
show different temperature patterns from the other
Thermochrons during cross calibration.

b. Sea ice site

The OOTI sea ice site (Nghiem et al. 2013b) had
varied local microtopography that is due to the sea ice
floes and the wind blowing snow onto the ice surface (see
Fig. 2 and the GigaPan, Inc., hyperresolution panoramic
imagery at http://gigapan.com/gigapans/101645). There
was shadowing from even low ice ridges that affected the
Thermochron temperature retrievals. Thermochrons 5
and 6 were deployed at this site. Thermochron 5 was
shielded most of the time behind the white folder seen in
Figs. 2 and 7.

Thermochron 6 was placed in direct sunlight, but be-
cause of microtopography there was a large amount of
shadowing at the rough sea ice surface during daylight
hours. This could explain why the shielded and unshiel-
ded Thermochrons generally provided similar tempera-
tures at this site (Fig. 8), with Thermochron 5 (mostly
shielded) measuring an average of 0.1° = 2.3°C higher
than Thermochron 6 (unshielded); most of the time they
both behaved as if they were shielded, and the average
difference between the shielded and unshielded Ther-
mochrons is very small.

At the OOTI site, MODIS ISTs were lower than the
corresponding shielded Thermochron temperatures:
Terra IST was 4.0° = 2.9°C (sample size n = 46) lower,
and Aqua IST was 2.8° = —4.3°C (n = 50) lower (Table 1).
Aqua MODIS ISTs are a closer match to the Thermo-
chron temperatures than are the 7Terra MODIS ISTs.

c. NARL Hut 268 site

Measurements from the mixed-cover site outside
NARL Hut 268 provide a good example of the influence
of Thermochron shielding (Fig. 9). Because of solar
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FIG. 7. Thermochrons are shown on top of the sea ice in the Chukchi Sea. Thermochron 5 (on
the left) was intentionally shielded behind the white notebook, and Thermochron 6 was in
direct sunlight (on the right). Also see the locations of the Thermochrons and the white
notebook in Fig. 2.

heating during daylight hours, the temperatures from
the unshielded Thermochron 8 were higher (by up to
14.8°C) than were the temperatures from the shielded
Thermochron 7. The average difference in shielded
versus unshielded temperatures was 1.8° = 2.8°C, with
the temperatures of the shielded Thermochron (7) being
lower, as expected. During darkness, in the absence of
solar heating, temperatures from Thermochrons 7 and 8
matched well for most of the time. Effects of shading can
affect in situ temperature measurement and can also
vary with changes in insolation (at different times of the
day and on different days of the month) and local me-
teorological conditions.

Note that on 25 March 2012 there was a closer cor-
respondence during the daytime between the shielded
and unshielded measurements than occurred during
most of the other days of the study period (Fig. 9). We
investigated the meteorological conditions for that day
and found that thick plumes of near-surface vapor from
leads in the sea ice were present (Fig. 10). These plumes
of vapor prevented some solar radiation from reaching
the ground, and therefore the unshielded Thermochron
was acting more like a shielded Thermochron on that
day and time.

At the NARL Hut 268 site, the MODIS-derived LSTs
were lower than the shielded Thermochron tempera-
tures, with the Aqua MODIS LSTs providing a closer
match (0.9° = 3.1°C; n = 18) to the Thermochron

temperatures as compared with the Terra MODIS LSTs
(2.9° = 2.7°C; n = 33) (Table 1).

d. Tundra snow site

Thermochron 9 (Fig. 11) at the homogeneous tundra
snow site was unshielded and in the direct sunlight and
therefore recorded higher daytime temperatures for
most of the study period (by 1.1° = 3.1°C on average) as
compared with the shielded Thermochron 10. The
handle cast a shadow on Thermochron 9 early and late in
the study period (between approximately 12 March and
2 April), causing temperature readings that are almost
identical to the shielded Thermochron (see Fig. 10). The
presence of the shadow was noted when viewing photos
that had been acquired during the field work.

Because of shielding from direct solar radiation, Ther-
mochron 10 provides a closer match with the MODIS
LSTs. Relative to the MODIS-derived temperatures at
this homogeneous tundra snow site, Thermochron tem-
peratures were lower on average by 2.3° = 3.9°C (n = 69)
for Terra and slightly higher by 0.6° = 2.0°C (n = 84) for
Aqua. Data from the Aqua MODIS again provided
a closer match than did data from the Terra MODIS.

6. Discussion and future work

Temperatures from the shielded Thermochrons (vs
unshielded) provide a closer correspondence with the



974

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY VOLUME 54
C T T T T m
Oé ® @ Terra é
F 4+ + Aquo ]
F — #5 =
,10:_ - #6 _:
o F 3
o E ]
s g _ ]
=] F f 1
~ —20__ £ . u:
| DAL
GE) e \ i I f = A \ | l l , + g ‘
— o Y .’ k f [ . ' r
=30 ‘ N Vv e N B b, N L + A
Fo¥ o ot &F * \J \v"‘ M ! '.\ o
Fe+ # +
—-40F
c 1 " " 1 " " 1 " L 1
03/22 03/25 03/28 03/31

Month / day of 2012

FIG. 8. OOTI sea ice site during 19 Mar-2 Apr 2012. Thermochron 5 was mostly shielded by
the white notebook, and Thermochron 6 was placed in the direct sunlight (but affected by
shadowing from microtopography). On average, temperatures from the mostly shielded
Thermochron were 0.1° = 2.3°C lower than those from the unshielded Thermochron. Also
shown are MODIS Terra (n = 46) and Aqua (n = 50) ISTs acquired within 30 min of the
Thermochron measurement. Note that there is some unavoidable overplotting of the Terra and

Aqua ISTs that is due to close agreement.

MODIS LSTs and ISTs, as expected. This result is be-
cause satellite-derived surface temperature retrievals are
not subject to some of the problems that plague in situ
temperature sensors such as intense solar heating that can
cause feedback from the surface when wind speed is low.
Changes in insolation, shadowing, and surface snow may
impact in situ sensors in a multitude of ways. Because
these weather conditions and meteorological variables in
the lowest layers of the atmosphere do not affect the
stability of satellite sensors in space, the satellite-derived
surface temperatures from clear-sky satellite retrievals
can be more stable and more consistent than in situ sen-
sors, making them potentially useful for development of
long-term records. Satellite data are subject to in-
consistencies relating to calibration and instrument deg-
radation that can cause bias in the measurements,
however. Therefore, the instrument calibration must be
monitored closely throughout the lifetime of the sensor
(e.g., Wenny et al. 2012). In addition, the clear-sky

limitation introduces a cold bias in a time series of sat-
ellite observations because winter near-surface temper-
atures tend to be higher under cloudy conditions so that
typically only the lower temperatures from clear days are
recorded [as discussed in Hall et al. (2012)].

Surface temperatures derived from the Aqua MODIS
products (MYD11 and MYD29) correspond more
closely to the shielded Thermochrons than do the Terra
surface temperatures (from the MOD11 and MOD29
products) (Table 1). The discrepancies between Aqua
MODIS IST/LST and in situ Thermochron surface
temperatures are less than 1.0°C when Aqua LSTs at the
land sites are used and less than 3°C when Aqua ISTs at
the sea ice site are used. Differences in the number of
swaths used for Terra and Aqua and for the three sites
are mainly due to varying cloud-cover conditions. Even
within the same day, cloud conditions may vary, causing
satellite swaths acquired from different times of the day
to show different cloud conditions.

TABLE 1. Average difference between the Aqua- and Terra-derived surface temperatures and the shielded Thermochron-derived
surface temperatures, or “‘ground truth,” during BROMEX. The average difference in temperature is less using the Aqua MODIS, as

discussed in the text. Here, n is the number of points.

Site (product)

Aqua Terra

OOTI sea ice site (IST)
NARL Hut 268 tundra site (LST)
Homogeneous tundra site (LST)

—2.8° + 4.3°C (n = 50)
—0.9° + 3.1°C (n = 33)
0.6° + 2.0°C (n = 84)

—4.0° + 2.9°C (n = 46)
—2.9° *27°C (n = 18)
~2.3° +3.9°C (n = 69)
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FIG. 9. NARL Hut 268 site. Thermochron 7 was shielded and is therefore not in direct
sunlight, and Thermochron 8 was unshielded and in direct sunlight. On average, temperatures
from the shielded Thermochron were 1.8° = 2.8°C lower than those from the unshielded
Thermochron. Also shown are MODIS Terra (n = 18) and Aqua (n = 33) LSTs acquired within
30 min of the Thermochron measurements. Note that there is some unavoidable overplotting of
the Terra and Aqua LSTs that is due to close agreement.

Aqua MODIS bands have a lower saturation tem-
perature (~340K) than do the Terra bands (~380K),
and lower saturation or smaller dynamic range means
better resolution; thus, the Aqua MODIS is able
to measure lower temperatures more accurately,

perhaps explaining why Aqua MODIS surface tem-
peratures are consistently a closer match with the
Thermochron temperatures [MODIS Characteri-
zation and Support Team (MCST) 2014, personal
communications].

FIG. 10. Plumes of vapor emanating from leads in the sea ice on 25 Mar 2012.
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FIG. 11. Tundra snow site. Thermochron 10 was shielded, and Thermochron 9 was unshielded
and in direct sunlight. On average, temperatures from the shielded Thermochron were 1.1° =
3.1°C lower than those from the unshielded Thermochron. Also shown are MODIS Terra (n =
69) and Aqua (n = 84) LSTs acquired within 30 min of the Thermochron measurement. Note
that there is some unavoidable overplotting of the Terra and Aqua LSTs that is due to close

agreement.

Comparing a point measurement with a 1km X 1km
measurement (MODIS footprint at nadir) is problem-
atic and is likely responsible for some of the differences
between the Thermochron and MODIS measurements,
as discussed in prior work (e.g., Hall et al. 2008). For
BROMEX the Thermochron-derived temperatures
were generally higher than the MODIS-derived tem-
peratures.

A “‘point measurement”’ derived from a Thermochron
might not be representative of the 1km X 1km study
site of the MODIS pixel as discussed in Section 3. That is
particularly true at a site where there is mixed cover that
includes some buildings. Exposed rocks (and trees)
within a pixel may be much warmer than the snow and the
radiation emitted from these surfaces, especially in the
spring, and this tends to inflate the satellite-measured
temperatures (Dozier and Warren 1982). We are confi-
dent, however, that our homogeneous tundra site outside
of Barrow (Fig. 1) is representative of the surrounding
area as a 3 pixel X 3 pixel area surrounding the tundra
study site provided LSTs with a low standard deviation.
For example, a temperature of —21.3° = 0.1°C was re-
trieved from the Aqua MODIS LST for a scene acquired
on 10 March 2012. On other days the range in standard
deviation was 0.1°-0.6°C but was typically less than 0.5°C.

Diurnal differences may affect satellite and in situ
temperature measurements in different ways because
of differences in insolation and local weather con-
ditions. Furthermore, the Thermochron retrievals are

influenced by snow on the surfaces of the handles. It was
difficult to keep the Thermochrons swept free of snow at
all times because they were dusted only once daily.

Our results suggest that data from automated tem-
perature sensors installed in the Arctic that are un-
attended and without routine maintenance may need to
be reanalyzed to assess their accuracy. There are many
environmental and other effects that affect the mea-
surements, such as rime ice that can form on an in-
strument or a covering of snow that can provide
insulation between the air and snow temperatures. Some
of these issues are more important during daylight hours.

Given a wide array of different types of sensors, made
of different materials and having different-colored hous-
ings, there is a need for the international science commu-
nity to initiate discussions about development of protocols
for measuring air and surface temperatures in the harsh
environment of the Arctic, which drastically differs from
benign laboratory conditions. Furthermore, specifications
from the manufacturers of the sensors should not be taken
as the final accuracy, regardless of whether such specifica-
tions were derived following National Institute of Stan-
dards and Technology standards under strictly controlled
laboratory environments because those sensors are ex-
posed to extreme weather and wide variability that are not
controllable as they are in a laboratory.

As motivated by the findings from BROMEX, in fu-
ture work it would be very useful to do a controlled
analysis of Thermochrons having different-colored
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handles that are placed on top of the snow. Results from
such an analysis should answer any outstanding ques-
tions about the influence of the color of the holder on the
temperature retrieval.

7. Summary and conclusions

First, we cross calibrated the Thermochrons. Some
differences in derived daytime temperatures were
identified and were thought possibly to be due to
different-colored holders absorbing different amounts
of solar radiation, unintended shielding such as from the
effect of a shadow being cast by the handle of the
Thermochron holder, and snow overlying the Thermo-
chron sensors. At the field sites, the best correspondence
between the MODIS and shielded Thermochron tem-
peratures was found at the homogeneous tundra site
where the MODIS Aqua LST was 0.6° = 2.0°C lower
than the temperature of the shielded Thermochron. The
poorest correspondence was found at the OOTT sea ice
site, where the MODIS IST from the Terra satellite was
4.0° = 2.9°C lower than the temperature of the shielded
Thermochron. A large amount of small-scale topo-
graphic variability and shadowing on the sea ice surface
contributed to difficulties in measuring surface temper-
ature accurately over sea ice.

Calibration of MODIS IR bands at the very cold
temperatures characteristic of BROMEX is less accu-
rate than at higher temperatures (near 0°C) (Wenny
et al. 2012; Shuman et al. 2014). The closer correspon-
dence in temperature between the Aqua MODIS and
Thermochrons versus the Terra MODIS and Thermo-
chrons is likely explained by the smaller dynamic
range of the Aqua sensor in comparison with that of the
Terra sensor (Wenny et al. 2012; MCST 2014, personal
communications).

Factors such as unintended shielding of the Thermo-
chrons, specific placement with respect to the position of
the handle, and microtopography of the sea ice surface
were documented to affect surface temperature retrievals
by the Thermochrons, and the color of the Thermochron
holder was also suspected of affecting the surface tem-
perature retrievals. Therefore, regardless of how manu-
facturers determine sensor accuracies in strictly controlled
laboratory conditions, a protocol for measuring air and
surface temperature is needed for Arctic conditions so as
to achieve accuracy and consistency.

Accuracy of temperature measurements is of the ut-
most importance for climate-change studies. Biases caused
by measurement error can lead to erroneous conclusions
about regional climate change. Satellite sensors, un-
affected by near-surface weather conditions, can provide
the accuracy and consistency that is needed for long-term

HALL ET AL.

977

climate studies, but there is a clear-sky bias when a time
series of satellite measurements is used, and the calibration
of the satellite instruments needs to be continually moni-
tored for stability. This work highlights difficulties in
measuring and validating skin temperature in a polar en-
vironment, using both in situ and satellite instruments.
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