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ABSTRACT

REMOTE SENSING OF LAND SURFACE
CONDITIONS IN ARCTIC TUNDRA REGIONS
FOR CLIMATOLOGICAL APPLICATIONS
USING MICROWAVE RADIOMETRY

by
Edward Jinhyong Kim

Chair: Anthony W. England

Several climate change scenarios have predicted that the greatest changes would occur
at high latitudes. In the arctic, long-term changes in temperature would be reflected, for
example, in the growth or retreat of permafrost regions and in the response of the vegetation.
Tundra-covered areas are a major terrestrial reservoir of carbon and changes in temperature
and moisture will affect the storage and release of carbon by the tundra.

The primary contribution of this dissertation is the development of a land surface pro-
cess/radiobrightness (LSP/R) model for arctic tundra areas underlain by continuous per-
mafrost. LSP models provide land-atmosphere boundary conditions for atmospheric circu-
lation models (ACMs). The accuracy of the LSP parameterizations used by various ACMs
is a significant source of uncertainty. By linking the tundra LSP/R model to satellite obser-
vations, the performance of the LSP model over areas such as the North Slope of Alaska
may be monitored more widely and more frequently than is currently feasible. The scope of
this dissertation includes the first step of this approach: the forward problem of matching
tundra LSP/R model predictions with ground-based point observations of radiobrightness.

The LSP/R model is a one-dimensional, physically-based model of energy and moisture
fluxes inside the tundra and between the tundra and the atmosphere. While too computa-
tionally intensive to be an operational LSP model, it can be run retrospectively for selected
regions to obtain much higher fidelity estimates of temperature and moisture profiles within
tundra than would be available from any operational LSP model. The choice of a physical
model is intended to provide insights into the land surface processes, guidance when de-
veloping or improving parameterizations for operational LSP models, and extendibility to
regions with different vegetation and conditions.

Model development was supported by data from a one-year field experiment, Radio-
brightness Energy Balance Experiment 3 (REBEX-3). Microwave emission data and me-
teorological data were collected for one full annual freeze-thaw cycle at a tundra site on
the North Slope. All of the data collected during REBEX-3 were collected using the Tower
Mounted Radiometer System 2 (TMRS2), developed at the University of Michigan.

A comparison of REBEX-3 ground-based microwave point observations and coincident
SSM/I satellite observations is made, with attention given to atmospheric and scaling-
related effects.
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CHAPTER 1

Introduction

1.1 Overview

The research presented in this dissertation traces its development from earlier research
on frozen-ground radiometry by members of the Microwave Geophysics Group [105, 106,
21, 47] and permafrost remote sensing ideas. The approach which evolved, namely, using
a combination of physically-based land surface process modeling and microwave emission
modeling, was a natural adaptation of related research developed for non-permafrost regions
vegetated with prairie grass [52]. I will begin here by placing this dissertation in the broader
context of trying to understand the land component of the earth’s climate system and its
relationship to climate change, leaving more detailed background material to be presented

in each chapter.

1.2 Motivation

1.2.1 Why study land surface processes?

Land surface processes (LSPs) regulate the fluxes of radiant energy, sensible heat, latent
heat, moisture, and momentum at the land-atmosphere boundary, determining the response
of the land to atmospheric forcing and the feedbacks to the atmosphere [90]. These processes
are complex and interrelated. For example, melting snow decreases the albedo of the land
surface, allowing more solar radiation to be absorbed. The warmer land leads to higher air

temperatures, which can lead to further melting of snow cover in a positive feedback loop.



However, warmer temperatures will also affect evaporation, which may lead to increased
cloud cover that can reduce warming through the reflection of incoming solar radiation
[59, 12].

The characterization of land surface processes within atmospheric general circulation
models (AGCMs) is extremely important to provide realistic land-atmosphere boundary
behavior for the atmospheric component of climate models as well as surface state infor-
mation. Yet, due to computational constraints, operational LSP models cannot afford to
implement detailed physical treatments of these processes, relying heavily instead on various
parameterizations [90]. The performance of LSP models is a major source of uncertainty in
current climate change predictions [39], and the subject of studies such as the Project for
Intercomparison of Land-Surface Process Schemes (PILPS) [31], designed to assess the ef-
fects of differences among LSP models, especially when fully coupled to AGCMs. Improved
LSP models would also be beneficial to numerical weather prediction models (NWPMs)
[90]. Note that while a “good” LSP model may generate reasonable boundary conditions
for an AGCM or an NWPM, it will not necessarily generate a high-fidelity description of

the temperature or moisture state of soils or vegetation.

1.2.2 Why study arctic land surface processes?

The arctic is a key component of both the atmospheric and oceanic general circulations,
through which arctic processes interact with global processes [2]. Several climate change
scenarios have predicted that the largest changes would occur at high latitudes [40]. For
example, doubled-CO; AGCM simulations predict increases of global mean surface air tem-
perature of 1-4.5° C by the year 2100 [40], with even greater warming expected in certain
parts of the arctic [56].

Both short-term and long-term warming trends have already been observed in the arctic
(14, 29]. Decadal or longer-term warming is apparent in arctic borehole temperature profiles

[73, 51], has resulted in a loss of permafrost [102, 40], and will result in changes in the regional



ecosystems [69, 61]. Warming would promote thawing of the permafrost, which would affect
the hydrology of the arctic through a deeper active layer (the upper portion of the tundra
and permafrost which thaws during the summer), increased soil moisture storage, warmer
soil temperatures, and increased evaporation [32]. The retreat or advance of permafrost
areas may serve as a good indicator of long-term regional and global warming or cooling
trends because permafrost temperatures reflect the integrated effect of years and decades
of surface temperature conditions.

Tundra is the most representative biome of arctic land regions underlain by permafrost,
covering approximately 5.4% of the land surface of the earth (~ 8 x 10° km?) [79]. These
regions are an important source and sink of carbon dioxide and methane, globally important
greenhouse gases. Studies by Oechel, et al. [69] indicate that during the 1990’s, the tundra
of the Alaskan North Slope has been on the borderline between being a net carbon source
and a net carbon sink. The processes that regulate the uptake and release of carbon by the
tundra are affected by changes in soil moisture and temperature, yet many of these processes
are not well understood [94]. Furthermore, the unique aspects of arctic climate system
components often make them sensitive to change. For example, the thermal and hydraulic
properties of the active layer undergo significant changes during the annual freezing and
thawing transitions.

Climate warming could result in a net release of carbon in the form of greenhouse gases
[70, 74]. This is potentially quite significant since tundra vegetation and soils contain an
estimated 7.2% (4 x 10° metric tons) of the world’s organic carbon [79], and a recent study
[74] suggests that an equivalent additional amount has not been included in such estimates
because it lies just below the present-day active layer.

The sensitivity of arctic systems to change may make the arctic an early indicator of
global climate change [6]. The already-observed trends and the magnitude of arctic climate
change predictions present a strong case for improved monitoring of arctic conditions and

validation of arctic climate models. The research described in this dissertation was con-



ducted as part of one such effort, the Land-Atmosphere-Ice Interactions (LAII) component

of the NSF Arctic System Science program.

1.2.3 Why use passive microwave remote sensing?

The lack of adequate observational data has been repeatedly recognized as a serious
impediment to climate model improvement [39, 40]. This lack is particularly felt in remote
areas, where observing stations are widely scattered [96]. Because the vastness and inac-
cessibility of arctic lands preclude a significant increase in the number of surface observing
stations, satellite remote sensing may be the only practical and economical approach to
uniform, frequent observations of climatological forcing and response variables at regular
intervals and at useful spatial resolutions® [81]. Current climate models employ grid cells
which are hundreds to thousands of square kilometers in area [82]. It is worth noting that
while the spatial resolution of current passive microwave satellite sensors (10’s of km) is not
as good as that of satellite radar instruments or visible-light sensors (km or sub-km), the
resolution is comparable to that of current climate models.

Even if a network consisting of one surface measurement site per grid cell were practical
and economical (5700 sites worldwide for 300 x 300 km cells), some climate modelers would
argue that point observations are of very limited value in comparison to variables at the res-
olution of current models [88]. Model variables do not necessarily correspond to measurable
quantities. For example, what is the “surface temperature” of a 300 x 300 km area? And,
a network sufficiently dense to produce useful areal averages (if that is what would be re-
quired) would likely be uneconomical or impractical or both. Furthermore, climate-related
studies, by their long-term and large-scale nature, are especially limited by the consistency
(or lack thereof) of the instruments and techniques employed in the measurements [103, 44].

A satellite-based observation system can use the same instrument in the same way every

!The linkage between observable quantities such as brightness temperature or backscattering coefficient
and climatological variables (for example, latent heat flux) is usually not direct. This discussion presumes
satisfactory linkages can be found.



time and every place a measurement is made, which may be for several years over the entire
earth.

There are numerous polar-orbiting platforms providing excellent spatial and temporal
coverage of high-latitude regions. Microwave remote sensing offers advantages that are espe-
cially well suited to the observation of these regions. Microwave sensors (active and passive)
are far less susceptible to interference by clouds than are optical or infrared sensors, and
they do not depend on solar illumination, permitting observations at night and throughout
the long polar winter.

Microwave radiometry is particularly sensitive to temperature and moisture distributions
in vegetation canopies and in the underlying soil, while not exhibiting radar’s sensitivity to
vegetation structure and limitations on vegetation column density [19]. For example, direct
sensing of soil moisture is possible through vegetation with column densities up to sev-
eral kg/m? [42] (vs. 0.4 kg/m? for radar), with lower frequencies (1-2 GHz) having greater
“penetration”. While no lower frequency satellite radiometers are currently operational?,
higher frequency radiometers such as the Special Sensor Microwave/Imager (SSM/I) instru-
ments have been operational since 1987 aboard the sun-synchronous polar-orbiting U.S.
Defense Meteorological Satellite Program (DMSP) satellites. Each makes typically four
passes per day over points on the North Slope of Alaska (68-72 N latitude). And, there
are typically two operational satellites in orbit with staggered overflight times [3], making
continuous radiobrightness observations at 19, 22, 37, and 85 GHz. The approach taken
in this dissertation at these frequencies should apply at lower frequencies whenever such
observations become available.

Active microwave sensing techniques should eventually complement the passive tech-

niques, for instance, by quantifying the canopy biomass (and therefore its masking of mi-

>The Advanced Microwave Scanning Radiometer (AMSR)- slated to fly in the next 2-3 years will include
X-band (10 GHz) and C-band (6 GHz) radiometers. There are also proposals to fly L-band (1.4 GHz)
satellite radiometers in the next 3-5 years (Hydrostar and Microwave Imaging Radiometer with Aperture

Synthesis-MIRAS).



crowave emission from the underlying soil). However, as a first step, in this dissertation I
consider only absorption and emission of microwave radiation, since this was found to be

sufficient for model validation purposes in a previous related case [52].
1.3 Approach

Earlier work for grass canopies showed that under all but quite dry conditions, at the
SSM/I frequencies used in this dissertation, the majority of observed emission comes from
the vegetation and not the underlying soil [23, 45]. Thus instantaneous observations alone
provide very little information on soil temperature and moisture, and direct inversion is
not a robust method for estimating these quantities. Even in cases where instantaneous
observations can be directly inverted to estimate one quantity (e.g., L-band brightness and
near-surface soil moisture), inversion of other quantities (e.g., a moisture profile or latent
heat flux) is not practical.

The approach followed instead is to rely on a land surface model to provide the connec-
tion between observable “surface” quantities and conditions deeper within the canopy and
soil. The LSP model is then linked to a microwave emission model (an ‘R module’) which
predicts radiobrightness based on the temperature and moisture profiles within the system.
The combination is referred to as an LSP/R model. Thus radiobrightness observations are
a means of remotely assessing model accuracy. But, since radiobrightness is an integrated
quantity, it is not unique; different vertical profiles of temperature and moisture can pro-
duce the same radiobrightness. However, a specific forcing history and information about
the particular soil and vegetation under observation can constrain the problem.

Deviations between predicted and observed radiobrightnesses could then be used to
“nudge” or otherwise correct the model state in a regular fashion. Current operational nu-
merical weather prediction models routinely assimilate remotely sensed and in-situ obser-
vations through such techniques [80].

By assimilating passive microwave observations made over a period of time to constrain



the model, surface fluxes (e.g., latent and sensible heat), as well as near-surface and sub-
surface temperature and moisture conditions may be determinable for areas with relatively
thin vegetation such as tundra and prairie. Assimilation of satellite observations could
permit regular wide-scale estimates to be made with a spatial resolution comparable to the
sensor footprint. Again, these estimates would come from the model state, not from a direct
inversion of radiobrightness data.

Note that while assimilation of satellite radiobrightness observations is the ultimate goal
of this approach, the scope of this dissertation includes only the forward LSP/R modeling—
i.e., the comparison of tundra LSP/R model predictions against ground observations—and

a separate comparison of ground-based vs. satellite radiobrightness observations.
1.4 Questions Addressed by this Dissertation

Thus, the main questions addressed in this dissertation are:

How well can we predict microwave emission by snow-free tundra underlain by con-
tinuous permafrost? Does it require special modeling considerations beyond those found
adequate in a previous lower-latitude prairie grass case [52]?

How well might passive microwave satellite observations be used to estimate surface
conditions in such tundra/permafrost areas? Specifically, how well do ground-based radio-
brightness observations match satellite radiobrightness observations? And, what compar-
ison issues are there (what are the differences due to?) and how might they affect such

estimates?
1.5 Dissertation Organization

The Radiobrightness Energy Balance Experiment 3 (Rebex 3) is described in Chapter 2.
This field experiment was designed to collect data to support the development and validation

of the tundra LSP/R model.

An LSP/R model for snow-free tundra is described in Chapter 3, which also contains a



comparison of model predictions vs. field observations.

The comparison of ground-based and satellite radiobrightness observations is presented
in Chapter 4. Included in this chapter is a description of a custom SSM/I EASE-Grid
processor developed to provide gridded SSM/I data for the comparison.

Appendix A contains a chart for converting Rebex 3 Julian day number to calendar

dates, and annual graphs of patched and interpolated Rebex 3 field data.



CHAPTER 2
REBEX-3 Field Experiment

2.1 Background and Overview

Radiobrightness Energy Balance Experiment 3 was undertaken to collect a unique set
of long-term co-located microwave brightness and micro-meteorological observations in or-
der (a) to support development of the tundra land surface process/radiobrightness model,
and (b) to make comparisons of contemporaneous ground-based and satellite brightness
observations.

The current experimental knowledge of the surface energy balance of arctic tundra
has, for the most part, been obtained only within the last five decades. Ohmura [71] has
published an extensive historical review on the subject, including research sites throughout
the arctic. In Alaska, the first energy balance measurements were made at Barrow by
Bryson on two days in June, 1953 [11]. Mather and Thornthwaite made the first thorough
and longer-term observations (at Barrow) in 195658 before and during the International
Geophysical Year [57, 58]. In the 1960’s and 1970’s, several detailed studies were carried
out for the hydrologically important snowmelt period at Fairbanks by Wendler [100], and at
Barrow as reported by Weller and Benson [97], Weller et al [98], and Weller and Holmgren
[99]. Intensive measurements of the tundra thermal regime at Barrow were made in 1970
in cooperation with the Tundra Biome Program as reported by Brown and West [10]. The
latter two studies were conducted as part of the International Biological Program. Note

that except for the Fairbanks work, the bulk of the tundra observations and studies were



concentrated at Barrow, and therefore reflect characteristics of the arctic coastal plain and
coastal tundra. Compared with inland tundra, coastal tundra is flatter, wetter, and has
much more standing water. In many areas, thaw ponds and small lakes would cover a
significant fraction of a satellite sensor’s footprint. Also, Harazono et al [30] and Yoshimoto
et al [104] found the coastal microclimate to be bimodal, depending on whether winds were
onshore or offshore.

For passive microwave remote sensing applications, sensor footprints are 10’s of kilo-
meters in size. Particularly for comparison with ground-based observations, it is initially
desirable to focus on sites which are inland from the coast—i.e., sites for which the satellite
footprints could exclude the ocean with its distinctly different signature and adjacent tun-
dra areas. In the 1980’s and 1990’s, micro-meteorological field data from such areas became
available along the north-south transect of the Trans-Alaska Pipeline route (see Fig. 2.2).
Examples of these efforts include the projects of Hinzman and Kane [35, 43, 32], the Long
Term Ecological Research (LTER) Program [83, 13], and the Land-Atmosphere-Ice Inter-
actions (LAII) Program of the U.S. National Science Foundation (of which this dissertation
research was a part) [70, 55].

However, none of these measurements included the microwave and thermal infrared
brightnesses critical for the research described in this dissertation. Preceding REBEXs had
acquired such data only for grass-covered areas in Michigan (REBEX-0, [46]) and South
Dakota (REBEX-1, [27]), so a new REBEX was necessary.

REBEX-0 and REBEX-1 employed the first version of the Tower Mounted Radiometer
System (TMRS1), developed by Galantowicz [22], and provided us with over 200 days of
experience operating micro-meteorological instruments and microwave radiometers under
field conditions at sites up to 1500 km away. For REBEX-3, we would be 6000 km away,
and deployed for twice as long. The number of sensors was increased from 18 to 55, and
the instrument system (TMRS2) had to be substantially reconfigured and hardened to

withstand the rigors of unattended operation in the arctic. Nearly two years and the help
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of 8 students were required to complete the upgrade to TMRS2.

Equally challenging and critical to the overall success of REBEX-3 were solutions to the
various logistical issues associated with finding a site in, getting to, and operating in arctic
Alaska. In this chapter, I will describe the experimental site, the field experiment, and the
data collected, including the re-design of the instrument system, calibration, and problems

and fixes.
2.2 Site Choice and Description

Many factors had to be weighed in selecting an experimental site, particularly for a
long-duration experiment in such a remote area. Purely practical considerations played a
large role in determining the final location, what measurements were made, how and when
they were made, and the usefulness of the resulting data.

In this section, I will describe the site requirements, both scientific and non-scientific,
and the final location which was selected for REBEX-3.

2.2.1 Scientific Considerations

Continuous Permafrost

The site had to be located within a continuous permafrost area—to help with the as-
sessment of upscaling remote sensing observations to satellite pixel-size areas. “Continuous
permafrost” refers to a contiguous area completely underlain by permafrost. “Discontin-
uous permafrost” refers to a transitional belt between continuous permafrost areas and
non-permafrost areas; some spots are underlain by permafrost while others are not. In
Alaska, only southern coastal areas are permafrost-free, while continuous permafrost covers
roughly the area north of the Arctic Circle (Fig. 2.1). “Continuous” and “discontinuous”

are not precise technical definitions, but are useful qualitative descriptors here.
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Figure 2.1: Continuous and discontinuous permafrost regions.

Representative Land Cover

The land cover should be representative of the region—the tundra biome in this case.
Permafrost also underlies areas of the boreal forest biome, so the tundra-boreal forest eco-

tone (boundary) does not necessarily match the permafrost/non-permafrost boundary.

Homogeneous at the SSM/I Spatial Resolution

The land cover should be homogeneous and ideally non-mountainous on the spatial
resolution of SSM/I (~50 km, after spatial resampling), to simplify the comparison of

ground-based and satellite microwave observations.

Season
Field data were needed for the snow-free season, since I was interested in tundra-
atmosphere interactions rather than snowpack-atmosphere interactions. The snow-free sea-

son on the North Slope begins in May and can extend into September. The snowmelt period

and initial snow accumulation period were also of interest.
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2.2.2 Logistical Constraints
U.S. Territory

The site had to be within the United States. After consulting the U.S. Customs Service,
we found that transporting equipment to and operating at a site in Canada would have
been more complicated than transporting equipment through Canada to Alaska. The only

U.S. territory with large expanses of tundra is the North Slope of Alaska.

Electrical Power Requirements

The field instrument system included several components which required continuous AC
power. These were primarily the control computer, the ovenized microwave radiometers,
heaters for the tower-mounted equipment, and 3 kW of heaters for the support trailer which
housed the computer. Total electrical power needs were under 7 kW during the winter, and
3-4 kW during the summer. These demands were too large for batteries or solar panels
(especially at high latitudes), and running a generator without on-site personnel was deemed
too complicated. So, we were restricted to sites with existing electrical power and sufficient

spare capacity for our needs.

Communications Requirements

The instrument control computer could be slaved to another computer over a standard
telephone connection for status checks, remote control, and data transfer. During previous
REBEXSs, this capability had proven to be extremely useful. Some form of communications
would also be a valuable safety aid.

On the North Slope, telephone options were limited to terrestrial radiotelephones and

satellite telephones. Both options were expensive, but technically feasible from any location.

Road Access but Undisturbed Tundra

Transporting the field instrument system to the site would be most easily accomplished

if the site were connected to the road network for two reasons. First, off-road vehicle traffic
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over the North Slope tundra is forbidden until the tundra is frozen sufficiently hard in the
winter. This is done to prevent vehicle tracks from scarring the fragile vegetation. Scars take
decades, possibly centuries to fade away. Second, transportation by aircraft is extremely
expensive.

Ideally, the site would be reachable from Ann Arbor by road with a parking spot for
a trailer immediately adjacent to a tundra area which had not been “disturbed” from its
natural condition by proximity to roads, facilities, or human activities. At first, this seemed
like a mutually exclusive set of requirements. Fortunately, practically all human activity
along the pipeline corridor is confined to the road, the pipeline right-of-way, and occasional
facilities—a by-product of strict rules, and uncooperative terrain. Typically, the tundra 10-
20 meters away from these showed no visual trace of disturbance. Locating our instruments

30 meters away from the nearest disturbed tundra would be sufficiently “undisturbed”.

Equipment Security and Personnel Safety

Leaving valuable equipment unattended for long periods of time in a remote area visited
by hunters was unappealing. A shiny metal box (containing the radiometers) on the only
tall object for miles around would make an attractive target. Law enforcement is scarce
in most of the North Slope. Staffing our site was not practical, so proximity to a manned
facility was about the only factor which might deter vandalism.

Medical assistance is also scarce on the North Slope. For serious injuries, the nearest
“facility” was a first aid station at Prudhoe Bay, up to 160 km to the north. And, the nearest
hospital was in Fairbanks, over 600 km to the south. Air evacuation to Fairbanks (weather
permitting) was available by contacting the North Slope Borough in Barrow, 600 km to the
west. That required a working telephone, which was not always available. Thus, proximity
to a manned facility was advantageous for the security and safety of both equipment and

personnel throughout the experiment.
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latitude 68.76306°

longitude 148.88194°

elevation 500 m

slope, aspect very flat

soil Pergelic Cryaquepts ([61])

vegetation moist acidic tussock tundra: sedges, mosses, lichens
active layer depth 50 cm maximum

Table 2.1: REBEX-3 site details.

2.2.3 The Saganavirktok River ADOT Site

We were very fortunate to obtain permission to set up our instruments and to conduct
our experiment at one of only two sites in the area which actually met all of the above
requirements: adjacent to the Alaska Department of Transportation Saganavirktok (Sag)
River Maintenance Camp (see Fig. 2.3) on the North Slope at mile 306 on the Dalton
Highway (the official name for the Pipeline Haul Road). The Sag River DOT camp is
30 km north of ecological research sites in the Toolik Lake/Imnaviat Creek area and 50 km
south of sites at Happy Valley (Fig. 2.2) in a region along the Haul Road transect where few
other energy balance measurements suitable for model input were made. These distances
are such that at scales of both the 20 km resolution of the mesoscale Arctic System Model
(ARCSyM, [54]) and the 25 km Equal Area Scalable Earth-Grid (EASE-Grid, [9]) satellite
data grid, a grid cell containing the REBEX-3 site would be between cells containing the
Toolik /Imnaviat vicinity and the Happy Valley vicinity (see Fig. 4.12 for an EASE-Grid

map).

2.2.4 Related Nearby Sites and Shared Logistics

By making observations on the North Slope we could also benefit from the experi-
ence, shared logistics, and data of other research projects in the area, most of which were
part of the NSF Arctic System Science (ARCSS) Land-Atmosphere-Ice Interactions (LAILI)
program. These included a wide variety of hydrological, ecological, and geophysical in-

vestigations. Figure 2.4 shows the locations of nearby snow, soil, and meteorological data
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Figure 2.2: Location of REBEX-3 site in Alaska (adapted from IAB map).
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Figure 2.3: REBEX-3 site at Sag River, Alaska. View facing north along
Pipeline Road to Prudhoe Bay. Buildings on right are the DOT
camp. Small white dot near center of image is TMRS2 trailer.
Distance across center of photo is 0.5 km.
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Figure 2.4: Nearby sites (traced from aerial photo).

collection sites, as well as a synthetic aperture radar (SAR) retroreflector.

Lodging, communications, shipping, and limited lab facilities and materials were avail-
able at various times from the University of Alaska Institute of Arctic Biology (IAB) Toolik
Field Station, the NSF LAII Happy Valley Camp, the Arctic Wilderness Lodge, and oilfield

facilities in Prudhoe Bay.

2.3 Methods and Materials

2.3.1 Overview of Tower Mounted Radiometer System 2

All of the data collected during REBEX-3 were collected using the Tower Mounted
Radiometer System 2 (TMRS2). TMRS2 is a ground-based SSM/I simulator and surface

energy balance monitoring system [25].
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The primary application of TMRS2 (and its predecessor, TMRS1) is in the collection of
long-term (months) time-series data sets at sites representative of various biomes in support
of land surface process modeling and remote sensing research. The system is also used in
support of studies in the passive remote sensing of soil moisture, frozen/thawed soil state
determination, permafrost, and snow.

As such, it is environmentally hardened and designed to operate autonomously with
remote monitoring and control capabilities via a low-bandwidth communications link such as
a typical long-distance voice telephone channel. After REBEX-3, TMRS2 was deployed for
REBEX-4, a 1996 summer prairie experiment in Sioux Falls, and REBEX-5, part of the 1997
Southern Great Plains Hydrology experiment at the Atmospheric Radiation Monitoring
(ARM) Program’s Cloud and Radiation Testbed (CART) site in Oklahoma.

TMRS2 is composed of a Radiometer Subsystem, a Micro-Meteorological Subsystem
(MMS), and a Control and Data Management Subsystem (CDMS). These subsystems are
described in the following sections, with emphasis on the increased capabilities I added
and the improvements and changes I made to upgrade the system for service in the arctic

(shaded items in Fig. 2.5).

2.3.2 Instrument System Description and Improvements

Our experiences during REBEX-0 and REBEX-1 convinced me that major changes and
enhancements in nearly all parts of the TMRS system would be needed to meet the goals
of REBEX-3. After discussions with researchers who were already familiar with North
Slope conditions, I outlined the following system-wide TMRS performance requirements

and improvements.

e New sensors and increased number of certain existing sensors.
e Increased operating temperature range: -40° C to +30° C.

¢ Survivability to -55° C.
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Wind resistant to over 130 kph (80 mph).

Improved tolerance of frost, ice, and snow.

Self-supporting on uneven and unstable ground. Tussock tundra is lumpy and spongy.

Animal and insect resistant. Bears and other large animals had knocked over other

researcher’s instruments. Smaller animals had gnawed through cables. Mosquitos had

clogged openings.

Tundra instruments locatable 30 m from support trailer.

Improved mechanical ruggedness.

Improved reliability over TMRS1 (hardware and software).

2.3.2.1 Microwave Radiometers and Tower Equipment

In order to limit the amount of mechanical redesign and the final wind area, the size of
the tower housing for the microwave and IR radiometers was not increased. This proved to
be a severe constraint as a significant amount of new hardware was to be installed in the
housing.

The TMRS2 microwave radiometers retained the basic TMRS1 design at the block dia-
gram level (Fig. 2.6). The receivers were single-conversion double sideband units operating
in total power mode with better than 0.1 K resolution. All TMRS2 radiobrightness obser-
vations during REBEX-3 were conducted in total power mode. The TMRS2 radiometers
were functionally capable of (unbalanced) Dicke mode operation, but we had had switch
failures in the past, and I decided that since total power mode involved much less switch-
ing, the probability of switch failure was lower than in Dicke mode. The packaging density
within the radiometers and the remoteness of the field site would m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>