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Abstract

Snow is an important resource for both communities and ecosystems of
the Northeastern United States. Both flood risk management and water
supply forecasts for major municipalities, including New York City, de-
pend on the collection of snowpack information. Therefore, the purpose of
this study is to summarize all of the snowpack data from ground-based
networks currently available in the Northeast. The collection of snow-
depth and snow water equivalent information extends back several dec-
ades, and there are over 2,200 active sites across the region. Sites are dis-
tributed across the entire range of elevations in the region. The number of
locations collecting snow information has increased substantially in the
last 20 years, primarily from the expansion of the CoCoRaHS (Community
Collaborative Rain, Hail, and Snow) network. Our summary of regional
snow measurement locations provides a foundation for future studies and
analysis, including a template for other regions of the United States.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




ERDC SR-22-1

iv

Contents
Abstract ifi
Contents iv
Figures and Tables vi
Preface vili
1 Introduction 1
0 IS0 O = 7= T 1 = (0 0o Vo 1
I o 1Yo 4 = 4
IGO0 o1 (0 = o o PP RPPRT 5
B RC T B /[T = To =1 = I oo ) =T o7 Lo o N 5
B I [ o[ [V T (o g I o] 1 =Y o = D PN 5
B TG Vg T- 1] S OSSR 5
2 Measurement Methods 7
2.1 Manual MEASUIEMENTS .....c.ciiieeeereereeeressees e e e s sne s s e er e e s e e e e nesnesaeas 7
2.1.1  Snow measurement board, OF SNOWDOAIT ........ccceeverrsverscirrairssinssesssesesenesseesssessenssnes 7
D S 1 0 10 1] o S
2.2 Automated measurements
22,1 UILSONIC SEINSON ..ueeereeeiieuieeieseeaseeseeasesseeasaasesasessn et s asessssasesansaseesesasessnensaasesasessesnesssen
2.2.2  SINOW PHlIOW..etrtriirireiteisteiesi ettt sat ettt ss st sssse e sss e s s e e s s s s et sss e anesnnenens 9
2.2.3  Gamma-radiation SENSOIS ......ccceecevirsiisieritsisieissest st sttt ssn st sesnsne s 11
3 Available Datasets 13
3.1 Federally managed dat@SEtS......ccccuirviiriercierceeee e e seeee e s esee e e e e e s e e e e ane s 13
3.1.1  Global Historical Climate NEtWOIK........ccceeceviririseriesiinissiesisssssisssess s ssessssssesnssnees 13
3.1.2  U.S. Army COIPS Of ENGINEEIS....c.eeiueeieeieeeeeeeieieete ettt n e s 15
3.1.3 Sleepers River Research Watershed .........cccueeceeeeccieisiiessssiesssiesessiesssssensssssssassnnns 16
3.2 State-managed dataSElS......ccciiierreiie e e 16
3.2.1  Maine COOPErative SNOW SUIVEY ......cccereeeeeieeiesieeceesieeeeeiesieeses e sssessneses e ssessesanesnnan 16
3.2.2 Massachusetts Department of Conservation and Recreation W17
3.2.3 New Hampshire Department of Environmental S€IVICES .......cuueeverevcreeerirerseiienanirens 18
3.2.4  New York City Department of Environmental ProteCtion ..........c.cceceeoeveeeceesceceesnencn. 18
3.3 Other dataSELS ...ooiieeeeec e e e e
3.3.1 Great River Hydro
3.3.2  HAIVAIT FOIEST ..ttt snn et s s s sneenesneesenanens
3.3.3  Hubbard Brook EXperimental FOIESt.......oouuuiumirirmiesciiresiiiessseissssstesessesesisensssssnsasssenes 19
3.3.4  Northeast Regional ClimMate CENTEN .......eceeeeeeceeeeeeeeceeeeeeceresiee st sne e s 19
3.3.5  NEW YOrk StAt€ MESONEL ....c..eeeeeeeeieeieeee ettt ettt s s e sn e s ese e enean 20
4 Summary of Available Data 22
N R =T ToTo I o = oT0] o PP SRRS 25

4.2 Spatial distribution of Snow measurement SiteS ......cooocvvireccenirieee e e 27



ERDC SR-22-1

4.3 Temporal resolution of snow measurements

LG T R D 1| VAo - | -
0 Jr R V==Y (Vo - -
4.3.1  Biweekly and variable data...........ccooeeceeeeeeeeeeeeeeeeee et

4.4 Distribution of observation sites by elevation

5 Conclusions 48
References 51
Appendix A: Dataset Auditing 56
Acronyms and Abbreviations 59

Report Documentation Page 60




ERDC SR-22-1

Vi

Figures and Tables

Figures

~N o ok 0N e

10

11

12

13

14

15

16

17
18
19

20
21
22
23
24
25
26
27

Land cover types throughout the Study @rea ........coveeeeeeerrrnrscnrerer s 2
Clean snowboard for recording SNOW dEPtN.....ccuvceeeceeirererrcereescres s ees e se e e eees 7
SNOW COFNG evreeerueereeerseertsesesesessesessssessesessssesssassssss s sassessssesssssssssensssesssssnsssensessasesssessssssssensens 8

Adirondack snow tube and scale used for snow-core sampling

Sonic sensor set above the SNOWD0AId........cccoeceeecerree e e e
Snow pillow and depth sensor set up for an automated weather station ........cccceeveunen. 10
CS275 SWE sensor circled in red. SR50A acoustic snow-depth sensor

CIFCIEA 1N WHITE .ttt ettt nenanne 11
SCAN monitoring station at Mount Mansfield, VErmont..........coccevecevreereseresserercesessenenens 15

Cumulative number of snow-depth-measurement locations with a given
POR. Plot includes only datasets with 10 or more 10Cations ........cccoevevveerercerereserecerenens 26

Cumulative number of SWE measurement locations within a given POR.
Plot includes only those datasets with 10 or more locations.........cccceeeevcecerececeeeenenne. 26

Cumulative number of snow-depth and SWE observation locations in
LTSI A L0 0 == SR 27

Current observation locations in the GHCN. Locations are split by data
source (CoCoRaHS, COOP, and WBAN). Only those locations with snow-
depth or SWE measurements, or both, are SHOWN ........ccceciecerrcecrece et see e 29

Current snow observation locations in Maine with snow-depth or SWE
records continuing to 2017 or later. Maine Cooperative also contains data

in New Hampshire and New Brunswick, Canada.......cccceevrrierervenesercesnessessessesessessesessenns 30
Current snow observation locations in New Hampshire and Vermont with

SNOW-0EPI OF SWE FECOTAS ...vcuereeerererireresesereeseres e sesesesesesss e sas e sssseseseessssesssssssssssesssssaes 31
Current snow observation locations in Massachusetts, Connecticut, and

Rhode Island with SNOW depth OF SWE ...t 32
Current snow observation locations in New York with snow-depth or

SWE FECOIUS ..ttt ettt e et sttt se e e s et e e e e se e ea e nnns 32
Snow-depth observation locations with 20 or more years of record........ccevvereveererenenens 33
SWE observation locations with 20 or more years of reCord........couourererererereresesesesennns 33
POR at stations that collect snow-depth or SWE data, or both, at daily,

weekly, and biweekly or variable INTervals........ et 36
Daily snow-depth @and SWE data.........ccccceeeeeerereeenenerirereeecsesesse e sesssssseeeens 37
Spatial distribution of daily SNOW-AEPth rECOIAS .....coveeereeererirererererereseresseeessesesesesseseeees 37
Spatial distribution of daily SWE rECOIAS......cccveceerierererererereereresesesaesesesessesesasesessesesseesees 38
Weekly snow-depth and SWE data......c.oeeceeernenereneecncnerereseeeeseseses e sesnns 39
Spatial distribution of weekly SNOW-AePth rECOIAS.......cocveerrerrererrerererererereeseres e rer e reseneeeas 39
Spatial distribution of Weekly SWE FECOIAS .......ccerverirerereirererese s eeseas 40
Biweekly or variable snow-depth and SWE data .......ccccceeveererenerescrscrereseseseseesesseeseenenes 41

Spatial distribution of biweekly or variable snow-depth records........coeevreeerverereserveeenens 4



ERDC SR-22-1 vii
28 Spatial distribution of biweekly or variable SWE records ........eeeesrcerceeieceeecensennens 42
29 Elevation throughout the study area (three quarries along the Hudson

River contribute to the negative elevations)......c.ccveeercerrereresere s 43
30 Distribution of snow observations sites by €levation .........cccvceeveerrverrceresreseresese e seeenes 44
31 Elevation distribution of all topography across the Northeast. Elevations
values counted from the USGS NED 1/3 arc-second DEM reduced using
300 M PIXEIS c.eeereerreireesee ettt es e se et s e e s s e e s ae st s ae st e s e e ee e e b e se e sne e ese e nennnns 44
32 Distribution of snow observation sites by elevation, categorized by
periodiCity Of MEASUIEMENT .....coueceeeerercrere et cer et r e sae e sa s e s e ae e ae e sae e ns 45
33 Distribution of snow observation sites by elevation, categorized by network .................. 45
34 Elevation distributions of daily snow measurement sites categorized by
LTSI o T4 Sl T 0 = SR 46
35 Elevation distributions of weekly snow measurement sites categorized by
NETWOIK NAIME ..eceieerceeceeete st e ree st e s seesse s e e s e srnesse e s e saesrsesae e s e ssesasenseessesasassenseesessesanensensansas 46
36 Elevation distributions of biweekly or variable snow measurement sites
categorized DY NETWOIK NBIME ..o e se e neenen 47
Tables
1 Total number of snow-depth and SWE measuring stations in the Northeast
DY MEASUIEMENT LY.ttt ettt e 22
2 Collection methods for snow depth and SWE by NEtWOIK.....c.cccceeeverereeereeereccreererenenaens 24
Snow-depth and SWE period of record (POR) STAtiStICS ......ecceverererrereereriessereeessessessesensens 25
4 Total number of snow-depth and SWE locations in the Northeast
o)V oY= T oo |71 42T 35



ERDC SR-22-1 viii

Preface

This study was conducted for the U.S. Army Corps of Engineers Flood and
Coastal Systems Research and Development Program under funding ac-
count U4376882, AMSCO 031398. The technical monitor was Dr. Ian
Floyd, U.S. Army Engineer Research and Development Center, Coastal
Hydraulics Laboratory (ERDC-CHL).

The work was performed by the Terrain and Ice Engineering Group (Dr.
Meghan Quinn, lead) of the Remote Sensing / GIS Center of Expertise
(Mr. David Finnegan, center director), U.S. Army Engineer Research and
Development Center, Cold Regions Research and Engineering Laboratory
(ERDC-CRREL). At the time of publication, the acting deputy director of
ERDC-CRREL was Mr. Bryan E. Baker, and the director was Dr. Joseph L.
Corriveau.

Additional work was performed by the River and Estuarine Engineering
Branch (Mr. David May, chief) of the Flood and Storm Protection Division
(Dr. Cary A. Talbot, chief), ERDC-CHL. At the time of publication, the
deputy director of ERDC-CHL was Mr. Keith Flowers, and the director was
Dr. Ty V. Wamsley.

COL Teresa A. Schlosser was commander of ERDC, and Dr. David W.
Pittman was the director.






ERDC SR-22-1

1.1

Introduction

Background

The northeastern United States is a complex geographical region with ele-
vations ranging from sea level to approximately 1,000 m" and land cover
types varying from dense metropolitan areas to protected wilderness (Fig-
ure 1). Generally, this midlatitude region has four distinct seasons
(Dupigny-Giroux et al. 2018), varying from cold, snowy winters to warm,
humid summers. However, regional weather patterns can be locally influ-
enced by latitude and mountainous topography. The National Centers for
Environmental Information 1991—2020 U.S. Climate Normals (NCEI
2021a) found that mean annual surface air temperature across the North-
east varied from —1°C to 13°C during that period. Coastal regions in the
Northeast tend to have less-extreme surface air temperatures due to mod-
eration by the ocean (Huntington et al. 2009). Like air temperature, pre-
cipitation patterns show both temporal and spatial variability across the
region. The Northeast 1991—2020 Climate Normals range between 81 and
216 cm/year with the greatest precipitation in mountains and in coastal
Maine, New Hampshire, and Massachusetts (NCEI 2021a).

Along with most of the U.S., the annual mean temperature across the
Northeast has risen in the past two decades. In the Northeast, tempera-
tures have increased by approximately 0.5°C relative to the 1901—2000 av-
erage (NCEI 2021b). Climate change forecasts project that this trend will
continue, with estimates of more than 2°C of warming on average by 2035
in the Northeast, two decades earlier than predictions of that level of
warming globally (Dupigny-Giroux et al. 2018). Additionally, the NCEI
1991—2020 Climate Normals show a 5% to 10% increase in average annual
precipitation relative to the 1901—2000 average (NCEI 2021b). Hayhoe et
al. (2007) observed an increase in average annual precipitation of approxi-
mately 9.5 mm/decade in the proceeding century, with a possible reversal
starting in the 1970s. Changes in precipitation vary spatially across the

* For a full list of the spelled-out forms of the units of measure used in this document and their con-
versions, please refer to U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S
Government Publishing Office, 2016), 245-252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-
2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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region, with larger changes in coastal regions and decreases in Connecticut
and northern New Hampshire (Huntington 2009; NCEI 2021b)

Figure 1. Land cover types throughout the study area.
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Subregional spatiotemporal variability in temperature and precipitation
produces a range of different snowpack characteristics throughout the
Northeast. For example, Cember and Wilks (1993) found the range of me-
dian total seasonal snowfall to be between 100 and 250 cm from south to
north in New England.

Snow is important for many economic, social, and environmental activities
in the Northeast. Winter recreation and tourism centers around snow-
based activities, such as snowmobiling, snowshoeing, alpine skiing, and
snowboarding. Snowmobiling, snowshoeing, and similar activities rely
solely on natural snowfall and accumulation (Scott, Dawson, and Jones
2008). Snowfall events also affect the region’s infrastructure. Winter
storms compromise road safety and make driving more difficult, increas-
ing crash rates (Khattak and Knapp 2001). Roofs can collapse due to snow
loads that exceed the design capacity, as occurred in four different schools
during the 2014—2015 winter (Bass and O’Rourke 2017). Snow also plays a
significant role in ecological processes. When the snowpack is thin, soil
and root systems more readily freeze, causing damage to sugar maple trees
used for maple syrup production (Comerford et al. 2013). Additionally, a
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study conducted in Maine and Connecticut found that insulation from
snow increased the overwintering survival rate of ticks (Linske et al. 2019).

Winter snowfall is important to the region’s water resources. A useful met-
ric for quantifying its importance to a region is the ratio between snow-de-
rived runoff and total runoff. However, this is a challenging figure to
calculate directly with the many physical processes that influence snow-
melt. Most often, a proxy ratio is used as an approximation (e.g., snow wa-
ter content divided by total precipitation or snow water content divided by
total runoff). Kapnick and Delworth (2013) examined both ratios for the
entire northern hemisphere; in New England, they found that in the south-
ern lower elevations, snow might contribute as little as 10% to the annual
runoff. In the northern, higher-elevation mountains, snow may contribute
as much as 80% of the annual runoff. Similar studies in the area contain
information on the ratio of snowmelt-season runoff to total runoff. One
such study investigated the headwaters of the Hudson and other nearby
rivers and found that the average snowmelt contribution was around 60%
of the total annual runoff (Eschner 1982). Another study examined the en-
tire drainage basin for the Androscoggin River (New Hampshire and
Maine) over four years and found that snow accounted for up to 39%—57%
of the annual flow volume (Oczkowski et al. 2006).

Major regional-scale flooding is typically caused by frontal systems ap-
proaching from the south and west or by tropical storms such as Irene,
which produced severe flooding and economic damage in August of 2011.
The extreme storm-induced flooding in the summer of 2011 partially over-
shadowed the widespread snowmelt and rain-on-snow-driven flooding in
April of the same year. That flooding was caused by a moderately deep
snowpack combined with higher temperatures and rainstorms (Suro, Ro-
land, and Kiah 2015). While snowmelt and rain on snow may not be re-
sponsible for the largest floods on record, they are major contributors to
high flow events in the Northeast. Villarini (2016) found a late winter to
early spring date range for annual peak discharge at stream gages in the
Northeast. The temporal distribution of peak discharges is tightly clus-
tered in this range in northern parts of the region; however, in southern
New England, the dates exhibit a bimodal distribution in spring or mid-
summer. This indicates a balanced influence between snowmelt and pre
cipitation-only mechanisms on the date of annual peak flow (Villarini
2016). Berghuijs et al. (2016) show that the mean date of maximum an-
nual flooding in the Northeast can be predicted by the date of peak
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1.2

snowmelt. In contrast, the maximum daily precipitation, daily excess pre-
cipitation (accounting for infiltration), or weekly precipitation are ineffec-
tive predictors of the maximum annual flood timing in the Northeast
(Berghuijs et al. 2016).

Cho and Jacobs (2020) used snow water equivalent (SWE) products from
SNODAS and the University of Arizona to demonstrate that snowmelt re-
sulting from rain-on-snow events produces a runoff potential exceeding
NOAA Atlas 14 precipitation-only estimates for 1- and 7-day durations at
25- and 100-year return intervals. The differences were greater for the 7-
day durations, indicating that snowmelt processes become increasingly
important relative to precipitation when evaluating extreme runoff over
longer timescales. Projected changes in climate will affect SWE, promote
earlier evapotranspiration leading to water supply losses, and accelerate
the timing of spring runoff (Burns et al. 2007; Matonse et al. 2011).

To understand the full extent of these changes and to increase the accuracy
of water resource forecasting, researchers will need in situ observations of
the snowpack. Several studies have collected and performed analysis on
snow data in the Northeast, but most used a subset of the available data
(Cember and Wilks 1993; Hodgkins and Dudley 2006; Hayhoe et al. 2007;
Campbell et al. 2010; Templer et al. 2017). In the Northeast, in situ snow-
pack datasets are inconsistent in specific variables observed, data collection
methods, spatial distribution, and temporal resolution. Currently, there is
no readily available compilation of all snow data records from the region.

Objectives

The overall purpose of this study was to summarize the ground-based
snowpack datasets available for the Northeast. To address this, we imple-
mented several specific objectives:

e Create summary information for the spatial distribution of the snow
measurement locations across the states of Maine, New Hampshire,
Vermont, New York, Connecticut, Massachusetts, and Rhode Island.

e Report the temporal metadata (periods of record [PORs] and resolu-
tions) for the snowpack datasets.

e Identify measurement locations with long PORs.

e Summarize snow measurements by elevation range.
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1.3

Approach
1.3.1 Metadata collection

We searched available snow-depth and SWE records within the Northeast
region of the U.S.. The search included federal databases, state govern-
ments, nonprofits, universities, and separate research entities.

1.3.2 Inclusion criteria

To be included in this metadata summary, sources had to be

e measurements of either snow depth or SWE;

e located within the Northeast region of the U.S., defined as Maine, New
Hampshire, Vermont, Massachusetts, Connecticut, Rhode Island, and
New York;

e part of a systematic program of regular snow data collection; and

e a‘“recent” dataset of active measurements with a POR ending between
calendar year 2017 and the present.

We reviewed sources for snow-depth or SWE records and collected the
metadata for each site in the record. Metadata collected was as follows:

e Source of the data

e Type of measurement when possible (manual, automated, etc.)

o Skill level of the data collector when possible (citizen scientist, trained
volunteer, etc.)

e Temporal resolution, or frequency, of the measurement (daily, weekly,
or biweekly [every other week])

e Station ID or name

e Longitude and latitude of the station

e First and last year of snow-depth collection

e First and last year of SWE collection

1.3.3 Analysis

The focus of our analysis was on sites that are active or recently active. We
included in the study only ongoing datasets and those with a POR ending
between 2017 and 2021. This criterion was used to include datasets with
long records that may have stopped collecting recently. The only historical
records with significant PORs that that we excluded were eleven WBAN



ERDC SR-22-1

(Weather Bureau Army Navy) sites where daily snow measurements were
discontinued around 2010.

Once we filtered the metadata to include recently active SWE or snow-
depth-measurement sites in the Northeast, we grouped the data by net-
work, POR, and state. A complete table of sites gathered in this review are
available in the data file “Northeast Snow Metadata.xlsx,” downloadable at
the same download location as this report: http://dx.doi.org/10.21079/11681/44122.

In section 2, we summarize the most common methods used to measure
snow depth and SWE in the Northeast. This study also reports summary
statistics for the record lengths, along with information about spatial and
hypsometric distribution of the sites.


http://dx.doi.org/10.21079/11681/44122
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2.1

Measurement Methods

There are a variety of manual and automated methods used by researchers
to measure snow depth and SWE. The methods vary by the needs of the
group collecting the data and their resources. Here we summarize the
common methods used to collect snow-depth and SWE data in the North-
east. Others have investigated the errors of each method (Johnson 2002).

Manual measurements
2.1.1 Snow measurement board, or showboard

The snow measurement board (also referred to as a “snowboard”) is a
manual method of determining snow depth only (Figure 2). A snow meas-
urement board is typically a 24 in. by 24 in. (61 cm by 61 cm) board (alt-
hough exact dimensions vary) upon which snow-depth measurements are
taken. The board should be leveled and cleaned before the start of the win-
ter season. It should be located close to where all other weather measure-
ments are taken (i.e., a weather station). Snow measurements on the
board should be taken using a snow measurement stick, which is an easy-
to-read ruler (in the U.S. it is marked in tenths of an inch). At the time of
measurement, the observer drives the stick through the snow to the board
and records the total depth of snow and ice (COOP [Cooperative Observer
Program], n.d.).

Figure 2. Clean snowboard for recording snow depth.
T,
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2.1.2 Snow tube

The snow tube is a manual method of determining SWE. It involves taking
a core sample of the snow on the ground. This is done using a snow tube or
inverting a rain gage or other cylinder of known size and inserting it into
the snow perpendicular to the ground (Figure 3). If the snow is shallow, it
may be possible to slide something flat under the cylinder to ensure no
snow escapes the coring. The snow tube containing the sample is then
weighed, and the measurement is adjusted to account for the weight of the
empty snow tube. With professional snow tube equipment, SWE is typi-
cally read directly from a scale marked in units of depth of liquid water,
calibrated for a given snow tube diameter. If the measurement is made in
units of mass, the value must be converted to depth using the density of
water and the cross-sectional area of the tube. Alternatively, the sample
could be melted in the tube (such as in a rain gauge) and the depth of wa-
ter measured to determine SWE. If the cylinder is labeled with measure-
ment markers, it can also be used to measure snow depth.

There are several types of snow tubes used in the Northeast, including the
Adirondack and Federal snow-sampling tubes. The Adirondack sampler is
a 3 in. inner diameter, 5 ft long tube often made of fiberglass with metal
cutting teeth (Figure 4). The Federal snow tube has an inner diameter
slightly larger than 1.5 in. and is typically made of aluminum (COOP, n.d.).

Figure 3. Snow coring. (Image reproduced with permission from
Jessica Spaccio, Northeast Regional Climate Center [NRCC].)
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2.2

Figure 4. Adirondack snow tube and scale used for snow-core sampling.
(Image reproduced with permission from Jessica Spaccio, NRCC.)

'; 7

Automated measurements
2.2.1 Ultrasonic sensor

An ultrasonic snow-depth sensor is an automated method to measure
snow depth. The sensor sends ultrasonic (higher frequency than audible
soundwaves) pulses towards the ground and records the time it takes to
receive a return signal. The sensor is mounted above a snow board and cal-
ibrated to ground height (Figure 5). When snow is on the ground, the dis-
tance between the sensor and the snow surface is measured, often with
multiple pulses for error checking. The difference in height between the
calibrated distance and the measured distance gives the depth of snow.
The sensors commonly include a temperature probe to adjust for the
measurements as a function of air temperature (Judd 2010).

2.2.2 Snow pillow

Snow pillows can be used to measure SWE at an automated station (Figure
6). Snow pillows are primarily flat polypropylene (plastic) bladders that
contain a mixture of water and antifreeze. The pillows are 5—13 cm thick
when filled and vary in surface area between 1 and 12 m2, depending on
the depth of the snowpack being measured. Deeper snowpacks require
larger pillows to reduce the potential for uneven loading of the pillow. As
snow falls onto the pillow, the increased fluid pressure in the pillow is
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measured by a transducer and converted into SWE (NRCS [Natural Re-
sources Conservation Service] 2014).

Figure 5. Sonic sensor set above the snowboard. (Image
reproduced with permission from NYS Mesonet 2021).

Figure 6. Snow pillow and depth sensor set up for an automated weather station.
(Image reproduced from NRCS 2022. Public domain.)




ERDC SR-22-1 11

2.2.3 Gamma-radiation sensors

SWE can also be measured indirectly by taking advantage of naturally oc-
curring gamma radiation emitted by radioactive elements in the soil. Na-
tional Weather Service (NWS) gamma measurements have been made for
several decades from aircraft (Carroll 2001). Campbell Scientific and Hy-
dro Quebec developed a terrestrial-based sensor used by the New York
State (NYS) Mesonet network. The Campbell Scientific CS725 is a passive,
noncontact gamma-radiation spectrometer tailored for use in measuring
SWE. The CS725 sensor measures the energy associated with gamma rays
emitted from Potassium 40 (4°K) and Thallium 208 (208Tl), which are the
most abundant radioactive elements found in soil. The sensor is typically
installed 3 m or more above the ground and calibrated to the natural
gamma-ray energy levels at a given site without snow present (Figure 7).

Figure 7. CS275 SWE sensor circled in red. SR50A acoustic snow-
depth sensor circled in white. (Image reproduced with permission
from NYS Mesonet 2021..)
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When snow accumulates between the soil and the sensor, water in the
snowpack degrades or completely absorbs some of the gamma rays. The
degree to which the gamma ray’s energy is attenuated by the snow is used
to estimate SWE beneath the sensor. The presence of trees or wooden ob-
jects can impact the performance of the sensor due to naturally occurring
potassium and thallium in wood (Campbell Scientific 2021).

The CS725 has a specified accuracy of +15 mm for SWE between 0 and
300 mm and +15% for SWE between 300 and 600 mm. The sensor pro-
vides continuous data; however, the instrument estimates a daily SWE
measurement using the results of a histogram of gamma-radiation energy
levels collected over a 24-hour window (Campbell Scientific 2021).
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3.1

Available Datasets

Federally managed datasets
3.1.1 Global Historical Climate Network

Maintained by NOAA’s NCEI, the Global Historical Climate Network
(GHCN) daily record is a worldwide database of over 107,000 surface sta-
tions collecting daily temperature, precipitation, and snow records main-
tained (Menne et al. 2012). The database contains records from a number
of individual meteorological networks:

e Community Collaborative Rain, Hail, and Snow (CoCoRaHS) Network

e U.S. Cooperative Observer Program (COOP)

e World Meteorological Organization

e U.S. Natural Resources Conservation Service (NRCS) Snowpack Te-
lemetry (SNOTEL)

e Weather Bureau Army Navy (WBAN)

Jones and Daly (2019) provide a detailed description of the sources of
snow data in the GHCN. Snow depth and SWE are reported for some sta-
tions in the GHCN, with approximately 15,000 stations across the U.S. re-
porting both values. Snow depth and SWE are reported in terms of depth
to the whole millimeter and tenth of a millimeter, respectively (Jones and
Daly 2019).

3.1.1.1 Community Collaborative Rain, Hail, and Snow Network (CoCoRaHS)

The CoCoRaHS Network is a volunteer-based observer network sponsored
by NOAA and the National Science Foundation. Observers are typically
not formally trained. Snow measurements are made manually with a ruler
to the nearest 0.5 in (1.3 cm) (Jones and Daly 2019). SWE measurements
are made once a week (typically on a Monday) using a 4 in. (10.2 cm) di-
ameter rain gauge or a plastic pipe to collect a snow core from the total
depth of snow on the ground. The core is melted to determine the depth of
liquid water in the sample, which is reported to the nearest 0.25 mm (0.01
in) (Jones and Daly 2019).
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3.1.1.2 National Weather Service Cooperative Observer Program (COOP)

NWS cooperative weather observing stations are locations where weather
data is collected by trained volunteers, institutions, or government agen-
cies using equipment that NWS typically provides. COOP station snow
depths are recorded in whole inches, and SWE is reported in hundredths
of an inch (NWS 2017). COOP snow-depth measurements are recorded
daily, and SWE measurements are taken at least weekly (NWS 2013).

3.1.1.3 Weather Bureau Army Navy (WBAN)

The WBAN network contains data collected by the U.S. Weather Bureau, Air
Force, Navy, and Army stations. Data collection began in 1961. The WBAN
network consists of federal weather stations and airports where weather
data is collected. As Jones and Daly (2019) describe, the Federal Meteoro-
logical Handbook No. 1 (NOAA 2019) specifies the accuracy of snow data
collection, which is by whole inch for snow depth and tenth of an inch for
SWE. The data are transmitted in a METAR (Meteorological Terminal Avia-
tion Routine Weather Report) along with other weather observations.

3.1.1.4 Soil Climate Analysis Network (SCAN)

The Soil Climate Analysis Network (SCAN) is a USDA automated soil cli-
mate monitoring network maintained by NRCS. The network was estab-
lished in 1991 and records data every hour (also summarized daily). SCAN
provides data for natural resource monitoring, such as drought tracking,
climate change, watershed health monitoring, and flood risk assessment
(NRCS National Water and Climate Center 2017). Snow depth is recorded
every hour using ultrasonic depth sensors accurate to the millimeter. SWE
is measured using a snow pillow and pressure transducer. Sensors are lo-
cated across the U.S., Puerto Rico, and the Virgin Islands. The stations are
centered in agricultural areas, where they measure soil conditions at vari-
ous depths, weather variables such air temperature and wind speed, and
snowpack variables such as depth and SWE.

Within our study area, there are four SCAN sites: Mount Mansfield, Ver-
mont; Lye Brook, Vermont; Mascoma River, New Hampshire; and Hub-
bard Brook, New Hampshire (Figure 8). Recent damage by bears to the
Mount Mansfield and Mascoma River snow pillows has interrupted the
records at those sites; however, the NRCS plans to restore the SWE
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measurement functionality at these sites in the future (Meredith Albers,
NRCS, pers. comm., 21 September 2021).

Figure 8. SCAN monitoring station at Mount Mansfield, Vermont.
(Image reproduced with permission from Meredith Albers, NRCS.)

3.1.2 U.S. Army Corps of Engineers

The U.S. Army Corps of Engineers—New England District (USACE NAE)
measures snow depth and SWE on a biweekly basis in the winter months
for the Connecticut, Merrimack, Housatonic, Thames, and Blackstone
River basins. Kissock (2019) provides a detailed description of the snow
data collection activities of USACE NAE. Snow data is collected by individ-
ual project offices biweekly between January and April. Currently, there
are 93 snow survey locations where snow depth and SWE are measured
using federal samplers. The data record began in 1961 with a small number
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of USACE project locations that has grown over the years. The data are
posted to a publicly available web page. These data are also submitted to
NOAA to model snowpack density in the Northeast for use in a variety of
projects, such as water supply management, flood risk assessment, and
dam safety monitoring.

The USACE Buffalo (LRB) and Baltimore (NAB) districts also collect
snow data in cooperation with the Northeast Regional Climate Center
(NRCC) at Cornell University. Section 3.3.4 describes the data collected
by those districts.

3.1.3 Sleepers River Research Watershed

Sleepers River Research Watershed in Vermont has weekly snow-depth
and SWE measurements beginning in 1960. Measurements were initiated
by the Agricultural Research Service and then continued by NWS, the U.S.
Army Cold Regions Research and Engineering Laboratory, and finally by
the USGS. Measurements are currently taken at nine snow courses, and a
tenth course was stopped in 2017. Snow depth and SWE were originally
collected using federal samplers but were replaced by Adirondack sam-
plers in 1967. Both parameters are measured and reported weekly
(Chalmers et al. 2019).

The continuous monitoring of this site allows for a good-quality long-term
record of snow depth in the forested watershed. The snowpack measure-
ment record is used to study the impact of changes in snowpack to stream-
flow, groundwater levels, and soil moisture.

State-managed datasets
3.2.1 Maine Cooperative Snow Survey

The Maine Cooperative Snow Survey is managed by the State of Maine
River Flow Advisory Commission. Maine Cooperative collects snow depth
and SWE for Maine to predict spring flooding and includes the following
cooperating partners (Maine River Flow Advisory Commission 2010):

o Allagash Wilderness Waterway

e Brookfield Renewable Energy Group
e Cobbossee Water District

e Great River Hydro, LLC
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e Maine Environmental Science Academy-Fryeburg

e Maine Forest Service

e Maine Geological Survey

e National Weather Service Forecast Office, Caribou

e National Weather Service Forecast Office, Gray

e Nestle Poland Spring Water Company

e New Brunswick Environment and Local Government

e SAPPI Limited

e USGS, New England Water Science Center, Maine Office

e University of Maine, School of Earth and Climate Sciences

Station periodicity (temporal resolution of measurements) varies signifi-
cantly, with some stations surveyed biweekly and some surveyed only once
per year. Observations have increased from an average of one measure-
ment per year in the early twentieth century to an average of five measure-
ments per year in the twenty-first century. The median number of
observations per year at a site in the network is three.

Observers submit data to the Maine Geological Survey and USGS for qual-
ity control and recording. These data are also submitted to NWS for their
flood forecasting. Snow-depth and SWE measurements are collected by
observers using standard federal snow-sampling tubes on north-facing
slopes. Observers average 10 readings at the site and report depth and
SWE to the nearest half inch (Maine River Flow Advisory Commission
2010; USGS 2016).

Some of the survey locations are coincident with NWS monitoring loca-
tions included in the GHCN. However, the Maine Cooperative Snow Sur-
vey measurements are not recorded in the GHCN records and, therefore,
our study treated these records from coincident locations as separate sta-
tions. The Maine Cooperative Snow Survey dataset contained approxi-
mately 250 snow measurement sites that meet the criteria of this study,
including locations in New Hampshire and western New Brunswick.

3.2.2 Massachusetts Department of Conservation and Recreation

The Massachusetts Department of Conservation and Recreation (MA
DCR) Division of Water Supply Protection collects snow surveys at the
Wachusett and Quabbin Reservoirs as part of their watershed and reser-
voir water-quality management. Snow cores are taken at each measure-
ment site six times, and the snow depth and SWE values are each averaged
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into a single value per measurement location. Sampling occurs weekly dur-
ing the winter season (Division of Water Supply Protection 2020). There
are six survey locations in the Wachusett Reservoir and six in the Quabbin
Reservoir that meet the criteria for this study.

3.2.3 New Hampshire Department of Environmental Services

The New Hampshire Department of Environmental Services (NH DES)
Dam Bureau maintains 18 snow-sampling sites across the state that meet
the criteria for this study. Snow cores are taken by trained employees of the
Dam Bureau using snow tubes and scales. Measurements of snow depth
and SWE occur biweekly during the winter season. Records go back to 1950
for some sites. The data are used to determine snow melt runoff for the
subsequent spring and inform operation decisions for the larger, state-
owned dams (Nancy Baillargeon, NH DES, pers. comm., 30 August 2021).

3.2.4 New York City Department of Environmental Protection

The New York City Department of Environmental Protection (NYC DEP)
collects snow-depth and SWE data in the watersheds east and west of the
Hudson River (Horton 2018). These data are used to model water stored
as snowpack and to inform NYC DEP reservoir operations. Snow depth
and SWE have been collected biweekly using snow cores since 1965. Addi-
tionally, snow pillows were installed in 2009 that collect snow depth and
SWE at hourly intervals. Eighty-two snow-core sampling sites and twelve
snow-pillow sites matched the criteria for this study.

Other datasets
3.3.1 Great River Hydro

Great River Hydro owns several dams along the Connecticut River and col-
lects monitoring snow-depth and SWE data at their reservoirs. They have
18 active monitoring sites in Vermont and New Hampshire with records
starting in 1979.

3.3.2 Harvard Forest

Harvard Forest, Massachusetts, is a research location managed by Har-
vard University. An automated snow-pillow station within the forest has
collected daily SWE (reported in millimeters) from 2009 to 2020 for
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research in watershed ecology. Snow-depth data are not currently reported
at the site (Boose 2021).

3.3.3 Hubbard Brook Experimental Forest

In 1955, the USDA established Hubbard Brook Experimental Forest, a
7,800-acre hardwood forest in the White Mountain National Forest in
New Hampshire (Hubbard Brook Ecosystem Study, n.d.). Data collected at
Hubbard Brook is used to study the response of ecosystem structure, com-
position, and function to disturbances both natural and anthropogenic, in-
cluding changing atmospheric chemistry, climate, biota, and landscape
template (USDA Forest Service, Northern Research Station, 2020). Since
the site was established, snow depth and SWE have been measured at the
site using snow cores. Snow surveys are conducted weekly at five separate
locations within the forest. The current procedure uses a 1.485 in. inner di-
ameter Mt. Rose snow tube for measurements. This allows for a one-to-
one conversion from ounces of snow in the tube to inches of SWE.

3.3.4 Northeast Regional Climate Center

NRCC at Cornell University maintains snow survey records and maps for
New York. Surveys are manually conducted biweekly for the winter season.
The surveys collect snow depth and SWE, which are used to develop snow-
pack maps for New York State. Partner organizations collect measurement
using various snow coring techniques, and the following subsections de-
scribe these further (Jessica Spaccio, pers. comm., 27 August 2021).

3.3.4.1 Brookfield Power NY Glens Falls

Brookfield Power NY Glens Falls (NMP-S) observers use a 3 in. diameter
fiberglass snow tube to record snow depth and SWE.

3.3.4.2 Hudson-Black Reg District (Watertown)

Hudson-Black Reg District (Watertown) observers use an Adirondack
snow tube to record snow depth and SWE. Three samples are taken within
a 100 ft radius of the official measurement site. The samples are averaged
and reported as the final measurement.
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3.3.4.3 New York State Canal Corporation

The NYS Canal Corporation observers use a Brecknell Electro Sampson
scale with an Adirondack snow tube to record snow depth and SWE. The
tube is 5 ft long with a 3 in. inner diameter and a 40-tooth cutter to drive
through snow and ice layers. The average of two measurements is taken as
the final value at each site.

3.3.4.4 New York State Department of Environmental Conservation

The NYS Department of Environmental Conservation observers use an
Adirondack snow tube and mechanical scale to record snow depth and
SWE. Data collection begins with several (more than 10) depth measure-
ments made on the way to the sampling location. At the snow course site,
the scale is then set up with one to two measurements taken at the scale,
and no fewer than two taken in each cardinal direction in a line away from
the scale. Based on snowpack consistency, more snow-depth and SWE
measurements may be collected. Temperature is noted at 1 m above the
snowpack surface.

3.3.4.5 Trenton Falls Operators

Trenton Falls Operators observers use an Adirondack snow tube to record
snow depth and SWE. Each observation site is sampled three to five times
within an approximately 10 m square area. The samples are averaged and
reported as the final measurement.

3.3.4.6 U.S. Army Corps of Engineers, Buffalo and Baltimore Districts

USACE LRB and NRB observers use a snow tube and mechanical scale to
measure snow depth and SWE.

3.3.5 New York State Mesonet

The NYS Mesonet, operated and maintained by the University of Albany,
is a network of weather stations across the state of New York. The State of
New York and the Department of Homeland Security and Emergency Ser-
vices established the network in 2014 to act as an early warning weather
detection system. Snow data collected by the NYS Mesonet are inputs to
snowpack models used to develop flood warnings (NYS Mesonet 2021).
Several subnetworks within the NYS Mesonet collect snow data: the Snow
Network, the Standard Network, and the Thruway Micronet.
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3.3.5.1 Snow Network

The NYS Snow Network is series of 21 automated weather stations across
the Adirondacks, Tug Hill, and Catskills (NYS Mesonet 2021). Snow
depth and SWE are measured using sonic and passive gamma-radiation
sensors, respectively. The snow depth is collected every 5 minutes and
SWE every 6 hours.

3.3.5.2 Standard Network

The NYS Standard Network is a series of 126 automated weather stations
spaced approximately equidistant across New York’s 62 counties. Each
Standard Network site contains a 30 ft tower centered on a 33 ft by 33 ft
plot of land. The stations measure surface temperature, relative humidity,
wind speed and direction, precipitation, solar radiation, atmospheric pres-
sure, soil moisture and temperature, and snow depth every 5 minutes
(NYS Mesonet 2021). Snow depth is measured using a sonic sensor and
snowboard. The University of Albany collects, quality controls, and ar-
chives data and then disseminates it to users.

3.3.5.3 Thruway Micronet

The Thruway Micronet is composed of 12 stations along New York’s major
roads. Each station measures air temperature, snow depth, relative hu-
midity, wind speed, and wind direction (NYS Mesonet 2021). Snow depth
is measured using a sonic sensor and snowboard. The network is used to
gain information about roadway conditions.
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4 Summary of Available Data

We filtered all locations with SWE and snow-depth measurements by the
first decade of record. We then plotted these records on a cumulative
scale from the earliest decade of record (1880) to the current decade of
record (2020). We have not fully evaluated the continuity of each time
series for missing data. We used only the beginning and ending dates for
our summary.

There are 2,549 snow-depth locations and 1,612 SWE locations in U.S. net-
works for the Northeast with data extending to at least 2017. PORs ranged
from 1 year to 138 years across all considered data. Collection methods
ranged from citizen volunteer efforts to automated stations, and collection
frequency varied from daily to annually.

Very few snow-depth records and no SWE records date back into the nine-
teenth century. The earliest SWE record is from 1906, which allows for
more than a century of data at this location. More than half of the stations
in our study were established on or after 2000, allowing for only a 20-year
POR at these sites.

Table 1 lists by state and network all stations considered. Table 2 shows
the measurement methods, observer skill, and periodicity (temporal scale)
of snow sampling for each network. We organized the networks by opera-
tional entity (federal, state, or other) and then divided the GHCN network
into three groups—the CoCoRaHS, COOP, and WBAN networks—because
each network has different sampling methods and schedules.

Table 1. Total number of snow-depth and SWE measuring
stations in the Northeast by measurement type.

Number of Stations
State Network Snow Depth SWE
All States All Networks 2549 1612
GHCN 1678 855
CoCoRaHS 1275 760
COOP 381 93
WBAN 22 2
Great River Hydro 18 18
SCAN 4 4
USACE NAE 93 93
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Table 1 (cont.). Total number of snow-depth and SWE
measuring stations in the Northeast by measurement type.

Number of Stations
State Network Snow Depth SWE
Connecticut GHCN 170 106
CoCoRaHS 149 100

COOP 19 6

WBAN 2 0

USACE NAE 14 14

Maine GHCN 194 82
CoCoRaHS 131 80

COOP 60 1

WBAN 3 1
Maine Cooperative 250 251
Massachusetts GHCN 394 207
CoCoRaHS 338 179

COOP 55 28

WBAN 1 0

Harvard Forest 1

MA DCR 12 12

USACE NAE 28 28

New Hampshire GHCN 131 60

CoCoRaHS 84 51

COOP 44 9

WBAN 3 0

Great River Hydro 8

Hubbard Brook 5 5

NH DES 18 18

SCAN 2 2

USACE NAE 29 29
New York GHCN 592 298
CoCoRaHS 418 252

COOP 163 45

WBAN 11 1
NRCC 229 230

NYC DEP Cores 82 82

NYC DEP Pillows 12 12

NYS Mesonet 138 21
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Table 1 (cont.). Total number of snow-depth and SWE
measuring stations in the Northeast by measurement type.

Number of Stations
State Network Snow Depth SWE
Rhode Island GHCN 57 38
CoCoRaHS 49 35
COOP 7 3
WBAN 1 0
Vermont GHCN 140 64
CoCoRaHS 106 63
COOP 33 1
WBAN 1 0
Great River Hydro 10 10
Sleepers River 10 10
SCAN 2 2
USACE NAE 22 22

Table 2. Collection methods for snow depth and SWE by network.

Data Collection
Source Network Method Collector Skill Periodicity

Federal |[CoCoRaHS (GHCN) [Manual Trained Volunteer Snow Depth Daily / SWE Weekly
COOP (GHCN) Manual Trained Volunteer Snow Depth Daily /SWE Weekly
WBAN (GHCN) Automated NAa Every 6 hr
Sleepers River Manual Professional Weekly
SCAN Automated NA Hourly
USACE NAE Manual Professional Biweekly

State Maine Cooperative Manual Trained Volunteer Varies
MA DCR Manual Professional Weekly
NH DES Manual Professional Biweekly
NYC DEP Cores Manual Professional Biweekly
NYC DEP Pillows Automated NA Hourly

Other Great River Hydro Manual Professional Biweekly
Harvard Forest Automated NA 15 min
Hubbard Brook Manual Professional Weekly
NRCC Manual Trained Volunteer Biweekly
NYS Mesonet Automated NA Hourly

a Not applicable
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4.1 Period of record
Table 3 shows the POR mean, median, minimum, and maximum values
for snow depth and SWE for each network. The largest portion of sites
within the GHCN are CoCoRaHS; however, the locations have a median
POR of 5 years only. In contrast, WBAN sites have the longest median rec-
ord length but have only 22 locations across the Northeast. The largest
state-operated network is the Maine Cooperative Snow Survey, which has
a median record length of approximately 45 years.
Table 3. Snow-depth and SWE period of record (POR) statistics.
Data Snow-Depth POR (years) SWE POR (years)

Source Network N | Mean | Median| Min Max N | Mean [Median| Min Max
All Data |All Networks 2549 | 25.7 | 11 1 | 138 | 1612 | 246 | 11 1 116
Federal |GHCN 1678 | 17.7 7 1 138 | 855 6.3 5 1 70

CoCoRaHS 1275 | 6.5 5 1 15 760 5.9 5 1 15
COOP 381 | 489 38 2 138 93 8.0 9 2 13
WBAN 22 | 744 | 765 | 14 | 110 | 2 | 695 | 69.5 | 69 | 70
Sleepers River 10 44.8 40 36 63 10 44.8 40 36 63
SCAN 4 | 205 | 21 18 | 22 4 | 200 | 20 18 | 22
USACE NAE 93 | 354 | 31 22 61 | 93 [354 | 31 22 61
State MA DCR 12 | 31.2 | 315 9 52 12 | 31.2 | 32 9 52
Maine Cooperative| 250 | 45.3 42 1 116 251 | 45.1 42 1 116
NH DES 18 | 53.6 | 64 4 72 18 | 53.6 | 64 4 72
NYC DEP Cores 82 | 57.0 | 57 57 57 | 82 | 570 | 57 57 57
NYC DEP Pillows 12 | 103 | 10 5 13 12 | 103 | 10 5 13
Other Great River Hydro 18 43 43 43 43 18 43 43 43 43
Harvard Forest 0 - - - - 1 13.0 13 13 13
Hubbard Brook 5 53.2 57 29 67 5 53.2 57 29 67
NRCC 229 | 521 56 1 84 230 | 51.8 50 1 84
NYS Mesonet 138 5.9 6 4 7 21 4.0 4 4 4

Figure 9 and Figure 10 plot the number of stations with snow-depth and
SWE measurements, respectively, against POR. We omitted from the plots
networks that include only a few stations (e.g., Harvard Forest). Long data
records of both snow depth and SWE are available from the Maine Coop-
erative and NRCC networks, which steadily added sites over the past cen-
tury. The NYC DEP and the USACE snow data collection efforts began in
the 1960s, although the bulk of USACE measurements start in the 1980s.
In the past 15 years, SWE data collection at COOP sites has increased
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substantially, and the creation of the CoCoRaHS network has dramatically
increased the number of snow-depth and SWE data collection sites.

Figure 9. Cumulative number of snow-depth-measurement locations
with a given POR. Plot includes only datasets with 10 or more locations.
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Figure 10. Cumulative number of SWE measurement locations within a
given POR. Plot includes only those datasets with 10 or more locations.
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4.2

Figure 11 shows the cumulative number of snow-depth or SWE stations es-
tablished by decade for the Northeast. When we evaluated the total num-
ber of sites across the Northeast, there were a small number of snow-depth
collection sites established in the 1880s. In contrast, the earliest SWE rec-
ords occur after 1900. The total number of sites have increased substan-
tially in the last 20 years, indicating that there is increased value and use
of snow data for numerous social, environmental, and economic activities.

Figure 11. Cumulative number of snow-depth and SWE observation
locations in the Northeast.
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Spatial distribution of show measurement sites

The GHCN is a commonly used, spatially distributed network of ground
observations for meteorologic data (Figure 12). CoCoRaHS has the highest
spatial density of sites where either snow depth or SWE are measured.
While CoCoRaHS has numerous sites in the study area, there is an in-
creased chance of measurement error or inconsistency because it is run
entirely by citizen volunteers. In addition, the CoCoRaHS network has
only been in existence for a relatively short period of time; even sites with
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the longest PORs have less than 20 years of data (Figure 9). In compari-
son, the COOP is federally managed and supported by trained volunteers
taking measurements at consistent times and locations, which allows for a
more reliable record. The COOP network has the second highest data den-
sity of the GHCN network. While many COOP network sites have been in
existence for a century or more, SWE data collection started only recently
at some sites, and the longest PORs are less than 15 years (Figure 10). The
WBAN network is entirely automated and has long PORs with well-regu-
lated data, but it has very few stations available.

Figure 13 shows the spatial distribution of Maine snow measurement sites
where either snow depth or SWE were available. It includes data from
GHCN and the Maine Cooperative Snow Survey. The Maine Cooperative
Snow Survey network includes locations outside the Maine political
boundary in New Hampshire and New Brunswick, Canada, which are not
included in any other dataset in this report. Some sites in the Maine Coop-
erative network are colocated with GHCN locations, but the snow-core
data collected at those sites are distinct from the routine data.

The spatial distribution of snow data collection sites in New Hampshire
and Vermont includes data from the GHCN, NRCS SCAN, USACE NAE,
NH DES, Great River Hydro, Hubbard Brook Experimental Forest, and
Sleepers River Research Watershed (Figure 14). To avoid redundancy, Fig-
ure 14 does not show the snow course sites in the Maine Cooperative net-
work that lie within New Hampshire.

The snow data collection sites in Massachusetts, Connecticut, and Rhode
Island include information from the GHCN, USACE NAE, MA DCR, and
Harvard Forest networks (Figure 15). The GHCN locations are evenly dis-
tributed throughout all three states. The USACE NAE sites, which are used
for water management purposes, are concentrated in watersheds where
flood risk management is a key consideration. The MA DCR locations have
limited spatial extents because the snow data is primarily used for Wachu-
sett and Quabbin Reservoirs.

The spatial distribution of sites in New York includes several networks that
are unique to that state. In addition to the GHCN data, New York also has
information from the NRCC, NYC DEP, and the NYS Mesonet networks
(Figure 16). Some sites in the NRCC network are colocated with GHCN,
but data collected at those sites are reported separately and have slight
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differences for coincident time periods. Due to the size of the state and va-
riety of networks, New York has the most snow data collection locations
within the study area.

Snow data measurement locations in the Northeast have PORs ranging
from over 100 years to less than 5 (Figure 9 and Figure 10). For many en-
gineering or scientific investigations, a reasonably long record is required
to perform robust statistical analyses. We have highlighted those locations
with at least a 20-year snow-depth record and SWE record in Figure 17
and Figure 18, respectively.

Figure 12. Current observation locations in the GHCN. Locations are split by data source
(CoCoRaHS, COOP, and WBAN). Only those locations with snow-depth or SWE measurements,
or both, are shown.
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Figure 13. Current snow observation locations in Maine with snow-depth or SWE records
continuing to 2017 or later. Maine Cooperative also contains data in New Hampshire and
New Brunswick, Canada.
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Figure 14. Current snow observation locations in New Hampshire and Vermont with snow-

depth or SWE records.
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Figure 15. Current snow observation locations in Massachusetts, Connecticut, and

Rhode Island with snow depth or SWE.
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Figure 16. Current snow observation locations in New York with snow-

depth or SWE records.
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Figure 17. Snow-depth observation locations with 20 or more years of record.

GHCN
Great River Hydro

k- 4 Hubbard Brook

. Ma&DCR

. Maine Cooperative

. NH DES

+ NRCC

* NYC DEP

¥ SCAN

*  Sleeper's River
USACE NAE

Figure 18. SWE observation locations with 20 or more years of record.
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4.3

Many measurement sites collect data other than snow depth and SWE. In
the GHCN, all partner organizations (CoCoRaHS, COOP, and WBAN) are
also collecting weather data such as precipitation and temperature. Har-
vard Forest is a research site for Harvard University and tracks other ob-
servations in addition to precipitation and temperature, such as forest
health and water quality. Those observations may not be made at the exact
same location as the SWE measurements but are representative of the
wintertime conditions in the area. The Hubbard Brook Ecosystem Study
also tracks data for other variables, such as streamflow, in addition to pre-
cipitation and temperature. The NYS Mesonet tracks other weather obser-
vations, such as relative humidity, wind speed and direction, precipitation,
solar radiation, atmospheric pressure, and soil moisture and temperature,
as part of its early weather warning system for New York State. The SCAN
network tracks additional observations focused on soil health along with
precipitation, temperature, wind, and solar radiation.

Sleepers River has many other observations available to complement their
snow course data, though observations may not be colocated. However,
the meteorological data collected at Sleepers River is often used with the
snow measurements for scientific analysis. The other networks discussed
in our study do not include measurements of climate variables but may
have weather stations nearby.

Temporal resolution of show measurements

While all snow data have value, the temporal resolution of snow measure-
ments is an important piece of metadata that may dictate the utility of a
particular source for analysis. For example, weekly snow course data may
be sufficient for the development of snow loads, provided the collection in-
cludes data points at peak SWE; but the development of melt factors for
use in runoff hydrology typically requires at least daily data. This section
explores the variation in temporal scales at which snow data are collected
in the Northeast.

Most snow data in the Northeast are collected once per week or more fre-
quently (Table 4). Because snow depth is easier to measure, there are sig-
nificantly more stations that collect depth versus SWE, especially on a daily
and weekly basis (Table 4 and Figure 19). The vast majority of stations that
collect only snow depth are a subset of volunteer run COOP and CoCoRaHS
sites. Sites where data are collected on a biweekly or variable frequency are
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primarily formal snow course sites where snow cores are collected by
trained professionals and both snow depth and SWE are available.

The separation of measurements by periodicity is based on the metadata
description of the individual networks and not on an analysis of the actual
data collected at each site. For example, CoCoRaHS volunteers are asked
to collect snow depth daily and SWE weekly. Therefore, in the exploratory
analysis below, we assume stations in that network follow that guidance.
In reality, there are sometimes significant variations in recording intervals
versus the metadata values at individual stations across the various net-
works. Therefore, the periodicity summary below is a high-level overview
based on available metadata only, subject to future refinement from more
in-depth analysis of time series data at each station.

Table 4. Total number of snow-depth and SWE locations in
the Northeast by periodicity.

Frequency of Data Number of Stations
State Availability Snow Depth SWE
All States Daily 1832 40
Weekly 18 880
Biweekly/Variable 690 692
Connecticut Daily 170 0
Weekly 0 106
Biweekly/Variable 14 14
Maine Daily 194 1
Weekly 0 81
Biweekly/Variable 250 251
Massachusetts Daily 394 1
Weekly 12 219
Biweekly/Variable 28 28
New Hampshire Daily 133 2
Weekly 5 65
Biweekly/Variable 55 55
New York Daily 742 34
Weekly 0 297
Biweekly/Variable 311 312
Rhode Island Daily 57 0]
Weekly 0 38
Biweekly/Variable 0 0
Vermont Daily 142 2
Weekly 10 74
Biweekly/Variable 32 32
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Figure 19. POR at stations that collect snow-depth or SWE data, or
both, at daily, weekly, and biweekly or variable intervals.
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4.3.1 Daily data

Sources of daily snow data in the region include COOP, CoCoRaHS,
WBAN, SCAN, NYC DEP pillows, Harvard Forest, and the NYS Mesonet.
All of these sources collect both daily depth and SWE data except for
COOP and CoCoRaHS stations, which collect only snow depth on a daily
basis. Daily snow data are the most valuable for analyses where changes
over short timescales (days) are of interest, such as those that concern
snowmelt and rain-on-snow processes.

There is a long history of collecting daily snow-depth data at COOP and
WBAN sites with some records extending over 100 years (Figure 20). The
distribution of snow-depth collection sites is throughout the region; how-
ever, there are a limited number of sites in parts of upstate New York and
Maine (Figure 21). While the number of sites collecting SWE data at daily
and subdaily intervals has increased dramatically in the past 20 years,
there are a limited number of sites with long SWE records (Figure 22). The
WBAN sites in Buffalo, New York, and Caribou, Maine, provide the longest
daily SWE records. Several other WBAN sites in the region have data until
around 2010 when they were discontinued. Because this study focuses on
documenting recently active sites (Appendix A), it excludes many WBAN
sites with older daily SWE data, including at least 11 sites with more than
50 years of record. NRCS SCAN sites established in New Hampshire and
Vermont in the early 2000s provide the next longest daily SWE records. In
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the past 10 years, the build-out of the NYS Mesonet and NYC DEP snow
pillows has dramatically increased the availability of high-temporal-reso-
lution SWE data in New York.

Figure 20. Daily snow-depth and SWE data.
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Figure 21. Spatial distribution of daily snow-depth records.
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Figure 22. Spatial distribution of daily SWE records.
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4.3.2 Weekly data

Sources of weekly snow data in the region include COOP, CoCoRaHS,
Sleepers River, MA DCR, and Hubbard Brook snow courses. The guidance
for CoCoRaHS volunteers is to collect SWE data once a week; but snow-
depth data is generally collected at those sites more frequently, typically
daily or after snow events. Because of the popularity and widespread pub-
lic participation in the CoCoRaHS program, the weekly snow data category
is dominated by sites in this network. CoCoRaHS is relatively young, how-
ever, and all stations in the dataset have a POR of less than 20 years. Some
COOQP stations report SWE weekly, while others report it semidaily. How-
ever, it is not clear if these are all measured values or derived from precipi-
tation or snow-depth values.

The other stations with weekly data are formal snow course collection ef-
forts at Sleepers River Research Watershed, the Wachusett and Quabbin
reservoir watersheds (MA DCR), and Hubbard Brook Experimental For-
est. Most of these sites have PORs of over 50 years. The exception is the
Wachusett Reservoir watershed snow collection, which began in 2011 (Fig-
ure 23). The weekly reporting of snow depth is generally limited to only a
few watersheds (Figure 24), while weekly reporting of SWE is more widely
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dispersed throughout the region (Figure 25). Again, the CoCoRaHS net-

work makes up the majority of the SWE locations.

Figure 23. Weekly snow-depth and SWE data.
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Figure 24. Spatial distribution of weekly snow-depth records.
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Figure 25. Spatial distribution of weekly SWE records.
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4.3.3 Biweekly and variable data

Sources of data that are collected either biweekly or at variable intervals
include the Maine Cooperative Snow Survey, USACE NAE, NH DES, NYC
DEP Cores, and the NRCC snow courses. These networks are all formal
snow course collection efforts, many of which are continuing to grow, re-
sulting in significant variation in the POR (Figure 26). Some of the oldest
records are from the Maine Cooperative and the NRCC snow courses. In
general, these sites use manual snow measurements, which provide both
snow depth and SWE. Therefore, the distribution of sites with more than
20 years of data for snow depth (Figure 27) is very similar to the SWE lo-
cations (Figure 28).
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Figure 26. Biweekly or variable snow-depth and SWE data.
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Figure 27. Spatial distribution of biweekly or variable snow-depth records.

- Edmundston
N o g
7T >
bury oQuebe@‘{,& .1 L] | New
I | ick
oy Trois-Rivieres ~ '® e YN o e N
a o | Fredericton °
] *. 1 o
L I
Ottawa Montreal .‘-.. .';\ saintjohn
2 [] .h‘laiae‘ 4R -
__________________ ‘ . L] d
o0
Barrie Brock\nlle ® -. '.:o
i Iﬁpgston I, Augusia «
7 %@Ck Yarmouth
OToronto / 2 ..umﬂ,,e,ﬁs °
ol-!amiltbh"_' "'F'z"h" a?‘? f {\@‘-
oc| estor
" Bgale © ey ‘ MRS AN Length of Record
- L]
P i ‘. 1y ‘ ‘;'6 A'ba“Y t . < 20 years
° p | i '| Py Boston
ha % . =20years
-’ {. Providence
Connecticut
Pennsylvania New York 0 50 100 200
(bR o Lo g g | i
Harrisburg Miles




ERDC SR-22-1

Figure 28. Spatial distribution of biweekly or variable SWE records
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4.4 Distribution of observation sites by elevation

The landscape of the Northeast exhibits substantial topographic variation,
bounded to the east by the Atlantic Ocean, to the west by the Great Lakes
Ontario and Erie, with a spine formed by the northern terminus of the Ap-
palachian Mountains running through the center of the region (Figure 29).

To investigate the elevational distribution of snow measurement sites in
the Northeast, we extracted elevations from the USGS National Elevation
Dataset (NED) 1/3 arc-second DEM (digital elevation model) at the lati-
tude and longitude associated with each station. Many stations include ele-
vation data in their metadata; however, many do not, and several contain
what appear to be erroneous values. Therefore, for consistency, we used
the NED-derived value for each site in the following analysis.
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Figure 29. Elevation throughout the study area (three quarries along the Hudson River
contribute to the negative elevations).
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In general, ground-based weather observations tend to be biased to lower

elevations near population centers (Brasnett 1999). In the Northeast, we
find that both snow-depth and SWE observations are distributed across a
broad band of elevations, with the predominant number of sites at lower
elevations, tapering off to very few stations above 800 m (Figure 30).
While this may partially confirm a bias toward stations at lower elevations,
the distribution is similar to the overall elevation distribution across the

region (Figure 31), with some underrepresentation in the 200-600

m ele-

vation band. This is probably due to a combination of the large number
and broad spatial distribution of CoCoRaHS sites, which are typically at
people’s homes, providing a more uniform sample of low to medium eleva-
tions, and the large number of formal snow course sites located at higher

elevations in New York and Maine.

When looking at sites that collect data at daily, weekly, or biweekly or vari-
able intervals, obvious patterns of elevation distribution emerge. Daily
snow-depth data is biased towards very low elevations while the very
sparse daily SWE measurements are uniformly distributed across eleva-
tions between 300 and 700 m (Figure 32; Figure 34). With some excep-

tions, daily snow-depth data is dominated by COOP and CoCoRaHS
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stations, which tend to be near population centers at lower elevations. The
more recent addition of NYS Mesonet, NYC DEP snow pillows, and SCAN
sites has increased the availability of daily or subdaily snow-depth and
SWE data at higher elevations (Figure 33; Figure 34). Weekly SWE meas-
urements are predominately made at COOP and CoCoRaHS sites (Figure
33; Figure 35), which are again biased towards lower elevations, while
higher elevations in the region tend to be represented by biweekly or varia-
ble data collection sites. This is likely because the biweekly and variable
data are collected at formal snow courses by groups (USACE-NAE, NRCC,
and NYC DEP) who are interested in characterizing snow conditions in
watersheds or regions where snow is an important factor for runoff, and
these areas tend to be at higher elevations (Figure 33; Figure 36).

Figure 30. Distribution of snow observations sites by elevation.
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Figure 31. Elevation distribution of all topography across the Northeast.
Elevations values counted from the USGS NED 1/3 arc-second DEM
reduced using 300 m pixels.
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Figure 32. Distribution of snow observation sites by elevation, categorized by
periodicity of measurement.
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Figure 34. Elevation distributions of daily snow measurement sites categorized by

network name.
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Figure 35. Elevation distributions of weekly snow measurement sites categorized by

network name.
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Figure 36. Elevation distributions of biweekly or variable snow measurement sites

categorized by network name.
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5 Conclusions

There are over 2,200 active or recently active sites where SWE or snow-
depth data, or both, are collected in the Northeast. Snow measurements
are collected by a broad variety of individuals and groups with varying lev-
els of experience and motivation. The oldest records, which date back well
over 100 years, are from snow-depth measurements collected at COOP
sites and in Maine around dam projects (now cataloged by the Maine Co-
operative Snow Survey). The NRCC records include several active snow
course sites with over 80 years of record. The number of active sites in-
cluded in the NRCC records has been gradually growing over the past cen-
tury, punctuated by step increases as government agencies interested in
water management established formal snow course programs (e.g.,
USACE, NH DES, MA DCR, and NYC DEP). Furthermore, the develop-
ment of automated sensors has allowed for a recent increase in valuable
daily or subdaily SWE measurements (e.g., NYS Mesonet, NRCS SCAN,
and NYC DEP snow pillows); however, their spatial coverage is biased to
New York with the exception of SCAN sites, which cover four locations in
Vermont and New Hampshire.

The citizen-science-driven CoCoRaHS network has caused a dramatic in-
crease of new sites collecting snow-depth and SWE records, starting around
2006. There are more than 1,200 CoCoRaHS observation locations in our
study area that have records ending in 2017 or later. While the CoCoRaHS
network provides large quantities of data, it also lacks data continuity. Each
observation location is maintained by a single volunteer and is not usually
continued when that volunteer stops providing data. However, the spatial
density of this dataset is likely to be valuable in filling in the voids present
in professionally measured snow data coverage across the Northeast.

Several research areas in the region collect snow data over a small spatial
extent but often in coordination with other meteorological or environ-
mental sensors (Harvard Forest, Sleepers River, and Hubbard Brook).
Sleepers River and Hubbard Brook both have collection sites with over
40 years of record.

The spatial distribution of the sites varies by state and network. New York
has the greatest number of locations where snow measurements are taken,
while Rhode Island has the fewest. In general, the total number of sites is
proportional to the geographic size of the state and the state population.
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Across the entire region, there is on average one station measuring snow
depth and one measuring SWE for every 112 and 178 km? of land area, re-
spectively. Rhode Island, Connecticut, and Massachusetts are small but
densely populated states that have one snow-depth station per 54 km2 and
one SWE station per 69 kmz2. For other states in the study region, the den-
sity of snow observation sites tracks with population density. For example,
snow depth and SWE measurements in New York are 116 and 190 km?, re-
spectively, with New Hampshire at 125 and 203 km2, Vermont at 137 and
244 km?2, and Maine at 180 and 240 kmz2.

Sites are distributed across the entire range of elevations in the region.
Much of the data are biased towards lower elevations where people live
and work. The vast number of CoCoRaHS sites, typically collected at peo-
ple’s homes, contributes to that bias. Agencies collecting snow data for wa-
ter management purposes tend to collect data at higher elevations. There
is an underrepresentation of snow data for areas in the elevation band be-
tween approximately 300 and 600 m.

There are a variety of snow-depth and SWE data available in the Northeast
that could be useful in future studies related to snowmelt, flood prediction,
climate change, and economic impacts of changes in snow accumulation
and melt patterns. In this review, we sought to identify and summarize
metadata for the various sources of snow data in the region. While the data
contained in the GHCN are well known and widely used, we describe a
number of additional datasets to consider when conducting snow-related
analyses in the Northeast. The datasets have varying POR, measurement
methods, periodicity (temporal scale), and spatial density (spatial scale).

Additional work will be necessary to analyze the quality of the time series
data and to perform quality control processes. Some next steps include

e a full review of ground station time series data to identify gaps and
other issues in the records,

¢ identifying nearby meteorological stations that can provide supplemen-
tary temperature and other time series data, and

¢ identifying and reviewing snow data from bordering provinces of Canada.

Most snow data are collected for water supply, flood forecasting, and road
and driving conditions. The networks with long historical records are used
primarily for water management activities and extend to the higher
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elevations. While water management and public safety are often the moti-
vating reason for collecting snow data, many other economic and ecologi-
cal activities utilize this information. The value of snow data is apparent by
the dramatic increase in collection sites that have been initiated during the
last decade. Our summary of ground-based snow sites in the Northeast is
the first such effort in the region. It provides a single reference for cur-
rently available information used by water managers, researchers, and the
public for a variety of activities in the region. By referring to our summary,
future studies and analyses can spend less time gathering potential data
sources while also maximizing the use of available snow data.



ERDC SR-22-1

References

Bass, R. A. D., and M. O'Rourke. 2017. “Observations of Snow Load Effects on Four
School Buildings in New England.” In Structures Congress 2017: Blast, Impact
Loading, and Response of Structures, 6—8 April, Denver, CO, 302—313.
https://doi.org/10.1061/9780784480397.026.

Berghuijs, W. R., R. A. Woods, C. J. Hutton, and M. Sivapalan. 2016. “Dominant Flood
Generating Mechanisms across the United States.” Geophysical Research Letters

43 (9): 4382—4390. https://doi.org/10.1002/2016GL068070.

Boose, E. 2021. Harvard Forest Snow Pillow since 2009. Harvard Forest Data Archive:
HF155 (v.16). Environmental Data Initiative.
https://doi.org/10.6073/pasta/38ae46d8a033546358a6a53b8a38b10e.

Brasnett, B. 1999. “A Global Analysis of Snow Depth for Numerical Weather Prediction.”

Journal of Applied Meteorology 38 (6): 726—740. https://doi.org/10.1175/1520-
0450(1999)038<0726:AGA0SD>2.0.C0;2.

Burns, D. A., J. Klaus, and M. R. McHale. 2007. “Recent Climate Trends and Implications
for Water Resources in the Catskill Mountain Region, New York, USA.” Journal

of Hydrology 336 (1—2): 155—170. https://doi.org/10.1016/j.jhydrol.2006.12.019.

Campbell, J. L., S. V. Ollinger, G. N. Flerchinger, H. Wicklein, K. Hayhoe, and A. S.
Bailey. 2010. “Past and Projected Future Changes in Snowpack and Soil Frost at
the Hubbard Brook Experimental Forest, New Hampshire, USA.” Hydrological

Processes 24 (17): 2465—2480. https://doi.org/10.1002/hyp.7666.

Campbell Scientific. 2021. CS725 Snow Water Equivalency Sensor Product Manual.
Logan, UT: Campbell Scientific, Inc.
https://s.campbellsci.com/documents/us/manuals/cs725.pdf.

Carroll, T. 2001. Airborne Gamma Radiation Snow Survey Program: A User’s Guide,
Version 5.0. Chanhassen, MN: National Operational Hydrologic Remote Sensing

Center. https://www.nohrsc.noaa.gov/technology/pdf/tom_gamma50.pdf.

Cember, R. P., and D. S. Wilks. 1993. Climatological Atlas of Snowfall and Snow Depth
for the Northeastern United States and Southeastern Canada. Northeast
Regional Climate Center Research Series Publication No. RR 93—1. Ithaca, NY:
Cornell University.

Chalmers, A. T., J. B. Shanley, J. C. Denner, and S. F. Clark. 2019. Snow Depth and Snow
Water Equivalents at Sleepers River Research Watershed, Danville, Vermont.
USGS data release. https://doi.org/10.5066/P9NMQX70.

Cho, E., and J. M. Jacobs. 2020. “Extreme Value Snow Water Equivalent and Snowmelt
for Infrastructure Design over the Contiguous United States.” Water Resources

Research 56 (10): e2020WR028126. https://doi.org/10.1029/2020WR028126.


https://doi.org/10.1061/9780784480397.026
https://doi.org/10.1002/2016GL068070
https://doi.org/10.6073/pasta/38ae46d8a033546358a6a53b8a38b10e
https://doi.org/10.1175/1520-0450(1999)038%3c0726:AGAOSD%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1999)038%3c0726:AGAOSD%3e2.0.CO;2
https://doi.org/10.1016/j.jhydrol.2006.12.019
https://doi.org/10.1002/hyp.7666
https://s.campbellsci.com/documents/us/manuals/cs725.pdf
https://www.nohrsc.noaa.gov/technology/pdf/tom_gamma50.pdf
https://doi.org/10.5066/P9NMQX70
https://doi.org/10.1029/2020WR028126

ERDC SR-22-1 52

Comerford, D. P., P. G. Schaberg, P. H. Templer, A. M. Socci, J. L. Campbell, and K. F.
Wallin. 2013. “Influence of Experimental Snow Removal on Root and Canopy
Physiology of Sugar Maple Trees in a Northern Hardwood Forest.” Oecologia
171:261—269. https://doi.org/10.1007/s00442-012-2393-x.

COOP (Cooperative Observer Program). n.d. NWS Policy Directives and Guidelines for
Cooperative Observer Program. National Weather Service, NOAA. Accessed 25
August 2021. https://www.weather.gov/coop/standards.

Division of Water Supply Protection. 2020. Water Quality Report: 2019 Quabbin
Reservoir Watershed Ware River Watershed. Massachusetts Department of
Conservation and Recreation, Division of Water Supply Protection, Office of
Watershed Management. https://www.mass.gov/doc/2019-quabbin-reservoir-and-ware-
river-water-quality-report/download.

Dupigny-Giroux, L. A., E. L. Mecray, M. D. Lemcke-Stampone, G. A. Hodgkins, E. E.
Lentz, K. E. Mills, E. D. Lane, et al. 2018. “Chapter 18: Northeast.” In Impacts,
Risks, and Adaptation in the United States: Fourth National Climate
Assessment, Volume II, edited by D. R. Reidmiller, C. W. Avery, D. R. Easterling,
K. E. Kunkel, K. L. M. Lewis, T. K. Maycock, and B. C. Stewart, 669—742.
Washington, DC: U.S. Global Change Research Program.
http://dx.doi.org/10.7930/NCA4.2018.CH18.

Eschner, A. R. 1982. “Eastern Snowpack Conditions — Characteristics and Significance.”
Presented at the Western Snow Conference, 20—23 April, Reno NV.
https://westernsnowconference.org/sites/westernsnowconference.org/PDFs/1982Eschner.pdf.

Hayhoe, K., C. P. Wake, T. G. Huntington, L. Luo, M. D. Schwartz, J. Sheffield, E. F.
Wood, B. Anderson, J. A. Bradbury, A. T. DeGaetano, and D. W. Wolfe. 2007.
“Past and Future Changes in Climate and Hydrological Indicators in the US
Northeast.” Climate Dynamics 28:381—407. https://doi.org/10.1007/s00382-006-
0187-8.

Hodgkins, G. A., and R. W. Dudley. 2006. “Changes in Late-Winter Snowpack Depth,
Water Equivalent, and Density in Maine, 1926—2004.” Hydrological Processes
20 (4): 741-751. https://doi.org/10.1002/hyp.6111.

Horton, G. 2018. Snow Cores. NYCDEP. Accessed 8 September 2021.
https://www.uvm.edu/femc/data/archive/project/snowpillow/dataset/snow-cores/overview.

Hubbard Brook Ecosystem Study. n.d. “Hubbard Brook Research Focus.” Hubbard Brook
Ecosystem Study. Accessed 30 August 2021. https://hubbardbrook.org/hubbard-brook-
research-focus.

Huntington, T. G., A. D. Richardson, K. J. McGuire, and K. Hayhoe. 2009. “Climate and
Hydrological Changes in the Northeastern United States: Recent Trends and
Implications for Forested and Aquatic Ecosystems.” Canadian Journal of Forest
Research 39: 199—212. https://doi.org/10.1139/X08-116.

Jones, K. F., and S. F. Daly. 2019. “Snow Depth and Snow Water Equivalent Data at
Stations Included in the GHCN Database.” In Proceedings of the 76th Eastern
Snow Conference, 4—6 June, Fairlee, VT, edited by K. Chutko and G. Riggs, 78—
100. https://staticl.squarespace.com/static/58b98f7bd1758e4cc271d365/t
/5e31da706938af1e4f0d9e84/1580325493372/69.+Jones.etal.pdf.



https://doi.org/10.1007/s00442-012-2393-x
https://www.weather.gov/coop/standards
https://www.mass.gov/doc/2019-quabbin-reservoir-and-ware-river-water-quality-report/download
https://www.mass.gov/doc/2019-quabbin-reservoir-and-ware-river-water-quality-report/download
http://dx.doi.org/10.7930/NCA4.2018.CH18
https://westernsnowconference.org/sites/westernsnowconference.org/PDFs/1982Eschner.pdf
https://doi.org/10.1007/s00382-006-0187-8
https://doi.org/10.1007/s00382-006-0187-8
https://doi.org/10.1002/hyp.6111
https://www.uvm.edu/femc/data/archive/project/snowpillow/dataset/snow-cores/overview
https://hubbardbrook.org/hubbard-brook-research-focus
https://hubbardbrook.org/hubbard-brook-research-focus
https://doi.org/10.1139/X08-116
https://static1.squarespace.com/static/58b98f7bd1758e4cc271d365/t/5e31da706938af1e4f0d9e84/1580325493372/69.+Jones.etal.pdf
https://static1.squarespace.com/static/58b98f7bd1758e4cc271d365/t/5e31da706938af1e4f0d9e84/1580325493372/69.+Jones.etal.pdf

ERDC SR-22-1 53

Judd Communication. 2010. Judd Communications Depth Sensor. Salt Lake City, UT:
Judd Communications. http://juddcom.com/storage/ds2manual.pdf

Kapnick, S. B., and T. L. Delworth. 2013. “Controls of Global Snow under a Changed
Climate.” Journal of Climate 26:5537—5562. https://doi.org/10.1175/JCLI-D-12-
00528.1.

Khattak, A. J., and K. K. Knapp. 2001. “Snow Event Effects on Interstate Highway
Crashes.” Journal of Cold Regions Engineering 15 (4): 219—229.
https://doi.org/10.1175/JCLI-D-12-00528.1.

Kissock, S. R. 2019. “Temporal Trends in Snow Water Equivalent in New England from
1960 to Present.” In World Environmental and Water Resources Congress 2019:
Groundwater, Sustainability, Hydro-Climate/Climate Change, and
Environmental Engineering, 303—311. Reston, VA: American Society of Civil
Engineers.

Linske, M. A., K. C. Stafford, S. C. Williams, C. B. Lubelczyk, M. Welch, and E. F.
Henderson. 2019. “Impacts of Deciduous Leaf Litter and Snow Presence on
Nymphal Ixodes scapularis (Acari: Ixodidae) Overwintering Survival in Coastal
New England, USA.” Insects 10 (8): 227. https://doi.org/10.3390/insects10080227.

Maine River Flow Advisory Commission. 2010. “The Maine Cooperative Snow Survey.”
State of Maine, River Flow Advisory Commission. Accessed 30 August 2021.
https://www.maine.gov/rfac/rfac_snow.shtml.

Matonse, A. H., D. C. Pierson, A. Frei, M. S. Zion, E. M. Schneiderman, A. Anandhi, R.
Mukundan, and S. M. Pradhanang. 2011. “Effects of Changes in Snow Pattern and
the Timing of Runoff on NYC Water Supply System.” Hydrological Processes
25:3278—-3288.

Menne, M. J., I. Durre, R. S. Vose, B. E. Gleason, and T. G. Houston. 2012. “An Overview
of the Global Historical Climatology Network-Daily Database.” Journal of
Atmospheric and Oceanic Technology 29 (7): 897—910.
https://doi.org/10.1175/JTECH-D-11-00103.1.

NCEI (National Centers for Environmental Information). 2021a. Gridded NCEI Normals
Mapper. Accessed 1 November 2021. https://ncei-normals-mapper.rcc-acis.org/.

NCEI (National Centers for Environmental Information). 2021b. Normals Comparisons.
Accessed 1 November 2021. https://www.ncei.noaa.gov/products/land-based-station/us-

climate-normals/.

NOAA (National Oceanic and Atmospheric Administration). 2019. Federal
Meteorological Handbook No. 1: Surface Weather Observations and Reports.
FCM-H1-2019. Washington, DC: Office of the Federal Coordinator for
Meteorological Services and Supporting Research. https://www.icams-
portal.gov/resources/ofcm/fmh/FMH1/fmh1_2019.pdf.

NRCS (Natural Resources Conservation Service). 2014. “Chapter 4: Site Installation.” In
Part 622 Snow Survey and Water Supply Forecasting National Engineering
Handbook. Washington, DC: U.S. Department of Agriculture, Natural Resources
Conservation Service.
https://directives.sc.egov.usda.gov/OpenNonWebContent.aspx?content=36139.wba



https://doi.org/10.1175/JCLI-D-12-00528.1
https://doi.org/10.1175/JCLI-D-12-00528.1
https://doi.org/10.1175/JCLI-D-12-00528.1
https://doi.org/10.3390/insects10080227
https://www.maine.gov/rfac/rfac_snow.shtml
https://doi.org/10.1175/JTECH-D-11-00103.1
https://ncei-normals-mapper.rcc-acis.org/
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals/
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals/
https://www.icams-portal.gov/resources/ofcm/fmh/FMH1/fmh1_2019.pdf
https://www.icams-portal.gov/resources/ofcm/fmh/FMH1/fmh1_2019.pdf

ERDC SR-22-1 54

NRCS (Natural Resources Conservation Service). 2022. “What is Snow Water
Equivalent.” U.S. Department of Agriculture, Natural Resources Conservation
Service. Accessed 21 January 2022. https://www.nrcs.usda.gov/wps/portal/nrcs/detail
/null/?cid=nrcseprd1314833.

NRCS National Water and Climate Center. 2017. Soil Climate Analysis Network (SCAN).
Portland, OR: National Water and Climate Center.
https://www.nres.usda.gov/wps/wem/connect/wec/ 6ec8c52f-cad2-46fe-8d32-
7¢924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRgICW&CVID=mmRgICW&CVID
=mmRgICW&CVID=mmRgICW&CVID=mmRgICW&CVID=mmRgICW&CVID=mmRgICW&CVID=
mmRgICW&CVID=mmREICW&CVID=mmREICW&CVID=mmREICW&CVID=mmREICW&CVID=m
mRg9ICW&CVID=mmRgICW&CVID=mmRgICW&CVID=mmRgICW.

NWS (National Weather Service). 2013. Snow Measurement Guidelines for National
Weather Service Surface Observing Programs. Silver Spring, MD: U.S.
Department of Commerce, NOAA, NWS.
https://www.weather.gov/media/coop/Snow_Measurement_Guidelines-2014.pdf.

NWS (National Weather Service). 2017. Cooperative Station Observations and
Maintenance. National Weather Service Manual 10-1315. Silver Spring, MD: U.S.
Department of Commerce, NOAA, NWS.
https://www.nws.noaa.gov/directives/sym/pd01013015curr.pdf.

NYS Mesonet. 2021. “NYS Mesonet.” NYS Mesonet. Albany, NY: University at Albany,
Department of Atmospheric and Environmental Sciences Atmospheric Sciences
Research Center. https://www2.nysmesonet.org.

Oczkowski, A. J., B. A. Pellerin, C. W. Hunt, W. M. Wollheim, C. J. Vérosmarty, and T. C.
Loder. 2006. “The Role of Snowmelt and Spring Rainfall in Inorganic Nutrient
Fluxes from a Large Temperate Watershed, the Androscoggin River Basin (Maine
and New Hampshire).” Biogeochemistry 80 (3): 191—203.
http://www.jstor.org/stable/20456397.

River Flow Advisory Commission. 2010. “The Maine Cooperative Snow Survey.” State of
Maine River Flow Advisory Commission. https://www.maine.gov/rfac/rfac_snow.shtml.

Scott, D., J. Dawson, and B. Jones. 2008. “Climate Change Vulnerability of the US
Northeast Winter Recreation—Tourism Sector.” Mitigation and Adaptation
Strategies for Global Change 13 (5): 577—596.

Suro, T. P., M. A. Roland, and R. G. Kiah. 2015. Flooding in the Northeastern United
States, 2011. USGS Professional Paper 1821. Reston, VA: USGS.
https://doi.org/10.3133/pp1821.

Templer, P. H., A. B. Reinmann, R. Sanders-DeMott, P. O. Sorensen, S. M. Juice, F.
Bowles, L. E. Sofen, et al. 2017. “Climate Change across Seasons Experiment
(CCASE): A New Method for Simulating Future Climate in Seasonally Snow-
Covered Ecosystems. PLOS ONE 12(2): e0171928. https://doi.org/10.1371
/journal.pone.0171928.

USDA Forest Service, Northern Research Station. 2020. Hubbard Brook Experimental
Forest: Snow Water Measurements, 1955 - Present Ver. 15. Environmental Data
Initiative. https://doi.org/10.6073/pasta/eb5691cdef0e6535173b169a23b4bab7.



https://www.nrcs.usda.gov/wps/portal/nrcs/detail/null/?cid=nrcseprd1314833
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/null/?cid=nrcseprd1314833
https://www.nrcs.usda.gov/wps/wcm/connect/wcc/6ec8c52f-ca42-46fe-8d32-7c924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW
https://www.nrcs.usda.gov/wps/wcm/connect/wcc/6ec8c52f-ca42-46fe-8d32-7c924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW
https://www.nrcs.usda.gov/wps/wcm/connect/wcc/6ec8c52f-ca42-46fe-8d32-7c924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW
https://www.nrcs.usda.gov/wps/wcm/connect/wcc/6ec8c52f-ca42-46fe-8d32-7c924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW
https://www.nrcs.usda.gov/wps/wcm/connect/wcc/6ec8c52f-ca42-46fe-8d32-7c924a095bb8/scan_brochure.pdf?MOD=AJPERES&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW&CVID=mmRg9CW
https://www.weather.gov/media/coop/Snow_Measurement_Guidelines-2014.pdf
https://www.nws.noaa.gov/directives/sym/pd01013015curr.pdf
https://www2.nysmesonet.org/
http://www.jstor.org/stable/20456397
https://www.maine.gov/rfac/rfac_snow.shtml
https://doi.org/10.1371/journal.pone.0171928
https://doi.org/10.1371/journal.pone.0171928
https://doi.org/10.6073/pasta/eb5691cdef0e6535173b169a23b4ba67

ERDC SR-22-1

55

USGS. 2016. “Maine Cooperative Snow Survey.” Video, 6:59.
https://www.usgs.gov/media/videos/maine-cooperative-snow-survey.

Villarini, G. 2016. “On the Seasonality of Flooding across the Continental United States.”
Advances in Water Resources 87 (C): 80—91. http://dx.doi.org/10.1016%2Fj
.advwatres.2015.11.009.



https://www.usgs.gov/media/videos/maine-cooperative-snow-survey
http://dx.doi.org/10.1016%2Fj.advwatres.2015.11.009
http://dx.doi.org/10.1016%2Fj.advwatres.2015.11.009

ERDC SR-22-1 56

Appendix A: Dataset Auditing

A.1 GHCN

The Global Historical Climate Network (GHCN) daily record is database of
daily temperature, precipitation, and snow records maintained by NOAA’s
National Centers for Environmental Information (NCEI). In the study
area, the GHCN contains more than 1,500 observation locations of mixed
measurement type, record length, and measurement frequency. Inspection
of the GHCN found many records that

e consisted of single or a few unconnected measurements,
e contained large data gaps, or
e reported zero values that did not match other records in area.

For these reasons, we audited the GHCN records by

e plotting the daily snow-depth and SWE data for the period of record
(POR),

e visually inspecting the POR plots for discrepancy from the site
metadata, and

e updating the metadata to better represent the available daily data.

Records were edited in the following circumstances:

e The start year in the metadata record did not match the actual start of
data collection.

e The plot showed a data gap of greater than 50% of the total POR.

e The end year in the metadata record did not match the actual end year
of data collection.

We considered some years unusable and removed them from the study in
the following cases:

e The record contained two or fewer actual measurements.

e The reported values were zero, which was inconsistent with the sur-
rounding data.

e The actual data collection stopped prior to 2018.
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We found some records with a long POR (greater than 50 years) that had
large data gaps. To keep from losing potentially valuable records, the POR
was assumed to start at the initial collection point and end at the final col-
lection year. Table A-1 lists these stations.

Table A-1. GHCN records with long PORs that also contain large data gaps.

ID Name Element |Start Year|End Year|POR|State|Source
USC00174927 |MADISON Snow Depth| 1893 2020 |128| ME | Coop
USC00303087 |FULTON Snow Depth| 1900 2021 | 13 | NY | Coop
USC00309389 |WHITEHALL Snow Depth| 1932 2021 | 17 | NY | Coop
USC00301152 |CANANDAIGUA 3S  |Snow Depth| 1942 2021 | 12 | NY | Coop
USC00305673 |CATTARAUGUS Snow Depth| 1948 2021 | 6 | NY | Coop
USC00306867 |PULASKI Snow Depth| 1948 2021 | 8 | NY | Coop
USWO00094790|WATERTOWN INTL AP |Snow Depth| 1949 2019 2 | NY |WBAN
USC00302169 |DOWNSVILLE DAM  |Snow Depth| 1959 2021 | 13 | NY | Coop

A.2 NRCC

The Northeast Regional Climate Center (NRCC) at Cornell University
maintains snow survey records and maps for New York. Jessica Spaccio at
NRCC provided a list of key partner organizations and their sampling
methods (pers. comm., 27 August 2021). One of these organizations is the
New York City Department of Environmental Protection (NYC DEP),
which summarizes their snow-core and snow-pillow surveys by watershed.
Each watershed contains multiple survey points that are averaged into a
single point for the NRCC network. Since data from the individual NYC
DEP sites were included in the report separately, we did not include the
averaged sites from the NRCC record (Table A-2).

Table A-2. NRCC observation points removed from the study.

First Year of | Last Year of
ID Name Record Record Reason for Removal
86K CROTON WATERSHED 2000 2021 Summary of NYC DEP
2L EAST BRANCH DELAWARE {2000 2021 Summary of NYC DEP
84K ESOPUS WATERSHED 2000 2021 Summary of NYC DEP
7L NEVERSINK WATERSHED 2000 2021 Summary of NYC DEP
85K RONDOUT WATERSHED 2000 2021 Summary of NYC DEP
95) SCHOHARIE WATERSHED 2000 2021 Summary of NYC DEP
73L WEST BRANCH DELAWARE 2000 2021 Summary of NYC DEP
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The NRCC has also recently begun collecting data from a small number of
sites in Vermont that matched the criteria of this study. These sites were
not included in the study because they

e were individual snow course sites at Sleepers River, Vermont (dupli-
cates of this dataset), or

e were part of an undocumented study in the Green Mountain National
Forest, Vermont.
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Acronyms and Abbreviations

CoCoRaHS

COOP

DEM

GHCN

MA DCR

METAR

NA

NCEI

NED

NH DES

NRCC

NRCS

NWS

NYC DEP

NYS

POR

SCAN

SNOTEL

SWE

USACE

USACE LRB

USACE NAB

USACE NAE

WBAN

Community Collaborative Rain, Hail, and Snow
Cooperative Observer Program

Digital Elevation Model

Global Historical Climate Network

Massachusetts Department of Conservation and Recreation
Meteorological Terminal Aviation Routine Weather Report
Not Applicable

National Centers for Environmental Information
National Elevation Dataset

New Hampshire Department of Environmental Services
Northeast Regional Climate Center

Natural Resource Conservation Service

National Weather Service

New York City Department of Environmental Protection
New York State

Period of Record

Soil Climate Analysis Network

Snowpack Telemetry

Snow Water Equivalent

U.S. Army Corps of Engineers

USACE Buffalo District

USACE Baltimore District

USACE New England District

Weather Bureau Army Navy
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