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High-elevation snowpacks provide critical inputs to the hydrological system of mountainous semi-arid
regions where summer precipitation is insufficient to maintain adequate discharges for ecological and
economic needs. The Okanagan Basin in Western Canada is an example of such a system, as most of
the summer streamflow is derived from snowmelt. To better understand how snowmelt events vary as
a result of atmospheric conditions, this study developed statistical models using upper-air atmospheric
data for evaluating changes in snowpack ablation. Specifically, radiosonde data were statistically linked
with detailed ground-based measurements of snowmelt and associated streamflow. Statistical models
were developed based on data from the 2007 ablation season and concurrent data from the 850 hPa geo-
potential height. These models explained 57–68% of the variance in snowmelt for 2007, and were
extended to predict snowmelt for the radiosonde period of record (1972–2012). Time-series analyses
showed significant trends toward higher winter and spring temperatures, vertical temperature gradients
in the atmospheric boundary layer in spring, and earlier dates for snowmelt and freshet initiation. Signif-
icant negative trends were also found towards decreasing spring precipitation. More broadly, ablation-
season climatic and hydrological variables were significantly positively correlated with the winter and
spring Multivariate El Niño Southern Oscillation and Pacific Decadal Oscillation indices, in which the
positive (negative) phase was associated with higher (lower) magnitude and frequency of melt events.
This combination of strong correlations and significant temporal trends indicates that with projected
air-temperature increases, the magnitude and duration of melt events are likely to increase, particularly
during favourable phases of the above teleconnections.

Crown Copyright � 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

Water resources in semi-arid regions with high-elevation snow-
packs, are highly susceptible to changes in snowmelt timing and
volume as this process maintains stream flows throughout the
dry summer months (Barnett et al., 2005). Given the strong reli-
ance of these regions on vulnerable high-elevation snowpacks, it
is critical that snow ablation processes and their links to the con-
trolling meteorological conditions are better understood. This is
particularly true for the Okanagan Basin in south-central British
Columbia, where the stress on fresh-water supplies is increasing
due to increasing population and a changing climate (Fig. 1). The
Okanagan Basin is already undergoing substantial hydro-climatic
change. Over the past century, in the Coldstream sub-basin both
winter and spring temperatures and winter, spring, autumn and
annual precipitation have increased significantly (Taylor and
Barton, 2004). This coincides with a shift towards a two days/dec-
ade (1901–2012) earlier occurrence of the spring 0 �C isotherm at
the Vernon Coldstream Ranch station in the northern portion of
the Okanagan Basin (Bonsal and Prowse, 2003). Future climate pro-
jections indicate that over the next century as winter temperature
and precipitation increase, less precipitation will fall as snow and
the snowmelt season will occur 4–6 weeks earlier, resulting in
‘‘considerable reductions’’ in annual and spring flow volumes
(Merritt et al., 2006).

Further compounding stress on the hydrologic regime are the
extensive forest cover changes resulting from a mountain pine-
beetle epidemic. In particular, snow accumulation and ablation
patterns are projected to change as openings in the forest become
larger and more interconnected, thereby increasing snow accumu-
lation, fetch lengths and melt rates (Carroll et al., 2006; Boon, 2009).

Information about snow energy and mass exchanges at higher
elevations in the Okanagan is limited, making evaluation of
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Fig. 1. Location of Coldstream Basin within British Columbia, Canada, and climate stations used in the analysis.
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atmospheric-change effects challenging (Merritt et al., 2006). The
lack of information partly stems from the high cost of long-term
maintenance of high-elevation climate stations. As an alternative,
this study explored the use of upper atmosphere climate data
obtained from operational radiosonde flights, to evaluate long-
term changes in the ablation-season snow energy balance. This
required detailed ground-level information on snow melt pro-
cesses from which statistical relationships with atmospheric data
could be established. Such information was available from a previ-
ously published study (Jackson and Prowse, 2009) in which snow
ablation processes were investigated along a four-site elevational
transect in a high-elevation basin situated at the north end of the
larger Okanagan Basin.

The issue of scale is paramount in snow hydrology, and in
particular, the scaling up of site-specific data to accurately repre-
sent basin-wide responses (Blöschl, 1999). Given the operational
impracticality of conducting snow ablation measurements at
multiple sites for many years, it is necessary to find alternative
methods to estimate snow melt over larger spatial and temporal
scales. Radiosonde flights take measurements throughout the
atmospheric boundary layer (ABL) profile, which mitigates some
of the influence of site-specific factors such as vegetation and
topography. Above a certain elevation (dependant on the depth
of the boundary layer), the influence of spatial variation in topog-
raphy and vegetation at the micro- and meso-scale becomes
muted, and the conditions measured in the ABL integrate the
effects of the composition of the earths surface on the atmosphere
over a much wider area. Therefore, the radiosonde data provide an
excellent source of high-quality data that can be considered
representative of the northern Okanagan Basin.

Although the literature regarding use of radiosonde data to
characterise surface energy balance is limited, there are several
studies that have examined the utility of this approach. For exam-
ple, Granger and Male (1978) reported that sensible heat flux over
a melting snowpack in Saskatchewan was more closely related to
the 850 hPa height temperature than near-surface temperature.
This was due to advection from the air mass dominating the
ground level sensible heat flux instead of local radiative heating
and advection (e.g., from snow free areas). Additional studies have
shown that evaporation estimates derived from radiosonde data
provided good agreement with ground based measurements over
a wide area, in both simple (Mawdsley and Brutsaert, 1977;
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Sugita and Brutsaert, 1991, 1992) and complex terrain (Kustas and
Brutsaert, 1986; Brutsaert and Kustas, 1987). Finally, several
studies have defined linkages between conditions in the atmo-
spheric boundary layer and regional scale variations in streamflow
(e.g., Cayan and Peterson, 1989; Kim et al., 2010).

Upper atmosphere data allow the characterisation of the hydro-
logical cycle over much broader spatial and temporal scales than
point scale climate station data do, and have great potential for
use in estimating streamflow generation mechanisms in ungauged
basins. Based on these findings, this study seeks to determine
whether statistical models based on radiosonde data are capable
of predicting measured snowmelt and melt driven streamflow at
the basin scale; whether these results can be used to extend the
period of record of melt events; and then to determine the exis-
tence and magnitude of trends in the extended record, and linkages
to teleconnection indices.

Ongoing and projected climatic changes have resulted in sub-
stantial alterations to the hydrological cycle and this appears to
be intensifying (Huntington, 2006; Lemke et al., 2007; Durack
et al., 2012). Evidence of a changing climate is often first noticed
in high-elevation and high-latitude areas, where even slight
increases in air temperature can have large impacts on hydrologic
systems. In particular, increasing frequency and magnitude of flood
and drought events, decreasing water storage in Northern Hemi-
sphere snowpacks, and a shift towards earlier and more intense
snowmelt have already been observed and are projected to
continue, with more pronounced shifts at higher elevations and
latitudes (e.g., Adam et al., 2009). One direct result of earlier snow-
melt initiation is a shift towards earlier dates of maximum spring
runoff and reduced summer streamflows (Déry et al., 2009). In
Canada, annual mean streamflow has decreased significantly
in the southern regions since 1947, with the strongest declines in
August and September, whereas March and April discharge has
exhibited significant increases, particularly in British Columbia
(Zhang et al., 2001). Two separate studies reported that shifts
towards earlier peak flows and a spring pulse onset of 10–30 days
are common in basins less than 2500 m in elevation (Regonda
et al., 2005; Stewart et al., 2005). A more recent study found that
while snowmelt dominated regimes continue shift earlier in the
year, a clear signal of accelerating change in the last decade was
not evident (Fritze et al., 2011).

Due to the importance of seasonal snowpacks in the functioning
of many terrestrial and climatic systems, much effort has been
directed towards discerning the linkages between climate anoma-
lies and snowpack variability (e.g., Clark et al., 2001; Stahl et al.,
2006; Bao et al., 2011), and the ongoing and predicted effects of
anthropogenic climate change (e.g., Räisänen, 2008; Vavrus,
2007; Bavay et al., 2009). A consistent conclusion regarding 20th
century North American snow cover and ablation is that variability
has increased, ablation is occurring earlier and in some cases more
rapidly, with a concurrent shift towards decreased snow-cover
duration at lower elevations (Déry and Brown, 2007; Dyer and
Mote, 2007; Brown and Mote, 2009; McCabe and Wolock, 2010).
These changes have been directly linked to an increase in spring
air temperatures, with some variability at smaller spatial scales
due to inter-decadal variation in precipitation, as well as elevation
and latitude effects on temperature and therefore precipitation
phase (Mote, 2003; Hamlet et al., 2005). In addition to the influ-
ence of changing air temperatures on snow in western North
America, a significant proportion of inter-annual to inter-decadal
variability in snow cover, melt and water equivalence is explained
by the oscillations of several Pacific-related teleconnection indices
including El Niño – Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO) (e.g., Brown and Goodison, 1996;
Moore and McKendry, 1996; Hsieh and Tang, 2001; McCabe and
Dettinger, 2002; Jin et al., 2006; Romolo et al., 2006a,b).
These findings highlight an ongoing research need for the detec-
tion and understanding of hydro-climatic trends and variability at
high elevations and in small basins (<100 km2) (McCabe and Clark,
2005; Déry and Brown, 2007; de Jong et al., 2009; Stewart, 2009).

Given the issues outlined above, the objectives of this study are
to:

(1) assess the degree to which measurements collected by
radiosonde are representative of meteorological conditions
at the snow surface during the 2007 ablation season;

(2) develop statistical relationships between upper-air atmo-
spheric and ablation-season snow-surface energy exchanges
in a sub-basin of the Okanagan Basin;

(3) employ the resulting statistical models to evaluate snow-
melt events over the longer term atmospheric data record;
analyse time-series of measured and indexed hydro-
meteorological variables associated with such events, and;

(4) assess their relationships with large-scale teleconnection
patterns.

The representative 2007 ablation season included a range of
melt events, of varying magnitude, controlled by a broad range of
meteorological conditions (Jackson and Prowse, 2009). This
comprehensive field data set offers a unique chance to study the
linkages between surface and atmospheric boundary layer (ABL)
processes, and to extend the record of snow melt events using
the available radiosonde record.

The analysis is presented as follows: Section 2 describes the
study area and data sources; Section 3 outlines the evaluation of
the data sets used, the snow melt models constructed from these
data and their verification, and the methods used to assess trends
and linkages to the dominant teleconnection indices, and; Section 4
presents the results of the trend and teleconnection analyses.
2. Study area and data

2.1. Study area

Covering an area of 8046 km2, the Okanagan Basin comprises a
portion of the northern Columbia River Basin (Fig. 1). The region is
characterised by a dry continental climate, with precipitation
averaging 250–300 mm in the valley and >1000 mm at higher ele-
vations, with an estimated 85% of the total lost to evapotranspira-
tion at lower elevations. Average annual air temperature decreases,
and precipitation and snowpack increase along a south to north
transect within the basin, with the southern section containing
Canada’s only true desert ecosystem (Cohen and Kulkarni, 2001).
The valley bottoms are classified as semi-arid, and subject to
increasing water stress as irrigation, agriculture and municipal
growth expand (Cohen and Neale, 2006).

This study focused on the Coldstream basin, which is located at
the northern end of the Okanagan Basin, because of the unique
availability of the detailed snow energy balance data and the den-
sity of high-quality, long term climatic and hydrometric records
(Table 1 and Fig. 1; Jackson and Prowse, 2009). The Coldstream
basin ranges in elevation from 480 to 1460 masl, covering
58.5 km2. The Vernon Coldstream Ranch station climate normals
show a mean air temperature of the coldest month at �5.0 �C,
the warmest month 19.1 �C, and the average annual precipitation
of 484.4 mm, with 127.9 mm of that falling as snow
(Environment Canada, 2012b). Maximum annual snow water
equivalent (SWE) in the northern portion of the basin averages
733 mm and 998 mm by early May for the Silver Star snow course
(2F10; BC River Forecast Centre; http://bcrfc.env.gov.bc.ca/data/)
and Park Mountain snow pillow (1F03P) respectively (Table 1;

http://bcrfc.env.gov.bc.ca/data/


Table 1
Data sources for Coldstream Basin, British Columbia. Twet = wet bulb temperature, Tdry = dry bulb temperature, P = atmospheric pressure, Udir = wind direction, SD = snow depth,
PC = precipitation.

Station Site ID Type Record period Elevation (masl) Variables

Vernon 1128582 Climate-AHCCD 1900–2011 427 Ta (max, min, mean)
Vernon Bella Vista 1128553 Climate-AHCCD 1900–2010 427 PC
Coldstream Creek 08NM142 Hydrometric 1967–2011 620 Q
Coldstream Ranch 1128581 Climate 1991–2012 482 Twet, Tdry, RH, U, Udir, P
Kelowna A 1123970 Climate 1971–2008 430 Twet, Tdry, RH, U, Udir, P
Vernon 1128551 Climate 1971–1995 556 Twet, Tdry, RH, U, Udir, P
Coldstream Up Site 1 Climate 2007 1456 Ta, RH, U, Udir, RN, DTS, SD, SWE
Coldstream Mid Site 2 Climate 2007 980 Ta, RH, U, Udir, RN, DTS, SD, SWE
Kelowna Airport 71203 Radiosonde 1994–2012 456 Ta, RH, e, Z, U, Udir, P
Vernon Airport 71115 Radiosonde 1972–1993 556 Ta, RH, e, Z, U, Udir, P
Silver Star Mtn. 2F10 Snow Course 1959–2012 1840 SWE, SD
Park Mtn. 1F03P Snow Pillow 1985–2011 1857 SWE
Mission Creek 2F05P Snow Pillow 1970–2011 1794 SWE

Table 2
Correlations between meteorological variables measured at Sites 1 and 2 during the
ablation season of 2007, and the same variables at the 850 hPa height in the
radiosonde record. Comparison conducted at a 12 h time step.

Site 1 Site 2

Variable r Variable r

Ta 0.97 Ta 0.92
RH 0.85 RH 0.79
es 0.97 es 0.92
e 0.94 e 0.91
U 0.36 U �0.04
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Fig. 1). In 2007, the March–April mean temperature at Coldstream
Ranch was 6.9 �C compared to the 1970–2000 normal of 5.7 �C, and
the April 1 SWE value at Silver Star Resort was 98% of the historical
average.

2.2. Snow energy balance and upper air data

Snow melt [QM] was quantified for the 2007 ablation season
based on the results from two study locations examined in
Jackson and Prowse (2009): Site 1 (1450 m) and Site 2 (980 m)
(Fig. 1 and Table 1). These data were collected at the field sites
from February 13 – April 19, 2007 and included the following
parameters: wind speed and direction, air temperature, relative
humidity, net radiation, incoming and outgoing longwave and
shortwave radiation and snow temperature and density profiles.
Melt rates were estimated with the SNTHERM model (Jordan,
1991) driven by micro-meteorological data at both sites, and
verified using concurrent daily gravimetric (lysimeter) and snow
course measurements. At Site 1, the SNTHERM melt estimates
[QM1] compared well with the gravimetric measurements
(R2 = 0.71), but the relationship was poorer for Site 2 (R2 = 0.25).
This result was attributed to either incomplete drainage of melt
water from the lysimeters or advection from nearby vegetation
which is not parameterized in the SNTHERM model (Jackson and
Prowse, 2009). Radiosonde data were downloaded from the Inte-
grated Global Radiosonde Archive (IGRA; Durre et al., 2006;
Durre and Yin, 2008) for the closest stations in the Okanagan Basin:
the Vernon Airport for 1972–1994 and, due to station relocation,
the Kelowna Airport for 1994–2012 (Table 1 and Fig. 1).
3. Methods

3.1. Evaluation of data representativeness

Snowmelt and surface energy balance data collected during the
2007 ablation season were statistically linked to radiosonde data
for the same period. These statistical models were used to extend
the record of snowmelt events in the Coldstream Basin for the
period 1972–2012. To ensure that the radiosonde data were
representative of atmospheric conditions prevailing over the Cold-
stream study site during the 2007 ablation season, the relevant
parameters recorded at Sites 1 and 2 (air temperature [Ta], relative
humidity [RH], wind speed [U], vapour pressure [e] and saturated
vapour pressure [es]) were correlated with the 850 hPa height data
(Table 2 and Fig. 2). These measurements represented the atmo-
spheric conditions for a 12 h period centred on the radiosonde
measurement intervals (00 and 12 UTC), and all snow surface
meteorological variables were averaged over the same interval.
Ta, RH, e and es from the 850 hPa height were significantly
correlated with the same variables measured above the snow sur-
face at Sites 1 and 2; indicating that radiosonde data are robust
surrogates for surface level measurements (Table 2 and Granger
and Male, 1978). Ta and es at 850 hPa averaged 5.4 �C and 9.2 hPa
during high magnitude melt events (>10 mm d�1; Fig. 3). The es

gradient lessens between the 700 and 500 hPa geopotential
heights (0.01 es hPa/geopotential hPa), compared to the gradient
between the 850 and 700 hPa geopotential heights (0.04 es hPa/
geopotential hPa).

For this type of analysis, the choice of which pressure level to
use has an impact on the representativeness of the models devel-
oped from the radiosonde data. This study assessed the 850 hPa
and 700 hPa heights and decided to incorporate the former since
correlations between ground level and radiosonde measurements
were higher for the 850 hPa height for all variables (26% higher
for Site 1, and 52% higher for Site 2) except zonal and meridional
wind speed, which had only marginally higher correlations at the
700 hPa height. The 850 hPa readings are taken at an elevation
close to the local height of land, and are therefore likely to be influ-
enced by (and more representative of) the surrounding topogra-
phy, while the 700 hPa readings are approximately 1500 m
higher, and more representative of the synoptic wind conditions.

Wind speed is an important control on the turbulent transfer of
sensible and latent heat at the snow surface, but correlations
between surface and ABL data were poor, likely due to topograph-
ical modification of the wind field (Table 2 and Fig. 2; Jackson and
Prowse, 2009). Wind direction has a bimodal distribution at Site 1
(SSW and NE), and a unimodal distribution at the other two field
sites and at the 700 and 850 hPa heights (Fig. 4). Wind direction
(SW) is similar for Site 2 and the two radiosonde levels, but mark-
edly different for the Coldstream Ranch site. The latter site is sub-
ject to prevailing outflow winds from the mountainous terrain to
the east. Site 2 was located on the western slope of the Coldstream
drainage in the lee of the eastern slopes of the basin, and is there-
fore sheltered from the outflow winds (Fig. 1). Site 1 is situated



Fig. 2. 12 h melt totals for Site 1 and; (a) Ta850, (b) es850, (c) U850, and 12 h melt totals for Site 2 and; (d) Ta850, (e) es850 and, (f) U850. Melt rate is plotted on the x-axis.
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higher in the basin, and the bimodal wind direction is likely due to
the competing influences of the easterly outflows, and the synoptic
south-westerly flows as evident in the radiosonde data. Meridional
and zonal winds are retained as significant predictors in the melt
models for Site 1, but not for Site 2 (Section 3.2). The weighting
assigned to the wind variables are much lower relative to temper-
ature and saturated vapour pressure at Site 1.

Consideration of bias in the radiosonde data when compared to
the surface climate data is also important. In this case, bias in the
climatic parameters was not unidirectional, and sufficient surface
level data does not exist to derive a robust bias correction algo-
rithm. The overall objective was to derive relationships between
the surface and atmospheric conditions that were representative
of the basin scale hydrological response. Therefore, the key metrics
for evaluation of the models performance are the ability to repli-
cate the regional snowmelt and streamflow measurements (timing
and magnitude, not absolute values), and on the identification of
trends, and correlations with teleconnections.

The radiosonde release point was changed in 1994 from the
Vernon Airport to the Kelowna Airport. To determine whether this
resulted in a significant step change three analyses were con-
ducted. First, daily average values of Ta and RH from the 850 hPa
height were correlated with the same parameters measured at
the Coldstream Ranch climate station for the period 1972–2012
to determine if the 1994 relocation of the radiosonde station
significantly changed the relationship between the upper-air and
ground-level climate variables (Gaffen et al., 2000). Missing data
(eight days) were estimated using lapse rates between the
Coldstream Ranch station and the radiosonde data. Second, the
distribution and variance of the predictor variables (Ta850, DTa850,
es850, MW850, ZW850) were tested for significant differences in
distribution between the release sites, using the Kolmogorov–
Smirnov test. The cumulative frequency distributions for the pre-
dictor variables are presented in Fig. 5. Third, a Pettitt change point
test (Pettitt, 1979) was run for each variable to determine whether
there was a detectable change point, and if so, whether it corre-
sponded to the station move. The Pettitt test was chosen as it is
more sensitive to breaks in the middle of the time-series, is non-
parametric, and is less sensitive to outliers than other similar
change point tests (Wijngaard et al., 2003).

The effect of the radiosonde station move in 1994 had no dis-
cernible effect on the distribution of Ta850 or es850, as neither
parameter had statistically significant differences in distribution
between the two release points (Fig. 5), and daily average temper-
ature and relative humidity from the radiosonde record and the
Coldstream Ranch station had average annual correlations of
r = 0.95+/�0.01. DTa850, ZW850 and MW850 showed statistically sig-
nificant differences in distribution (p < 0.0001; n > 5000), however
plots of the cumulative frequency distribution for DTa850 and
MW850 showed little divergence between the release points



Fig. 3. Average atmospheric boundary layer meteorological profiles for Ta and es
associated with high magnitude melt (QM) events at Site 1 during the 2007 ablation
season.
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(Fig. 5), and the Pettit test indicated that a change point coincident
with the station move did not occur in the time-series of these two
parameters. However, a significant difference was detected for
Fig. 4. Wind roses for high magnitude melt events (>10 mm d�1) for (a) Site 1 (1450 mas
geopotential height (�3000 masl) and (e) 850 hPa (�1400 masl).
ZW850, as both statistical tests and the cumulative distribution fre-
quency plots indicated that a change point in the data occurred in
1994. To account for this, the Vernon radiosonde record was
adjusted by the difference in median ZW850 (�0.7 m s�1) between
the two release points. Subsequent tests indicated that there was
no significant difference in distribution or variance for the adjusted
ZW850 data, the change point had shifted to 1984, and the distribu-
tions were more closely matched (Fig. 5).

Table 3 shows correlations between Q0M1 and Q0M2, and regional
discharge and snowmelt records. There is little difference in corre-
lation strength following the radiosonde station move, indicating
that the ability of the derived melt indices to represent regional
variability of melt events was unaffected by the move.

The derivation of equations from a single year of field data
required that the 2007 radiosonde data be compared to the
long-term record (1972–2012) to determine whether 2007 could
be considered ‘‘representative’’ of the radiosonde record in its
entirety. Cumulative frequency distributions of the predictor vari-
ables were compared for March–May in 2007 and the same
months for 1972–2006 and 2008–2012 (Fig. 6), and significant dif-
ferences in distributions were tested for using the Kolmogorov–
Smirnov test. With the exception of DTa850 (p = 0.03) and MW850

(p = 0.04), there was no significant difference in medians between
2007 and the rest of the record period, and only MW850 showed a
significant difference in variance (p = 0.001). Given the close corre-
spondence between the cumulative frequency distributions, and
that the dominant predictor variables (Ta850 and es850) were not sig-
nificantly different between the two periods, the ablation season of
2007 can be considered representative of the other years analysed.
l), (b) Site 2 (980 masl), (c) Coldstream Ranch climate station (482 masl), (d) 700 hPa



Fig. 5. Cumulative frequency distributions for parameters measured by radiosonde flights from Vernon (1972–1993) and Kelowna (1994–2012).

Table 3
Pearson’s correlation coefficients (r) for melt values calculated using the multiple
linear regression model compared to discharge in Coldstream Creek (_Q) and
snowmelt at the Park Mountain (1F03P) and Mission Creek 2F05P snow pillows.
Values shown are average correlations for the periods indicated, corresponding to the
change in radiosonde release location in 1994.

Coldstream_Q 1F03P 2F05P

Site 1 1972–1993 0.61 0.62 0.47
1994–2011 0.62 0.59 0.45

Site 2 1972–1993 0.65 0.65 0.49
1994–2011 0.67 0.61 0.47
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3.2. Snow melt models

Linear regression models were constructed using the 850 hPa
data to assess the variance in snowmelt (QM) at the two field sites
(Site 1 and 2) from the ablation season of 2007, and these models
were then used to predict QM (Q0M) for the radiosonde period of
record (1972–2012). Hourly surface measurements of snow melt
from the SNTHERM outputs (Jackson and Prowse, 2009) were
aggregated for 12-h periods centred on the radiosonde flight times
(00 and 12 UTC).

The variables assessed for inclusion in the model were (see
Appendix A): Z850, Ta850, DTa850, e850, es850, U850, ZW850, MW850,
and K� (Fig. 2). These variables were the most highly correlated
with melt, and are the required inputs to most physically based
snowmelt models, along with radiation. Analyses using only the
ABL data as predictors produced residuals with marked
heteroscedasticity, indicating that the models ability to predict
QM deteriorated later in the ablation season when the largest
events occurred, concurrent with the increasing contribution of
shortwave radiation to the snow energy balance (Jackson and
Prowse, 2009). Since incident shortwave radiation is not measured
by radiosonde flights, the clear sky solar radiation (K�) was used as
a surrogate; calculated following Bird and Hulstrom (1981).
This model is based on empirical interpretations of radiative



Fig. 6. Comparison of cumulative frequency distributions for parameters measured by radiosonde flights from 2007 and 1972–2006, 2008–2012.
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transmittance and absorption by atmospheric constituents includ-
ing water vapour, ozone and atmospheric particulates. It is widely
used for the estimation of broadband clear sky irradiance at the
Earth’s surface (e.g., Pellicciotti et al., 2011). The model provides
comparable estimates of hemispherical radiation, within 10% of
more complex theoretical equations, and within the error range
of most pyranometers (25–100 W m�2; Myers, 2005).

Regression models were also constructed to predict snow
surface vapour exchange (i.e., evaporation, condensation and sub-
limation). However, the predictive ability of these equations was
limited (Site 1 R2 = 0.31; Site 2 R2 = 0.45). Since these fluxes are
one to several orders of magnitude smaller than the snow melt val-
ues, and are difficult to verify against another measured dataset,
these indices were not carried forward for further analysis.

A multiple stepwise regression with forward selection process
determined which combination of atmospheric boundary layer
(ABL) variables measured at the 850 hPa height were best able to
explain the variance in QM. All variables were retained at the 95%
significance level, and autocorrelation was tested using the Dur-
bin–Watson statistic. The melt indices for both sites were validated
using daily basin streamflow and regional snow melt records for
the same period of record. Note that similar analyses were also
conducted using principal components regression (Garen, 1992;
Jackson, 2003), and non-linear regression techniques (not shown)
but the predictive skill was not an improvement on the multiple
regression results.

The models below provide indices for melt at Site 1 (Q0M1) and
at Site 2 (Q0M2) throughout this study. The units for all variables
are listed in Appendix A.

Q 0M1 ¼ 326:627� 1:304Ta850 � 0:142DTa850 þ 4:31es850

� 0:166ZW850 þ 0:403MW850 þ 0:009K� ð1Þ

Q 0M2 ¼ 475:72� 1:879Ta850 þ 5:991es850 þ 0:01K� ð2Þ



Fig. 7. Observed (QM) vs. predicted (Q0M) melt from multiple regression model for (a) Site 1 and (b), Site 2 for Julian Day 44–109, 2007.

Fig. 8. Q0M calculated from ABL conditions for Sites 1 and 2 plotted with streamflow
measured at Coldstream Creek above the Municipal Intake (08NM142), for the
years 1982, 2005 and 2007.
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Q0M1 explained 68% of the variance in measured melt
(RMSE = 5.8 mm), and Q0M2 explained 57% of the variance in melt
rates (RMSE = 8.2 mm; Fig. 7).

Q0M1 includes both zonal wind and meridional wind compo-
nents as predictor variables, but Q00M2 does not. Jackson and
Prowse (2009) found that the majority of high magnitude melt
events at Site 2 were driven by radiation inputs, while melt events
at Site 1 were driven more by sensible heat fluxes, and this differ-
ence is reflected in the retained predictor variables for each site.
The inclusion of both zonal and meridional wind variables in
Q0M1 accounts for the bimodal distribution of winds at this site
(Fig. 4), with a higher weight placed on the synoptic scale winds
(meridional in this case), which comprised the dominant wind
direction noted for high magnitude melt events in the 2007 abla-
tion season. Therefore the equations are considered to accurately
represent the synoptic drivers of melt in the Coldstream Basin.

3.3. Verification of modelled melt indices

QM1, QM2, Q0M1 and Q00M2 were significantly correlated with
discharge measured at the Coldstream Creek gauge at a two day
lag in 2007. QM at both sites showed modest correlations with
streamflow in 2007 (Site 1 r = 0.51; Site 2 r = 0.52), however, Q0M
had a stronger relationship (Site 1 r = 0.63; Site 2 r = 0.67) with
streamflow than QM values obtained from site specific measure-
ments (Jackson and Prowse, 2009). This indicates that Q0M better
represents the temporal variation in basin-wide snowmelt than
the site-specific values. Since point scale snow energy balance is
a function of synoptic conditions, modified by local topography
and vegetation, these results highlight the utility of upper air data
for estimating snowmelt at the basin scale. Fig. 8 shows the rela-
tionship between Q0M for Sites 1 and 2 with streamflow in Cold-
stream Creek for the freshets of 1982 (high discharge), 2005 (low
discharge), and 2007 (representative year). The timing of large
melt events estimated from the radiosonde record coincides very
closely with rises in streamflow, and highlights the strong nival
control on streamflow in this basin. Note that the estimated melt
is not included after Julian Day 125 in 2005 and 2007, as the snow-
pack has been depleted by this point. Q0M1 correlations with
streamflow were r = 0.64 over the full record period, while Q00M2

had an average annual correlation of r = 0.67 (Table 4 and Fig. 9).
Similar results were obtained from comparisons between Q0M1

and Q0M2 and daily melt measured at the nearby Park Mountain
and Mission Creek snow pillows (Table 4 and Fig. 9). The median
annual RMSE between melt calculated from the ABL data and
regional melt values ranged from 13 to 21 mm, and median annual
correlations ranged from 0.37 to 0.68 (between sites). In general,
RMSE was relatively consistent for all sites, and slightly higher
for site specific values of QM and Q0M. Both snow pillows are located
at higher elevations than the Coldstream sites (Table 1), therefore
the melt estimates derived for the Coldstream sites are expected to
be higher, and would show the melt season starting and ending
earlier than it would at the snow pillows. No corrections for the
difference in elevation (ranging from 338 to 877 m) were made
before calculating the RMSE.



Table 4
Median correlations and RMSE (melt only) between melt indices calculated for Sites 1
and 2, streamflow in Coldstream Creek (08NM142), and snow melt measured at the
Park Mountain (1F03P) and Mission Creek (2F05P) snow pillows. RMSE values in
brackets are standard deviation for the annual RMSE. Melt estimates were not
adjusted for elevation differences between the study sites and the snow pillows prior
to calculating the RMSE.

Site 1 Site 2

08NM142 r 0.64 0.67
1F03P RMSE 13.5 (4.3) 20.6 (6.1)

r 0.60 0.61
2F05P RMSE 12.9 (4.9) 19.2 (6.7)

r 0.46 0.49

Fig. 9. Annual correlations (a) between melt indices for Sites 1 and 2 and
streamflow (Q; n = 34), melt at the Park Mountain (1F03P; n = 23) and Mission
Creek snow pillows (2F05P; n = 34), and (b) RMSE for calculated melt indices and
measured melt at the same snow pillows.
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Correlations were higher between Q0M and Park Mountain snow
pillow data than Mission Creek snow pillow data. Relative proxim-
ity of these stations to the field sites (34 km and 45 km, respec-
tively) and site characteristics support this result. The Park
Mountain station, situated in a large opening near treeline, is more
similar to the field sites in the Coldstream basin than the Mission
Creek station, which is located in a small opening in mature forest.
Therefore, based on the high degree of correspondence between
Q0M and the regional data, the derived indices were considered to
be representative of ablation season snow surface energy processes
at the basin scale.

3.4. Ablation season trends and teleconnection linkages

The study period (1972–2012) is marked by pronounced large-
scale climatic changes, including rising temperatures both globally
and regionally, the well documented phase shift of the PDO in
1976/77, and increased frequency and magnitude of El Niño events
(Lemke et al., 2007). To determine if similar changes occurred in
the study basin, temperature and precipitation, the predictor vari-
ables from the radiosonde data, derived melt indices, April 1st SWE
values, and date of freshet initiation (calculated following Cayan
et al., 2001) were tested for significant trends over the period
1972–2010, as not all data sets were current to 2012 at the time
of writing (Table 5). Long term monthly temperature and precipi-
tation records for the Vernon climate station were downloaded
from the Adjusted and Homogenized Canadian Climate Data
(AHCCD; Environment Canada, 2012a) archive (1900–2011,
Table 1). Streamflow data for the outlet of the Coldstream basin
were taken from the Coldstream Creek above the Municipal Intake
station (WSC 08NM142).

The traditional March–April–May (MAM) spring period was
used to provide a consistent reference ablation season that was
not subject to seasonal temperature changes over time. An annual
series of high-magnitude melt events was constructed (defined as
>1r above the record period average Q0M), and the number of >1r
Q0M events, number of >1r Q0M events of two or more days, and
length of longest sequent >1r Q0M events were also documented.
The latter two variables were included as measures of the
frequency and duration of large melt events in a given year. Data
were pre-whitened (Yue et al., 2002) prior to applying the
Mann–Kendall trend test (Mann, 1945; Kendall, 1975) with Sen’s
slope analysis (Bronaugh and Werner, 2008).

The El Niño Southern Oscillation (ENSO), and the Pacific Decadal
Oscillation (PDO) (Mantua et al., 1997; source: http://jisao.wash-
ington.edu/pdo/PDO.latest) are the two main teleconnections that
exert a strong influence on annual snowpack fluctuations in wes-
tern North America. The MEI (Multi-variate El Niño Index)
(Wolter and Timlin, 1993); source: http://www.esrl.noaa.gov/
psd/enso/mei/table.html) is considered to be a more robust index
of the ENSO than the traditional Southern Oscillation Index (SOI),
and is used here (Wolter and Timlin, 1998). The Multivariate ENSO
Index was used for this analysis since it represents several atmo-
sphere–ocean related components in the tropical Pacific, while
the traditional SOI and Nino 3.4 indices only quantify atmospheric
(SOI) or sea-surface temperature (Nino 3.4) conditions. Several
studies have shown a strong relationship amongst these ENSO indi-
ces (e.g., Kiem and Franks, 2001; Hanley et al., 2003; Wolter and
Timlin, 2011), therefore, the findings from this analysis would
not be changed with the choice of a different index.

To assess the relationships between the ENSO and PDO and the
calculated melt indices, correlations were calculated using the
Pearson’s correlation coefficient (r) for the standard climatological
winter – December–January–February (DJF); and spring periods –
(MAM). The former allows for potential climatic lag effects while
the latter comprises the ablation season in the Okanagan Basin.
The effects of the ENSO and PDO indices on observed hydro-
climatic trends and variability were examined using a two stage
trend detection process. First, the melt indices showing significant
trends were regressed against all significantly correlated telecon-
nection indices using multiple stepwise regression. Second, the
residuals of the regression equations that explained a significant
proportion of the annual variation with the ENSO and PDO were
tested again for trends to assess whether the trend was statistically

http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
http://www.esrl.noaa.gov/psd/enso/mei/table.html
http://www.esrl.noaa.gov/psd/enso/mei/table.html


Table 5
Variables tested for trends and correlations with teleconnection indices. Note: hvi denotes average, r denotes standard deviation.

March–April–May (for Sites 1 and 2) SWE and discharge

Values derived from regression estimates
MAX Q0M MAX Q
hQ0Mi hQi
rQ0M MAX Q date
# days >1r Q0M April 1st SWE
# events >1r Q0M of >=2 days Date of snowmelt initiation
Length of longest sequent period >1r Q0M Date of freshet initiation

Values from radiosonde record – 850 hPa geopotential height 1200 and 2400 UTC readings
hTa850i MAX Ta850 r Ta850

hDTa850i MAX DTa850 r DTa850

hes850i MAX es850 r es850

hZW850i MAX ZW850 r ZW850

hMW850i MAX MW850 r MW850

Table 6
Significant trends and teleconnection correlations for regional hydroclimatic param-
eters for the period 1972–2010. Refer to Appendix A for variable descriptions.

Variable Trend
yr�1

MEI_DJF MEI_MAM PDO_DJF PDO_MAM

Regional temperature, precipitation, and vapour pressure
Winter maxTa

a 0.057 0.19 0.15 0.31 0.21
Spring minTa 0.002 0.53 0.41 0.53 0.53
Spring hTai 0.023 0.61 0.53 0.49 0.55
Spring maxTa

a 0.036 0.60 0.55 0.39 0.49
Spr_Isotherm �0.250 �0.45 �0.35 �0.24 �0.28
Spring precip. �0.875 �0.12 �0.11 0.01 0.25
Summer

precip.
�0.612 �0.35 �0.08 �0.42 �0.28

March–April–May radiosonde data – 1200 UTC readings
hTa850i 0.009 0.59 0.59 0.45 0.59
MAX DTa850 0.145 �0.10 �0.13 0.10 0.04
hDTa850i �0.003 0.44 0.37 0.25 0.43
r DTa850 0.020 �0.11 �0.14 0.09 0.01
hes850i 0.005 0.56 0.64 0.44 0.56

March–April–May radiosonde data – 2400 UTC readings
hTa850i 0.015 0.64 0.61 0.46 0.65
MAX Ta850

a 0.062 0.24 0.27 0.31 0.10
hDTa850i �0.011 �0.06 0.03 0.11 0.18
r DTa850 0.013 �0.13 �0.01 �0.02 0.01
hes850i 0.010 0.63 0.68 0.45 0.60

Values in bold are significant at p < 0.05, values in italics are significant at p < 0.10,
and values denoted by � are significant at p < 0.15. hxi refers to average, and r refers
to standard deviation. Only those variables with a significant trend or two or more
significant correlations with a teleconnection index are shown.

a Trend calculated on the residuals remaining after the influence of the relevant
teleconnections on the original time-series has been taken into account.
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independent of the influential teleconnection indices. The
intention was to determine whether the unexplained portion still
exhibited a trend that was not a result of the positive phase of
the PDO that spans a large portion of the record period, or increases
in ENSO magnitude over time, for example.

4. Results and discussion

4.1. Hydroclimatic trends and teleconnection linkages

Significant, positive trends were found for winter and spring
maximum monthly temperatures at the Vernon climate station
over the 1972–2010 period (Table 6). The trend magnitude was
higher for winter temperature than for spring (�0.6� decade�1

and 0.4� decade�1, respectively; p < 0.10,), indicating that winter
temperatures are rising faster than spring temperatures over the
last few decades in the northern Okanagan. Maximum temperature
was the only winter season variable significantly correlated to a
teleconnection index (DJF PDO), while all spring temperature vari-
ables had significant positive correlations with the winter and
spring MEI and PDO indices. As a result of the increasing winter
and spring temperatures, the date of snowmelt initiation is shifting
earlier in the year by 2.5 days decade�1 (p = 0.27). and is signifi-
cantly correlated with the winter and spring MEI (Table 6).

Spring and summer total precipitation is decreasing at �8 mm
and 6 mm decade�1 (respectively), but only the former trend is sig-
nificant. Correlations with the MEI and PDO indices are generally
weak and not significant, except summer precipitation, which is
significantly negatively correlated with the preceding winters
PDO and MEI phase (Table 6). It is noteworthy that over the period
1900–2010, the trends for spring and summer precipitation are
positive (�1.5 mm decade�1), which indicates that the direction
and magnitude of the trend is at least partly dependent on the per-
iod analysed.

Significant positive trends were found in the 1200 UTC
radiosonde data for the maximum and standard deviation of the
vertical air temperature gradient at the 850 hPa height
(1.5 �C decade�1 and 0.2 �C decade�1, respectively). A similar trend
was found for the latter variable from the 2400 UTC flight (0.1 �C
decade�1). Neither variable was significantly correlated with the
MEI or PDO. The average gradient from the 1200 UTC flight was
positively correlated with the winter and spring MEI, and showed
a slight positive trend (0.1 �C decade�1) for the 2400 UTC reading,
but no significant correlations with the MEI or PDO (Table 6). These
results indicate that the upper end of the vertical temperature gra-
dient in the atmospheric boundary layer has increased over the
period 1972–2010, as has the seasonal variability in the gradient.

Average Ta and es at the 850 hPa height (1200 and 2400 UTC
flights) were strongly positively correlated with the winter and
spring MEI and PDO indices, but showed no significant trends
(Table 6). These results indicate that positive (warm) phases of
these teleconnections are associated with warmer synoptic scale
air temperatures and higher atmospheric moisture content. The
winter PDO had a relatively lower correlation with the variables
measured at the 850 hPa height than the other indices, similar to
the results for temperature from the Vernon AHCCD record. Maxi-
mum Ta (2400 UTC), however, showed a slight positive trend
(0.6 �C decade�1), and was correlated with the DJF PDO. The trend
direction and magnitude remained constant after considering the
potential influence of the PDO (Table 6).

A negative but not significant (�17 mm decade�1), trend was
found for April 1st SWE values at the Silver Star snow course
(2F10; Table 7). Significant negative correlations exist between
April 1st SWE and the winter and spring MEI and PDO, indicating
that warm (cool) phases of both teleconnections are linked to
reduced (increased) spring snowpacks in the northern Okanagan
Basin. Previous studies examining snowpack and teleconnection
linkages in British Columbia and the western USA have found that



Table 7
Significant trends and teleconnection correlations for regional snowmelt and discharge, and snowmelt estimates derived from the radiosonde record, for the period 1972–2010.
Format is the same as for Table 6.

Variable Trend yr�1 MEI_DJF MEI_MAM PDO_DJF PDO_MAM

Snowmelt and discharge
MAX 2F10 SWE �1.719 �0.49 �0.41 �0.54 �0.48
MAX Q date �0.214 �0.45 �0.36 �0.22 �0.33
Pulse datea �0.447 �0.64 �0.57 �0.39 �0.56

Melt Indices – Site 1
hQ0M1i 0.042 0.52 0.68 0.43 0.52
rQ0M1 0.032 0.21 0.42 0.31 0.21
#>+1rb 0.063 0.46 0.62 0.30 0.34
Largest eventc No trend 0.35 0.42 0.30 0.20

Melt indices – Site 2
hQ0M2i 0.063 0.55 0.70 0.41 0.51
rQ0M2 0.060 0.22 0.41 0.30 0.22
#>+1rb 0.086 0.48 0.65 0.33 0.33
Largest eventc No trend 0.43 0.46 0.31 0.27

a Trend calculated on the residuals remaining after the influence of the relevant teleconnections on the original time-series has been taken into account.
b Number of melt events greater than one standard deviation above the long-term mean.
c Number of consecutive days with Q0M greater than one standard deviation above the long-term mean.
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warm (positive) phases of the PDO and ENSO indices result in
higher than average winter and spring temperatures, lower than
average precipitation and therefore, below average April 1st SWE.
These effects are magnified when one or more of these indices
are in phase (e.g., Hsieh and Tang, 2001; Stahl et al., 2006).
4.2. Snowmelt and discharge trends and teleconnection linkages

Significant trends were found towards earlier dates of freshet
initiation (5.0 days decade�1) and peak freshet discharge
(2.1 days decade�1; Table 7) over the period 1972–2010; similar
to those identified by Zhang et al., 2001 and Stewart et al., 2005.
As with all trends identified in this analysis, there was substantial
inter-annual variability around the trend line. Positive (negative)
phases of the PDO and MEI are characterised by warmer (cooler)
than average Ta, which are correlated with a significantly earlier
(later) onset of the freshet. The winter MEI was the strongest pre-
dictor for both streamflow timing measures, while the retained
trend (using the residuals from the regression between winter
and spring MEI and freshet initiation) showed the trend towards
earlier freshet initiation moderating somewhat (4.5 days decade�1;
p = 0.009). No significant trend was noted for the maximum annual
discharge in Coldstream Creek. These results suggest that even
though the MEI is linked to the timing of streamflow in the Cold-
stream basin, it does not alter the underlying trend towards earlier
freshet initiation and peak flow.

Average melt indices (Q0M) for Sites 1 and 2 were positively cor-
related with the winter and spring MEI and PDO. The same is true
for the number of days in a melt season with melt rates greater
than one standard deviation above the long-term mean (#>+1r),
and the length of the longest duration melt event. The standard
deviation of the melt indices at both sites was positively correlated
with the spring MEI and winter PDO (Table 7). No significant trends
were found for any of the melt indices, indicating that while the
magnitude, duration and variability of melt events is influenced
by the MEI and PDO, these metrics are not changing appreciably
over time.

In summary, the results of the analyses presented here show
that the hydroclimatic regime of the northern Okanagan Basin,
and the Coldstream basin in particular, is experiencing significant
changes in the amount of warm season precipitation, snow accu-
mulation, vertical temperature gradients in the atmospheric
boundary layer, and the streamflow generated by these processes.
Warm season precipitation in the northern Okanagan is decreasing
over the period studied, and snowpacks at higher elevations are
decreasing due to higher spring temperatures. The beginning of
the ablation season is moving earlier in the year, concurrent with
an earlier start to the freshet, and an earlier peak freshet discharge.
Positive (warm) phases of the ENSO and PDO are significantly
correlated with increased melt rates, resulting from higher air tem-
perature and saturated vapour pressure measured at the 850 hPa
height during these phases. The trends found in this analysis
remain similar, regardless of the ENSO or PDO phase. These results
have significant implications for storage of melt water within
reservoirs and groundwater, increases the potential for snowmelt
driven flood events, and will result in reductions to the volume
of water available for maintenance of summer low flows.
5. Conclusions

This work has quantified the linkages between micro-scale
snow surface processes and the associated conditions in the ABL,
identified trends in hydroclimatic parameters and clarified the
connections to the dominant teleconnection patterns influencing
climate in the Okanagan Basin, British Columbia. Statistical models
based on radiosonde data were found to be good predictors of the
measured variation in melt rates in the Coldstream Basin, and the
larger northern Okanagan. These models formed the basis for his-
torical estimates of melt, which were subsequently correlated with
well-known, large-scale teleconnection indices. Significant trends
were noted towards higher winter and spring temperatures, and
earlier dates of snowmelt and freshet initiation. The frequency
and duration of high magnitude melt events did not show signifi-
cant trends. Significant positive correlations were found between
the primary atmospheric parameters that influence snowmelt,
including spring air temperature, the melt indices derived from
these parameters, and the positive phases of the spring and winter
ENSO and PDO. If current trends continue in the Okanagan Basin,
the onset of the snowmelt period and the resulting streamflows
will occur earlier in the year, and more rapidly, particularly during
positive phases of the ENSO and PDO. These results are in agree-
ment with similar studies conducted in western North America.

Where radiosonde records exist, the data contained within
them has the potential to better represent the climatic conditions
over a larger basin scale than site-specific measurements would
(e.g., Lundquist et al., 2010). Due to the operational requirements
for radiosonde data, the records are generally complete, have long
record periods, and measure variables not typically measured by
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ground climate stations. Therefore, these data sets provide a
unique opportunity to assess snowmelt (and likely other compo-
nents of the hydrological cycle) over broader spatial and temporal
scales than would be possible using only ground based climate
stations. The methods presented here show promise for wider
application, particularly where site-specific data are lacking, or
where site data are heavily influenced by the surrounding topogra-
phy and vegetation, and are thus not easily scaled to dissimilar
areas within the same basin. Because these data are more repre-
sentative of the synoptic conditions in the ABL, they can be more
useful for large scale assessments of snow energy balance than site
specific measurements.

However, for the same reason, melt rates calculated from radio-
sonde data are not reflective of the influence of site-specific factors
such as vegetation or topography, and require a data-set to ‘ground
truth’ the estimates against. In order to link the radiosonde
measurements with the basin scale hydrological response, more
micro-meteorological measurement points within the basin would
be required to appropriately scale atmospheric conditions over the
entire basin. This would also allow the issue of bias between the
radiosonde measurements and those taken at the site scale to be
addressed, and is an area of focus for future research.

While the work presented here elucidates the linkages between
conditions in the ABL and those at the snow surface, the linkages
between the meso-scale synoptic conditions and the ABL are still
undefined. Future studies should seek to describe the links
between the synoptic conditions associated with high magnitude
melt events and the phase and strength of the various teleconnec-
tions that drive snowmelt in the Okanagan Basin. This requires a
long term high-elevation monitoring program, with several sites
distributed along the north–south precipitation gradient in the
Okanagan Basin.
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Appendix A. Abbreviations
Abbreviation
 Description
 Units
QM
 Melt
 mm day�1
Q0M
 Melt index
 mm day�1
QM1
 Coldstream Up (Site 1)
measured melt
mm day�1
Q0M1
 Coldstream Up (Site 1) melt
index
mm day�1
QM2
 Coldstream Mid (Site 2)
measured melt
mm day�1
Q0M2
 Coldstream Mid (Site 2) melt
index
mm day�1
Z850
 850 hPa geopotential height
 masl

DTa850
 850 hPa temperature gradient
 K km�1
ZW850
 850 hPa zonal wind
 m s�1
Abbreviations (continued)
Abbreviation
 Description
 Units
MW850
 850 hPa meridional wind
 m s�1
U850
 850 hPa wind speed
 m s�1
DD850
 850 hPa dewpoint depression
 K

Ta
 Air temperature
 K

Rn
 Net radiation
 W m�2
K�
 Total clear sky short wave
radiation
W m�2
e
 Vapour pressure
 kPa

es
 Saturated vapour pressure
 kPa

U
 Wind speed
 m s�1
HL
 Snow surface latent heat flux
 W m�2
HS
 Snow surface sensible heat
flux
W m�2
DJF
 December–January–February
 N/A

MAM
 March–April–May
 N/A

PDO
 Pacific Decadal Oscillation
 Dimensionless

MEI
 Multivariate ENSO index
 Dimensionless
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