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Smart Sensor Networks to Characterize the Space-Time Variability of 
the Radiometric Signature of Snow and Ice in Complex Terrain 
 
Ana P. Barros, Civil and Environmental Eng. 
Martin Brooke and Romit Roy Choudhury, Electrical and Computer  Eng.  
Duke University 
 
Intellectual Merit-   The objective of this proposal is to investigate, develop and 
demonstrate the science and technology to deploy large-scale, self-organizing wireless 
networks to monitor transient states of snow and ice with high accuracy.  Currently, 
satellite-based remote sensing provides the only means to monitor snow and ice over 
large-scale regions, and remote regions in particular.  However, whereas satellite-based 
observations provide reasonable estimates of snow covered area, the same is not true for 
the internal structure and composition of snow and ice layers due to high spatial 
heterogeneity that cannot be resolved at the remote-sensing measurement scale.   The 
challenge therefore is to bridge from the small scales that characterize the space-time 
evolution of snow and ice physical processes to the satellite observing scale.  The 
proposed research approach is to focus on characterizing the radiometric behavior of the 
snowpack through accumulation, metamorphosis and melting phases at multiple spatial 
scales using a high-resolution ground-based network of L-band wireless sensors, and to 
relate this radiometric behavior to intrinsic properties of snow and ice.  The science goal 
is to develop a physical parameterization that relates radiometric behavior at high 
spatio-temporal resolution to the space-time evolution of water content at high-spatial 
resolution from satellite data.  This parameterization will subsequently be integrated 
with existing snow and ice retrieval algorithms to estimate SWE (Snow Water 
Equivalent) and snowpack structural stability over large regions.  The engineering goal is 
to design, prototype, and test a low-cost, robust wireless sensor network that can be used 
to assess snow and ice structure over areas of critical interest on steep mountain slopes 
(e.g. avalanche warning) and as ground reference sites for future constellations of 
operational satellites.  The research plan builds on existing L-band sensor prototypes 
that were developed in the context of prior exploratory research.  The new  investigation 
will proceed in two major fronts: (1) research toward field testing of a wireless network of 
L-band sensors for characterizing the radiometric signature of snow microstructure and 
snow water equivalent (SWE) at high spatial and temporal resolutions, including scaling 
studies to develop physically-based parameterizations for retrieval algorithms at 
multiple spatial scales within a satellite footprint; and (2) research toward improving the 
measurement capacity and  scalability of the existing prototypes, specifically focusing on 
strategic deployability, network design, and network resilience (i.e. power management) 
at the spatial scale of a satellite footprint over regions of complex terrain. 
 
Broader Impacts - SWE (Snow Water Equivalent) is the most critical freshwater 
source over large regions of the world, including the western US where wintertime snow 
accumulation alone accounts for more than 70% of the water resources.  In addition, as 
climate change impacts become more ubiquitous in the Artic and at high elevations in 
mountain ranges around the world, the ability to measure transient states in snow and 
ice, which are largely manifested in time-varying water content, is already a critical 
necessity for a wide-range of stakeholders from lifeline infrastructure to ecosystem 
services, transportation systems and national security.   One Ph.D. student and one 
research engineer will work with the PIs to establish a learning co-laboratory on design 
and manufacturing of environmental sensors in the Freshman Engineering Frontiers 
Focus Cluster at Duke University, which will involve 25-50 students per year.   
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The effects of multi-path interference will 
be limited by the stronger attenuation and 
higher dielectric constant of the snow 
than the air.  This will make the effective 
height of the corner towers greater the 
actual height making the direct path from 
the antenna to the motes closer to vertical 
than most multi path interferer signal 
paths.  The higher attenuation of the snow 
will thus greatly enhance the signal 
strength of the direct paths over the multi 
path interferer signals.   
 (2) Power and Battery Life –  
The power consumption of the sensor is 
critical to the system implementation and 
the long term viability of the proposed 
system. The keys to minimizing power 
consumption are a complex interplay 
between sensor reading times and the 
“smart” signal processing in the sensor to 
conserve wireless transmission power. To 
demonstrate this the proposers have measured the power supply current of a Micaz mote going 
from transmit to sleep mode (Fig. 9).  This shows that the current use of the mote can drop from 
25 mA during communication to only 11 µA in sleep mode. 

Using this type of operation the 
proposed sensors could measure data for 
30 seconds out of every minute, yet 
minimize wireless transmission power by 
storing this data in a buffer and 
transmitting wirelessly only every 15 
minutes. A detailed power analysis is 
shown in Table 1 above for a 
representative monitoring system (there 
are multiple optimizations): a 30 sec data 
read, 1 min data calculate, 15 minute data 
transmission interval results is a 260 day 
operation (~ 9 months) with a 
CR24774 commercial coin battery (a 1000 
mA-hr battery about an inch across and 
1/4 inch thick).  This is almost twice the 
lifetime of batteries used in the current 
prototypes (Section 3.1). 

 
4.2 Network Development 

The above section presents the design of an energy-efficient hardware platform suitable 
for snow-pack sensing. The next step would be to empower them with networking capabilities, 
such that they can self-organize themselves over a large area, and report sensed information to 

 
4 CR2477A from Panasonic. See: http://www.panasonic.com/industrial/battery/oem/chem/lith/coin1.htm 
($5 each at http://ebatteriestogo.com) 

Table 1 – Power Analysis  

Measurements 1440 per day 

Power consumption 15 mA while operating 

Total operational time 0.72 minutes per day 

Total sensor system energy 0.36 mA-hr 3V battery power/day 
Digital Computation 

(Assumes on-chip signal processing to min wireless transmission) 

ADC Power 0.5 µA 

For CPU to filter ADC at 100 kHz 0.2 mA 

Energy per measurement 1.67 µA hr 

Total digital system energy 
2.41 mA-hr 3V battery 
capacity/day 

Wireless Transmission Power (Crossbow MICAz) 

Operating power < 20 mA 

Standby power 20 µA 

Estimated Operating time 2 seconds 
Operating energy used for 15 min 
intervals between transmission 1.07 mA-hr 

Standby energy used 0.48 mA-hr 

Total RF Power 1.55 mA-hr 3V battery capacity/day 
Overall Energy Needs:                      3.84 mA-hr 3V battery capacity/day 

 Figure 9 - Measured power supply current for Mote 
powering up then going from transmit mode to sleep 
mode every 8 seconds. The peak transmit current is 
around 25 mA, however, the low current in sleep 
mode is 11 µA.   
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corner towers. Several challenges appear, including energy-management, fault-tolerance, 
routing. This proposal will address issues under each of these categories, specifically targeting 
the needs of snow monitoring applications.  
 In our design, wireless corner towers emit signals that are recorded by sensors scattered 
below the snow pack. One option is to have these sensors send back the recorded phase values to 
the tower. Using the location information of each of the sensors, the tower might be able to 
compute the phase differences at each of the sensors, and hence infer valuable SWE 
characteristics. Such a centralized network architecture is simple because sensors need to only 
coordinate with the tower -- past systems have used this architecture. However, this system has 
two main limitations, especially in the context of snow-pack sensing applications. (1) The area 
over which snow-pack monitoring can be done will have to limited by the communication 
distance between the sensor and the tower. Sensors that are located outside this distance will 
not be able to report their data to the towers. Since the sensors' communication range can be 
quite small (due to battery and antenna limitations), this architecture does not scale over large 
distances. While deploying multiple cell towers might be one option to circumvent this problem, 
it would incur a multiplicative cost, and may even be infeasible in some terrains. (2) Locations of 
sensors may not be available, especially when sensors are located under snow-water layers. As a 
result, centralized computation at a remote monitoring station may not be feasible. 

In response to these problems, a multi-hop sensor network can prove to be a reliable and 
cost-effective solution. Scattering sensors can expand the monitoring area. Sensors that prove to 
be far from the corner tower will relay their information by utilizing other sensors that are 
located between themselves and the tower. Moreover, location information may not be 
necessary. Neighboring sensors may suitably exchange their recorded phase values, and perform 
collaborative computations. The individual results from neighborhood clusters can be 
aggregated and sent back to the tower, which will forward it to the remote monitoring station. 
Observe that neighborhood clustering (within the network) achieves the same results as offline 
data clustering that monitoring stations would otherwise execute. The advantage, however, is 
that in-network neighborhood clustering circumvents the need for location information. In sum, 
multi-hop sensor networks can overcome the problems with large scale coverage and 
location-independence. Of course, several research challenges arise along the axes of 
reliability, scalability, and energy-efficiency (Heizelman et al. 2000). This proposal is oriented to 
address these challenges, and develop a fully functional prototype testbed to demonstrate its 
capabilities. 
(1) Network Management - Remotely managing a scattered sensor network is a non-trivial 
research problem. Mechanisms to perform "health checks" on the overall network will be 
critical. Towards this goal, an efficient broadcast protocol needs to be developed that allows the 
tower to communicate to all sensors. Broadcasting in snow-covered sensor networks can be a 
costly operation -- wireless links will be fragile under the snow and devices are likely to fail in 
harsh weather conditions. To develop solutions that will cope with device and link failures, and 
yet minimize energy consumption, is of interest in this project. 

Solutions for broadcasting have relied on flooding the sensor network. However, 
flooding leads to excessive collisions and redundant communications (Ni et al. 1999, Ye et al. 
2004) that deplete valuable battery power. We intend to pursue a gossip based algorithm that is 
simple (like flooding) and yet efficient (in terms of communication redundancy). More 
importantly, the solution will offer reliability guarantees to the application, and uphold the 
guarantee even under fluctuating conditions. The main idea is as follows. Nodes will forward 
packets using a dynamically chosen probability, such that, nodes do not receive more than one 
packet. More specifically, each node will choose its probability based on some "criticality index". 
A node with higher criticality is absolutely essential for broadcast, and will forward the packet 
with a high probability. Nodes that are less critical for broadcast (i.e., nodes in densely 
populated regions), will choose a proportionally smaller probability. As a result, the probability 
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will be a function of the network topology, and will automatically cope with node and link 
failures. The gossip based broadcast will be implemented on sensor motes, and field tested in 
laboratory snow packs. Diagnostics and management tools will be developed on top of this 
gossiping service. Our tool will be made available to the research community as open source 
software. 
(2) In-network Computation - The computation of sensed data may either be performed 
inside the (network of) sensors, or at the remote monitoring station. The advantage with in-
network computation is that only the computational results are transmitted, saving valuable 
energy (. Also, some sensed data may be redundant (e.g., many correlated readings); 
suppressing such transmissions can lead to further energy savings. To achieve this, sensors will 
need to intelligently decide the most efficient strategy for computation and communication. 
Collaborative algorithms need to be developed for in-network data aggregation, compression, 
dissemination, and suppression (Nath et al 2004, Manjhi et al. 2005, Sadler et al. 2006). 

 
 
 
 
 
 
 
 
 
 

This project will study the properties of SWE data, and develop protocols that can 
optimally tradeoff energy with a (application specified) metric. For example, if the application 
specifies that some level of reliability is required, the network will be able to offer the most 
energy efficient strategy to achieve that reliability. We intend to achieve this through a 
information theoretic approach, in which we translate all desired metrics into "units of 
information". Now, by determining optimal tradeoffs between information and energy, we 
would be able to realize optimal strategies. The theoretical insights from our research will 
inspire the protocols we design for the network. We will implement these protocols on our 
testbed, and quantify the overall advantages. 
(3) Routing - Sensors would need to find a multi-hop route from itself to the tower. The 
problem is not trivial because of various factors. Specifically, groups of sensors sleep periodically 
so that they can conserve energy. Moreover, link qualities change over time, and sensors fail. In 
face of such dynamism, the communication path from a sensor to the tower will need to 
continuously adapt to the surrounding (Estrin  et al. 2000, Cerpa et al. 02, Zhang et al. 06). 

This project will build new routing protocols capable of surviving under failure-prone 
environments and asynchronous sleeping schedules (Heizelman et al. 1999). Several routing 
protocols have been proposed in literature. However, the periodic signaling from the tower to 
sensors is an opportunity that is specific to this application. We plan to utilize these signals as a 
trigger to synchronize network activity. For instance, nodes may invoke data routing or 
aggregation soon after the tower has sent a signal. The power of the signal can be regulated, such 
that different sets of nodes are activated in different conditions. Such schemes have not been 
investigated in the context of sensor networks, and can lead to a new regime of “tower-assisted 
communication”. The generalization of this scheme can benefit other areas of environmental 
monitoring as well. 

Robustness to node/link failures will be handled through new ways. One idea is to utilize 
increasingly cheaper memory in sensors, and thereby buffer greater number of packets. 
Buffering packets for a longer time windows offers greater opportunities for delivering the 
packet reliably to the destination. This project will determine the optimal tradeoffs between 

Figure 10- A sensor network in which the radius of each 
node is proportional to its chosen gossip probability. 
Smaller gossip probability leads to higher energy savings. 
Although this network has many small circles (high 
energy savings), the broadcast reliability is still higher 
than flooding. 
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memory and routing, and develop protocols that maximize the performance for reasonably low 
hardware cost. Selected protocols will be implemented as a proof-of-concept, and tested under 
virtual and realistic snowpack environments (available in Barros’ lab). Large scale testing will be 
performed on established network simulators, such as Qualnet and Tossim. 
 
4.3 Algorithm Development and Observing System Simulator 

This research requires the development of an estimation algorithm to estimate snow 
dielectric properties, snow density, and volume fraction of snow (VF) from the time-of-travel, 
amplitude and phase modification of the multi-channel RF signals as they propagate through 
the snowpack.    In the first phase of algorithm development, we will continue ongoing work 
described in Section 3.1 to integrate existing DMRT (dense media radiative transfer) theory and 
empirical models into a robust forward model that can replicate laboratory experiments such as 
those shown in Fig. 2 as well as field observations from our testbed in North Dakota for which 
we will know precisely the geometry of the network and signal propagation routes through the 
snowpack (see Section 4.4).  In the second phase of algorithm development, we will focus on the 
solving the inverse problem.  Because of the problem is overconstrained in our applications, an 
iterative constrained method is appropriate, and we will investigate using the Jacobian method 
adapted from Bindlish and Barros (2000): (i) the amplitude attenuation and phase difference 
for each channel will be simulated by the forward model based on some first guess of snowpack 
conditions ( water content, snow depth,  snow grain size and  arrangement).  Note that this first 
guess can also be obtained from an independent snowpack model forced by environmental 
conditions locally. (ii) the computed and measured attenuation and phase differences will be 
used to derive the attenuation and phase error matrix; (iii) the Jacobian matrix describing the 
relationship between the snow properties and the attenuation and phase differences  will be 
computed.  Each channel at frequency ω corresponds to a row of the Jacobian matrix, and the 
columns of the matric are defined by ∂∆Aω/∂SWE, ∂∆Aω/∂L, ∂∆Aω/∂U and similarly for 
phase. (iv) the errors in the estimation of snow properties is calculated using the pseudoinverse 
of the Jacobian matrix and the error matrix. (v) these errors are used to correct the first guess 
for the next iteration until convergence is reached.  The values of the snowpack properties are 
constrained to remain within physically possible as well as plausible ranges for the known 
environmental conditions.     

Because of the complexities that arise from the variations (uncertainty) in the  working 
configuration of the network that result from the need to optimize mote communication and 
power usage, we will be using the forward model as an observing system simulator (OSS) to 
explore  the impact of different sampling scenarios (network geometries) on the estimated 
observational error both at the individual measurement points (e.g. mote locations) and as a 
function of spatial scale using the ensemble average of  all motes within a certain area.  Error 
characterization using the OSS will provide an important metric for evaluating different 
strategies of network development described in Section 4.2 on the one hand, and to evaluate the 
robustness of scaling analysis methods addressed in Section  4.4. 
 
4.4  Field Testing  and Scaling Studies 

To test the hardware and the network implementation, and to obtain data for calibration 
and validation of the estimation algorithm and for scaling studies, the proposed field experiment 
(see Section 4.4) will also include conventional snow measurements including snow core 
extraction for laboratory measurement of snow dielectric properties, grain morphology, VF and 
SWE, snow stratigraphy using a snow sounding probe, snow depth from sonic rangers, and SWE 
from gamma-ray sensors.  The field experiment (1-5 km2 with a spatial resolution of 100 m or 
better) will be conducted at the field site maintained by University of North Dakota (UND) in 
Grand Forks pending FCC and FAA approval (FCC/FAA request is ongoing review).  The area is 
large enough to accommodate this sampling strategy and five stations equipped with gamma ray 
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loggers are already in place due to ongoing collaboration between Duke University and UND.   
The final goal is to move and replicate the experiment in the new precipitation network we are 
currently installing in the Southern Appalachian mountains by the end of the second year of the 
project.  In the first year of the project we will focus on the physical parameterization and 
reverse RF propagation model, and in the second year we will direct our attention to the 
characterization of multiscale spatial variability as a function of time (age of snow and 
thermodynamic conditions).  We will also implement an existing distributed show hydrology 
model (Devonec and Barros , 2002) for the North Dakota and it will be coupled with a 
combination of microwave emission models MEMLS (Wiesmann and Matzler 1999) and DMRT 
(Guo et al. 2003) to model the snow measurement area at various spatial scales. 

The proposed field experiment will allow us to collect on the order of 100,000 samples 
per season, and therefore we will be in unique position to document in detail both spatial and 
temporal variability in snow-pack properties.  For the characterization of the statistical structure 
of  field- scale variability we will follow a methodology similar to that applied by Kim and Barros 
(2002a) for soil moisture fields and Barros et al. (2004) for cloudiness.  This includes 
determination of the temporal evolution of the 2D correlograms and power spectra of snow-
pack properties (snow density, snow water equivalent, grain morphology measures, relative 
permittivity, etc), and mpirical scaling and multifractal analysis to characterize sub-grid scale 
variability of all these fields using higher order statistics(Kim and Barros 2002a-b), and 
principal components analysis of the field-based dielectric properties as a function of snow-pack 
properties measured in the laboratory to elucidate the physical mechanisms that control the 
radiometric behavior of the snow-pack as the season progresses.   

 
4.5 Educational Activities – The proposed research activities provide a unique opportunity 
for experiential learning with a focus on solving engineering problems that require new 
measurements.  Besides their work with graduate students, the PIs are highly involved in 
undergraduate education and are very active in integrated education and research activities via 
the Pratt Fellows program at Duke University (see letter attached), which provides support for 
undergraduate students to conduct research at faculty laboratories for three semesters.  In this 
context, we are proposing to establish a co-laboratory across the Civil and Electrical Engineering 
departments to train undergraduate students in sensor fabrication technology.  The Pis will also 
develop and team-teach a new hands-on semester-long laboratory for freshmen as part of the 
Engineering Frontiers Cluster: Engineering Life Systems for a Living Planet direct by Dr. Barros 
[http://focus.duke.edu].  Classes range from 25-50 students, and we plan to expose students to 
the entire process of innovation in sensor design from identifying unique measurement needs of 
an engineering problem, to technology development, fabrication and system testing, including 
field testing.   
 
5. Project Management 
 
 Dr. Barros will manage and coordinate the three research thrusts described in Section 4.  
Dr. Barros will be responsible for Field Testing and Algorithm Development (Sections 4.3 and 
4.4).  Dr. Brooke will be in charge of Sensor Development (Section 4.1), and Dr. Choudhury will 
lead the Network Development effort (Section 4.2).   The research engineer will work in sensor 
and network development and fabrication integrating ongoing research in the Barros, Brooke 
and Choudhury labs.  The graduate student will concentrate on the analysis and processing of 
field data, and model development.  In the second year, we expect to initiate field testing of the 
new wireless network.  Besides the research manuscripts in the peer-reviewed literature and 
conference presentations, we plan to publish detailed documentation including technological 
details and network implementation.  Quality-controlled data will be made available to the 
public on the web no later then 12 months after field collection.  


