Synthesizing shallow seasonal snow covers
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1. Introduction

Information on the spatia distribution of the waler equiva-
lent of a snow cover is required for accurate predictions of melt
and runoff. In addition 1o goverming the mass of water con-
tained by a snow cover, which potentially may form runofl. the
spatial distribution of the snow cover water cquivalent affects
the geometry of the snow-covered area of a basin at various
stages of ablation. The last is extremely important in environ-
ments with shatlow seasonal snow covers. which on me Hting
disinicgrate info a mosaic of patches of snow and bare ground.
The extent of the gross area of a watershed that is SHOW-
covered affects runoffl primarily in two wavs: {1y it influences
the melt rate, and (2) it governs the contr ibuting arca of runoff.
The lower albedo of the patches of bare ground changes the
radiation balance from that for a complete spow cover and
local advection of energy from the snow-free areas becomes
increasingly important 1o melt, Melting ng of patches of spow
occurs at a maximum rate along the leadis ng edge of snow and
decreases exponentially with i increasing fetch. Throughout ab-
lation the relative importance of radiation and turbulent en-
ergy sources to melt depend on the size and patchiness of the
snowhield. Small patches of snow are dominated by turbulent
melt until they disappear, whereas large. extensive snow felds
are dominated by radiation melt eas v in the season and tur-
bulent melt late in the scason as th ey decrease in area. The
highest rate of melwater production in a watershed is most
likely to oc he product of the average melt rate and
snow-covered drea is 4 maxd

A arcal depletion curve is « d 1o correct
of melt and runoff, which are calculated assumi ng complete
SHowW cover on a basin, for the fraction of the b;i‘sii} area J}m i
snow-covered. The US. Army Corps of Engineers [1956], Ander-
son [1973], and Martinec {1980, 1985] describe depletion curves
that use the mean water equivalent of a u;n‘pit& SNOW cover
for modeling the process. Dumee and Le opold {1978]. Ferguson

11984). and Burde and McDonnell [1o871 ﬁmdd\:d SHOW COV-
erage at various stages of melt on 2 basin by applving one-
dimensional melt rates 10 the frequency disiribution of the
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walcr cqziivz‘;icz This is limited because one-
dimensional models cannot describe physically those melt pro-
cesses that are truly wwo-dimensional in nature. For example.
the effects on melt of local advection, changes in the geometry
of the soil and snow paiches. changes in the atbedo of snow
because of metamorphism, or changes o the encreeties of
snowmelt due !

approach

o the penetration of solar radiation through
snow to the underlying ground. Because p patchy snow cover has
a two-dimensional structure. a mode! of the ablation of these
snow covers should be at least two-dimensional.

Shook {1993, 19951, Shook of al. [1993a. b, and Shook and
Gray [1997] show that (1) the sgmi al distribution of snow depth
and water ugumlu}t is fractal @t small scales and random at
large scales: (2) the patches of soil and snow that form during
the ablation of shallow seasonal snow covers may be consid-
cred fractal objects; that is. their perimeter and size-frequency
characteristics may be described by simple power funciions of
patch arca: (3) the fractal propertics of soil and spow patches
are due 1o the fractal structure of the water Laiuzml nt of the
snow cover: and {4} a wwo-dimensional melt model, which
svothesizes local advection. applicd 10 an array having the
fractal spatial distribution of the snow water cquivalent, pro-
duces ablated snow covers with fractsl n . dies similar to
those found in nature. These | findings offer the potential for
developing a physically based algorithm for simulating melting
of shallow. patchy snow covers.

An obstacle to the development of such a model is the
sufficient data to define accurat cly the char-
ribution of the snow waler o ;uzw%cm,
reqguivalent of o snow cover fre-

s

requirement for
acter and spatial dis
Field cstimates of the wate
guently are calculated from me
density, In practice, fewer measureme
than those of depth because of the
density measurement. Therefore the number of density
ples usually constraing the number of data painis for analyses.
cd sampling. which would be less

surements of snow depth and

>ats of density are taken
effort required for the

An alternative 1o inc
time-consuming and Jess expensive, is i
snowhield and adjust the data to 1ake
natural snow ficld based on ficld samples. Generating water
cquivalent data has several advantages: (1) it allows the mod-
eler o ereate the amount of data rec quired. {2 the behavior of
the srmwpdu\ may be correlated with the variation in the

y generate a synthetic
on properties of the
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Figure 1. Variation in snow depth ona relatively flat ficld of
wheat stubble in a prairic environment: (a) snow depth along
a transect and (h) frequency distribution of the differences
between snow depth at adjacent measurement points along
transect.

model data. and (3) the number of field samples required for
modeling may be reduced.

This paper describes a procedure for generatin
snow cover that forms soil and snow patches ha
properties similar to those of an ablated patural snow cover.
Initially. the water equivalent of a snow field is generated by a
technigque called the fractal sum of pulses [Lovejov and Man-
delbror. 19851, Then. using field observations. the synthetic data

H

synthetic
ng {ractal

-

arc adjusted to take on characteristics of a patural s
The perimeter-arca and size-frequency characteristi
patches of ablated synthetic and natural spow covers field are

of snow

shown 1o agree closely.

2. Properties of the Water Equivalent
of Natural Shallow Prairie Snow Covers
. than HI m (microscale)

Over characteristic distances les
differences in accumulation patierns of spow covers in open.
prairic regions result from variations in air flow patterns and
spow transport. In addition to atmospheric variables, the pri-
mary factors affecting snow accumulation are surface rough-
ness. terrain features. and snow supply and erodability. Even
along a snow course that (raverses targe differences in vegeta-
tion and topography. snow depth and water equivalent at ad-
jacent sampling points may exhibit high autocorrelation. Fig-
ure 1a shows a cross section of snow depths measured at 1-m

pling points in the ransed

the large number of small di

ion hety

autocorrels
Shook 1993} and

i

that be-

S

el Crav 119971 showed

cause of autocorrel

xposed

i

SDCIL nr

where H is the Hausdorf measure {constant). equal o 2 — Iy
in which [2 is the fractal dimension.

distunce, I the data are ran-

Fherefore the standa

deviation ¢he
domly distribuied. the standa
sample size. The transition of fractal rundom behavior is
related to the degree of macroscopic variability of the under-
Iving topography. The implications to snow measurement and
snowmelt modeling of the variation in frequency characteris-
sics due to the change from fractal fo random behavior are
discussed by Shook {1995 77

leviation is independent of

and Shook and Gray [1997
Shook 119931 and Shook e al, {1993a] showed that the fractal
|
romerties of soil and snow patches of ablated snowcovers are
i

the result of the spatial variation in the snoweover water cquiv-
alent (SWE). The autocorrelation of spow depth and the as-
v cause the spatial

sociation between snow depth and den
distribution in SWE to be fractal.
The average, veriically integrated density of ap

airic snow

cover within a specific landscape class varies only slightly dur-
ing the winter [McKay. 1970]. Shook and Grav [1994] analyzed

shout 2400 measurements of spow depth and density of shal-
cars near the

low seasonal snow covers taken over several

time of maximum accumulation on a variety of landscapes in
west-central Saskatchewan. Canada. They found poor correla-
tion between depth and density. For snow covers with a mean
depth, d, 60 em. the asso
#2 = 0.0008, where r is the coefficient of determination.
Since the covariance. which is directly related 1o 7. is smalh

clation between variables gave

3

the mean water equivalent can be caleulated from the product
of the mean snow depth and the mean density (=250 kg/m™).
Also. because the spatial variations in density arc random and
small. compared to variations in snow depth, the spatial distri-
Hows closely the distribution of

hution in waier cquivaient |
snow depth. Figure 2. which plots the cocflicients of variation

and water cguivalent versus sampling

of snow depth. densi
distance determined from measurements taken on a hum-
mocky landscape in fallow. demonstrates these trends.

Doep prairic snow covers. that is. those with d |

usuallv result from the deposition of wind-transporied snow.

They are found in arcas of snow accumulation. for example,

60 cm.

within and surrounding vegetative and mechanical harriers and
farm yards. in major topographical depressions such as stre
channels and drainag ys. and to the lee of hills. Alth
these snows cover only a small fraction of the total landscape.
the runoff they produce on meiting may be a si yificant part of
the annual vield, especially in low-snow years. Shook and Gray
[1994] reported the association between density and depth for
the deeper snow covers was slightly higher than that for the
shallow snow with 7~ = .19, They proposed
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mudations
deposited snow 1o increase with increasing depth is cos
with the association between variables reported by 7o
Schmide [1986] for drifts within and surrounding snow

3. Synthetic Snow Covers

it is evident from the discussions above that any

esentation of 4 snowficld that is used to n

Random Generation

Axn carly attempt to AOWOGY signed
SWE values randomly 16 an array [Shook, 1993}, The purpose
in testing this approach was to determine {1y if fre
patches can arise spontancously from a random system (as a
fractal can be generated randomly from the “chaos game”
[Gleick, 1987]) and (2) if melt fluxes alone could cause an
ablated snow cover to 1ake on fractal characteristics. A typical
image of an ablated, randomly generated snow cover is pre-
sented in Figure 3a. It shows a salt-and-pepper arrangement of
evenly scattered black and white pixels that are nonrepresen-
tative of the distributions of natural soil and spow patches. The
flaws in this method of modeling the snow cover water equiv-
alent are that (1) the frequency distribution of snow water
cquivalent is very uniform (field values of SWE follow a heap-
shaped distribution) and (2) the placement of the snow water
equivalents within an array is random (this results in poor
autocorrelation between the depths at adjacent stations (see
Figure 3b). The inability of the random assignment of snow
water equivalent to produce fractal snow patches is taken to
indicate that the factors causing the formation of snow patches
are not random in nature and energy fluxes cannot, by them-
selves, form fractal snow patches.

Fractal Generation
Shook et al. [1993] demonstrated that the method of fractal
sum of puises (FSP) is capable of generating synthetic SWE
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Figure 2. Variations in the coefficicnts of variation of snow
depth, density, and water equivalent with sampling distance
determined from field observations on a hummocky field in

fallow near Saskatoon. Saskatchewan. Canada.
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Figure 3, Characteristics of synthetic snow covers by random
generation: {a} image of a melting snow cover. and (b) varia-
tion in water equivalent along a transect,

data with characteristics similar to those found in natural snow
covers. This technique was developed by Lovejov and Mandel.
hrot [1985] for modeling clouds and rainfall, Sets of pulse
(collections of array clements) are created. The dimensions of
cach pulse are determined by a biased pscudorandom process.
Each array clement in cach pulse is assigned a value. Accord-
ing 1o Lovejoy and Mandelbrer [1985]. it is necessary for the
pulse sizes and values 1o he hyperbolically distributed to gen-

crate a fractal object, The pulses. which may be positive or
negative. are then placed at random locations. the values of the
pulse being added to the previous values of the array clements,
The process is repeated for the desired number of pulses,
The FSP process used 10 synthesize o snow cover placed
“evlinders.” that is. round esllections of clements, in the array,
In keeping with Lovejoy and Mandelbrot's algorithms. both the
diameters and the heights {the SWE wvalues) have hyperbolic
distributions. Shook [1993] provides a program listing for this
algorithm. By varving the number of pulses. the maximum
pulse radius. the exponent of the relationship between hvpor-
bolic diameter and depth. and the ratio of ¢ dinder height o
radius, snowpacks having different spatial distributions can be

generated,

&




a3

SWE (mm)

o Measured SWE

e E ity Distribution

Figure 4. Point measurements ¥ COVET Walel cyiva-
jent from a relatively flat field of wheat stubble fned 0 a
lognormal distribution.

Adjusting a Synthetic SWE Frequency Distribution

An inherent deficiency of the FSP method of generating a
snowpack is that the modeler has timited control over the
frequency characteristics of the spowtield that is created.
Therefore it s necessary to adjust the synthetic snowfield to
take on frequency characteristics of the snow cover that s
being modeled. The following information and steps are used
to accomplish this: (1) an estimate. determined by ficld mea-
surements, of the frequency characteristics of the water equiv-
alent of the natural snow cover. (2) measurement of the fre-
quency distribution of the water cquivalent of the synthetic
snow cover, and (31 conversion of the SWE distribution of the
synthetic snow cover to that of the natural snow cover.

Use of the lognormal probahility density function to de-
scribe the frequency distribution of the SWE of a natural snow
cover. The two-parameier lognormal prohability density
function is used to describe the frequency distribution of the
water equivalent. In linear form itis

Or
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Figure 5. Point measurements of snow cover water equiva-
lent from an undulating field of fallow fitted to a lognormal
distribution.

alue of the snow water equivalent having
he

i

ance probability equal to that of th

of the natural values:

OV coeficient of variation of the natural values;
¢ standard deviation of the natural values.
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Variation in coefficient of variation of snow water equivalent
with landscape class. At large (field) les within rejatively
homogeneous climatic regions of the Canadian prairies, the
spatial distribution of the water equivalent of a snow cover is
strongly influenced by vegetation and topography. McKay
[1970] and Steppunn and Dyck [1974] found that stratifying a
watershed according to terrain and vegetative variables, then
sampling snow covers of the same fandscape class, reduced the
cocfficient of variation of SWE. Table 1 lists representative
values for CV of snow cover water equivalent for various land-
scapes within a prairie environment. They summarize the re-
sults of analvses of snow survey data collected on various land-
scape units in 3 years of varying snowfall amounts. All snow
measurements were made in late winter, near a time of max-
imum accumulation of the seasonal snow cover and before
significant melting had occurred.

The trends exhibited by the data are consistent with findings
reported in the literature [c.g.. Woo and Marsh, 1977] and field

observations:

I, The variability in water equivalent is greater on fallow
land than on land with a vegetative cover.

2. Vegetation dampens the variability in water equivalent
due 1o landform. The denser the vegetation. the greater the
effect. For example. a common CVgwy £an he used to describe
the frequency distribuiion of water equivalent of snowcover on
most landforms encountered in the prairie environment that
are covered with the stubble of a closely seeded cereal grain or
pulse crop.
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Figure 6. Point measurements of snow cover water equiva-
fent from relatively flat low land in scattered brush fitted to a
tognormal distribution.
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=3

here fiel
ation of the we
values for

m

o

imations. Esti of Vg

fication is gualitative and
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Iv independent. For steep slopes, deep gullic
1 stoughs (if wet) are not cultivated and support the growth
riparian vegetation, such native grasses and scatiercd
brush. Third, TV, will vary with factors other than land-
atures. for example. with differences in proces
snow metamorphism, snowfall distribution, redis
w by wind, and sample size.

The cffects of varjations in CViwy on the depletion in spow-
covered area are shown in Figure 7. For these simulations the
initial mean snow water equivalent at the start of melt was
assumed 1o be constant. The results demonstrate that the
smaller the value of CVyy,., the more rapid the depletion. This
is to be expected because the peakedness of the frequency
distribution of SWE increases with decreasing CVy,,.. There-
fore the smaller the coefficient of variation, the larger the
number of SWE values clustered close to the mean.

i, the
we. Second.

s af-

ribu-

g

Adjustment Procedure
Adjustment of a synthetic snowfield to take on statistical
properties of a natural snowfield involves using (3) or (4) with

Table 1. Coefficients of Variation of Snow Water Equivalen:
for Describing the Frequency Distribution of Snow Water
in Late Winter on Various Landscapes in a Prairie
Environment by a Lognormal Distribution

Sample
Landform Size® Vi
—————— T TEwe
Faliow
Flat plains: shightly (o moderately rolling topography 100 147
with gentle stopes
Bottom (bed) of wide waterways: large sloughs and g 0.30)
depressions
Crests of hills. knolls. and ridges 24 0.5%
Suhble
All Tandforms 126 {1.33
Pasture
Flat plains: bottom (bed) of wide waterwa large 40 .41
cughs and depressions; slightly 1o moderately
rolling topography with gentle stopes
“rests of hills. knolls, and ridges 14 .51
of abrupt, sharp slopes 12 .87
Scatiered Brish
Bottom {bed) of waterwavs, e.g. gullies: sloughs 30 042
and depressions
Lee of abrupt sharp. slopes 27 (.52
Yards
3 0.50

vumber of data sets, each contaiping between 30 and 78 point
measurements sampled at a depth:density ratio of 6:1 or less. that were
used for the determination of CV

50% + o LV =03
~O- OV =04

Snowcover

18 26 25 30

¢ 5 10
Simulation Day

Figure 7. Effect of the cocfficient of variation of water equiv-
alent on snow cover depletion.

the same frequency factor for synthetic and measured values,
This leads to the expression

{" SWE

S\NE‘ = $,, | ——— S

)+Sw&“ (5)
in which SWE, is the adjusted water equivalent and the sub-
seripts m and 5 refer o the measured (ficld) and synthetic
data, respectively. Table 2 compares the statistical properties
of the water equivalent of synthetic, natural, and adjusted snow
cover. The data show that the adjusted snowfield has the frac-
tal properties of the svathetic snowficld (indexed by the Hurst
exponent) and the frequency characteristics of the natural
snow cover (indexed by the mean and standard deviation).

4. Comparison of Synthetic
and Natural Snow Patches

The procedures and findings above were tested by compar-
ing the geometrics of soil and snow patches formed by the
ablation of synthetic and natural snow covers, The measured
data were obtained from image analyses of acrial photographs
taken during snowmelt of the depletion in a snow-covered area
on a small (1.9 km™) watershed in the prairie region of west-
central Saskatchewan, Canada. The catchment, Smith Tribu-
tary, drains an upland arca of flat and slightly rolling topogra-
phy that is under cultivation for the production of cereal grains
by drytand farming. Unlike many watcrsheds in the region,
Smith Tributary contains an extensive. well-developed drain-
age system. Its main drainage ways are deeply incised and act
as major areas for the accumulation of wind-transported snow,
The primarily vegetation on the channel slopes is native prairie

Table 2. Properties of Synthetic. Natural. and Adjusted

Synthetic Snowfields
———

Synthetic Natura] Synthetic

Statistic (Initial} {(Measured) (Adjusted)
Hurst exponent” 1.22 .90
SWE,. mm 876 8.71
§, mm 3.01 2.96

“The Hurst exponent [Feder, 1988] is a measure of fractal structure,
‘alues for the exponent near 0.5 indicate random spatial distribution:
larger values indicate fractal structure.




Figure 8. Image otapa riially ablaied. synthetic snow cover,

rubs. Through using land use and topographical
divided into three of the

grass and
information. the watershed arca
land use—andform classes identified in Table 1t fallow (flat
plains, slightly to moderately rolling topo araphy), 20771 stubble
{all landforms}. 357 scattered brush and prairie grass (boltom
of waterways), 45 with cocfficients of variation of water
equivalent of 0.47. 0.33. and (.42, respectively.

A synthetic snow COver was geners ated by the FSP process for
cach land unit in an array containing up to 40,000 clements.
The synthetic sr;i:a\vi“ickd was adjusted by (3) for cach landscape
class using the selected CVqyy: and an estimate of the mean
snow water squéwic nt established from point field measure-
ments. Then cach array was scaled according to the area of its
The snow covers on the various arrays were
»1 snowmelt model

landscape class.
melted by a modified version of encrgy bu
|Gray and Landine. 1988: Granger and Gray, 1990] in the pma«
rie snow cover ablation simulation (PSAS) [Shook ef al. 1993t

Shook. 1995] using climatological mm%zimmw% monitored at
ent 1o the Smith Tributary sarious stages of

a station a
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P AT {0}

P perimetier:
&k constant:
A areal

. fractal dimension {values of D,

1.0).

Koréak's law is a rule of thumb that has been found to apply to
nany fractal systems. The taw states that the arcas of natural
fractal objects follow z hy perbolic size distribution. that s,

Arca-frequency:

FlA) =cA ™°

where F(A) is fraction of the number of objects with a size
equal to or greater than area, A: ¢ is the arca of the smallest
resolution cell: and D is fractal dimension. D indexes the
degree of concentration of area. A small value indicates that
meost of the area is concentrated in only a few objects: a large
value indicates a uniform distribution of arcas.

Figure 9 shows the perimeter-arca relationship and Figure
10 shows the area-frequency relationship of ablated snow
patches for synthetic and natural snow fields on Smith Tribu-
tary w%;u the w a{ushw area is about {f’i« SNOW-COV cred. ihs:

refationships of the pa%{:hcs ( onversely. i%k size-dist z’nuﬁf}*}
curve for the synthetic snow cover ém%, ahove that of natural
snow although the slopes of the curves for the patches from the

» Measured
A Modelled

1 10 100

1,000 10,000

100,000 1,000,000

Patch Area (nY")

Figure 9.

Perimeter-area relationships of snow patches for

mthetic and natural snow Covers,

=



ssfle

w

F(A)

0.01

# Measured
4 Modelled

1 10 100 1,000 10,000 100,060 1,000,000
Patch Arsa (m7)
Figure 18, Frequency-arca relationshi ips of snow patches for synthetic and natural snow covers.

two snowficlds are in reasonable sgreement (Figure 103, The
higher F{A) by the model is due to the smaller number o fgrid
points used by the model compared to the Image analysis
systemn 90,000} in duzung the perimeter, area. and number
of snow patches. The major effect of higher resolution is 10
increase the number of smali I patches that are monitored.

Table 3 lists the fractal dimensions calculated from these
data. The data show close agreement of these values for the
two snowlields. Therefore it is concluded that synthetic snow
covers, which produce ablated snowfields with geometrics sim-
ilar 10 those of natural snow, can be generated by fracral
techniques from information on the water equivalent of a snow
cover.

5. Suwmmary

A method of synthesizing the spatial distribution of water for
shallow seasonal snow covers of open, exposed environments is
developed. The approach is based on the fractal structure of
the spatial distribution in the water equivalent, which is due to
the autocorrelation of spow depth. the poor association be-
tween snow depth and integrated snow density, and the small
spatial variations in density compared with depth.

A synthetic snow cover is generated by the method of fractal
sum of pulses and placed in an array. The adjustment of the
synthetic snow cover to have propertics of a natural snow cover
is achieved using the two-parameter. lognormal probability
density function to describe the frequency distribution of the
snow water equivalent. This requires estimates of the mean
and the standard deviation or the coefficient of variation of the

Table 3. Fractal Dimensions, Dyoand Do of Snow Patches
due 1o Ablation of Synthetic and Natural Spow Covers on
Smith Tributary: 62% Snow Cover

imeter-Area Size-Frequency

Snow Cover D, T i -
—— e
Synthetic 1.36 {1.99 1.27 (.93
Natural 1.35 0.99 1.31 0.9%

Here r° is the coefficient of determination.

water equivalent, CVg . from fi
OV = 033 for fand with cloge
(€.g.. wheat stubbic). fudeper iwz of
fallow. sparse vegetation. and pasture, CV sk
rain variables that affect the crosion and ac,; }s‘éi%m‘é of
transported snow. For erodible erests of hills, knolls. and
ridges. CV gy, typically ranges between 0,50 and mé* for fov
depressional areas of snow sccumulation, O Vg, THAZCS § ¢
tween 0.30 and 0.45.

Geometrical properties of patches of snow formed } by melt-
ing a synthetic snow cover are compared to those for a natural
snow cover. The fractal dimensions for the synthetic (1,
Dy and nataral (D, . D y,) snow covers, derived from %fv
arca-perimeter and size-frequency characieristics of the snow
patches with an arca about 62% snow-covered were 73 F
1.360 ,, = 1,35 and Dy, = 127 and D, = 1.3].

Eids)

es with ter-

wing-

i

respectively.

‘The procedure enables hvdrologist to synthesize a snow-
ficld from fow field data. Melting of the snow cover offers
rational approach for (1) defining source and contributing ar-
cas of snowmelt, runofl, and infiltration and ¢ {2} accounting for
the effects of depletion in snow-covered area on the radiation
balance and the effects of focal advection of CRCTEY ON STOW-
meht and evaporation,
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