Estimating the snow water equivalent from snow depth data
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Introduction

This article deals with a very basic problem in snow hydrology: how to estimate the snow water
equivalent if only snow depth data is at hand. While snow hydrologist may instantly think of many
ways how to solve the problem, this article is intended to guide students, practitioners, and scientist
who only deal infrequently with snow data. So is this article for you? The table below summarizes

typical situations in which different methods to estimate the snow water equivalent are useful.

Situation

What to do

This article

You have a met station that
includes a snow depth
sensor

Run a decent snow model using the met data as
input. You are more likely to get an accurate
estimate of the snow density if you include
meteorological information

... may be
helpful, if your
met data don’t
allowtoruna
snow model

You have a historic record
of periodic snow depth
readings, but except for
location and date there is
no further data

Check out the parametric snow density models
that are discussed below

... is for you

You have a terrestrial laser
scanner which you use to
measure the snow height.
These data need to be
converted into water
equivalents

Take some snow water equivalent measurements
after scanning. Sample across a range of different
snow depths. Parameterize density as a function
of snow depth. If resources and accessibility of
your site permit, include other physiographic
controls such as aspect or elevation

... may give you
an idea how to
build your site-
specific snow
density model

You need a quick estimate
of the snow water
equivalent but have no
equipment to measure it
directly

Take snow depth measurements instead and use
the parametric snow density models that are
discussed below

... is for you

You have returned from a
snow survey. While you
have taken hundreds of
snow depth
measurements, snow
water equivalent was
measured only occasionally

This situation is similar to the above scenario with
the laser scanner. Use your occasional snow
water equivalent measurements to infer an
average snow density that is representative of
the conditions during your survey. If you have
enough data, consider parameterizing density as
a function of snow depth.

... may give you
an idea how to
build your site-
specific snow
density model

You have daily snow depth | Only one of the snow density models described ... is for you
data which you need to below is up for the job, make sure to use the right

convert into daily SWE data | one

Many of the above You are a snow hydrologist, or you need to ... might be a

situations apply every now
and then

become one ;-)

starting point

Table 1: Typical situations in which methods to estimate the snow water equivalent might be useful.




The essentials

The snow water equivalent (SWE) represents the amount of water that is contained in a snowpack.
Using S| units, it is measured in kg/m?, which can be thought of as the weight of the meltwater per
square meter that would result if the snowpack was melted entirely. SWE can be inferred from snow
depth (HS) if the snow density (p) is known as

SWE=HS-p, (1)

where SWE is in kg/m? HS in m, and p in kg/m>. While snow is not a homogenous matter and snow
density can vary within the snow pack, for the purpose of this article p shall represent the bulk
density of the snowpack.
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Figure 1: Snow water equivalent, snow density and snow depth for seasonal snow in the Swiss Alps.

The data in Figure 1 demonstrate, for seasonal alpine snow, that SWE and HS feature a strong
correlation. Fitting a power law to the data shown in Figure 1 results in

SWE = (60.1-HS%#°+237)-HS (2)

This could be seen as a first simple approach to estimate SWE from HS (see Jonas et al. 2009 for
further details). Density, on the other hand, shows a pronounced variability at low snow depths,
which suggests that snow density should not be estimated from snow depth alone. The density of a
seasonal snowpack typically increases over the course of the season due to settling and ripening.
Accordingly, snowpack density for a given location often follows the above trajectory (Figure 1, blue
arrow): low density and depth during early snow-up, mid density and high snow depth during peak
winter, and high density and low snow depth towards the melt-out.

Note that the above consideration may not necessarily apply to other types of snow; in regions that
are too warm to maintain a seasonal snow cover, snow occurs, if at all, only episodically. And snow in
the tundra will feature systematically different properties if compared to snow in maritime climate.



Snow density models

Equation 1 provides context, why a snow density model allows converting snow depth into snow
water equivalent. Of course, a complex model that can resolve physical processes within a layered
snowpack will also output the snow density. But here we are after parametric approaches that can
be used in the absence of supplementary meteorological data that would be required to run a snow
model (c.f. Table 1).

One might think that there must be dozens of suitable snow density models available in the
literature. But in fact, the choice is rather limited. Of those we would like to highlight the work from
Sturm et al. (2010), which offers a set of easy-to-use snow density models for different snow classes
available through a single equation with minimum input data requirements. Model (Equation 6 in the
original publication) and parameters (table 4 in the original publication) are rewritten below for use
with Sl units:

P = Po+ (Pmax— Po) - ( 1 —exp(—k;-HS —k,-DOY/100)) , (3)

where parameters po, Pmax, k1,and k, are available from table 2; and DOY is day of the year, which
runs from -92 on October 1st through -1 on December 31st and from 1 on January 1st through 181
on June 30th.

Snow Class Po Prmax ky ky
Alpine 223.7 597.5 0.12 0.38
Maritime 257.8 597.9 0.10 0.38
Prairie 233.2 594.0 0.16 0.31
Tundra 242.5 363.0 0.29 0.49
Taiga 217.0 217.0 0 0

Table 2: Parameter set for different snow classes to be used with Equation 3.

All you need to deploy the above snow density model is a snow depth, the date of measurement, and
the snow class that best represents the snowpack at your site. The model has been developed with
the snow cover classification system in mind that was published by Sturm et al. (1995). So best to use
the same classification when drawing parameters from table 2. When applied to snow of at least
0.5 m depth the model estimates snow density within a RMSE of 65 kg/m> (see Figure 8 in the
original publication).

Alternative models are available from the bibliography below. If you work with data from seasonal
snow in the European Alps you may find the model presented in Jonas et al. (2009) more suitable as
it additionally incorporates the effect of site elevation on snow density. Or, if you are to convert
times series of daily snow depth for a given location into meaningful times series of SWE, you may
want to adopt methodology presented in McCreight (2014). These authors managed to build a model
that conceptually differentiates between periods in which snow depth decreases due to settling, due
to snow melt respectively.

It is important to not overexploit any of the above models. They were developed with specific
applications in mind, so carefully read the discussion section of the respective original publications if
you are in doubt about the model’s applicability in your case. Neither of the above models is suitable
to explain the spatial variability of density within a small test site. Further, the models will result in



the same snow density estimate if for a given location the snow depth happens to be the same on
the same date in two different years. So obviously, these models are of limited use when density is
heavily affected by extraordinary meteorological conditions or by a previous rain-on-snow situation.
However, despite all applicable limitations, the above snow density models are surprisingly accurate
in converting snow depth into water equivalent given their simplicity and their low data
requirements.

Cautionary note

Snow is a wonderful natural material composed of a matrix that is a mixture of air and all three
phases of water — ice, liquid and vapor. Snow density is a function of the ratio of these materials
within the snow volume, controlled mostly by the air and ice fractions. New-fallen snow typically has
a matrix air content that can exceed 90% and therefore a much lower density (i.e. is lighter per
volume) than old snow. This is because snow is thermodynamically very active, and is continuously
changing as it sits on the ground. As snow ages, the elaborate and very fragile snowflakes that fall
from the sky rapidly settle and re-form, generally transforming the snow cover from a jumble of ice
crystals and air into a well-bonded spheroid structure. The air component of the snow matrix, which
may have been greater than 90% when the snow fell, is gradually filled in, until it is less than 50%. In
addition to this natural settling and compaction process, snow density is sensitive to cycles of freeze
thaw, rain on the snow, topographic and canopy shading, wind scour and drifting. The number,
timing, and magnitude of winter storms further complicate the situation. Because all of these
parameters are highly variable in both space and time, it is very difficult to estimate their distribution
and occurrence over even relatively small regions. This paper offers a first cut at estimating snow
density, by reducing the problem to very few aspects. The methods described are neither intended
nor suitable to replace investigation of the above processes, their variability and diversity of
conditions likely to occur in a natural area (e.g. Marshall et al., 1999; Conway and Wilbour, 1999).

Bibliography and further reading

e Sturm, M., Taras, B,, Liston, G., Derksen, C., Jonas, T., and Lea, J.: Estimating regional and global
snow water resources using depth data and climate classes of snow, Journal of
Hydrometeorology, 2010, 11, 1380-1394, d0i:10.1175/2010JHM1202.1

e Sturm, M., Holmgren, J., and Liston, G.: A seasonal snow cover classification system for local to
global applications, 1995, Journal of Climate, 8, 1261-1283

e Jonas, T., Marty, C., and Magnusson, J.: Estimating the snow water equivalent from snow depth
measurements in the Swiss Alps, Journal of Hydrology, 2009, 378, 161-167,
d0i:10.1016/j.jhydrol.2009.09.021

e McCreight, J. L. and Small, E. E.: Modeling bulk density and snow water equivalent using daily
snow depth observations, The Cryosphere, 8, 521-536, doi:10.5194/tc-8-521-2014, 2014

e Bormann, K.J., Westra, S., Evans, J.P., and McCabe, M.F.: Spatial and temporal variability in
seasonal snow density, Journal of Hydrology, 2013, 484, 63-73,
doi:10.1016/j.jhydrol.2013.01.032

e Marshall, H.P., H. Conway and L.A. Rasmussen: Snow densification during rain, Cold Regions
Science and Technology, 1999, 30, 35-41, doi:10.1016/50165-232X(99)00011-7

e Conway, H., and C. Wilbour: Evolution of snow slope stability during storms, Cold Regions
Science and Technology, 1999, 30, 67-77, d0i:10.1016/50165-232X(99)00009-9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


