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Abstract. A spatial filter (SF) method is adopted to re- (p<0.01). This clearly demonstrates the strong links that
duce the cloud coverage from the Moderate Resolutiorexist between the SCF depletion and the hydrology of this
Imaging Spectroradiometer (MODIS) 8-day snow productssub-boreal, mountainous watershed.

(MOD10A2) between 2000—2007 in the Quesnel River Basin
(QRB) of British Columbia, Canada. A thresholdiof 2 cm

of snow depth measurements at four in-situ observation sta- )

tions in the QRB are used to evaluate the accuracy of MODISL  Introduction

snow products MOD10A1, MOD10A2, and SF. Using the .
MOD10A2 and the SF, the relationships between snow abJ € Snow cover extent (SCE) and snow water equivalent
lation, snow cover extent (SCE), snow cover fraction (SCF),(SWE — defined as the liquid water equivalent depth of snow)
streamflow and climate variability are assessed. Based ofi'® Important parameters for many land syrfac;e and hydro-
our results we are able to draw several interesting conclulog'c"fII models (Hall and Mgrtmec, 1985; Jain and _L&%"'
sions. Firstly, the SF method reduces the average cloud co\2000; Cery et al., 2004, 2005; Yang et al., 2003, 2007; Lis-
erage in the QRB from 15% for MOD10A2 to 9%. Sec- ton, 1999;_ Ko_Iberg and Gott_schalk, 2006; _Kol_berg et al.,
ondly, the SF increases the overall accuracy (OA) based 0r006). This arises from the significant contribution of snow
the threshold =2 cm by about 2% compared to MOD10A2 ablation to river discharge in high-latitude or alpine water-
and by about 10% compared to MOD10A1 at higher eleva-Sheds (Bamett et al., 2005; Schmugge et al., 2002; Dyer,
tions. The OA for the four in-situ stations decreases with 2008). However, during the latter half of the 20th century,
elevation with 93.1%, 87.9%, 84.0%. and 76.5% at 777 m,SNOW cover_has dec_reased significantly during spring over
1265m, 1460 m, and 1670 m, respectively. Thirdly, an aggreNorth America (Groisman et al., 2004;efy and Brown,
gated 2C rise in average air temperature during spring leads2007). Due to increasing air temperatures, snow has begun
to a 10-day advance in reaching 50% SCF (§@G4Fin the to ablate about eight days earlier in northern Alaska com-
QRB. The correlation coefficient between normalized SCEPared to the mid-1960s (Stone et al., 2002). In addition, de-
of the SF and normalized streamflow-i©.84 (»<0.001) for clines and earlier occurrences of maximum SWE have been
snow ablation seasons. There is a 32-day time lag for snovbserved in the Cordillera of western North America (Mote
ablation to impact the streamflow the strongest at the basifet &l-» 2005; Mote, 2006; Stewart et al., 200%ret al.,
outlet. The linear correlation coefficient between Sk 2009).

and 50% normalized accumulated runofé¢R) attains 0.82 ~ The spatial and temporal variability of SCE and SWE
are critical variables for many hydrometeorological studies.

Yang et al. (2003) and Zhou et al. (2005) show that there

Correspondence tal. Tong exists a significant relationship between National Oceanic
BY (itong@unbc.ca) and Atmospheric Administration (NOAA) weekly SCE and
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Moderate Resolution Imaging Spectroradiometer (MODIS)2 Study area

remotely-sensed SCE changes and measured streamflow in

the large Siberian watersheds and Upper Rio Grande Rivefhe QRB is located in the northern part of the Fraser River
Basin, respectively. However, there are limited studies on theBasin (FRB), BC, Canada, and is centered near°32.&nd
relationships between SCE and the hydrometeorology of thd21° W. The QRB covers about 12023 Knover a wide
alpine sub-boreal forest owing to sparse in-situ observationsange of topography, meteorological conditions and land uses
and the limited accuracy of remote sensing products in thisacross the watershed. Elevation ranges fron500m to
environment. Therefore, the Quesnel River Basin (QRB), a3000 m with an average value of 1375m. The higher por-
representative high-elevation watershed in the sub-boreal fortion lies in the northeast, covered mainly by glaciers, alpine
est of British Columbia (BC), Canada, is selected as a test sitéerrain and old growth forests. The southwest portion is the
to analyze the relationships between its SCE and hydrometdewer elevation area covered mainly by young forests, agri-
orology. cultural regions, and small settlements. The precipitation

Tremendous technological achievements in the lastcross the QRB ranges from 500-2500 mmtyr Burford
decades make it possible for scientists to study the Earthet al. (2009) provide full details on the land use, topography,
atmosphere system at virtually every location on Earth withecological features, and hydroclimatological aspects of the
the rapidly increasing number of satellite platforms of remoteQRB. The land cover distribution (forests, agriculture, sur-
sensors (Knig et al., 2001). Optical remote sensors such asface water, alpine tundra and glaciers) in the QRB is highly
MODIS on Terra can detect snow cover owing to the higherrepresentative of the other sub-basins of the FRB landcover
spectral reflectance of snow in the visible bands comparedypes. In fact, the hypsometry of the QRB nearly matches
to the mid-infrared bands. The overall accuracy (OA — de-that of central BC. Four in-situ observation stations operated
fined as the number of pixels correctly classified divided byby Environment Canada and the BC Ministry of Environ-
the total number compared) of MODIS snow products is typ-ment are located within the QRB. Streamflow for the Quesnel
ically around 90% in some areas such as the Tibetan Plateadiver (QR) is measured at a gauge situated near its outlet to
(Pu et al., 2007), Austria (Parajka andoBthl, 2006), the the Fraser River (Fig. 1).

Upper Rio Grande River Basin of Colorado (Klein and Bar-

nett, 2003; Zhou et al., 2005), the Missouri and Columbia

River Basins, USA (Maurer et al., 2003) and the Kuparuk3 Data

River Basin of Alaska (Bry et al., 2005) in cloud-free con-

ditions. However, cloud coverage significantly affects the3.1 MODIS snow products

OA of MODIS snow products owing to the inability of ra-

diation in the visible and mid-infrared electromagnetic spec-MODIS, with 36 discrete, narrow spectral bands from ap-
trum to penetrate clouds. To diminish the impact of cloudsproximately 0.4 to 14.4m, is mounted on the Terra space-
on the detection of snow by remote sensing, Parajka andraft, launched on 18 December 1999. Terra orbits across
Bloschl (2008) developed a spatio-temporal method appliedhe equator at a local standard time~af0:30 a.m. on its de-

to MODIS/Terra and MODIS/Aqua snow products. This ap- scending node. The spatial resolution of MODIS bands range
proach successfully reduces the cloud coverage from an avefrom 250 m to 1000 m with a spectral resolution of 0.0

age of 63% in the daily snow products to about 4% with OA to 0.05um for different bands. Bands 1 and 2 have 250 m
above 90% in Austria. However, since MODIS/Aqua was spatial resolution; bands 3 to 7 have 500 m spatial resolution;
launched in July 2002, the spatio-temporal methods cannoand bands 8 to 36 have 1000 m spatial resolution. An identi-
be used to improve the snow products prior to this time. Fur-cal MODIS instrument is mounted on the Aqua spacecratft,
thermore, the OA of MODIS snow products in sub-boreal launched on 4 May 2002 to provide complimentary snow
forests and mountainous areas such as the QRB remains uproducts. MODIS/Terra began to collect Earth system infor-
known. mation on 24 February 2000tfp://modis.gsfc.nasa.ggv/

In this paper, an alternative simplified method entitted The SNOWMAP algorithm for MODIS show products is
the spatial-filter method (SF) is proposed to reduce clouddescribed fully by other authors (e.g., Klein et al., 1998; Hall
coverage based on the MODIS/Terra 8-day snow product®t al., 1995, 2002) so only a brief summary of its details
(MOD10A2) in the QRB. Then the SF is evaluated by com- is given here. Briefly, the SNOWMAP algorithm is based
paring the different cloud coverage between MODIS/Terraon the normalized difference snow index (NDSI), which is
daily snow products (MOD10A1), MOD10A2 and SF. In ad- the ratio between at-satellite reflectance in MODIS band 4
dition, the OA of these different snow products is evaluated(0.55xm) and band 6 (1.6m). Normally, a threshold value
according to the snow depth (SD) measurements at four inef 0.4 in the NDSI combined with the normalized difference
situ stations in the QRB. Finally, the relationships betweenvegetation index (NDVI) and the measured reflectance of
snow ablation, SCE, streamflow and meteorology are exihe surface is employed to classify snow pixels. The snow
plored based on the MOD10A2 and the SF datasets. maps are available at different resolutions and projections

such as 500 m daily and 8-day maximum data on a sinusoidal
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Fig. 1. Geographical map of the Quesnel River Basin (QRB) and surrounding region. Stars represent the stations within the QRB whose
air temperature, precipitation and SD are used. Triangles represent the stations around the QRB whose air temperature and precipitatior
are used. The green circles with numbers 1, 2, 3, and 4 represent the locations for the gauges of Horsefly (I.D. 08KH031), Moffat (I.D.
08KH019), Horsefly above McKinley (1.D. 08KH010), and McKinley (I.D. 08KH020), respectively. The Horsefly River subbasin is the area

in the lowest red line polygon.

Table 1. Identification, location, elevation, and coordinates of the nine in-situ station sites. A “*” represents the stations whose snow depth
measurements are used in this paper.

Station Name Station ID  Longitudé\() Latitude (N) Elevation (m)
Barkerville 1A03P 121.48 53.05 1520
Barkerville* 1090660 121.52 53.07 1265
Boss Mountain Min& 1C20P 120.87 52.12 1460
Horsefly LK Gruhs LK 1093 600 121.37 52.37 777
Kersley 2 1094 127 122.42 52.82 567
Likely N/A 121.52 52.60 983
Quesnel A 1096 630 122.52 53.03 545
Williams Lake A 1098940 122.05 52.18 940
Yanks Peak Ea$t 1C41P 121.35 52.83 1670

projection and 0.05 0.25 daily, 8-day, and monthly data on Snow cover extent (SCE) and snow cover fraction (SCF)
a latitude/longitude grid or the so-called climate-modelingin this paper denote respectively the total area of the pix-
grid. All snow maps are distributed through the National els classified as snow and the ratio of number of the pixels
Snow and Ice Data Center (NSIDBYtp://nsidc.ory. classified as snow to the total number of pixels in the entire

QRB or some of its smaller subbasins. The MOD10A1 and
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MQD10A2 at a 500 m resolution are highly suitable for ana- Table 2. Confusion Matrix for MODIS snow products and in-situ
lyzing the SCE and SCF for a watershed of an area of abougservations (Pu et al., 2007).

10000knf. The MOD10A2 is an 8-day composite snow
product from every 8-day period of the MOD10A1 products
starting on the first day of every year. The MOD10A2 ef-
fectively forms a temporal filter of MOD10AL1 data that min- Snow a b
imizes the cloud coverage while maximizing the SCF. For No snow ¢ d
MOD10A2, a pixel is classified as cloud only when the pixel

is cloud-covered continuously all 8 days. However, if a pixel

is observed as snow cover for any of the days, the pixel is

classified as snow in MOD10A2. If a pixel is classified as no3-3  Streamflow

snow throughout all 8 days, it is then classified as no snow i
MOD10A2.

In-situ; MODIS  Snow  No snow

nThe QR gauge station is one of at least 6 active gauges
Version 005 (V5) is the latest release of MODIS snhow throughout the QRB; however, the other gauges only repre-

products that began to be reprocessed in mid-July 200Nt smaller drainage areas in the QRB rather than the inte-
The reprocessing includes all the MODIS snow prooluCtsgrated response of the entire watershed (Burford et al., 2009).

beginning from 24 February 2000 to the present, and wa n addition, there are no dams or other major anthropogenic

completed in September 2008. The V5 MOD10A1 and disturbances on the QR. Thus daily streamflow measure-

MOD10A2 data used here begin on 24 February 2000 andgentsaattgis./g;auge (1.D. OSKHO;)/? f;o%ge Wate:hSurvey of
end on 31 December 2007. Tile h10v03 covers the en--3'a a Htp:/iwww.wsc.ec.ge.ca/hydat/H2gver the pe-

tire study area of the QRB. The MODIS Reprojection Tool riod ZOOQ to 2007 are used in the analyses. However to ex-
(MRT) is used to resize and reproject the tile data to BC Al- plore the impacts of Quesnel Lake, a large feature of the QRB

L : : Fig. 1), on the overall streamflow, the Horsefly River sub-
b | tion with batch de. (79 fly Rive
ers equal area projection with balch processing code basin 2760 kn?t) upstream of Quesnel Lake is also incor-

3.2 In situ meteorological data porated in some of the analyses. Missing streamflow (2000—
2004) for the Horsefly River gauge (I.D. 08KHO031) are esti-

There are nine in-situ observation stations including auto-mated by summing the measured streamflow at Moffat Creek

mated snow pillows and weather stations in and around!.D. 08KH019), McKinley Creek (I.D. 08KH020), and the

the QRB that are operated by Environment Canada andiorsefly River above McKinley Creek (I.D. 08KHO010). The

the British Columbia Ministry of Environment, Forest and boundary of the Horsefly River subbasin and locations of

Range (Fig. 1). Table 1 lists the details of the nine sta-these four hydrometric gauges are shown in Fig. 1.

tions. All nine stations measure air temperature and pre-

cipitation, which are available onlinéhtfp://www.climate. 4 Methods

weatheroffice.ec.gc.ca/climateData/canadaml or http://

al100.gov.bc.ca/pub/aspr/ All stations measure daily SD 4.1 Spatial filter for MOD10A2

with the exception of Barkerville (1A03P) and Likely. Snow

occurs only 5 to 10% of the time equating to no more thanThe SF is used only to reclassify the 8-day MOD10A2

15-20 8-day periods with snow over eight years at Quesne}jata since they already form a temporal filter for the orig-

A, Kersley A, and Williams Lake A. Therefore, a single er- inal MOD10A1 product. This process of reclassifying the

ror in classifying snow as no snow will lead to more than a MOD10A2 using the SF is more straightforward than the

5% underestimation error (UE), which lacks statistical mean-spatio-temporal method used by others (Parajka adsdsl,

ing. In other words, the sample sizes are insufficiently largep00g). The steps in the SF are outlined in Fig. 2. First, the

to conduct a robust statistical analysis of the accuracy of thesnow maps are reclassified as snow, no snow, or cloud based

MODIS snow products at the removed stations. Hence, thesg the 12 classified types of MOD10A2. Except for the snow

stations with sporadic snow cover are omitted from the accuzng no snow pixels, all other pixels such as missing, erro-

racy assessments. Therefore, only the SD data measured gkous, and sensor-saturated data are defined as clouds. Then,

Horsefly Lake/Gruhs Lake (HLGL), Barkerville (1090660), 3 cloud-covered pixel is replaced by the majority of non-

Boss Mountain Mine (BMM) and Yanks Peak East (YPE) are cloud pixels in the eight closest neighbourhood pixels. If the

used to verify the accuracy of MODIS snow products (Seenumber of pixels of snow and no snow are equal, the center

Fig. 1). All air temperature and precipitation measurementspixe| is defined as snow. However, if all of the eight clos-

tween SCE or SCF and hydrometeorological variables in thgg kept as cloud.

QRB.
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c

— Overestimation erroe ———. (©)
Reclassify images as snow, no snow, and cloud at+b+c+d
All accuracy and error estimates are based on days when
@ No P=Original value the in-situ observations are available and the corresponding
MODIS snow products are not cloud.
Yes Owing to the heterogeneity of snow cover, a threshold of

SD (k) has to be established to classify the ground truth as
snow or no snow. When the Sf& cm, the land surface is
classified as snow; otherwise, the land surface is defined as
bare. The OA of the snow products based on the different
thresholds is compared to determine which threshold is better
for classifying the ground truth. Three different thresholds
of k=0cm, 2cm, and 5cm are initially used to calculate the
OA of the snow products. This shows that the highest OA is
achieved withk =2 cm (not shown). Therefore, a commonly
used threshold of 2 cm (Stieglitz et al., 2003; Neumann et al.,
P=Snow 2006) is adopted to classify the land as snow or no snow at
in-situ stations. For this evaluation, the daily snow conditions
at the ground truth sites are reclassified to match the periods
Fig. 2. Flow chart describing the spatial filter method employed to of the 8-day MODIS snow products. During an 8-day period,

Cloud for all
other 8 points

Snow>=No snow

Yes

P=Cloud

P=No snow

reduce cloud coverage in MOD10A2. the ground is defined as snow only when there are at least 4
days with snow on the ground (Zhou et al., 2005).
4.2 Evaluation of MOD10A1, MOD10A2 and SF prod- Since there are uncertainties in the locations of in-situ sta-

tions (resolution of about 0.01 and the MODIS reprojec-
tion tool, three different patches %L, 3x 3, and 55 pixeF)

To evaluate the OA of MOD10A2 and SF products, ground@re initially adopted to retrieve the remotely sensed snow
observations of snow distributions are needed. Howeverproducts of the pixels corresponding to the in-situ stations.
there are few in-situ snow depth observations in the sub¥or the 3«3 pixeF or 5x5 pixef, the central pixels are de-
boreal forest owing to the remote and mountainous terrain. Ifined as the majority of the 9 or 25 closest neighbourhood
the QRB, four in-situ SD observation stations (HLGL, Bark- Pixels. Zhou et al. (2005) find that the retrieval method of
erville, BMM, and YPE) are considered as ground truth for 5x5 pixeF had the highest OA compared to in-situ ground
the corresponding pixels in the remotely sensed snow prodoPservations by the Snowpack Telemetry measurements in
ucts. the Upper Rio Grande River Basin, New Mexico, USA. The
There are four possible outcomes comparing in-situ obser©A of MODIS snow products from the three different re-
vations with MODIS snow products (Table 2). The OA, UE, trieval methods show that& pixef has the highest OA in
and overestimation error (OE) of MODIS snow products arethe QRB (not shown). Therefore, only the retrieval method
evaluated quantitatively based on comparisons with in-situfor 5x5 pixeF is used to evaluate the MODIS snow products
observations. When both in-situ observations and MODISI" the QRB.
snow products simultaneously infer the same surface type, . .
such as snow or no snow, MODIS snow products are deemed-3  Eight day in-situ data
as correct. In this work, the OA, UE, and OE are as define
by Pu et al. (2007) and Parajka andBthl (2008). The OA
of MODIS snow products is calculated by Eq. (1) through
the whole period:

ucts

dTo explore the interrelationship between SCE and river dis-
charge, the daily streamflow data measured at the gauges are
averaged into 8-day values beginning from 1 January every
year. To compare the MOD10A2 SCE to the correspond-
a+d ing streamflow, the 8-day averaged and accumulated stream-
a+b+c+d (1) flow are calculated over the same periods as MOD10A2. To
study the effects of climate factors such as precipitation and

where termsz, b, c andd are defined in Table 2. If the in-situ temperature on the SCE and streamflow, hydrological year
observations show snow (or no snow) when the corresponda g initation and temperature are calculated based on the in-

ing MODIS data resolve no snow (or snow), this is called gj, ohservations. Since the snow accumulation begins in

Overall Accuracy=

UE (or OE). The UE and OE of MODIS snow products are gentember nearly every year in the QRB, the “hydrological

calculated by Eqg. (2) and (3), respectively: year” in this paper is defined from 1 September to 31 Au-
o b gust of the following year (similarly to Wang et al., 2009).

Underestimation erros utbtcerd ) For example, hydrological year 2000 is from 1 September

www.hydrol-earth-syst-sci.net/13/1439/2009/ Hydrol. Earth Syst. Sci., 13, 1432-2009



1444

1999 to 31 August 2000. The 8-day average air temperature
and 8-day accumulated precipitation measured at the nine in-
situ stations are calculated for hydrological years 2000-2007.
During snow ablation seasons from 24 February to 24 June
with 16, 8-day values, the corresponding average air tem-
peratures for given periods are calculated. The periods are
aggregated from the first date 24 February to another date;
for example the period from 24 February to 4 March is rep-
resented by 4 March; period from 24 February to 8 June is
represented by 8 June, as discussed later.

4.4 SCRoy and Rsge,

The date at which the SCF attains 50% during each snow ab-
lation season is referred to as S{gds, whereas the dates at
which the normalized accumulated runoff (ratio between ac-
cumulated runoff at a given time and total snow ablation sea-
son accumulated runoff) reaches 50% of its seasonal value
during the snow ablation season will be denoted ByoRR
This paper focuses on the interrelationships between SCE,
SCF and hydrometeorological conditions during snow abla-
tion seasons, defined as the period from 1 March to 30 June
with a total of 128 SCE values from 2000 to 2007. To quan-
tify the relationships between Sgdy, and average air tem-
perature in the QRB in a given period, we define the day
of year of SChkpy, and Ryou beginning from the first day

of every year. In addition, 8-day average air temperatures
and 8-day accumulated precipitation through the hydrologi-
cal years are calculated based on the nine in-situ stations to
compare with the SGfgo, and Ryovs.

5 Results
5.1 Cloud coverage of different MODIS snow products

The SF reduces cloud coverage over the QRB (Fig. 3). The
top image is the MOD10A1 daily SCE on 24 January 2007;
the middle image shows the MOD10A2 8-day maximum
SCE as determined from MOD10A1 observations from 17
January 2007 to 24 January 2007; the bottom image is the
corresponding SF snow products from MOD10A2 on 17 Jan-
uary 2007. During the eight days, MOD10A1 daily snow
products have an average cloud coverage of 83.6% rang-
ing from 59.1% to 100% on 24 January 2007. According
to the MOD10A2 algorithm of 8-day maximum SCE, the
cloud coverage decreases to 47.2% while the SF decreases
the cloud coverage to about 32.1%. The cloud covered ar-
eas are reduced by 8176krand 1803 km compared to
MOD10A1 and MOD10A2, respectively.

J. Tong et al.: Interrelationships between MODIS snow cover and hydrometeorology of an alpine basin

Snow product of MOD10A1
oh 24 January 2007

Snow product of MOD10AZ
on 17January 2007

Snow product of SF
on 17 January 2007

Legend
Hodeta EEEClond W R S
I Ho snow [l Snow

The annual distribution of the averaged 8—d§ty cloud cov-Fig. 3. Comparison of snow maps of MOD10AL1 (top), MOD10A2
erage of MOD10A1, MOD10A2, SF and the difference be- (middle), and the SF (bottom) in the QRB within the same period.

tween MOD10A1 and MOD10A2 are shown in Fig. 4a. The Snow maps of MOD10A2 (middle) and SF (bottom) on 17 January
maximum values of cloud coverage are 83.6% on 17 Januarf007 represent the 8-day composite products from MOD10A1 cov-
and 36.7% on 16 October for MOD10A1 and MOD10A2, re- ering the period from 17 January 2007 to 24 January 2007.
spectively. The MOD10A2 shows significantly lower cloud
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\?100 R Ty e o e Momm‘ —— responding to the in-situ observations during the days when

i ZZ J\f\ ff\fa @/”W% ey f ‘*%x ] the in-situ SD are available. For MOD10A1, the percent of

2 o =V cloudy days ranges from 64.2% to 71.9%. The fraction of

Bl N A e : Ny | cloudy days calculated from MOD10A2, which ranges from
PRalie o A zsttin ta~in ~2 N Vo 23 2 2 2l 12/‘1; 10.5% to 17.7%, is considerably lower than that inferred

from MOD10A1. The SF reduces the percentage of cloudy

g /\7 T T LT [weoom] e | days from MOD10A2 to 12.1%, 8.0%, 4.7%, and 3.6% for

g AR AN R | = :g YPE, BMM, Barkerville, and HLGL, respectively.

§40 S f“? 2% The OA, UE, and OE for &5 pixel2 of MOD10A1,

3 20 e 4 o 18 MOD10A2, and SF based din=2cm are listed in Table 4.

ST 6,:?‘;7:;*;,:;"9/;4 Tore 1T Tame° The OA for the four in-situ stations ranges from 67.4% to

Date

90.1%, 75.9% t0 90.1%, and 76.5% to 93.1% for MOD10A1,

Fig. 4. (a)8-day annual average cloud coverage of MOD10AL, MOD210A2 and SF snow products, respectively. The OA for

MOD10A2, and SF from 2000-2007 afbl) 8-day annual average the four in-situ stations varies owing to the different topogra-
runoff of Quesnel River and SCF of MOD10A2 and SF from 2000- Phy. HLGL, located at 777 m, has the highest OA. The lowest
2007 in the QRB. OA occurs at the highest station YPE, at an elevation about
1670 m. BMM and Barkerville, which are located at 1460 m
and 1265 m, respectively, have intermediate OAs. For the
coverage than MOD10A1 owing to the temporally filtered al- same in-situ station, the SF has about 3.0%, 1.2%, 1.6% and
gorithm. The maximum cloud coverage difference between0.6% higher OA than MOD10A2 and 3.0%, 1.9%, 10.5%,
MOD10A1 and MOD10A2 is 66.2%, occurring on 2 Febru- and 9.1% higher OA than MOD10A1 for HLGL, Barkerville,
ary, while the minimum cloud coverage difference betweenBMM, and YPE, respectively.
MOD10A1 and MOD10A2 is 29.1%, occurring on 13 Au-  The error rate is mainly due to the UE, which implies
gust. Although the cloud coverage of MOD10A2 is much that the snow on the ground is incorrectly classified as no-
lower than those of MOD10A1, there remaind 5% cloud  snow in the remotely sensed snow maps. The UE at YPE
coverage throughout the whole year. Therefore, cloud covreaches about 32.1%, 23.4%, and 23.1% for MOD10A1,
erage results in a spurious decrease of remotely sensed SGQROD10A2 and SF, respectively; however, the OE at YPE is
since, for example, it decreases about 18.7% from 76.8% omelatively low at about 0.6%, 0.7%, and 0.5% for MOD10A1,
1 January to 58.1% on 17 January. However, the SF reduce®lOD10A2 and SF. BMM exhibits a similar pattern as YPE
some of the cloud coverage in MOD10A2. The maximum with much higher UE than OE. However, the UE and OE at
amount of cloud coverage reduced by SF is 19.7% on 13HLGL are nearly equal. This phenomenon suggests that the
March 2004 from 42.5% of MOD10A2 to 22.9% of SF. The complex topography in the sub-boreal forest is a main factor
average cloud coverage decreases from an annual averagelefding to the UE of snow from MODIS (Tong et al., 2009).
about 15% of MOD10A2 to 9% using the SF. The SCF of the This may be due to the more variable atmospheric conditions
SF has an average about 5% more than those of MOD10A2nd topographical shading that prevent the remote sensing in-
in winter owing to the elimination of cloud coverage (Fig. 4). strument in obtaining clear signals from the earth’s surface.
A more detailed comparison is shown in Table 5 to assess the
5.2 Accuracy of different MODIS snow products bias of disagreement for MOD10A2 and SF. For all in-situ
stations, the accuracy of classifying land as land is higher
The evaluation is based on in-situ observations at the fouthan that of classifying snow as snow. The SF increases the
stations in the QRB. The threshold b&2cm for the in-  accuracy of classifying snow as snow by about 1.8%, 5.8%,
situ SD is set to classify the ground as snow or no snow.4 8%, and 7.9% for YPE, BMM, Barkerville, and HLGL, re-
The evaluation is based on cloud free days when the MODISspectively. The error of classifying land as snow (2.6—7.2%
snow products corresponding to the in-situ stations that showjor MOD10A2, 2.7-4.0% for SF) is much lower than the er-
no cloud is present and the days when the in-situ observationgor of classifying snow as land (11.4—24.6% for MOD10A2,
are available. 12.9-27.4% for SF). The error of classifying snow as cloud
Table 3 lists the cloudy days for& pixeP of MOD10AL, s higher than the error of classifying land as cloud for all
MOD10A2, and SF snow products and total days when thein-situ stations, with differences from 2.5% to 10.4%.
in-situ observations are available. During the total 2864
days from 24 February 2000 to 31 December 2007, there ar6.3 Interrelationships between SCE and streamflow
180, 366, 492, and 418 missing daily SD for HLGL, Bark-
erville, BMM, and YPE, respectively. A total of 361 8-day In sub-boreal forests and mountainous areas such as the
in-situ SD during the period can be calculated according toQRB, the SCE and SCF have a strong relationship with
the daily SD. The cloudy days represent the days when thatreamflow (Fig. 4b). The 8-day annual averages of
remotely sensed snow maps show clouds for the pixels corSCF and streamflow from 2000 to 2007 show significant
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Table 3. The number of cloudy days for MOD10A1, MOD10A2, and SF snow products & Eixef and total number of days when the
in-situ observations are available. The numbers in parentheses are percentage of cloudy days compared to the total days.

Stations Cloudy days Days (in-situ)
MOD10A1 MOD10A2 SF Daily 8-day
HLGL 1725(64.2)  38(10.5) 13(3.6) 2684 361
Barkerville  1624(65.3)  39(10.6) 17(4.7) 2498 361
BMM 1584(66.8) 48(13.2) 29(8.0) 2372 361
YPE 1760(71.9) 62(17.2) 44(12.1) 2446 361

Table 4. The overall accuracy (OA), underestimation errors (UE), and overestimation errors (OE) for MOD10A1, MOD10A2, and SF
according to in-situ observations with threshbld 2 cm for 5x5 pixe.

Stations MOD10A1 (%) MOD10A2 (%) SF (%)

OA UE ©OE OA UE OE OA UE OE
HLGL 90.08 4.88 4.44 90.09 495 495 931 517 1.72
Barkervile 8595 9.34 471 86.69 884 448 87.89 869 3.42
BMM 7348 2513 14 8243 1629 1.28 8404 1476 12
YPE 67.35 32.07 058 7592 2341 067 7645 2311 045

opposite trends with correlation coefficients of about -0.746correlation coefficients between normalized SCE and nor-
(p<0.001) and—0.750 (p<0.001) for MOD10A2 and SF, malized streamflow are about 0.04 higher than those between
respectively. However, during the summer (especially JulySCE and streamflow. Regression analyses and correspond-
and August), snow is not the main source of streamflow al-ing coefficients of determination &R for the snow seasons
though there is a perennial snow cover and/or glaciers atlemonstrate that linear regressions fit better the data than the
higher elevations%2500 m; Tong et al., 2009). The 8-day logarithmic regressions.

time series of SCF derived from MOD10A2 and SF for the

QRB and normalized accumulated runoff of the QR durings 4 |mpact of climatic variability on the interrelation-

snow ablation seasons from 2000-2007 are shown in Fig. 5. ghips between SCE and streamflow

The SF shows higher SCF than MOD10A2 during the snow

ablation seasons, which can reach peak values of 97%. Durz - . .
. ! ’ : : . X 9 ff f I I
ing spring, a decrease in SCF induces higher runoff in th SCFsou in different years ranges from its earliest value near

. - 5 March 2005 and 27 March 2003 to the latest value around
giihxgivﬁ[;?ﬁﬁ?r (rf:sf?ggmzct;%zlel?e?gfa%éjgge 0 May 2002, amounting to a difference of 40 days in reach-
(p<0.001) and—0.79 (»<0.001) for a 32-day lag for the ing this mark (Table 6). To explore the reasons for the earlier

) ) snow ablation, the monthly average air temperature and ac-
,[Si'('):n ?:giﬁli\gggtlsok?e zt\’,vgzsnpgg:\éilr%n(rg# a6r?21. l\/lgz)elc‘):,zrzriﬁ;i cumulated precipitation for different hydrological years are
compared (Fig. 8). For snow onset seasons (September to

lagged _strea_mflow are also cal_culated for the Horsef_ly RIVerDecember), the average air temperature in 2003 is the sec-
subbasin (Fig. 6b). The maximum lagged correlation co-

efficients for the Horsefly River subbasin is aboud.76 ond highest with 0.3 lower than the average air tempera-

ture in 2000 and 0 —1.3’C higher than the average air
(p<0.001) at the O-day lag date. Therefore, the 32-day Iagtemperatures in the other years. Furthermore, the accumu-

in the QRB arises in part from the deep snowpacks in th S 4 ~
basin’s headwaters (see Table 7) and the presence of Quja-teOI precipitation in 2003 is about 140 mm-—250 mm lower

. X an the mean accumulated precipitation over 2000-2007,
nel Lake that forms a large reservoir of water, attenuating theresulting in less accumulated snow compared to other years
spring freshet signal in the QR (Fig. 1). The scatter pIOtSTable 7 lists the annual maximum SD from measurements.
between (normalized) SCE and (normalized) streamflow A%t the four SD stations clearly showing that the lowest ac-
shown in Fig. 7. The correlat.ion coefficient between the SCE umulation occurred in,2003, whereas 2002 experienced the
ﬁ/{osg 1%1% s;rne dagqtfrlg\;;vma:‘[gv\?_l(g(? g[)tcgn tge;the(:v:ge;of)()lE Oﬁighest SD. For snow ablation seasons, the average air tem-
owing to the elimination of clo.ud cerra(.gje by thé SE The peratures of 2005 are always higher than in other years; how-

' ever, the average air temperatures of 2002 are the coolest
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Table 5. Statistics of the intercomparison between MOD10A2, SF and in-situ observations from 2000-2007 for the retrieval method of
5x5 pixeP. The numbers in parentheses are the times that the stations observed as snow or land, respectively.

Stations Land type MOD10A2 SF
(CA) snow land cloud snow land cloud
HLGL snow(140) 103 16 21 114 18 8
MOD10A2: 90.09% 7357% 11.43% 15.00% 81.43% 12.86% 5.71%
SF: 93.10% land(221) 16 188 17 6 210 5
7.24%  85.07% 7.69%  2.71%  95.02% 2.26%
Barkervillle snow(211) 152 37 22 162 39 10
MOD10A2: 86.69% 72.04% 17.54% 10.43% 76.83% 18.48% 4.74%
SF: 87.89% land(150) 8 125 17 5 138 7
5.33% 83.33% 11.33% 3.33% 92.01% 4.66%
BMM snow(257) 170 51 36 185 49 23
MOD10A2: 82.43% 66.15% 19.84% 14.01% 71.98% 19.07% 8.95%
SF: 84.04% land(104) 4 88 12 4 94 6
3.85%  84.62% 11.53% 3.85% 90.38% 5.77%
YPE snow(285) 161 70 54 166 78 41
MOD10A2: 75.92% 56.49% 24.56% 18.95% 58.25% 27.37% 14.39%
SF: 76.45% land(76) 2 66 8 3 70 3

2.63% 86.84% 10.52% 3.95% 92.11% 3.95%
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Fig. 5. Normalized accumulated runoff of QR and 8-day maximum SCF from MOD10A2 and SF in the QRB during snow ablation seasons
from 2000-2007.

throughout 2000-2007. The difference of average air tem-given period compared to other years. The correlation co-
perature between 2005 and 2002 in a given period rangesfficients between SGh, and average air temperature and
from 2.9C to 8.0°C. Accumulated precipitation in 2003 al- precipitation for different time periods are calculated with
ways shows one of the lowest totals; however, accumulatedhe results for air temperature shown in Fig. 9a. Correla-
precipitation in 2005 always shows much higher values in ation coefficients between the eight samples of §gfand
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Table 6. SCF5q9, and Rygo, and their Julian days.

2000 2001 2002 2003 2004 2005 2006 2007 mean Standard deviation

SCRs006 4/18 4/19 5/10 3/27 4/10 3/25 4/14 4/19  4/12 -
Day of year of SCEgy, 109 109 130 86 101 84 103 109 103 14
R50% 5/24 5/26 5/28 520 5/18 5/7 520 5/22 5/20 -
Day of year of Rog, 145 146 148 140 139 127 140 142 140 6

Table 7. The annual maximum snow depth measured at the four in-situ stations (unit: cm)

Stations 2000 2001 2002 2003 2004 2005 2006 2007 mean Standard deviation

HLGL 55 40 59 42 63 51 49 59 52 8
Barkerville 115 118 128 102 115 108 104 113 113 8
BMM 275 161 312 129 157 147 170 183 191 65
YPE 215 191 257 161 199 204 180 239 205 31
ing these outliers, the correlation coefficient between aver-
e . T age air temperature and Sé&k, reaches -0.993p(<0.001)
5 o1t 1 on 8 June and the correlation coefficient between spé;F
E_Ow /—*’//j | and Ryoy, reaches 0.913p(<0.001). According to the linear
3 B\*\ﬂ\ﬂ\ e V regression, the slope be.tween Sekand average air t.em—
L ) B 1 perature (d(SCge)/dT) is 10 days {C)~1. This implies
o ‘ ‘ S ‘ ‘ ‘ that an aggregated rise of@ above the seasonal average air
OB B tmettaye T temperature leads to a 10-day advance in reaching 50% SCF

in the QRB. As such, this provides a measure of predictabil-
ity for both SCk00, and Rygo, during spring.

(b) _—a

5o0s //V{*A 4
% ,/45/4
g o p 1
5 // 6 Concluding discussion
5-05 e 1
o —
. I MODIS snow products have been used to analyze the snow
Lagged time (days) distribution in different areas such as the Tibetan Plateau,

] ) o the Upper Rio Grande River Basin and the North Slope of
Fig. _6. Lagged correlation coeff|C|ent$;(_<0.001) between 8-day Alaska (Pu et al., 2007; Klein and Barnett, 2003; Zhou et
;lnax'mum SCEfror.n SFand MODlO.A(a)'n the QRB and stream- al., 2005; [ery et al., 2005). However, cloud coverage al-

ow of QR and(b) in the Horsefly River subbasin and streamflow .
of Horsefly River during snow ablation seasons from 2000-2007. Wa&Ys prevents MODIS sensors from fully detecting the un-

derlying snow cover that induces snow mapping errors. This

study applied a SF method to reduce the cloud coverage to

improve the accuracy of snow maps from MODIS in the sub-
precipitation are always less thar0.1, demonstrating there boreal mountainous QRB. The SF method reduced the aver-
is no significant relationship between them. However, thereage cloud coverage in the QRB from 15% for MOD10A2 to
exists a strong relationship between average air temperaturé®o for SF products.
and the SChkyy, With the most significant anticorrelation co-  There are limited evaluations of MODIS snhow products in
efficient at—0.847 (p<0.01) on 8 June. The scatter plots sub-boreal mountainous forests. The measurements at four
between average air temperature from 24 February to 8 Junie-situ stations in the QRB were adopted to evaluate the accu-
and SChgy, and between SGlgy, and Ry, are shown in - racy of MODIS snow products. In all cases, the snow depth
Fig. 9b and c, respectively. Linear relationships betweenis not measured under a forest canopy, but rather on a grassy
them exist, with correlation coefficients of -0.847<0.01) site. However, in the 5 kfarea around the four in-situ sta-
and 0.815 p<0.01), respectively. However, the pair of val- tions, forests account for 80—95% of the landcover types at
ues in 2003 falls out of the linear relationship. After exclud- a 1 km resolution. Therefore, the statistical results should

Hydrol. Earth Syst. Sci., 13, 1432452 2009 www.hydrol-earth-syst-sci.net/13/1439/2009/



J. Tong et al.: Interrelationships between MODIS snow cover and hydrometeorology of an alpine basin 1449

MOD10A2 SF
1200 1200,
10000 y=-201.57Ln(x)+1980.8 1000} y=-217.98Ln(x)+2142.1
T s R%=0.534 "o " R?=0.5602
e | R y=-0.0551x+605.88 BB T L v=00s72064287
£ 600 R?=0.5805 Z 600/ R?=0.64
= = o
£ = £ -
S 400 r=-0.76 (p<0.001) S 400" r=-0.80 (p<0.001)
0 7}
200} = 200}
03000 6000 9000 12000 15000 03000 6000 9000 12000 15000
8-day maximum SCE (kmz) 8-day maximum SCE (km2)
s tlons, =-0.2285Ln(x)+0.107 5 1 o =-0.3118Ln(x)+0.1176
T AS, 0, R?=06172 = L R%=0.645
g 08 =-0.9303x+0.842 g 08 =-0.9666x+0.8941
7o} - B .
5 06 R’=0.6464 < 06 R’=0.7131
N — N =
Soa | =0.80 (p<0.001) Soal 0.84 (p<0.001)
£ . £ g
202 ; Z 02
o o ‘g guf Dsguu .: O
0 1 1 1 1 £ O £ L L
0 02 04 06 08 1 0 02 04 06 08 A
Normalized 8-day maximum SCE Normalized 8-day maximum SCE

Fig. 7. Scatter plots between (normalized) SCE and (hormalized) streamflow during snow ablation seasons from 2000-2007 in the QRB.

‘—9— 2000 —— 2001 —=—2002 —— 2003 ——2004 2005 —+—2006 —*—2007‘
20 T T T T T T T T T T T T

151

10

-5

Monthly mean temperature ('C)

|
Sep Oct MNov Dec Jan Feb Mar Apr May Jun Jul Aug

-10 | | | 7

—. 1000 \ T T T T
(b)

800

600

400+

200

Accumulated precipitation (mm

| | | | | | | |
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month
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2003). However, the streamflow and SCE in the sub-boreal

S
=

5 s e e . . b
Soef . Without 2003 forest such as the QRB has higher correlation coefficients
§ o5 T T compared to other areas. The hydrological cycle is com-
; B AR i somse . e S WA plex, involving processes such as precipitation, surface wa-

A S SN2 GE0 S AR A3 ARL G ST 89 oS8T 6 e e ter runoff, surface infiltration and groundwater storage, and
Z1or ) evaporation. Although the terrain of the QRB is not highly
b Q. .
B 120f T Al Without 2003 permeable, groundwater may have an impact on streamflow
k3 oo y=-9.123x+140.85 y =-9.2097x+143.02 . . .
§ 1001 T Ri=07178 R’=09613 of the Quesnel River, particularly during the low flow sea-
I R T, i B i son (winter). However, the majority of the annual discharge
- 1 2 3 4 5 6 7 8 9 10 " 12 13 . .

Temperature (°C) occurs during the spring freshet when the groundwater has

217 much less impacts on discharge (Burford et al., 2009). This
"0 g S Al Without 2003 paper focuses only on the relationships between surface wa-
Z 1401 o o y=0.3616x+103.32 y =0.4635x+91.669 L.
e R™=0,6635 R?=08332 ter storage such as snow and streamflow. Therefore, it is be-
= I P s b L Wi st st T yond the scope of this study to truly evaluate the goundwater

%0 90 100 110 120 130 140 150 160 170 180 190 200 210 220 . .

Jullan day of SCF ., contribution to the overall streamflow. An aggregatéd 1

rise in seasonal air temperatures led to a 10-day advance in
Fig. 9. (a) Correlation coefficients anfh) scatter plots between reaching SCkyo, in the QRB. There was also a strong linear
average air temperature within different periods and Julian day 0fre|ationship between SGhy, and Ry, with a correlation
SCFsoy, and(c) between Julian day of SGfw, and R during  coefficient of 0.815 <0.01). In general, climate change
snow ablation seasons from 20002007 in the QRB. will have multiple, nonlinear impacts on snow accumula-

tion and snowmelt runoff. Since the QRB is located in the

sub-boreal forest where snowmelt forms the majority of the
represent the OA in the sub-boreal forest area. Comparisongource of spring runoff, its timing is highly sensitive to air
based on the three thresholds=(0cm,k=2cm, ork=5cm)  temperature. However, the results should be combined with
for the in-situ SD, which were set to classify the ground asother climate change scenarios for precipitation, evaporation,
SNOwW Or N0 sNow, indicated that the threshold@ ef2 cm per- and earlier onset of photosynthesis in other areas.
formed better than the threshold bf0cm andk =5cm. Gafurov and Brdossy (2009) eliminate all of the cloud
The OA for the four in-situ stations decreased with eleva-cover in MODIS snow products in the Kokcha Catchment,
tion. For the SF, the OA were 93.1%, 87.9%, 84.0%, andafghanistan; however, the approaches are based on differ-
76.5% for HLGL, Barkerville, BMM and YPE, respectively. ent assumptions of the temporal and spatial distribution of
The SF not only reduced cloud coverage but also increasednow cover, some of which are not well understood in the
the OA by about 2% compared to MOD10A2. The OA of complex topography of the sub-boreal forest. The results of
MOD10A1 was lower by about 10% at high elevations suchthis study demonstrate that the SF is a feasible, straightfor-
as BMM and YPE compared to SF. The lower OA in higher ward method that reduces the cloud coverage to improve the
elevations was mainly caused by the UE defining snow as n@now mapping from the original MOD10A2 product. The
snow. The OA of MODIS snow maps in sub-boreal moun- spatial filtered MODIS snow products in sub-boreal moun-
tainous forests are comparable to that in other regions withainous forests provide a better understanding and prediction
different land cover types (Pu et al., 2007; Zhou et al., 2005).of the snow cover distribution and the resulting streamflow in

Snow cover within sub-boreal mountainous areas such athese regions. The methods and results developed here im-
the QRB imposes a strong influence on streamflow. Snowprove the understanding of snow distribution with elevation
ablation processes are strongly controlled by air tempera{Tong et al., 2009) and of the resulting hydrological response
ture. The correlation coefficients between streamflow andover complex terrain. This leads to an enhanced ability to
SCE based on the SF were more significant than those frormodel and predict land surface process changes caused by
MOD10A2, owing to the effective reduction of cloud cov- climate variability and change over complex topography.
erage by the SF during snow ablation seasons. The cor-
relation coefficient between spring streamflow and SCE ofAcknowledgementsSupported by the Natural Sciences and En-
e SF s about-084 (<0.001) ndiatng that e snow 15809 Seseereh S0t S o e s Rt
i(;]\éer;fsvrgsaaggjjgortant respurce of freshwater in the_) QRBE). Hall and G. Riggs (NASA GSFC) for comments on the MODIS
y lag period between snow ablation an

. . Snow products, Mark Stephens (UNBC) for GIS support, and Ju-
its greatest impact on streamflow at the QR gauge. Many, P P ( ) PP

. . o . raj Parajka (Vienna University of Technology) for comments on

studies have examined the contribution of snow ablation t0, earlier version of this manuscript. The authors also thank two
the spring freshet in high-latitude or alpine watersheds suchynonymous reviewers and the editor M. Weiler for their construc-
as the Mackenzie River Basin of northern Canada (Dyertive comments on this paper. This is Contribution 6 in the Quesnel
2008), Upper Rio Grande River Basin of Colorado (Zhou etRiver Research Centre Publication Series.

al., 2005), and the large Siberian watersheds (Yang et al.,
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