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Determining surface precipitation phase is required to properly correct precipitation gage data for wind
effects, to determine the hydrologic response to a precipitation event, and for hydrologic modeling when
rain will be treated differently from snow. In this paper we present a comparison of several methods for
determining precipitation phase using 12 years of hourly precipitation, weather and snow data from a
long-term measurement site at Reynolds Mountain East (RME), a headwater catchment within the Rey-
nolds Creek Experimental Watershed (RCEW), in the Owyhee Mountains of Idaho, USA. Methods are based
on thresholds of (1) air temperature (Ta) at 0 �C, (2) dual Ta threshold,�1 to 3 �C, (3) dewpoint temperature
(Td) at 0 �C, and (4) wet bulb temperature (Tw) at 0 �C. The comparison shows that at the RME Grove site, the
dual threshold approach predicts too much snow, while Ta, Td and Tw are generally similar predicting equiv-
alent snow volumes over the 12 year-period indicating that during storms the cloud level is at or close to the
surface at this location. To scale up the evaluation of these methods we evaluate them across a 380 m ele-
vation range in RCEW during a large mixed-phase storm event. The event began as snow at all elevations
and over the course of 4 h transitioned to rain at the lowest through highest elevations. Using 15-minute
measurements of precipitation, changes in snow depth (zs), Ta, Td and Tw, at seven sites through this eleva-
tion range, we found precipitation phase linked to the during-storm surface humidity. By measuring
humidity along an elevation gradient during the storm we are able to track changes in Td to reliably estimate
precipitation phase and effectively track the elevation of the rain/snow transition during the event.

Published by Elsevier Ltd.
1. Introduction and problem statement

To understand and model the hydrologic response of a moun-
tain basin to precipitation we must know the phase of precipitation
(rainfall or snowfall) and the spatial distribution of phase over the
basin. Phase is required to properly correct precipitation gauge
data for wind undercatch, to simulate snowcover development
and ablation, and for hydrologic modeling. Mountain precipitation
is often measured using weighing gauges that do not distinguish
between liquid and solid input. Where tipping bucket rain gauges
are collocated with weighing gauges allowing differentiation be-
tween liquid and solid precipitation, the spatial density of collo-
cated measurements is rarely sufficient to distinguish phase as
well as quantity over a mountain basin. Determination of phase re-
quires a method based on a surface measurement that can be used
to identify the phase of measured events and for extrapolating
phase estimation to elevations of the mountain basin where pre-
cipitation was not observed. In mountain basins the problem is
exacerbated by topography and elevation gradients where precip-
itation can be rain in the lower elevations, mixed in mid-eleva-
tions, and snow in the upper elevations. Further complicating the
issue, these conditions vary from year to year, seasonally, between
storms, and during a precipitation event when the phase transition
may move up and down the watershed during the event.

The rain/snow transition occurs when the phase of the precipi-
tation changes from rain to snow or snow to rain. At a fixed loca-
tion, this occurs as different air mass characteristics move across
the site, producing changes in phase as the rain/snow transition re-
gion of the storm passes by [1,2]. However, in a mountain basin,
the problem is more complicated than lateral air-mass movement
because the rain/snow transition may occur rapidly during an
event as a combined function of changes in elevation and air mass
characteristics. As an air mass moves over a mountain basin during
a storm, the air mass characteristics (temperature, moisture con-
nsition
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tent, wind speed and wind direction) interact with topographic
structure creating temperature and moisture gradients such that
it is cooler and somewhat drier with increased basin elevation.
While it is generally colder in the upper elevations than in the val-
ley bottoms, a cold storm system may produce snow over the en-
tire basin, while a warm storm system may produce rain over the
entire basin. However, for basins with 1000 m or more of relief at
mid-latitudes, it is common for rain to occur in the lower eleva-
tions while snow falls in the upper elevations. The elevation where
rain/snow transition occurs (the rain/snow transition elevation)
changes from storm to storm, and will move up and down slope
during the storm event.

The rain/snow transition zone is the range of elevations within a
mountain basin, which generally receives a mix of rain and snow.
Precipitation during storms below this zone is mostly rain, and
above is mostly snow. In mid-latitude regions such as the western
US, this zone extends from about 1000–2000 m, though there is evi-
dence that it may have been lower in the past, and, because of cli-
mate warming, is now expanding its range and moving to higher
elevations [3]. In high mountain regions such as the Colorado Rocky
Mountains, or the Sierra Nevada, which extend to more than 4000 m,
there is more land area above the rain/snow transition zone so the
snow zone is large and important. But in mountain regions of the
northwestern US, such as the Cascade Mountains of Oregon and
Washington, only a few peaks extend to higher elevations so the
land area above the rain/snow transition zone is relatively small.
In this case the entire mountain region is effectively within the
rain/snow transition zone. It should be noted that in the transitional
seasons and during extreme meteorological events a wide range of
elevations can experience mixed phase precipitation.

This presents us with a complicated but very important hydro-
logic problem. The hydrologic response of a basin to rain is quite
different from the response to snow. During and soon after rain
events, water infiltrates into the soil, forms runoff and recharges
the ground water, eventually generating a streamflow response.
Snowfall, on the other hand, accumulates and the water is stored
for later release during the melt season. Snowfall also creates an
energy deficit that must be satisfied during subsequent melt. Rain,
particularly rain on snow, adds energy to the system, and can re-
sult in significant and rapid snowmelt during mid-winter events
[4–7]. Correct determination of the phase of precipitation and
the area of basin over which rain or snow occurs is critical to man-
aging water resources and understanding and modeling the
hydrology of mountain regions [8,9]. In this paper our objectives
are to (1) evaluate several methods that use surface measurements
from a mountain basin to determine event-based precipitation
phase at a point and (2) evaluate similar methods for scaling up
phase estimations to an elevation gradient at sub-storm (15 min)
time-scales to evaluate the impact of these methods in determina-
tion of areal coverage during mixed-phase events.
2. Determining precipitation phase

Early work suggesting methods for determining precipitation
phase were based on relationships to Ta [10–12], and later efforts
have focused on refining this relationship [13–20], principally be-
cause those data are widely available. With the exception of Fuchs
et al. [14], which used a combination of daily Ta and Td, these studies
are based on daily mean Ta values. Feiccabrino and Lundberg [18]
showed that for a large number of sites across Sweden they could
fit a Ta threshold that was on average more effective than Td, and
would optimize the estimate of phase across a broad range of condi-
tions. Feiccabrino et al. [21] expanded on this and developed a dual-
temperature threshold that would effectively optimize the estimate
of phase for sites in Sweden, and across Europe and in North Amer-
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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ica. However, these were not event-based studies and were not fo-
cused on mountain basins. None have been based on during-storm
conditions. All recommended a Ta offset from 0 �C as the most effec-
tive determinant of phase. The Ta offset from 0�C was optimized for
site conditions and the data available for those studies of between
+1.0 and +2.5 �C. These recommendations were tested and applied
in a number of point-scale [22,23] and basin-scale studies [24,25]
with some measure of success, and on average have been shown
to be effective for most regions of the world.

All other things being equal, snow and hydrologic models are
very sensitive to the input mass and phase during storms
[26,27]. Most physics-based snow models will effectively simulate
the development and ablation of the seasonal snowcover if the in-
put precipitation data are of sufficient quality [28,29], but those
models require information on precipitation volume and phase at
sub-event time-scales. Past successes in simulating both the devel-
opment and ablation of the seasonal snow cover while using dur-
ing-storm humidity (dew point temperature, Td) to determine
precipitation phase over a variety of locations in western North
America [4,6,9,28–39], have provided confidence that humidity-
based methods for determining precipitation phase are appropri-
ate and effective in snow-dominated mountain locations. These ef-
forts involved successful simulation of both the development and
ablation of the seasonal snow cover over sites and mountain
watersheds in northern Canada, Oregon, Utah, Idaho, Colorado
and California, and all required accurate estimates of precipitation
phase. To separate mixed-phase conditions from rain and snow all
of these studies used a 1 �C window, based on measurement uncer-
tainty, from�0.5 to +0.5 �C, with a linear increase in the proportion
of rain as Td increases

The dew point temperature (Td), as described by Byers [40], is the
temperature an air parcel would have if it were cooled at constant
pressure to the saturation point, without the addition or removal
of moisture. The thermodynamic wet or ice bulb temperature (Tw)
is the saturation temperature the air parcel would be cooled to by
evaporating water into it in the absence of the addition or removal
of sensible heat. For a given set of weather conditions, Td is less than
or equal to Tw, which must be less than or equal to Ta. During the for-
mation of precipitation, we expect Td within the cloud layer to be di-
rectly related to precipitation phase – that is if snow is developing, Td

within the cloud should be below 0 �C, and if rain is developing, Td

should be above 0 �C. As the precipitation falls through the atmo-
sphere, it will warm or cool, depending on atmospheric conditions
and the length of the fall to the surface. Tw approximates the effect
on precipitation as it falls through air that may be warmer and drier
than the cloud in which it was formed [41,42]. Stewart [2] and Stew-
art and McFarquhar [43] give equations illustrating that the amount
of warming or melting is a function of the difference between the ini-
tial precipitation temperature and the temperature of atmosphere it
is falling through.

If, during a precipitation event, the cloud layer is at or close to the
surface, then during the event there should be little difference be-
tween air and precipitation temperature and the atmosphere near
the surface should be at or near saturation; that is for a given air tem-
perature (Ta), the relative humidity (RH) is at or close to 100%, and Ta

is approximately equal to both Td and Tw [40]. Therefore the during-
storm Ta, Td or Tw should be directly related to precipitation phase. If
Ta, Td and Tw are below 0 �C it should be snowing, and if above 0 �C it
should be raining. This assumes, however, that the atmosphere is
well mixed, that our ability to measure air temperature and humid-
ity is reliable, and that there are no site or event-specific features,
which might cause the during-storm Ta ffi Td ffi Tw relationship to
be altered. At ridge-top and upper elevations this relationship can
be reliable, but in the low to mid-elevation areas of mid-latitude
mountain basins snowfall frequently occurs when Ta > 0 �C, and near
surface humidity is less than saturated, such that Ta > Tw > Td. As
etermining during-storm precipitation phase and the rain/snow transition
/dx.doi.org/10.1016/j.advwatres.2012.11.012
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shown by many research efforts over the past several decades
[1,2,11,41–43], the during-storm Ta is related to precipitation phase
to the extent that it represents the conditions of saturation within
the precipitation forming clouds, and the atmospheric condition
that the precipitation has fallen through.

Under conditions where Ta > 0 �C, and RH < 1.0, Tw may be more
effective than Td in determining phase. If storm conditions are con-
sistent, it may be possible to establish an air temperature threshold
for phase change. This problem is particularly complicated if – as is
typical in mountain regions – a storm occurs across a wide range of
elevations, where the cloud level and precipitation formation con-
ditions may be simultaneously at the surface over the mountain
peaks and ridges, while at varying distances above the surface for
mid-elevation slopes and valley bottoms. Under these conditions
an air temperature threshold is at best an approximation covering
a wide range of site and storm conditions and the optimum value
would necessarily be a compromise.

In this study we evaluate several commonly used methods for
determination of precipitation phase in mountain basins at sub-
storm time-scales, to validate our previous approach and to pro-
vide guidance to hydrologic modelers on the appropriateness of
these methods in the context of watershed, site and typical storm
conditions. First, we compare four methods using 12 water years1

(WYs) of hourly point data from the headwater RME catchment in
the Reynolds Creek Experimental Watershed (RCEW). Methods are
compared first using 14,733 h of measureable precipitation, which
are then partitioned into 609 events. The methods are compared sea-
sonally and by event-type. Additionally, the effectiveness of phase
determination methods on snowcover simulations conducted over
the wide range of climate conditions over the 12 WYs is assessed.

Then to demonstrate an upscaling of the methods and assess
the implications of these methods over elevation ranges, we com-
pare five methods of precipitation phase determination to obser-
vations during a dynamic mixed-phase precipitation event with
an advancing rain/snow transition elevation. A transect of seven
stations spanning a 240 m elevation range was established in
the 1.8 km2 Johnston Draw drainage within the RCEW in the
Owyhee Mountains of Idaho, USA. Continuously monitored air
temperature, humidity, and snow depth were used to determine
simulated and observed precipitation phases during the storm
event.
3. Site descriptions

This study took place at two locations within the Reynolds
Creek Experimental Watershed (RCEW): at a long-term snow mea-
surement site in the Reynolds Mountain East (RME) catchment,
and the Johnston Draw drainage, a sub-catchment of the Dobson
Creek basin within the RCEW. The RCEW [44–47] is located
approximately 80 km southwest of Boise, ID, USA, in the Owyhee
Mountains (Fig. 1). It was established in 1959 by the US Congress
to address issues related to water supply, seasonal snow, soil freez-
ing, water quality, and rangeland hydrology [48].

The RME sub-basin is a 0.4 km2 snow-dominated, headwater
catchment (Fig. 1). The elevation ranges from 2028 to 2137 masl.
RME is characterized by patchy vegetation with �34% in fir and as-
pen, with mixed sagebrush, grasses and bare ground dominating
the remaining 66% of the catchment. Within RME, a wind and topo-
graphically sheltered site located in an aspen stand at 2056 m was
used for this study. Referred to as the Grove or sheltered site, this
1 A water year runs from October through September, so the 2006 water year runs
October 2005–September 2006. The water year is used in the western USA because
most precipitation falls during the winter and spring months of November through
April. The water year includes an entire precipitation cycle, whereas a calendar year
would include the last part of one precipitation cycle and the first part of the next.
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site has been the primary snow study plot for RCEW since 1983.
Data from the site, including instrumentation type and calibration,
and methods for data correction are fully described in Reba et al.
[49] and include measured hourly wind-corrected precipitation,
wind speed and direction, air and soil temperature, relative humid-
ity, incoming solar and thermal radiation, snow depth and snow
water equivalent from a snow pillow for the entire 12 WY time-
period used for this analysis. Td was derived from Ta and RH, using
methods described by Reba et al. [49] that have been optimized for
accuracy around 0 �C. Ice or wet bulb temperatures (Tw) were de-
rived from values of Ta, Td, and air pressure (Pa) by a Newton–
Raphson solution of the psychrometric equation [50] with satura-
tion vapor pressure calculated after Buck [51].

The Johnston Draw sub drainage is a 1.8 km2 catchment with
380 m of relief, ranging from 1488 to 1868 m, covered by mixed
sagebrush, grasses and bare ground (�95%) with a few small stands
of aspen (�5%) (Fig. 1). This range of elevation effectively spans the
rain/snow transition zone, where rain dominates the lower eleva-
tions and snow the upper elevations [3]. However, as we will see,
during specific events snow can occur below, and rain above the
catchment. The Johnston Draw catchment was instrumented in
2004 to monitor precipitation, snow and hydrology in the rain–
snow transition zone. In December 2005 there was an active weir
at the catchment outflow, and seven meteorological sites within
the catchment. These were organized into an elevation transect,
with a site located approximately every 50 m of elevation from
the outflow to the summit (Fig. 5). Of these seven meteorological
sites, two – one just above the outlet at 1508 m, and one just below
the summit at 1804 m – were primary meteorological sites contin-
uously measuring air and soil temperature, solar radiation, humid-
ity, wind speed and direction, snow depth and precipitation. At the
other five sites only air temperature, humidity, and snow depth
were measured. Fig. 1 also shows the outline of the Dobson Creek
drainage (14 km2), which will be used to put storm events into his-
torical context and relate event precipitation to streamflow. Dob-
son Creek ranges in elevation from 1474 to 2244 m and includes
the Johnston Draw catchment. The Dobson Creek outlet is just be-
low, and about 80 m from the Johnston Draw outlet.
4. Long-term precipitation phase analysis

For the long-term analysis we evaluate four methods, indicating
the snow percentage predicted by air (Ta), dew point (Td) and wet
bulb (Tw) temperatures as STa, STd and STw, and the snow percent-
age predicted by a dual-temperature approach, based on the LTU
Narrow thresholds suggested by Feiccabrino and Lundberg [18]
and implemented by Feiccabrino et al. [21] as STFL. Over 12 water
years (October, 1996, thru September, 2008), at the Reynolds
Mountain East (RME) headwater catchment Grove site [49] within
the Reynolds Creek Experimental Watershed (RCEW) there were
14,733 h with measurable precipitation, with 11,606 mm of depo-
sition. During this period there are continuous, uninterrupted
hourly data on Ta, RH, snow depth (zs), snow water equivalent
(SWE) from a snow pillow, and wind-shielded and unshielded pre-
cipitation. Precipitation data were wind corrected using the meth-
ods described by Hanson [55]. Fig. 2 shows, for these data, mean
monthly precipitation and the predicted portion of snow using
the four methods. Fig. 2(a) presents mean monthly snow volume
predicted by the four methods in mm of water equivalent. All mass
values are presented as a depth (mm) of water equivalent. For the
STa, STd and STw methods air (Ta), dew point (Td) and wet bulb (Tw)
temperatures were assumed to be effectively exact determinates of
phase, with adjustments for the measurement uncertainty
(±0.25 �C) and instrument calibration precision (±0.25 �C). These
considerations result in values below �0.5 �C considered as all
etermining during-storm precipitation phase and the rain/snow transition
dx.doi.org/10.1016/j.advwatres.2012.11.012
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Fig. 1. RCEW, with outline of Dobson Creek (DC) and details of Reynolds Mtn. East (RME) showing the location of the Grove site (GR) and Johnston Draw (JD) showing the
seven transect site locations that make up the elevation transect.

Fig. 2. Mean monthly precipitation over the 12 WY period of analysis. (a) Presents
total mean monthly precipitation with the proportion predicted to be snow by the
four models, (b) the difference in predicted snow from the STd model and (c) the
percent snow by month predicted by the four models.
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snow, above +0.5 �C considered as all rain, with a linear ratio of
mixed rain/snow in-between. The fourth method (STFL) is a dual-
temperature approach, based on the LTU Narrow approach and
thresholds suggested by Feiccabrino et al. [21] in which values of
Ta below �1.0 �C are considered all snow, values greater than
+3.0 �C all rain, with a linear ratio of rain/snow in-between.

The STa method is the warmest, predicting only 68% of WY pre-
cipitation as snow, and the STFL method is the coldest, predicting
75% of WY precipitation as snow. The STd and STw methods differ
only slightly from each other, and fall in-between STa and STFL,
predicting 72% and 70% snow, respectively. Because this site is at
the top of the RCEW, and because most of the precipitation falls
during winter, the cloud level is almost always at the surface dur-
ing major winter precipitation events. Under these conditions, the
difference between the four methods used for phase determination
is on average not large, differing by only 7% (68%–75% predicted to
be snow) over the 12 WYs.

The data indicate that most (70%) of the WY precipitation falls
during the five winter months of November through March, and
– independent of the method used for phase determination – most
of this falls as snow. During the winter months, STa and STFL pre-
dict 84% and 89% snow respectively, while STd and STw are in gen-
eral agreement predicting 86% and 85% respectively. Another 22%
of WY precipitation falls on the shoulders of the winter months
(October, April and May), but of this only about 50% is predicted
to be snow (STa 44%, STFL 55%, STd 50%, STw 47%). The remaining
8% of WY precipitation falls during summer (June–September),
most of which (>95%) is rain (STa 3%, STFL 8%, STd 6%, STw 4%).
Fig. 2(b) shows the divergence of STa, STw and STFL from the STd.
Consistently amongst the methods for phase determination, STa
is the warmest, STFL the coldest, with STd and STw in between. STFL
diverges in fall and early winter, and STa in spring, while STd and
STw are within a few mm of each other in all months. However,
the differences are not large. Fig. 2(c) presents the proportion of
etermining during-storm precipitation phase and the rain/snow transition
/dx.doi.org/10.1016/j.advwatres.2012.11.012
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Fig. 3. Event precipitation by WY over the period of analysis. (a) Presents total
precipitation for each WY with the proportion predicted to be snow by the four
models, (b) the difference in predicted snow from the STd model and (c) the percent
snow by WY predicted by the four models. (a) and (c) Also show the hydroclimatic
categories as defined by [29], warm conditions (VWW, WW and DW) shaded in pink,
cool conditions (WC, DC and VDC) shaded in blue.
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snow predicted by each of the four methods as a percentage of to-
tal monthly precipitation. These data illustrate that during the
months with significant precipitation (November–March) differ-
ences between the methods are relatively small. When it is clearly
snow or rain, the four methods tend to agree. During the winter
(84%–89%) and summer (3%–8%) months there is a 5% range be-
tween the four methods. However, during the fall and spring shoul-
der months, when conditions favor both rain and snow, the range
between the methods is 11% (44%–55%).

To further investigate this, the 14,733 h of measurable precipi-
tation were reduced to 609 precipitation events over the 12 WYs.
These events represent just over half of the hours of measurable
precipitation (7621 h), but more than 75% of the precipitation
(8834 mm of the 11606 mm total). To be considered an event,
there must have been at least 5 mm of precipitation, during a num-
ber of hours in which a two-hour period without precipitation does
not occur.

When presented as events, the general water year distribution
of precipitation is the same, with 73% of WY precipitation falling
during winter (November–March), 7% during summer (June–Sep-
tember) and 20% during the fall and spring shoulder months (Octo-
ber, April and May). The four methods for phase determination are
slightly colder (that is they predict more snow) when applied to the
event data, with STa predicting 71% snow, and STFL predicting 77%
snow. When considered as events, STd (73%) and STw (72%) again
fall in between STa and STFL. STd and STw are similar to the 71%
snow predicted by STa, which as a group appear to be warmer than
STFL. During winter months the percentage of snow predicted by
the four methods for events is the same as predicted for the entire
data set (STa 84%, STFL 89%, STd 86%, STw 85%), while during sum-
mer months the predicted snow percentages for events generally
show more agreement between the four methods (STa 2%, STFL
5%, STd 4%, STw 3%). However, during the fall and spring shoulder
months the range of predicted percentage of snow for events is
again much larger (STa 46%, STFL 57%, STd 49%, STw 48%).

Fig. 3(a) presents event precipitation and the proportion pre-
dicted to be snow by WY over the 12-year period of analysis. This
illustrates the range of conditions represented by the 12 WYs, with
a high of over 1000 mm in WY97, and a low of 500 mm in WY07.
Note that event precipitation is about 76% of total precipitation.
Fig. 3(b) shows the divergence of STa, STw and STFL from the STd
for each water year. Similar to Fig. 2(b), the general pattern of
agreement between STd and STw, with STa warmer, and STFL much
colder is again shown.

While it is not possible to precisely determine precipitation
phase and snow volume for each of the 609 events during the
12 WY time-period, we can get an idea of how well phase is repre-
sented by looking at snow simulation at the site. Reba et al. [29]
simulated snow deposition and melt over the RME catchment for
25 WYs (1984–2008). Water year type indicating general hydro-
climatic conditions during each water year, as defined in the table
on page 3314 of Reba et al. [29]. Of the eight water year types de-
fined by Reba et al. [29], only VWC, very wet and cool is not repre-
sented in the 12 WYs used here. Conditions that are included are:
VWW, very wet and warm (1997,2006); WW, wet and warm
(1998); WC, wet and cool (1999,2002,2004,2008), DW, dry and
warm (2003,2005,2007); DC, dry and cool (2000); and VDC, very
dry and cool (2001).

From the 25-year simulations we extracted data from the snow
pillow site for 12 WYs (1997–2008) during which snow depth (zs)
was also measured. For the simulations, phase determination was
based on the STd method. The data presented in Fig. 3(a) show that
the 12 WYs represent a wide range of climate conditions, with a
mix of warm and cool, and wet and dry years. A mean Nash-Sutc-
liffe model efficiency parameter [52] of 0.89 indicates how well
snow deposition and melt were simulated at the RME snow pillow
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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site over the 12 WYs of analysis using the STd method. Because the
STd, STw and STa methods generally agree on the mix of rain and
snow (71%–73%), snow simulation using other methods of phase
determination was not conducted. As in Figs. 2 and 3, STFL, is
colder and predicts more snow than the simulations indicate.
STd, STw and STa methods agree because during storms over the
RME catchment, as shown in Table 1, the air is at or very close to
saturation (mass weighted RH � 0.98) indicating that Ta ffi Td ffi Tw.
Fig. 3(c) further illustrates this showing that during cold conditions
– indicating mostly snow - such as occurred WY99 (90% snow) and
WY08 (80% snow), the four methods are in close agreement (89%–
92% snow for WY99, 79%–82% snow for WY08), while in warm con-
ditions – indicating more mixed phase events – such as occurred in
WY05 (56% snow) and WY06 (66% snow), there is a 10% difference
between the four methods of phase determination.

Data describing the 609 precipitation events over the 12 WYs
were aggregated into four groups representing all snow (Snow),
all rain (Rain), and two mixed phase groupings, snow with some
rain (S/R), and rain with some snow (R/S). The Snow grouping
was based on cold events for which all four methods of phase
determination agreed that 100% of event precipitation fell as snow,
while the Rain grouping was based on warm events for which all
four methods of phase determination agreed that 100% of event
precipitation fell as rain. The mixed phase groupings (S/R and R/
S) groupings were based on the 289 events not included in the
Snow or Rain groupings – that is those where the four phase deter-
mination methods predicted different snow percentages. To sepa-
rate these into two groups, we computed a mass-weighted event
air temperature (Ta) based on total event precipitation. The S/R
grouping includes all events not part of the Snow or Rain groupings
etermining during-storm precipitation phase and the rain/snow transition
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Table 1
Mean mass-weighted weather and snow conditions for each event category. Relative
humidity (RH) is in percent saturation, Ta, Td, and Tw are in �C. Precipitation mass (Pcp)
is in mm, new snow density (qs) is in kg m�3, and change in snow depth during the
event (Dzs) is in cm. The mean event Dzs is mass weighted. Event snow densities (qs)
are estimated from mass-weighted measured change in snow depth and correspond-
ing increase in SWE on the snow pillow. Event density for the R/S category is
estimated using only those events where there was an increase in both snow depth
and SWE, which accounted for only 28 of the 127 R/S events.

609 RH Ta Td Tw Pcp qs Dzs

Snow 244 0.98 �4.3 �4.6 �4.4 3453 118 +12
S/R 162 0.99 �1.5 �1.7 �1.6 2843 146 +12
R/S 127 0.97 1.6 1.1 1.3 1810 ⁄353 +1
Rain 76 0.88 8.8 6.6 7.5 730 � -0

Fig. 4. Cumulative mass distribution within each event class as a function of air
temperature. (a) Presents the cumulative distribution of snow for each class,
indicating the complete agreement of the four models for Snow and Rain classes,
and the divergence of the four models at temperatures in the range 0–2.5 �C for the
S/R and R/S classes. (b) Presents the cumulative distribution of precipitation for each
class, scaled to the total event precipitation mass. Note that 53% of the event mass
falls in the mixed phase classes S/R and R/S.

Fig. 5. Hypsometric curve showing Johnston Draw elevation transect.
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where the mass-weighted Ta was less than or equal to 0 �C, while
the R/S grouping included all events where the mass-weighted Ta

was greater than 0 �C.
Table 1 presents a summary of the mass-weighted weather and

snow conditions, which make up each of the four event categories.
Snow, S/R and R/S categories are close to saturation relative humid-
ity, so it is reasonable to assume that for these events the cloud level
extends to the ground surface. Snow events are cold (mean mass–
weighted event temperature �4.3 �C) and Rain events are warm
(mean mass–weighted event temperature +8.8�C) separating these
categories by more than 13 �C. The mixed-phase category S/R is gen-
erally cold, but much closer to 0 �C, while R/S is generally warm, but
not far above 0 �C. Event new snow densities, derived from accumu-
lated snow depth and increased snow pillow SWE, are low for the
cold Snow category, increasing for the cold mixed-phase S/R cate-
gory, and quite high for the warm mixed-phase R/S category. Snow
depth increases substantially during Snow and S/R events, slightly
during R/S events, and, though most rain events occur during sum-
mer after the snowcover has ablated, when they occur on an existing
snowcover snow depth decreases during Rain events.

Fig. 4(a) presents the cumulative distribution of mass for each
class as a function of air temperature, indicating the complete
agreement of the four models for Snow and Rain classes, and the
divergence of the four models at temperatures in the range 0–
2.5 �C for the S/R and R/S classes. Fig. 4(b) presents the cumulative
distribution of mass for each class, scaled to the total event precip-
itation mass. Note that 53% of the event mass falls in the mixed
phase classes S/R and R/S. The Snow class represented 39% of event
mass and 40% of the events, the Rain class represented 8% of event
mass and 13% of events, and collectively these two groupings rep-
resent 47% of the event mass, and 53% of the events over the 12 WY
period of analysis. The S/R grouping represented 32% of the event
mass and 27% of the events, while the R/S grouping represented
21% of the event mass and 21% of the events, so these two group-
ings represent 53% of the event mass, and 47% of the events over
the 12 WY period of analysis. Shown on Fig. 4(a) and (b) are the
0 �C with the +/0.25 and 2 �C thresholds. Also shown are the ranges
of predicted snow for the S/R and R/S classes.

Fig. 4(a) indicates that for the S/R grouping the STa method pre-
dicted 85%, the STFL method 91%, the STd method 89% and the STw
method 88% of the total grouping precipitation fell as snow. While
the STa is again the warmest and the STFL the coldest, there is not
that much difference between the four methods of phase determi-
nation (85%–91% snow). However, the R/S grouping tells a different
story. For the R/S grouping the STa method predicted 21%, the STd
method 25% and the STw method 23%, while the STFL method pre-
dicted 42% of the total R/S grouping precipitation fell as snow. For
the R/S grouping, the STFL method predicts nearly twice the snow-
fall that is predicted by the STa, STd and STw methods.

The events included in the Snow and Rain which show a perfect
agreement between the four phase determination methods illus-
trate that if it is cold and precipitating, or warm and precipitating,
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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phase determination is not sensitive to the method used. Over the
12 WY period of analysis, there were 244 events in which all of the
3453 mm of precipitation fell as snow, and another 76 events in
which all of the 730 mm of precipitation fell as rain, representing
more than half the events, and nearly half of the event precipita-
tion. Note that only 14 of the 76 Rain events occurred with snow
on the ground at the measurement site, and these occurred in
May and June. The occurrence of rain-on-snow is much more likely
at lower elevations.

Though the mean event size for the Snow category was 14 mm,
the largest event over the 12 WY period of record occurred on
November 28–29, 2001 (WY2002), when over a 22-hour period
75 mm of wind-corrected mass was measured in the gage, 38 cm
of depth added to the snowcover, and 72 mm of mass added to
the snow pillow. The mass-corrected event temperature and RH
were �3.3 �C and 0.98, with a Td and Tw of �3.5 and �3.4 �C,
etermining during-storm precipitation phase and the rain/snow transition
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respectively, with a mean mass corrected event snow density of
189 kg m�3. For the cold, mixed-phase events represented by the
S/R category, the mean event size was 18 mm. The largest S/R event
over the 12 WYs occurred on December 8–9, 2004 (WY2005),
when over a 48-hour period 128 mm of wind-corrected mass
was measured in the gage, 42 cm of depth added to the snowcover,
and 111 mm of mass added to the snow pillow. The mass-cor-
rected event temperature and RH were �0.8 �C and 0.98, with a
Td and Tw of �1.0 and �0.9 �C respectively, and a mean mass cor-
rected event snow density of 264 kg m�3.

For the warm, mixed-phase events represented by the R/S cate-
gory, the mean event size was 14 mm, and the largest event over
the 12 WYs occurred during a 35-hour period, December 29–31,
2005 (WY2006), when 98 mm of wind-corrected mass was mea-
sured in the gage at the site. The event started cold as snow, but
shifted to rain, increasing snow depth by 20 cm half way through
the event, and then decreasing it by 8 cm, for a total depth increase
of 12 cm. 70 mm of mass was added to the snow pillow during the
event, the mass-corrected event temperature and RH were +0.2 �C
and 1.0, with a Td and Tw of +0.2 and +0.2 �C respectively. Estimat-
ing snow density for the event is complicated. During the first 18 h
of the event, 35 mm of mass was deposited, and snow depth in-
creased by 20 cm, so we estimate that the initial new snow density
was 175 kg m�3. Following this, 63 mm of mass was deposited that
was clearly rain, and snow depth decreased by 8 cm. Assuming that
the new snow would retain a volume of liquid water equivalent to
1% of the void space [28,34], the final event mass for new snow was
43 mm, and our estimate of the mass-corrected event snow den-
sity is 334 kg m�3. Details of this particular event will be discussed
later in this paper.
Fig. 6. 6-hour data over the Dobson Creek Drainage (14.05 km2), for the storm
event from 12/25/2005 to 1/1/2006 (192 h). Figure shows the proportion of rain and
snow for each period, along with stream discharge from the drainage.
5. Tracking during-storm phase change and the rain–snow
transition elevation

5.1. The measurement transect

Because the Johnston Draw catchment is relatively small and
steep, and extends across the expected rain/snow transition zone
(1500–1800 m), we instrumented a seven-site transect from the
outlet to the summit, locating a site approximately every 50 m of
elevation. Fig. 5 shows a hypsometric curve with the seven mea-
surement sites located. Data at the seven measurement sites were
recorded at 15-minute intervals. Wind and precipitation mass
were measured just above the outflow, and just below the summit;
these data were then wind corrected and used to estimate catch-
ment precipitation input using methods described by Winstral
et al. [37–39,53]. Ultrasonic snow depth, air temperature and
humidity were measured at all seven transect sites. Instrumenta-
tion and measurement procedures for temperature, humidity and
precipitation are summarized by Marks et al. [54], and discussed
in detail by Hanson [55] and Hanson et al. [56]. Hanson et al.
[57] presented the wind-correction method used, Nayak et al.
[58] presented precipitation data processing and correction meth-
ods, and Winstral and Marks [38] and Reba et al. [49] discussed
using data from the ultrasonic depth sensor.

Phase determination during a precipitation event is difficult
even when an observer is present; clearly this is unrealistic for
multiple sites in a mountain basin during a large winter storm.
Determination of phase at remote sites required the application
of remote measurement instrumentation and technology. The ap-
proach uses measured precipitation data to verify that it was pre-
cipitating, and the ultrasonic snow depth sensor data to indicate
whether or not the depth of snow was increasing or decreasing.
The hypothesis is that if it is precipitating and the snow depth is
increasing, then it must be snowing, while if the snow depth is
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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decreasing, it must be raining. Several issues complicated the ap-
proach: (1) during very heavy snowfall, the ultrasonic depth sen-
sors have a higher failure rate, (2) in wind exposed locations
snow could be scoured from below the sonic sensor (though this
is not likely during wet and relatively warm conditions), and (3)
if the ground is warm, wet and snow-free, it could take an hour
or more for the snow to actually begin to accumulate such that
the ultrasonic depth sensors can record a change. For this experi-
ment, we were hoping for an event that started out cold, preferable
with some snow on the ground at all seven sites, and then progress
to rain over a reasonable time-period. We also required that it did
not snow so intensely that the ultrasonic depth sensors would fail
to collect viable data.

In an effort to reduce instrument uncertainty all of the instru-
ments at the Johnston Draw transect sites were carefully matched
and calibrated, prior to installation. Attention was taken to maxi-
mize accuracy around 0 �C. However, these are not bench quality
instruments; we optimistically estimate that after careful calibra-
tion Ta is reliable to ±0.1 �C, and RH to ±1% (note that the manufac-
turer reports ±3% for RH from 90%–100% around 0 �C, prior to our
calibration efforts). Our careful calibration results in around ±6 Pa
in the vapor pressure calculation and a computed Td or Tw reliability
of approximately ±0.25 �C. For this analysis, we consider mixed-
phase between �0.25 and +0.25 �C, and that the phase change is
occurring between 0 and +0.25 �C, with the transition to rain at
+0.25 �C. However when using data from sites that have not been
as carefully calibrated as the Johnston Draw Transect, we would sug-
gest that for modeling purposes, the phase be considered ‘‘mixed’’
between a span of Td or Tw around 0 �C (e.g. �0.5 to +0.5 �C).

5.2. The event

The 2006 WY was very wet and warm, with precipitation over the
Dobson Creek basin about 130% and streamflow about 160% of the
long-term average. October and November were cool and relatively
dry with less than average precipitation, but that changed in Decem-
ber. A series of storms in the months of December and January ac-
counted for nearly 50% of the water year’s precipitation. One of the
largest of these storms occurred during an eight-day period from
December 25 2005, to January 1 2006. During this event, just over
20% of the water year precipitation was deposited in the Dobson
Creek basin (Fig. 6). This was a mixed rain and snow event, with
phase changing repeatedly and the rain/snow transition elevation
moving up and down over the period of the storm. Of particular
interest to this paper is a 24-hour period on December 30, 2005,
which satisfied the conditions required for this experiment. The
etermining during-storm precipitation phase and the rain/snow transition
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24-hour storm pulse followed the December 28 pulse, which ended
with cooling temperatures, and snow down to nearly the lowest ele-
vations in the Dobson Creek basin. December 29 brought cool tem-
peratures and snow flurries, such that by early morning of
December 30 snowcover extended over most of the Johnston Draw
catchment.

Fig. 7 shows hourly December 30 precipitation over the John-
ston Draw catchment along with measured snow depth at six of
the seven measurement sites. During the December 30 storm, a
rime-ice condition affected most of the meteorological stations
above the Johnston Draw catchment, resulting in the failure of
the temperature, humidity and the ultrasonic depth sensors during
most of the 24-hour storm segment. One of these was the upper-
most Johnston Draw site (1804 m), which, therefore, is not in-
cluded in Fig. 7. Precipitation data shown represent the
catchment spatial average for each hour over the Johnston Draw
catchment. The distribution was corrected for wind, terrain and
canopy effects, and was adjusted for snow redistribution and drift-
ing using methods described by Winstral et al. [37–39,53].

Total deposition over the catchment during the 24-hour event
segment was 56 mm. Precipitation occurred continuously during
the 24-hour period. Ultrasonic depth sensor data show that signif-
icant snowfall began at about 01:00 at all elevations, and contin-
ued until just after 08:00. At 08:15 snow depth began to
decrease at the lowest elevation (1508 m), followed at 08:45 at
the 1552 m elevation, at 10:45 at the 1613 m elevation, at 11:30
at the 1658 m elevation, at 12:15 at the 1707 m elevation, and at
12:30 at the 1748 m elevation. The progression of the rain/snow
transition from the bottom to top of the catchment occurred over
a 5-hour period, after which rain fell at all elevations. Also shown
on Fig. 7 is data from the sheltered RME Grove site. This site, de-
scribed earlier in the paper, is at 2056 m, about 5 km from and
200 m above the Johnston Draw catchment. The figure shows that
the rime-ice failure began at about 07:00 early in the December 30
storm pulse. Instruments at the 2056 m RME snow pillow site
recovered at about 13:50.
Fig. 7. December 30, 2005 storm segment – precipitation over the Johnston Draw
catchment, plus snow depth along the Johnston Draw elevation transect, and from
the RME Grove site.
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5.3. Estimating the rain/snow transition time and elevation

Our hypothesis was that during an orographic frontal storm
system – typical to this region – in which during the storm the
cloud layer is at or very near the surface in a mountain basin, a
Td < 0 �C would indicate snow, that Td > 0 �C would indicate rain,
and that Td equal or close to 0 �C would indicate a mix and the tran-
sition between the two. However in all of the successful snow sim-
ulations cited above only circumstantial evidence – that measured
and simulated snowcover mass were equivalent – was used to val-
idate the use of Td to determine precipitation phase, as very limited
direct measurements of phase were available. This experiment
used what is, to our knowledge, one of the few data sets in exis-
tence that allows a during-storm determination of precipitation
phase across a range of elevations during a major winter storm.
Data from the Johnston Draw transect provides Ta and during-
storm humidity – from which both Td and Tw are derived as effec-
tive surrogates of phase during precipitation – active sonic snow
depths determine the actual time of phase change during the
event, and simultaneous multiple measurements of these across
a range of elevations in the rain–snow transition zone.

Fig. 8 shows the progression of Td, Tw and Ta at six Johnston
Draw measurement sites over the 24-hour period on December
30. Fig. 8(a) shows that at the 1508 m elevation Td reached 0 �C
at about 08:00, and passed +0.25 �C at about 08:30, at the
1552 m elevation between 08:45 and 09:00, at the 1613 m eleva-
tion between 10:45 and 11:00, at the 1658 m elevation between
Fig. 8. Dew point (Td), wet bulb (Tw) and air temperature (Ta) gradient along the
Johnston Draw elevation transect during the December 30, 2005 storm segment.

etermining during-storm precipitation phase and the rain/snow transition
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11:00 and 11:30, at the 1707 m elevation between 12:00 and
12:15, and at the 1748 m elevation between 12:15 and 12:30.
Additionally Td is shown for the RME Grove site at 2056 m eleva-
tion, but there is uncertainty associated with the transition time
because as long as the rime-ice coated the sensor, a constant Ta

and RH was recorded. From Fig. 8(a) we note that Td at all Johnston
Draw elevations is positive just after noon, and that the Td trace at
all measurement sites, including the 2056 m site, turns sharply up-
ward shortly after that. We estimate, from the figure, that Td at the
2056 elevation would have crossed 0 �C at around 13:45.

Fig. 8(b) shows for Tw the same as Fig. 8(a) for Td. Here we see
that at the 1508 m elevation Tw passed thru the 0 to +0.25 �C
threshold between 07:45 and 08:00, at the 1552 m elevation be-
tween 08:30 and 08:45, at the 1613 m elevation between 07:00
and 07:30, at the 1658 m elevation between 07:30 and 07:45, at
the 1707 m elevation between 10:00 and 11:00, and at the
1748 m elevation between 10:45 and 11:15. From Fig. 8(b) we also
note the sharp upturn in the Tw trace just after 12:00, though all Tw

values are positive by 10:45.
As previously stated, much of the published research on deter-

mination of precipitation phase is based on the use of air temper-
ature (Ta), usually at some threshold above 0 �C. Most of this work
was not focused on high mountain sites where the cloud level is
typically at the surface during storms, and was based on limited
data, relying on daily or longer averages of Ta. As such it is not di-
rectly comparable to the high-elevation, event-based analysis pre-
sented here. To test the hypothesis that Td would track the during-
storm phase along the elevation transect while Ta would not, we
show in Fig. 8(c) the progression of Ta at each of the six measure-
ment elevations within the Johnston Draw catchment. The figure
shows that Ta at the 1508 m elevation approaches 0 �C at about
05:00, dips back and then again crosses the 0 �C threshold at
07:45. Ta at the 1552 m elevation crosses 0 �C at 08:00, but by then
it seems that it was warmer higher in the catchment. At the
1613 m elevation Ta crosses 0 �C at 05:45, at the 1658 m elevation
Ta crosses at 06:45, and then at both the 1707 and 1748 m eleva-
tions at around 07:00. We note from the figure that after 08:00
Ta at all elevations is above 0 �C, that from 11:00 to 20:00 Ta is
essentially the same at both the 1707 and 1748 m elevations, that
from 05:00 to 10:00 Ta at the 1613 m elevation is warmer than at
elevations below it, and – as with Td and Tw, there is a sharp upturn
in the Ta trace just after 12:00.

Table 2 presents the snow to rain transition time for each mea-
surement elevation, followed by the corresponding times that Td

and Tw cross thru 0 to +0.25 �C, and Ta crosses 0, +1 and +2 �C. As
with the analysis of the 12 WYs of data from the RME Grove site,
Td is slightly ‘‘colder’’ than Tw, and Ta at 0 �C is warmer than either
Td or Tw. While Td is not perfect, it comes very close to matching the
measured phase transition times, with a mean crossing time error
of about 15 min across all elevations within the Johnston Draw
transect. We note that both the measured phase transition and
the Td crossing thru the 0 to +0.25 �C level are systematic, progress-
ing from the lowest elevation to the highest.
Table 2
Measured phase transition time from snow to rain (column 5) during the December 30 stor
to 0 �C crossing times for Td, Tw and Ta, Ta crossing times for +1 and +2 �C (columns 6–
determination. Table also shows site elevations (z) in column 1, and mass-weighted Td, Tw

z (m) Td Tw Ta Dphase DTd 0–0.25 �C

1508 +1.3 +2.1 +2.7 08:15 08:00–08:30
1552 +1.0 +1.5 +2.0 08:45 08:45–09:00
1613 +0.7 +1.4 +2.0 10:45 10:45–11:00
1658 +0.7 +1.2 +1.5 11:30 11:00–11:30
1707 +0.5 +0.9 +1.2 12:15 12:00–12:15
1748 0.0 +0.6 +1.1 12:30 12:15–12:30
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Tw, is more effective than Ta at predicting phase change across
the elevation-transect. Though slightly warmer than Td, Tw predicts
phase change times that are similar or within 15 min of measured
at the lower two elevations. However, because Tw is impacted by
the relationship between Ta and RH, the early site warming at
mid- and upper-elevations affects how it is computed. Tw is incon-
sistent across the elevation range, with higher values for Tw at
upper elevation sites than at lower. Tw has phase crossing time er-
rors of 1 h, 30 min across all six sites within Johnston Draw.

Ta is inconsistent across the elevation range as it crosses 0, +1
and +2 �C. Ta crosses 0 �C first in the mid- and upper elevations
(1613, 1658, 1707 and 1748 m) between 05:45 and 07:00, but does
not cross at the lower elevations (1508 and 1552 m) until 07:45
and 08:15 respectively. It appears that either a site feature of the
lower measurement sites, or a temperature inversion allowed tem-
peratures to be warmer high in the catchment before the lower
elevations warmed up. Because of high winds – mean wind speed
at the 1804 m elevation for the 24-hour period was 11.5, and
4.0 m s�1 at the 1508 m elevation – we assume that the atmo-
sphere was well mixed, and that a temperature inversion during
the storm seems unlikely. An alternative explanation is variable
site conditions that allow the upper sites to warm earlier than
the lower sites. Though the 0 �C crossing times for Ta are similar
to the measured phase change times at the lower elevations, they
are very different for the mid- and upper elevations. The Ta 0 �C
crossing times has a mean crossing time error compared to mea-
sured phase change times of 3 h and 45 min across all six sites in
the Johnston Draw elevation transect.

As Ta crosses +1 �C, it is on average closer to the measured phase
transition times. The +1 �C crossing is late at the lower elevations,
but gets closer to the measured phase change times as you go high-
er in the watershed. From the table we see that at the 1552 and
1613 m elevations Ta crosses +1 �C twice. For the worst case (use
the later crossing times of 10:30 and 10:15), the mean error for
+1 �C crossing times for Ta shows a difference from the measured
phase transition of about 50 min. If we use the earlier 09:30 cross-
ing at the 1548 m elevation, and the later 10:15 crossing, then Ta

+1 �C crossing times are within 35 min of the measured phase
change times. When we split the difference (crossing times of
10:00 at the 1548 m elevation and 09:00 at the 1604 m elevation)
the mean crossing time error is 32 min. The +2 �C crossing is close
to uniform across all but the lowest elevations. The mean crossing
time error for Ta +2 �C crossing times is 1 h and 55 min across the
Johnston Draw transect.

We did not attempt to separate mixed rain and snow from all
snow or all rain in this analysis because it is not possible to defin-
itively determine from the ultrasonic depth sensors data. The idea
of using digital cameras to determine precipitation intensity and
particularly mixed-phase conditions was a consideration. How-
ever, as shown by Floyd and Weiler [59] for automated processing
a high contrast background is generally required, and has been lim-
ited to estimates of canopy interception. The approach taken with
active snow depth measurements provides a direct measurement
m segment based on changes in snow depth from increasing to decreasing, compared
10). The three Ta crossing times account for both STa and STFL methods of phase
and Ta means for the storm segment in columns 2–4.

DTw 0–0.25 �C DTa 0 �C DTa +1 �C DTa +2 �C

07:45–08:00 07:45 08:45 10:30
08:30–08:45 08:15 09:30–10:30 12:15
07:00–07:30 05:45 07:45–10:15 12:30
07:30–07:45 06:45 12:00 12:30
10:00–11:00 07:00 12:15 13:30
10:45–11:15 07:00 12:15 13:30

etermining during-storm precipitation phase and the rain/snow transition
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of increases or decreases in snow depth. Our data make it evident
that if it is precipitating and the ultrasonic depth is increasing, then
it is snowing, and if it is decreasing then it is raining (Fig. 7). If the
transition between the two is distinct, then the phase and the tran-
sition time are known. However, if the ultrasonic depth trace is rel-
atively flat at the transition time, as it is for the 1508 and 1613 m
elevations in Fig. 7, that may indicate a period of mixed phase.

At a sub-event timescale, the time of the measured phase
change at each of the transect elevations was closely approximated
by the time that measured Td at each of the transect elevations
crossed 0 to +0.25 �C threshold (mean phase transition timing error
(PTTE) 15 min). Ta and Tw follow the same general trend of mea-
sured phase transition, but cross 0 �C earlier than Td. Tw shows all
six sites crossing 0 �C by 11:00 (mean PTTE 1 h, 30 min), and Ta

shows all six sites above 0 �C by about 08:00 (mean PTTE 3 h,
45 min). Using a +1 �C threshold improves the relationship be-
tween Ta and the phase transition (mean phase transition timing
error 35 min). However, it is not as effective as Td, without a
threshold and suffers from the inverted elevation trend, showing
a transition first at the 1613 m site, followed by 1508 m site, then
the 1552 m site, and finally all three of the upper elevation sites at
approximately the same time. The +2 �C Ta threshold crossing
times are close to uniform across all but the lowest elevation.
The mean PTTE is 1 h, 55 min.

In general, Td, Tw and Ta show a transition from cold at the start
to warm at the end, with a relatively consistent elevation gradient
between the sites from warm to cool. Considering all six elevations
together, Td and Tw have about the same structure and diurnal
range during the storm segment, though Td is a bit colder. Except
for an inverted elevation gradient from 06:00 to 08:00, Td and Tw

show good coherence with elevation throughout the 24-hour per-
iod. For Ta however, it appears that the elevation relationship is in-
verted early in the day when differences caused by sun exposure or
shade – even during the storm – would have the largest effect. The
problem persists between the 1552 and 1613 m sites, and the 1707
and 1748 m sites. This variability and lack of elevation coherence
in the Ta traces illustrates the sensitivity of Ta to local conditions
and site effects, such as terrain or canopy shading, and wind expo-
sure or shelter. That Ta warmed last at the lowest elevations was
likely caused by site-specific conditions such as timing of sunrise
(early in the morning) terrain shading, which is not uncommon
in steep mountain terrain. There were no calm periods during
the event, and the mean measured wind speeds over the 24-hour
event period were 4 m s�1 at the 1508 m site and 11.5 m s�1 at
the 1804 m site, so it is unlikely that a strong temperature inver-
sion was the cause. In a larger basin issues such as this could be
even more pronounced, with deeper canyons and denser forest
canopy. It is encouraging that while Ta lacks a coherent elevation
trend, Td and Tw do not. The data presented here suggest that
humidity may be less affected by site conditions, and is therefore
more robust when used to predict precipitation phase. This might
not be true in a dense forest where the air near the snow surface is
not as well mixed with that of the storm system, and we would not
expect it to be true under a strong inversion.

Note that during measured phase transition (08:00–12:15),
which is also the when Td crosses 0 �C, the Td traces in Fig. 8(a)
are smoother and more coherent with elevation. Because the Tw

and Ta traces in Figs. 8(b) and (c) cross 0 �C much earlier (07:00–
11:15 for Tw, 05:45–08:15 for Ta), they are irregular and inconsis-
tent with elevation. Table 2 also shows that the measured phase
change and the Td 0 �C crossing times show a distinct elevation
coherence. The length of time it took for phase change to progress
from the lowest to the highest elevation site during the storm-seg-
ment within the Johnston Draw catchment was 4 h and 15 min for
measured phase change, 4 h and 30 min for Td crossing 0 �C, 4 h
and 15 min for Tw crossing 0 �C, 2 h and 30 min for Ta crossing
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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0 �C, 3 h and 30 min for +1 �C, and 3 h for +2 �C. However, only Td

crossing 0 �C matches the measured phase change. Tw crossing
0�C is about an hour early, and Ta crosses 0 �C at all elevations be-
fore measured phase change begins. Ta crosses +1 �C during the
same time period as the measured phase change, but is incoherent
with elevation, and Ta crosses +2 �C about 1 h behind measured
phase change, but is coherent with elevation. From a modeling per-
spective these timing differences may not always be significant.

As shown in Table 2, mean Td ranges from 0.0 to +1.3 �C (highest
to lowest elevation), mean Tw ranges from +0.6 to +2.1 �C, while
mean Ta ranges from +1.1 to +2.7 �C. If we applied daily rather than
hourly analysis, mean daily Td we would interpret this event as rain
at the four lower elevations, mixed precipitation at the upper two
elevations, and snow above that. For Tw we would interpret this as
rain at all but the highest elevation, where we would assume that
mixed precipitation occurred. For Ta, our interpretation would de-
pend on the threshold used. The mean daily values of Ta shown in
Table 2 would indicate rain at all elevations (0 �C threshold), mixed
precipitation at all elevations (+2 �C threshold), or rain at low ele-
vation and mixed precipitation or snow at high elevation (+1 �C
threshold). Fig. 7 shows that while precipitation occurred through-
out the 24-hour period, changing from snow in the morning to rain
in the afternoon and evening, 77% of the precipitation flux comes
late in the analysis period (15:00–23:00) when Td, Tw and Ta are
well above 0 �C. Mean values of Td, Tw and Ta over the 24 h of anal-
ysis presented in Table 2 indicate that if we evaluate the event at a
daily time-step, either of the humidity-based methods or Ta with a
+1 �C threshold would be effective.
6. Summary and conclusions

This experiment shows that at the high-elevation RME Grove
site over a period of 12 WYs (1997–2008) cloud levels are at or
close to the surface during storms, RH is at or close to saturation,
and Ta ffi Td ffi Tw. Under these conditions, there is general agree-
ment between Ta, Td and Tw, using 0 �C as a threshold for precipita-
tion phase. STa is slightly warmer and STd slightly cooler, but when
considering nearly 15,000 h of measurable precipitation the three
methods show reasonable agreement, indicating that 68% to 72%
of the precipitation over the 12 WYs was snow. When reduced to
609 events (7621 h of precipitation, representing 76% of all precip-
itation) agreement between the three methods improved to 71%–
73% snow. The dual-temperature, STFL method was the coldest of
the four tested. STFL predicted 75% snow for all data, and 77% snow
for the 609 events.

When conditions were cold all four methods predicted snow,
and when warm all predicted rain. For cold mix-phase events (S/
R), STd (89% snow) and STw (88% snow) were in agreement, with
STa (85% snow) being warmer, and STFL (91% snow) colder. For
warm mix-phase events (R/S), STd (25% snow) and STw (23% snow)
generally agreed, with STa (21% snow) being warmer, while STFL
(42% snow) predicts nearly twice as much snow. Considering spe-
cific climate conditions over the 12 WYs, STa, STd and STw agree to
within 1% during cold (WC, DC and VDC), and wet, warm years
(VWW and WW), while STFL predicts about 4% more snow for cold,
and 6.5% more snow for wet, warm years. During dry, warm years
(DW) STa, STd and STw agree to within 2%, while STFL predicts 7%
more snow.

As this analysis illustrates, establishing and using an optimized
temperature threshold to predict precipitation phase over a moun-
tain basin is by its very nature difficult. The STFL method was devel-
oped as a mean response to a wide range of conditions; often in this
range the formation of precipitation occurred some distance above
the surface. At the RME site, a temperature threshold of 0 �C is effec-
tive. As the RME data illustrate the effectiveness of temperature
etermining during-storm precipitation phase and the rain/snow transition
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thresholds vary with conditions, even at a specific site. While we
could use the 12 WYs of data to fit a temperature threshold that
would minimize phase uncertainty, such a threshold could not ac-
count for the full range of conditions represented by the RME data,
and it is even more unlikely that the optimum RME temperature
threshold would be effective at lower elevation sites. Modeling the
hydrology in mountain basins requires estimates of precipitation
phase that will be effective across a range of elevations and condi-
tions. The humidity-based methods, STd and STw were not perfect,
but were effective across the full range of conditions represented
in the RME data.

To evaluate these methods across a range of elevations we use
data from six sites along the Johnston Draw transect to compare
measured phase change times at different elevations to those pre-
dicted by Td, Tw and Ta crossing 0 �C, Ta crossing +1 �C, and Ta cross-
ing +2 �C. During a 24-hour period on December 30 2005, data
from ultrasonic snow depth sensors show the snowcover increas-
ing at all sites for the first 8 hours of the storm segment. During
the following 4 h the time of phase transition from snow to rain
was established, as accumulation ceased and depths began to de-
crease first at the lowest elevation, and progressing sequentially
up in elevation to all six sites. This progression of the rain/snow
transition elevation over a period of just over 5 h illustrates the dy-
namic nature of precipitation within the rain/snow transition zone.
These data represent the first on the ground measurement of
changes in the rain/snow transition elevation during a storm in a
mountain basin that we are aware of.

At each elevation, the time when Td, Tw and Ta crossed 0 �C was
evaluated. The Td crossing times closely matched the measured
phase transition times, with a mean PTTE of just 15 min. In con-
trast, Tw crossed 0 �C earlier with a mean PTTE of 1 h, 30 min,
and Ta crossed much earlier with a mean PTTE of 3 h, 45 min.
The progression of Td crossing 0 �C with elevation and over the per-
iod of the storm segment was coherent while for Tw and Ta it was
not. Ta crossing times for +1 and +2 �C were also evaluated. The
average +1 �C crossing times matched the measured phase transi-
tion times, but were incoherent with respect to elevation. The data
illustrate the difficulty in using an air temperature threshold to
predict precipitation phase. While an air temperature threshold
can be selected that will minimize error in phase selection for a
particular site or set of conditions, the threshold is a compromise.
Storms may occur which are beyond the conditions for which the
threshold was optimized, and – as the Johnston Draw elevation
transect data illustrate – the optimum air temperature threshold
is likely to vary with elevation and from site to site and is therefore
less effective as a predictive method.

This is particularly important in the context of evidence that
snow and hydrology in the region has been impacted by an unsta-
ble, warming climate [3]. The relationship between Ta and precip-
itation phase is based on the idea that climate and conditions
during storms are stable and predictable over time such that an
empirical approach is satisfactory. As we suspect that this is no
longer the case, it is important that we use methods that are more
physically related to precipitation phase. At the high elevation RME
Grove site, methods based on Td and Tw crossing of 0 �C were effec-
tive. Along an elevation transect during a major winter storm Td

matched measured phase change times at all elevations. An air
temperature threshold of +1 �C misrepresented phase change at
mid- and low elevations, but – ignoring specific elevations was
able to match mean phase change time over the 24-hour period
of the event. While there is a relationship between Ta and precipi-
tation phase, the optimal threshold is dependent on site and storm
conditions and so is neither spatially nor temporally transferrable
without considerable uncertainty.

This analysis illustrates the value of using humidity-based
methods to determine precipitation phase at sub-event time-scales
Please cite this article in press as: Marks D et al. An evaluation of methods for d
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in mountain basins. Long-term data from the RME Grove site show
that Td and Tw are effective indicators of phase, and that Ta at 0 �C –
because it is closely related to during-storm humidity at that site –
can also be effective. A dual temperature threshold, as imple-
mented in the STFL method is not effective under typical during-
storm conditions at the RME Grove site. During the mixed-phase
event at the Johnston Draw transect, rapid changes in humidity
and phase with elevation showed Td as the best indicator of phase.
However, if we evaluate phase at daily time-step, Td, Tw and Ta

(+1 �C threshold) are reasonably effective.
This study also highlights the complexity involved with track-

ing the rain/snow transition elevation during a storm event. It indi-
cates that using a measure of humidity provides an effective
estimate of phase under a range of conditions and elevations. Con-
ditions do occur over the RCEW during which this would not be the
case, such as when it is warmer aloft, or when the cloud-base is far
above the surface. As our analysis shows, such events are rare, and
conditions under which precipitation occurs within the RCEW and
across the region are reasonably consistent. The climate and
hydrology of the RCEW is similar to, and representative of much
of the basin and range landscape within the interior drainages of
Oregon, Idaho, Utah and Nevada in the western U.S. Though we
do not have the sort of long-term and detailed data presented in
this paper beyond the RCEW, we feel that it is reasonable that
the results presented here are representative and can be extended
to many of the mountain basins in that region. However, we cannot
be sure that we would get the same result in coastal mountains, in
the mountains of Colorado, Wyoming or Montana that extend
above 3000 m, or the much colder mountain conditions in western
Canada.
7. Data availability

All data presented in this paper are available from the anony-
mous ftp site ftp://ftp.nwrc.ars.usda.gov/publications/adwr/r-
s_transition maintained by the USDA Agricultural Research Service,
Northwest Watershed Research Center in Boise, Idaho, USA. In-
cluded is a readme file listing the contents of the data with contact
information for additional details, a data license and disclaimer file.
Within the readme file there is a description of the data files defin-
ing the contents and formats for the long-term analysis data from
the RME catchment, and for the event file from Johnston Draw.
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