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ABSTRACT  

The New York City Bureau of Water Supply has been manually monitoring snow pack in its 1972 

mi
2 

(5107 km
2
) reservoir watershed for decades. These surveys are conducted biweekly due to the 

amount of labor involved, but the regular accumulation-melt cycles common in New York often 

require more frequent data for maximum usefulness.  NYC has begun investigating remote 

monitoring through non-contact instrumentation to establish Snow-Water Equivalent (SWE) data 

for winter reservoir management. Recent developments in Ground Penetrating Radar (GPR) 

technology may provide a cost effective method of measuring SWE.  

 

The 2014/15 winter season has offered a chance to field test the Novelda NVA 6100 Series radar 

instrument in NYC’s water supply watershed. The complexity of this year’s eastern winter has 

allowed the instrument to be tested in a variety of environmental conditions. Preliminary results 

suggest using this new radar technology, accurate SWE measurements can be obtained through 

economical non-contact methods. 

Keywords: Remote Monitoring, Snow-Water Equivalent, NYC Watershed, Ground Penetrating 

Radar 

INTRODUCTION 

Accurate measurements of snow are very important for New York City (NYC) water supply 

operations. The availability of this information is important for developing and calibrating 

watershed models applied to evaluate NYC Department of Environmental Protection (DEP) 

watershed management programs. The Catskill Mountains of New York State includes NYC 

Water Supply watersheds that historically account for more than 90% of NYC water demands 

(Matonse et al., 2011). During spring, it is estimated that snowmelt accounts for 24%-30% of the 

total runoff in this region (Frei et al., 2002). 

 

The New York City Water Supply has been monitoring snow pack in its 1972 mi
2 

(5107 km
2
) 

reservoir watershed for multiple decades (ENYCDEP, 2007). These manual surveys are conducted 

biweekly due to the amount of labor involved, although the regular accumulation-melt cycles 
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common in New York require more frequent data for maximum usefulness. Recently New York 

City (NYC) has been investigating remote monitoring sensors to establish near real time SWE 

data for winter reservoir management. A variety of instruments have been tested and some have 

been installed to monitor the SWE value in the snow pack. Advancements in GPR technology 

offer a new chance to take a hard look at ground penetrating radar as an economical alternative in 

measuring SWE. 

 

In order to know how and why NYC arrived at the place of finding an economical method of in-

situ monitoring of SWE, we will have to look back on the history of managing NYC’s water 

supply reservoirs during the winter season.  

HISTORY 

As stated earlier, snow core data for NYC’s water supply has been collected since 1963. 

Presently there are 83 core sites visited over the 1972+ square mile water supply (Figure 1.) 

(ENYCDEP, 2007). Most sites are located in the “West of Hudson” region, with 5 sites located in 

the “East of Hudson” region. The sites visited today are part of the NYC Snow Monitoring 

Program. Originally, the data obtained from the snow surveys was used to assist in reservoir level 

management to insure they were at full capacity at a certain target date in the spring. 

Figure 1. Map of NYC’s “West of Hudson” watershed area including active Snow Core Sites. 

In 2006, NYC Department of Environmental Protection (NYCDEP) deployed it’s first of 3 

liquid filled snow pillows to assist with the snow pack monitoring. One of the chief goals was to 

achieve near real-time data collection while limiting the amount of man-hours it took for manual 

measurements. Early into the installation phase of these instruments, it was determined that the 

potential for catastrophic failure resulting in the release of antifreeze into the water supply was too 

great, and the instruments were removed.  
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On September 27
th

, 2007 the parties of a 1954 Supreme Court Decree, which includes New 

York, Pennsylvania, New Jersey, Delaware and the City of New York, agreed upon a program 

named the Flexible Flow Management Program (FFMP). This program provides a comprehensive 

framework for addressing multiple flow management objectives, including water supply, drought 

mitigation, spill mitigation, as well as a multitude of other objectives directly related to the 

Delaware River basin. Throughout the years, the FFMP has gone through generational changes, 

but the basic premise with regard to the use of accurate winter snowpack data remains the same.   

 

During this same time period, a solid-state snow pillow was being tested by the U.S. Army 

Corps. of Engineers Cold Regions Research and Engineering Lab (CRREL) in Alaska. The 

NYCDEP contacted the designer of the instrument, Dr. Jerome Johnson, and agreed to purchase 2 

units to test in an east coast climate. After a few years of testing, it was determined that the 

instrument was over-designed for NYCDEP’s needs within the Catskill Mountain Region of New 

York State. 

 

2009 provided a second opportunity to test a solid-state snow pillow known as a SnowScale 

designed by 2KR Systems in Barrington, NH. This instrument was smaller, lighter and relatively 

easy to assemble, unlike the original CRREL instrument which was quite large, heavy and took 

multiple days to assemble. At that time, it was decided that the SnowScale was a better fit for the 

snowpack conditions found in the Catskill region. To date, 16 instruments have been installed and 

are in use throughout the NYC water supply watershed (Figure 2.). Approximately 15 more are 

slated to be installed over the next few years.  

Figure 2. Map of NYC’s “West of Hudson” watershed area including active Snow Core Sites. 

In 2011, NYCDEP began developing a multifaceted tool to better manage the entire water 

supply system. This state-of-the-art system named the Operations Support Tool (OST) utilizes 

NYCDEP, as well as other near real-time data resources to assist in the day to day operations of 

the NYC water supply. OST provides decision support information for managers operating the 
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system, including addressing regulatory and compliance-related topics. Through modeling and 

information dissemination, OST also improves reservoir storage management (ENYCDEP, 2011). 

 

While snowpack data is not directly ingested into the OST models, data from National 

organizations such as the National Weather Service and the National Operational Hydrologic 

Remote Sensing Center help drive the OST models. In the case of snowpack monitoring, 

meteorological data collected by the NYCDEP is sent directly to those outside agencies to assist in 

their overall modeling and information based services (Schneiderman et al., 2013). So while it is 

indirectly received, snowpack data directly impacts the daily operations of NYC’s water supply. 

 

During the summer of 2012, the Canadian division of Campbell Scientific Inc. contacted the 

NYCDEP to field test their CS725 Snow-Water Equivalent Instrument in winter conditions found 

in the Northeast. The CS725 is presently the only non-contact instrument designed to measure 

SWE on the market today. The CS725 measures the attenuation of naturally occurring gamma 

radiation from the soil or bedrock as it travels through the snowpack below. This is due to the 

existence of Potassium-40 (
40

K) and Thallium-208 (
208

Tl) (Campbell Scientific, 2015). The 

instrument was installed in the field in 2012 and tested through 2014. These tests showed the 

instrument to be very accurate, but due to the design of the instrument, they are also costly.  

 

A year following the installation of the CS725 (2013), the Novelda NVA-R641 Development 

Kit utilizing the NVA6100 chip became available in the U.S. through Flat Earth, Inc. out of 

Bozeman, MT. Having already been used to accurately measure snow depth, it was reasonable to 

consider researching its use in measuring Snow-Water Equivalent. The use of radar technology to 

measure SWE is not a new concept, but the technology in the NVA-6100 chip offered a new 

affordable avenue.  

NVA-R641 

 The NVA-R641 Development Kit (Figure 3) received by NYCDEP is a RADAR based design 

board that utilizes custom CMOS technology. The concept and design allow the instrument to be 

extremely small and lightweight as well as low powered (<120mW). The NVA6100 chip, which is 

the workhorse of the development board, is an impulse transceiver with a sampling rate of 36 

Gs/sec. A single measurement includes 512 echo samples recorded that cover a total of 2.13 

meters when measured in free space, making the output of 4mm per sample extremely accurate 

(Novelda, 2014).  

 

 The circuit board itself is approximately 4cm by 4cm and communicates directly to a laptop via 

a USB I/O Module. Also, included with the kit are two (2) matching Vivaldi antennas 

(transmit/receive) and a variety of supporting software. The operational transmit bandwidth 

supported by the NVA-R641 has a frequency range of 1.3-4.4GHz with a nominal gain of 0.5-6 

dBi (Novelda, 2014). 

 

 

 

 

 

Figure 3. NVA-R641 Development Kit with homemade mounting assembly. 
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Testing the NVA-R641 

Testing the NVA-R641 Development Kit occurred early in the 2014-2015 winter season. Two 

separate tests were conducted to determine whether the instrument was appropriate to consider 

more in-depth research into using its technology for SWE estimation. The first experiment was 

conducted on January 11, 2015. The concept was to take multiple measurements at varying snow 

depths and SWE values to determine the relative dielectric permittivity of the snowpack obtained 

from the GPR data. SWE values were calculated from the NVA-R641 data and compared to 

manual SWE measurements taken on site (Bradford et al., 2009). 

Experiment 1      

A snow pit was dug at the NYCDEP Neversink Test Site and four evenly spaced vertical blocks 

were determined by dividing the vertical pit wall evenly. Figure 4 shows each section that was 

measured. Section #1 was 20” in vertical depth, and each section following was approximately 5” 

less. 

 

Figure 4. Image of Snow Density Measurement Area with sections highlighted. 

The general appearance of the snow was homogeneous, with a section at the bottom consisting 

of a coarser snow layer approximately 3” in height. Density measurements were taken, centered on 

each block for a total of four (4) samples per block, and results averaged for that section. GPR 

measurements were taken for each section, before it was cut away or a snow core taken. Initially 

the GPR was turned skyward and a sample taken for a “clear air” calibration and echo clutter 

removal. Next, a large metal plate was placed on the ground for enhanced signal reflection and the 

unit was turned to record vertically downward. A “no snow” GPR measurement was taken and 

then the plate was slid at ground level under the snowpack being measured. 

 

After the initial calibration and “no snow” measurements were completed, the entire snowpack 

was sampled. The top block (5”) of snow was then cut away and removed. This left the snowpack 

at ¾ the height of its original state, leaving three (3) evenly spaced vertical blocks left. The next 

set of measurements was taken and then that block removed. This method was repeated until all 

four (4) snow depths were sampled, diminishing evenly in height for each set of measurements. 

Simultaneously, snow cores were sampled a total of four (4) times in each section, and the results 

averaged for each set. The final set of data includes manual measurements of density, SWE, and 

depth along with GPR measurements at each depth.  

 

Once data from the GPR was collected, the challenge was to determine the Dielectric Constant 

(ε) for each section sampled. This was done through a number of steps listed below. 
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Step 1: 

As stated earlier, 512 measurements of the radar echo amplitude are sampled and stored in a 

data file. Also recorded is the rate at which samples are taken (Ts). Assuming the signal travels at 

the Speed of Light (c) with no obstruction, determining the absolute distance (Δa) between sample 

data points can be easily found by using the equation Δa= c/(2Ts). For example, given 

c=2.998x10
11 

mm/sec, and Ts is recorded as 36x10
9 

sample/sec multiplied by 2 to represent a 

signal sent and received, each sample point is separated from its neighbors by 4.16 mm. 

Step 2: 

Next, the radar echo waveforms are plotted graphically to determine specific reflection entities 

such as the top of snow and ground plate location (Figure 5.). A significant echo waveform can 

usually be identified at the snow/ground interface (Bradford et al., 2009), but by using the metal 

ground plate we basically guarantee a large amplitude pulse in the signal, regardless of water 

content.  

 

The “Top of Snow” is identified in each section by calculating the difference between the snow 

depth (measured) and the total distance between the antennae and ground plate reflection point. 

Given we have already calculated the Δa between data points, the top of snow can be calculated by 

identifying the sample number at the ground plate reflection and subtract the snow depth from that 

point, finally identifying the sample number closest to that value. It should be noted that Δa is only 

necessary if calculating distance within the dataset. If points like the top of snow can be located 

through other methods such as a heightened signal in the waveform, then calculating Δa is 

unnecessary.  

Figure 5. Graph of radar echo waveforms at different snow depths.  

Step 3: 

Next, the relative dielectric constant (or electrical permittivity, ε) is determined from the 

propagation velocity of the radar wave in the snow vs. the propagation velocity in free space 

(Gustafsson et al., 2012).  

 ε = c
2
/(μv

2
) 

 

Given that the relative magnetic permeability (μ) of snow is very nearly = 1.0, this equation can 

be simplified to the square of the ratio between the signal travel time from the top of snow to the 

ground plate, with and without the snow present. Further simplification can be made by realizing 

that the radar echo sample numbers are linearly related to the signal travel time (approximately 

27ps per sample) (Gustafsson et al., 2012): 

    
 ε = ((Gs-TS)/( Ga-TS))

2 
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Where Gs is the sample number of the ground plate echo as seen through the snow,  Ga is the 

sample number of the ground plate echo with no snow, and TS is the sample number for the top of 

snow. 

 

For example, using the sample numbers for the 20.5” snowpack shown in Figure 5, we get:  
 

 ε = ((328-184)/(313-184))
2
= 1.2461 

Step 4: 

Utilizing Dr. Martti Tiuri’s research on microwave frequencies through dry snowpack (Truri et 

al., 1984), we can calculate the density of the snowpack by equating our measured value for ε to 

his second-order fitted equation and solving the resulting quadratic equation for Density (ρ).  

Tiuri's equation for the real part of the dielectric constant (εr) is:      

 

εr = 1 + 1.7 ρ+ 0.7 ρ² 

 
 
For example, setting εr equal to the measured ε value for the 20.5" snowpack, we get:  
 

1.2461 = 1 + 1.7 ρ+ 0.7 ρ²  
0 = 0.7 ρ² + 1.7p - 0.2461  

ρsnow = 0.1370 g/cm
3  

Step5: 

Finally, the SWE is calculated by simply multiplying the snow depth (D) by the calculated 

density from step 4 (ρsnow), given that the density of water (pwater) is very nearly 1 g/cm
3
:  

 

SWE = D * ρsnow/ ρwater  

Or 

SWE=521 mm * 0.1370 / 1.0 = 71.4 mm 

 
Experiment 2:      

 The object of Experiment 2 is to measure the effect of increased Density of the radar echo while 

maintaining a constant SWE value. The initial measurements were of snow in a natural condition, 

measuring SWE and Snow Depth in their original state. Increased densities were then created by 

packing the snow down as explained below. 

 

 On February 18, 2015 the test site was revisited and a second snow pit created. An initial SWE 

value was obtained through a manual snow core measurement. The height of snow was established 

and as with Experiment 1, the snowpack was sectioned off into four (4) equal parts vertically. 

After calibration and “clear to ground” measurements were taken by the GPR, the snowpack was 

compressed downward 5” using a 2.5’ x 2.5’ metal plate. This procedure was repeated until the 

entire snowpack remaining was compressed to a height of 5” or 4 times the original density.  

 

 Processing the data from the GPR followed the same procedures as in Experiment 1, with 

graphical results shown in Figure 6. As expected, the echo reflection location of the ground plate 

remained relatively stable represented by the vertical line at the point where the plate echoes are 

identified. SWE comparison results can be found in the “Constant SWE” section of Table 1. Based 

on 50+ years of snow core measurements made by DEP, density is seldom seen above 0.5 g/cm
 3 

in the Catskill Mountain Region of New York State, so it was decided to eliminate the GPR 

measurements and comparison data obtained from Section 4 of the snowpack because the 

calculated density for that section placed the value above 0.8 g/cm
 3 

which would also require a 

different Density
 
Reference (Truri et al., 1984). It is important to note that the Tiuri calculation 

used for this experiment was the same as in Experiment 1. As per Tiuri’s reference, there are a 
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multitude of equations suggested depending on the makeup and density of the snowpack being 

measured.  

Figure 6. Graph of radar echo at different snow densities.  

Table 1. Density/SWE Comparison Table 

  

CONCLUSION 

In conclusion, the ultimate goal in this study was to determine whether this new technology 

could produce data of sufficient reliability and suggest using this instrument in establishing a new 

cost effective method of non-contact SWE measurements. With the cost of the NVA-R641 at 

approximately $6500, the results from the 2 single experiments suggest taking a second look. The 

instrument itself was a bit difficult to work with due to the fact that it was sold as a development 

kit. The instrument became inoperable due to a static charge introduced to the chip, eliminating 

any chance to repeat the experiments in winter 2014-2015. 
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Since the writing of this paper, Flat Earth, Inc. has developed a new Development Kit with data 

logging capabilities at a price of $3200 opening the door for further experimentation and possibly 

a new cost-effective method in measuring SWE through non-contact means. 
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