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Surface-based precipitation phase determination
methods in hydrological models
James Feiccabrino, David Gustafsson and Angela Lundberg

ABSTRACT
We compared solid and liquid precipitation mass output from three categories of common model
precipitation phase determination schemes (PPDS) to the recorded precipitation phase in a set of 45
years of 3-hour manual meteorological observations from 19 Swedish meteorological stations. In the
ﬁrst category of rain/snow thresholds, it was found that rain/snow air temperature threshold (ATT) is
a better precipitation phase indicator than a rain/snow dew point temperature threshold. When a
W

W

rain/snow ATT of 0.0 C (a default value used in some recent models) was replaced by 1.0 C,
misclassiﬁed precipitation was reduced by almost one half. A second category of PPDS use two ATTs,
one snow and one rain, with a linear decrease in snow fraction between. This category identiﬁed
precipitation phase better than a rain/snow ATT at 17 stations. Using all observations from all the
meteorological stations, a ﬁnal category using an air-temperature-dependent snow probability curve
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resulted in slightly lower misclassiﬁed precipitation mass at 13 of the 19 stations. However, schemes
from the linear decrease in snow fraction category had the lowest misclassiﬁed precipitation mass at
four meteorological stations.
Key words

| hydrological model, precipitation phase, snow, snow fraction, snow model, threshold
temperature

INTRODUCTION
Correct identiﬁcation of the precipitation phase (rain/

The importance of PPDSs has long been recognized in

snow) is crucial for the function of models that forecast

snow hydrology (Yuter et al. ). There is also an ongoing

snowmelt ﬂoods, water balances for glaciers and polar

trend to replace meteorological observers with automated

ices, climate change and avalanche hazards (US Army

systems, and many of these systems do not employ precipi-

Corps of Engineers ; Braun ; Rohrer & Braun

tation discriminators. This expanding use of automated

; Kongoli & Bland ). Precipitation phase inﬂu-

meteorological observations increases the need for improve-

ences how large a fraction of the precipitation will be

ments in model PPDSs for snow processes, estimates of the

stored as snow, contributing to spring runoff or perhaps

size of spring runoff and modeling of forest snow processes

even constituting an avalanche hazard. Precipitation

(Kongoli & Bland ). If a model were to misidentify a

phase also affects snow accumulation on glaciers and

sleet event (simultaneous rain and snow) as an all-rain

polar ices and inﬂuences how much of the winter precipi-

event for example, the model output will underestimate

tation will sublimate in tree crowns (Kokkonen et al.

snow cover albedo, predict a quicker runoff and underesti-

). Climate change models also depend on a reliable

mate the amount of snow that would need to be melted in

precipitation phase determination scheme (PPDS) to

the warm season (Davison ).

account for seasonal changes in rain-to-snow ratio due

Beyond general runoff considerations, forest processes

to expected seasonal changes in ambient air temperature

are important for watershed snow water storage estimates.

(Davis et al. ).

Maximum canopy storage capacity for rain in a coniferous
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forest is about 2 L m2 while snow canopy storage has been

For a location, the overall importance of the PPDS of a

reported as high as 20–25 L m2 (Seppänen ; Calder

model is dependent on the mass of precipitation occurring

). Snow caught in forest canopies sublimates quicker

in near-freezing temperatures.

than snow on the ground because of a greater absorption
of shortwave radiation and higher exposure to turbulentexchange forces (Lundberg et al. ). Sublimation frac-

AIM

tions, as high as 30–50% of total annual snowfall, are
reported for dense coniferous forests in both the moist

The overall aim of this study was to minimize model-mis-

snowy maritime Japanese and the dry cold continental

classiﬁed precipitation. First, a review of model PPDSs

Canadian climates (Nakai ; Pomeroy et al. ; Lund-

was conducted. Second, solid (snow) and liquid (rain) pre-

berg et al. ). Since coniferous canopies can store

cipitation mass outputs from different PPDSs were

much more snow than rain, and sublimation of snow in

compared to solid and liquid precipitation mass recorded

canopies is much more effective than sublimation of snow

in a 45-year-long series of manual 3-hour snow/sleet/rain

on the ground, determinations between forested and non-

observations. Model PPDSs in the following categories

forested landscape and precipitation phase are very impor-

were tested:

tant for watershed calculations of snow water equivalent

•
•

left to melt in the warm season.
The rain/snow determination scheme is one of the three
most important parameters for a snow model, according to
Kongoli & Bland (), and many different types or categories of PPDSs have been used. The most common of

•

one rain/snow temperature threshold (TRS);
two air temperature thresholds (ATT), TS and TR, with a
linear decrease in SF between TS and TR; and
two ATTs TS and TR with a climatologically based airtemperature-dependent SF curve between TS and TR.

these categories is a simple step function where all precipi-

The PPDSs were compared by the amount of observed

tation colder than the rain/snow threshold temperature

snow classiﬁed as rain, the amount of observed rain classi-

(TRS) has an assumed snow fraction (SF) of 100% (snow)

ﬁed as snow and the sum of misclassiﬁed mass. The

and all precipitation equal to and warmer than the TRS is

comparisons were made both excluding and including

assumed to have a SF of 0% (rain). Other frequently applied

sleet observations. The possible improvement by using sea-

PPDS categories use two temperature thresholds: one for

sonally or regionally varying TRS was also investigated.

snow (TS) and one for rain (TR). All temperatures equal to
and colder than TS have a SF of 100%, while all temperatures
equal to and warmer than TR have a SF of 0%. These PPDS
categories have a mixed precipitation phase zone between

REVIEW OF PRECIPITATION PHASE
DETERMINATION SCHEMES

TS and TR where 100% < SF < 0%. One category uses a
linear decrease in the SF between TS and TR; another cat-

One rain/snow temperature threshold

egory employs a climatological study to create an SF curve
between TS and TR.

Air temperature thresholds (ATT)

The thresholds mentioned above can be based on different types of temperature. Most widespread is the use of

Today, many models and studies use an ATT scheme

average air temperature (i.e. Sælthun ) but dew point

(Table 1). The majority of these have a ﬁxed ATT while

temperature (i.e. Hirabayashi et al. ), wet bulb tempera-

others (e.g. the Cold Regions Hydrological Model or

ture and daily maximum and/or minimum air temperatures

CRHM and (US) National Weather Service or NWS snow

(i.e. Schreider et al. ) are sometimes used. Finally, there

accumulation and ablation models) have a default ATT

are various other methods based on air temperatures at and

that can be changed either for single events or permanently

above the ground surface (i.e. Marshall et al. ), weather

adjusted (Baun ; Pomeroy et al. ). An early appli-

radars and satellite images (i.e. Smirnova et al. ).

cation of the ATT technique was presented in Snow
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Dew point and wet bulb temperature thresholds

ATTs applied in models

SF ¼ 1 for T  ATT and SF ¼ 0 for T  ATT

ATT ( C)

SWAP (Gusev & Nasonova ), DSPM, SNOW 17
(Reed et al. )

Userdef.

BATS (Yang et al. )

þ2.2

DSPM (Daly et al. )

þ0.36

Class 2.7 (Bartlett et al. ), updated SPONSOR
(Shmakin ), CHRM (Pomeroy et al. ),
FASST (Frankenstein & Koenig ) NWS Snow
Accumulation, SiB (Sellers et al. ) ALEX
(Kongoli & Bland ) Ablation Model
(Anderson ), colder climate (Motoyama ),
WaterGAP2 (Döll et al. )

±0.0

Warmer climate (Motoyama )

1–3

could have been due to mountain stations receiving precipi-

HBV Norwegian version (Sælthun )

1 to 4

tation in a saturated environment (air temperature and dew

HBV-ETH Model Version 4, Mountain (Hottelet
et al. )

0.6

point temperature are almost equal), while lower elevations

HBV-ETH Model Version 4, Lower terrain (Hottelet
et al. )

0.8 and
1.0

W

Some researchers found dew point temperature thresholds
(DTT) to be a better indicator of precipitation phase than
ATT (i.e. Hirabayashi et al. ). D. Marks (pers. comm.,
W

2011) found that the DTT of 0.0 C performed consistently
better than an ATT in mountainous regions. He also stated
that ATTs are site speciﬁc, change over time and need periodic
W

recalibration while a DTT of 0.0 C should be more consistent.
W

Feiccabrino & Lundberg () also found the DTT to be 0.0 C
for Sweden; however, the ATT had less misclassiﬁed precipitation than DTT in that study. The difference in outcomes

often have unsaturated air between the ground and cloud level.
Two rain/snow temperature thresholds

Hydrology (USACE ) with the understanding that the

Linear decrease in SF between TS and TR

W

ATT varies between locations over the range 1.1–1.7 C.
This study in the Sierra Nevada Mountains also presented
and favored the use of a linear decrease in SF scheme
(USACE ).

To account for sleet occurring in air temperatures approaching the TRS, some PPDSs use two threshold temperatures (TS
and TR) with mixed precipitation between. Examples of
studies which applied a linear change in the SF between
TS and TR are listed in Table 2.

Variations of ATT scheme
Some studies found daily minimum air temperature to act as
a better PPDS than the daily average air temperature (Ruddell et al. ; Schreider et al. ). Therefore, the
Australian Snow Model (Schreider et al. ) and the

Air-temperature-dependent SF curve between TS and TR
Other PPDS use an air-temperature-dependent snow probability curve to describe the SF between TS and TR (Table 3).
Auer () used 1,000 observations to make an inverted

Regional Hydrological Simulation Systems Snow Model
(RMS) (Coughlan & Running ) use a daily maximum

Table 2

and minimum air temperature scheme.
Variation with elevation or season for ATTs

|

Models applying a linear decrease in snow fraction (SF) between a rain (TR) and
snow threshold (TS)

SF ¼ 1 for T  TS; SF ¼ (T–TR)/(TR–TS) for TS  T 
TR; SF ¼ 0 for T  TS

TR ( C)
W

TS ( C)
W

ΔT ( C)
W

Fuchs et al. ()

þ2

0

2

þ3

1

4

speciﬁc ATT dependent on elevation while Kienzle ()

UEB (Tarboton & Luce ),
GEOTOP (USACE ;
Zanotti et al. )

found a seasonal oscillation in ATT at many stations with

PRISM (Hay & McCabe )

þ7.5a

0.007a

7.5

a maximum ATT in the summer and a minimum in the

This study

þ4

2

6

Other studies suggest that ATT may be dependent on
elevation or season. Yang et al. () suggested a station-

winter.
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Air-temperature-dependent SF curves

Reference

SF

TS ( C)

TR ( C)

CLASS 3.1 (Bartlett et al. )
WATCLASS 2.7 (Davison )

0.0202 × T6–0.366 × T5 þ 2.0399 × T4–1.5089 × T3–15.038 × T2 þ 4.664 × T þ 100

þ0.45

þ5.97

This study, excluding sleet

exp[–0.0817 × (T þ 1.07)3.07]

2

þ4.2

4

þ7

W

4.12

exp[–0.0000858 × (T þ 7.50)

This study, including sleet

S-shape snow probability polynomial. He noted that it usually
W

]

W

meteorological stations were used (Figure 1). The obser-

does not rain in air temperatures colder than 0.0 C and that

vations consisted of the date/time, precipitation phase,

snow was not observed in air temperatures warmer than

total precipitation for the period and average air and dew

W

6.1 C. The exponential decay curves used for SF in this
study (Table 3) were modiﬁed from ﬁfth-order polynomials
from an earlier study (Feiccabrino & Lundberg ).

point temperatures.
Note that freezing rain was considered solid precipitation since it freezes on contact. Ice pellets in air
W

temperatures warmer than 8.0 C were considered rain
Miscellaneous methods incorporating air temperatures
and data above the ground surface

since hail from spring and summer thunderstorms would
only

affect

year-round

ice

sheets.

Gauge-reported

precipitation was used with no correction for precipitation
Models such as Mesoscale Analysis and Prediction Systems
(MAPS; Smirnova et al. ) and Community Land Model
3.0 (CLM; Vertenstein et al. ) attempt to identify freez-

under catch. All observations with less than 0.1 mm of
water equivalent were removed since the precipitation is

W

ing levels (height of 0.0 C temperature above the ground)
and the temperature characteristics of fronts by using
more advanced PPDSs. These schemes require additional
data sources, e.g. upper air soundings, weather radars and
or satellite imagery.
The Snow 17 model (Table 1) attempts to address the
issue of upper air temperatures by allowing a user-deﬁned
lapse rate (Reed et al. ). The Community Climate
Model (CCM1) uses a variation of the model PPDS of
W

ATT 0.0 C (Table 1), stating that if the ground, 30 and
100 m above ground level air temperatures are all warmer
than 0.0 C, then SF ¼ 0; otherwise SF ¼ 1 (Marshall et al.
W

). Fassnacht et al. () used weather radar information
to predict the amount of precipitation along with the Auer
polynomial on surface air temperature observations to determine a model’s classiﬁcation of mixed-phase precipitation in
air temperatures just warmer than freezing.

METHODS
Here 45 years of manually reported 3-hourly meteorological
observations

from

1961

to

2006
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immeasurable and analysis was performed using water

(Figure 2), but this was not true for each individual station

equivalents.

(Figure 3).

Sleet accounted for 16% of total precipitation in
Sweden, mostly occurring between the air temperatures
of –2.0 and 4.0 C, with a maximum at 1.0 C (Feiccabrino
W

W

Precipitation phase determination schemes

& Lundberg ). The percentage of sleet to all
precipitation mass for a given air temperature had a

The precipitation outputs from seven schemes in three

bell-shaped curve when all stations were taken together

PPDS categories (Table 4) were compared to observed precipitation

phase

masses.

All

three

linear

transition

schemes – D, E and F (Table 4) – had SF ¼ 50% at 1 C
W

(Figure 4(a)). This was the same air temperature as the statistical mean value μ (Figure 2) for sleet and was the ATT
found for this dataset (Feiccabrino & Lundberg ). The
air temperature range between TS and TR however varied
W

from 2 to 6 C. Schemes D and E have been used in other
models (Table 2); however, they did not have a large
enough range to cover the air temperatures where 98% or
more of the observed sleet occurred in Sweden. Scheme F
was therefore included in this study to cover this range.
Finally, scheme G applied two air-temperature-dependent SF curves ﬁt to the results of the climatological study
which used 45 years of manual observations to obtain SF
W

values with a 0.1 C resolution (Figures 3 and 4(b)), one
Figure 2

|

Figure 3

|

Air temperature distribution of sleet for all locations together.

including and one excluding sleet observations.

Observed precipitation phase distribution (snow is white, rain is dark gray, and sleet is light gray) at four meteorological stations 2, 1, 4, and 6 (Figure 1) versus air temperatures
(left) and dew point temperatures (right). Thick black line represents the average ATT (left) and DTT (right).
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Precipitation phase determination schemes compared in this study

Precipitation phase determination
category

Scheme

TS TR or TRS ( C)

A

ATT ¼ 0 C

B

ATT ¼ 1 C

C

ATT ¼ XX–YY C

W

W

TRS (commonly used in many
models)

44.1

|

2013

Misclassiﬁed precipitation and bias towards rain or
snow
Misclassiﬁed precipitation excluding sleet was calculated as
the total mass of misclassiﬁed rain and misclassiﬁed snow

TRS (optimized value for all Sweden)
TRS (optimized value for each
meteorological station)

tation phases were calculated for air temperature (T ) with

TS ¼ 0 C, TR ¼
2 C

Linear decrease in SF from TS to TR

a 0.1 C resolution at all 19 meteorological stations. Snow

TS ¼ –1 C, TR ¼
3 C

Linear decrease in SF from TS to TR

TS ¼ –2 C, TR ¼
4 C

Linear decrease in SF from TS to TR

TS ¼ –2 C, TR ¼
4.2 C

Climatologically based SF curve, TS
to TR

TS ¼ –4 C, TR ¼
7 C

Climatologically based SF curve, TS
to TR

W

W

W

W

E

|

divided by the total mass of rain and snow (PRþS). First

W

D

Hydrology Research

the total mass of observed rain, sleet and snow (S) precipiW

fractions (SF) were then calculated for each T step:

W

W

F

W

G w/oa

W

W

a

W

Gw

W

a

Without (w/o) and with (w) sleet observations.

S

SF ¼

PRþS

(T )

(1)

The difference between observed snow fraction (SFO)
and the modeled snow fraction of a PPDS (SFM) gives the
percent misclassiﬁed precipitation (εtot) for each T step.
The SF difference for all the T steps combined gives the misclassiﬁed precipitation mass for each scheme:
P
εtot ¼

ðjSFM (T)  SFO (T )j × PRþS (T )Þ
PRþS

(2)

Misclassiﬁed precipitation is compared using observations with air temperatures between –1 and 5 C, the
W

temperature range over which most misclassiﬁed precipitation was found to occur. Bias of a PPDS towards
misclassiﬁed rain (εr) or misclassiﬁed snow (εs) was calculated:
εr ¼

εs ¼

X

X

ðjSFM (T )  SFO (T)j × PRþS (T)Þ for SFO < SFM

(3)

ðjSFM (T)  SFO (T )j × PRþS (T )Þ for SFO > SFM

(4)

The difference between modeled snow mass (SM) of a
PPDS and observed snow mass (SO) was used to determine
the change in seasonal snowfall (ΔS) when a scheme is used
rather than manual observations:

ΔS ¼

Figure 4

|

(a) Rain/snow threshold schemes A and B, with linear decrease in snow
fraction schemes D, E and F. (b) Climatologically based SF, scheme G,
excluding and including sleet.
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W

and 50% rain can be included in Equations (1)–(5) by adding

This was 27% less than the DTT of 0.1 C with 3.0% misclas-

the sleet mass to PRþS and half sleet mass to S.

siﬁed precipitation. ATTs were found to have less

An initial test to determine if an ATT or a DTT was a

misclassiﬁed precipitation than DTTs at all 19 stations.

better PPDS was conducted. All the precipitation obser-

Therefore, all further analysis was performed using air

vations from the 19 meteorological stations were pooled

temperatures.

together, as in Daly et al. (), to determine an ATT and
a DTT for Sweden.

Misclassiﬁed precipitation comparisons

The performance of each scheme was judged by the

•
•
•

fraction of total misclassiﬁed precipitation (Equation (2));

When the TRS schemes were compared, it was noticeable

change in snowfall mass between SM and SO (Equation

that there was less misclassiﬁed precipitation when applying

(5)); and

the TRS 1.0 C than 0.0 C (Table 5). This was true excluding

bias towards higher rain or snow misclassiﬁcation

and including sleet observations at all 19 stations.

W

W

Individual station ATTs were compared to the Swedish

(Equations (3)–(4)).

W

Predictable monthly changes in ATT were also tested
for. Finally, individual station ATTs were compared to
station elevation and latitude, dew point temperatures and
percent of precipitation falling as snow and sleet to see if
there was any noticeable relationship due to geographic
location.

ATT of 1.0 C (Equation (2)). There were nine individual
station ATTs (scheme C) equal to the Swedish ATT (scheme
B). The average misclassiﬁed precipitation for all 19 stations
decreased slightly when using scheme C rather than scheme
B, excluding and including sleet observations from 9.6 to
9.2% and 26.3 to 26.0%, respectively (Figure 5; Table 5). At
W

the 10 stations with ATTs differing from 1.0 C, there was a
0.93 and 0.57% average percentage point decrease in misclassiﬁed

precipitation

excluding

and

including

sleet

RESULTS

observations, respectively. Since scheme C by deﬁnition has

Air temperature threshold versus dew point

it is compared to schemes D–G.

the least misclassiﬁed precipitation of the three TRS schemes,
From 1 to 5 C with sleet excluded, scheme G had the
W

temperature threshold

least amount of misclassiﬁed precipitation at all but six
The ATT determined excluding sleet using all observations
W

was found to be 1.0 C with 2.4% misclassiﬁed precipitation.

Table 5

|

stations. At four of those stations, scheme D had slightly less
misclassiﬁed precipitation mass than scheme G (Figures 5

Percent misclassiﬁed precipitation and change in annual snowfall (ΔSnow) excluding (Without mix) and including (With mix) sleet in the precipitation phase determination
schemes A–G compared to manual observations. Bold numbers indicate best values

ΔSnow (%)

Misclassiﬁed precipitation (%)
Scheme

Without mix

A

17

a

With mix

a

0

31

0

Misclassiﬁed as snow (%)

Without mix

With mix

Without mix

With mix

13

24

88

79

B

9.6

0

26

0

1.3

2.6

42

42

C

9.2

2

25

0

0.20

0.90

44

45

16

0

0.00

2

0.21

D

6.9

4

E

9.2

0

9.2

0

7.2

7

0.70

13

6.9

10

0.65

F
G
a

14
6.5

Number of stations with lowest values for each scheme.
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When sleet was included, scheme G had the least
amount of misclassiﬁed precipitation at 10 of the
19 meteorological stations (Figures 5 and 6(b); Table 5).
The ATTs had the most misclassiﬁed precipitation at
all 19 stations, while schemes E and F had the least
misclassiﬁed precipitation at two and seven stations,
respectively. When sleet observations were included as
half-rain and half-snow, misclassiﬁed precipitation increased
(Table 5).
The air temperature range between TS and TR was imporFigure 5

|

Misclassiﬁed precipitation from 1 to 5 C with error bars representing the
W

standard deviation from the 19 meteorological stations.

tant for the percentage of misclassiﬁed precipitation found
using a linear decrease in SF schemes. When sleet was
included, the transition range from SF ¼ 100% to SF ¼ 0%

and 6(a); Table 5). Scheme C had the least misclassiﬁed

was larger. When comparing the linear decrease in SF

precipitation at the other two stations and the most misclassi-

schemes from Table 4, scheme D had the lowest misclassiﬁed

ﬁed precipitation at 15 of the 19 stations. Scheme F had the

precipitation when sleet was excluded (Figures 4(a) and 5),

most misclassiﬁed precipitation at the other four stations.

while scheme F had the least amount of misclassiﬁed

Figure 6

|

Misclassiﬁed precipitation from 1 to 5 C (a) excluding sleet observations and (b) including sleet observations for each meteorological station in Figure 1.

Downloaded from http://iwaponline.com/hr/article-pdf/44/1/44/370187/44.pdf
by guest

W

52

J. Feiccabrino et al.

|

Surface-based precipitation phase determination methods in hydrological models

Hydrology Research

|

44.1

|

2013

precipitation when sleet was included (Figures 4(a) and 5). Of
the linear decrease in SF schemes excluding sleet observations, scheme F had the most misclassiﬁed precipitation.
Scheme D had the most misclassiﬁed precipitation when
sleet was included at all stations.
Difference in annual snowfall percentage
Comparing the change in seasonal snowfall amounts
between all manual observations and PPDS schemes A–G
(Table 5), it was clear that no single scheme performed
best at all locations as the standard deviations for all

Figure 8

|

Percent of misclassiﬁed snow in total misclassiﬁed precipitation with error
bars representing the standard deviation from the 19 meteorological stations.

schemes overlap (Figure 7). SM was always underestimated
for scheme A while, for all other schemes, the change
from SO to SM was either positive or negative. Excluding

ATT with geography

W

sleet, 0.0 C had the largest difference in annual snowfall
estimates with a maximum change of –30% from observed
annual snowfall percentage at station 1 (Figure 1).

There does not appear to be a relationship between ATT
and: precipitation percentage of snow; latitude; or elevation,
with R 2 values of 0.25, 0.12 and 0.05 respectively. The R 2
values were lower for DTT than ATT. There was also no pat-

Misclassiﬁed rain or snow bias

tern found for percentage of sleet mass with elevation or

Using the set of all observations, schemes B–G had 42–53%

latitude.

of the total misclassiﬁed precipitation in the solid phase
(Table 5; Figure 8). Therefore, there was not a large
long-term

difference

between

misclassiﬁed

rain

ATT seasonal variation

and

misclassiﬁed snow masses. Again, most of the standard

Adjusting an ATT by month was not possible on the country

deviation error bars overlap for these PPDSs. However,

scale for Sweden. Table 6 shows that, in all cases (except

88% of the total misclassiﬁed precipitation for ATT 0.0 C

June) when including sleet observations, the average

was snow misclassiﬁed as rain in warmer than freezing

change in monthly ATT was smaller than the standard devi-

temperatures.

ation, making the change statistically insigniﬁcant. If there

W

were not at least 12 rain and 12 snow events in a month
over the 45 years, the data for that month were excluded
from Table 6. When a monthly ATT was applied at individual meteorological stations, misclassiﬁed precipitation was
reduced by 15 and 3.4% excluding and including sleet,
respectively.

DISCUSSION
The main complication with separating rain and snow using
surface observations is that snow forms in the lower atmosFigure 7

|

Change in snowfall as a percent of total precipitation with error bars representing the standard deviation from the 19 meteorological stations.
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W

warmer than 0.0 C, a thin water surface will coat the outside of the crystal (Fassnacht et al. ). Depending on

0.05 ± 0.6

13

a phase change to sleet or rain before the hydrometeor
reaches the ground (Fassnacht et al. ; Davison ).
The PPDS in the SNOW 17 model (Reed et al. )
allows a user-deﬁned lapse rate. This is a ﬁrst step in addressing the lower atmosphere in hydrological model PPDSs.
19

0.00 ± 0.4
–0.17 ± 0.5

exchanges between snow and the atmosphere could cause

However, using a set lapse rate would fail to take into
account changes in the lower atmosphere caused by air
mass boundaries (Feiccabrino et al. ). A long-term solution for PPDS in hydrological models would therefore be
to incorporate either upper air data (weather balloon data,

14

–0.20 ± 0.2
–0.04 ± 0.3
–0.34 ± 0.6

Mar

Apr

May

the air temperature and thickness of warm layers, energy

weather radar or satellite data) or use output from a meteor-

0.06 ± 0.7

scheme for a hydrological model.
This study did not attempt to add upper air data to cur14

–0.14 ± 0.5

Feb

ological model as the surface rain/snow determination

rent surface-based hydrological model input; instead, it

–0.17 ± 0.7

ﬁnd the PPDS that results in the least amount of misclassiﬁed precipitation with as little change to a model as
17

–0.37 ± 0.6

Jan

worked with current model constraints. The goal was to

possible. Using a TRS resulted in the most misclassiﬁed pre-

–0.09 ± 0.4

occurred mostly in temperatures approaching the ATT. Surprisingly, the linear decrease in SF schemes performed
18

–0.07 ± 0.4

Dec

cipitation (Figure 3). This misclassiﬁed precipitation

statistically as well as the climatologically based SF curve.

0.12 ± 0.5

19

discussion of the results and important notes about the
method.
Air temperature threshold versus dew point

16

0.23 ± 0.6

cally based SF curves at different sites. Below is a

temperature threshold
ATT had less misclassiﬁed precipitation than DTT, excluding and including sleet observations, at all 19 stations
W

spanning mountain areas to islands from southern (55 N)
6

0.40 ±0.5
Without

With

Sleet
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in the SF scheme than to determine different climatologi-

W

W

to northern (68 N) Sweden (Figure 1). An ATT of 1.0 C
excluding sleet had 45% less misclassiﬁed precipitation
than the often used ATT ¼ 0.0 C. An ATT of 1.0 C is
W

#

–0.01 ± 0.5
0.09 ± 0.6
0.38 ± 0.5

Oct

Nov

This is good, as it would be easier to apply a linear decrease

|
Table 6

Hydrology Research

temperature at ground level. As snow falls through air

3

–0.63 ± 0.4

Jun

Surface-based precipitation phase determination methods in hydrological models

Sep

|

given month over the 45-year climatological record

J. Feiccabrino et al.

The average difference between annual (scheme C) and monthly station-speciﬁc rain/snow threshold values, with ± standard deviations and the number of stations having 12 rain and 12 snow observations during a

53

W

slightly lower than the USACE () suggested range of
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values; however, it is the same ATT found for Iceland

excluding and all stations including sleet occurred using

(Aoalgeirsdottir et al. ).

an ATT of 0.0 C.

W

Between –1 and 5 C, scheme G had the lowest overall
W

Misclassiﬁed precipitation comparisons

misclassiﬁed precipitation at 13 meteorological stations
when sleet observations were excluded and 10 of 19 stations

The correct classiﬁcation of precipitation phase is key to

when sleet was included (Figures 6(a) and (b)). The relation-

precipitation–runoff modeling (Braun ). Single-day pre-

ship between air temperature and SF has an inverted S shape

cipitation events near the TRS are sometimes modeled

(Figure 3) at all stations in this study. The linear decrease in SF

differently because of different SF from each PPDS. The

schemes

PPDS is therefore most important in regions where a large

precipitation then climatologically based air-temperature-

fraction of winter precipitation falls at near-freezing temp-

dependent SF curves, if calculated for individual stations.

should

therefore

have

more

misclassiﬁed

eratures. In this study PPDS for southern and island

However, location-speciﬁc polynomials are most likely too

stations 1–3 and 7–9 (Figure 1) had the most inﬂuence, up

specialized for most model needs. There was also little

to 30% difference, in seasonal snowfall. The chosen PPDS

found to relate changes in the shape of SF curves with latitude

is less important in cold continental climates (i.e. interior

or elevation, making it more difﬁcult to assign different pre-

Canada). In this study, the choice of PPDS at stations 17–19

made polynomials according to station geography.

(Figure 1) changed modeled snowfall by under 10%. For
northern

inland

stations

(17–19) a

quick

1–2-week

ATT seasonal variation

cooling and warming period at the beginning and end of
winter reduced precipitation occurrences in near-freezing

Low R 2 between individual station ATTs and elevation or lati-

temperatures.

tude came as no surprise, as Daly et al. () also failed to

Kongoli & Bland () state that the best temperature

ﬁnd a relationship. However, the lack of a seasonal-depen-

scheme results from the lowest misclassiﬁed water equival-

dent change in ATT was unexpected. Other studies, e.g.

ent. With this in mind the overall lowest average

Kongoli & Bland (), claim that ATT is often climate-,

misclassiﬁed precipitation for water equivalent, excluding

location- and season-dependent. Rohrer & Braun ()

or including sleet observations, was obtained by using a cli-

claimed that the frequency of rain, snow and sleet obser-

matologically based air-temperature-dependent SF curve.

vations may depend on the season and type of data used.

The second-best schemes were the linear decrease in SF

Even when the ATT for individual stations was changed by

schemes. The linear decrease in SF scheme D (smallest air

month, the yearly total misclassiﬁed precipitation was still

temperature difference between TS and TR) had the least

higher than using a linear decrease in SF scheme.

misclassiﬁed precipitation when sleet was excluded, while
scheme F (largest air temperature difference between TS

Snow %, misclassiﬁed rain or snow

and TR) had the least misclassiﬁed precipitation when sleet
was included. This was due to a larger range of air tempera-

Sticking with the idea that the air temperature scheme with

tures involved in the observed phase transition from air

the lowest misclassiﬁed precipitation is best, other tests such

temperatures with all snow to all rain when sleet obser-

as difference between modeled and observed seasonal snow-

vations were included (Table 5; Figure 5). Of all the

fall percentage and a measure of the balance between rain

PPDSs, TRS had the most misclassiﬁed precipitation

and snow misclassiﬁed precipitation are reasonable second-

(Table 5; Figure 5). Daly et al. () blamed the simple

ary tests. The results for the difference between seasonal

approach of a set TRS for the weakness in his results. This

modeled and observed snowfall mass indicate that, for the

weakness allowed his model to predict lower than observed

purposes of climate studies which need annual snowfall at

snow water equivalent and a systematic increase of

a station, any of the schemes (with the exception of the

misclassiﬁed precipitation over time. The greatest amount

ATT 0.0 C) work well (Figure 7). Finally, all schemes were

of misclassiﬁed precipitation at all but four stations

closely balanced between mass of misclassiﬁed rain and
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misclassiﬁed snow; the ATT 0.0 C was the exception having

observations should therefore reduce the amount of sleet

more misclassiﬁed snow than rain (Figure 8). These extra

observed, a source of error pointed out by Kongoli &

tests did not vary from one scheme to another, giving no

Bland (). The 16% sleet found in this study was higher

reason to question the misclassiﬁed precipitation results.

than expected. A higher temporal resolution such as that

Note that the majority of the misclassiﬁed precipitation

produced by automated meteorological stations could

W

from an ATT of 0.0 C was snow that prevailed in air temp-

reduce the amount of sleet observations. However, when a

eratures warmer than freezing. This would result in runoff

station is ﬁrst changed from manned to automated, caution

being observed later (Davison ) and more sublimation

should be exercised if changes occur in the precipitation

in tree canopies (Lundberg et al. ) than model output

catch (Rohrer & Braun ). After a switch from manual

would suggest.

to automated observations, the ATT in Braun’s ()
W

Swiss Alps study changed by 1.0 C. This might be avoided
Assumption that sleet is 50% snow and 50% rain

by using results of a manual rain/snow threshold study in
the automated observing program.

Instances of sleet appear evenly distributed with a maximum
W

at 1.0 C (Figure 2), the same air temperature as the Swedish
ATT which could be expected. Excluding sleet from the
observed dataset would overlook the importance of the 16%
precipitation mass. Considering sleet to always be half rain
and half snow regardless of air temperature is too simple.
A few studies focus on the ratio of snow to rain in mixed
precipitation and the studies that are available (e.g. Yuter
et al. ) are short term, usually analyzing a single
storm. In a study by Yuter et al. (), radar data found
W

sleet to be prevalent between 0.0 and 1.1 C with a sharp
transition from snow to rain dominance in terms of
W

volume fraction at 0.5 C. This indicates that sleet observations in the colder half of a temperature distribution
(Figure 2, air temperature <1.0 C) should be mostly snow,
W

Gauge under catch
No correction for gauge under catch of precipitation due to
wind errors was performed. These errors can have values
over the range 2–14% for rain and 5–80% for snow (Kokkonen et al. ). The difference in wind error for rain and
snow in air temperatures approaching a TRS should be at
the lower end of possible differences. This is caused by
changes in the shape of the snowﬂake with temperature
(Allerup et al. ) and the density of wet snow becoming
closer to that of rain. Snow missing the gauge will therefore
affect the total amount of snow in model output more than it
will affect the rain/snow threshold.

and the warmer half should be mostly rain.
Feiccabrino et al. () conducted a 20-year climatologi-

Compensating errors in models

cal study comparing SF temperature relationships for sleet
considered all rain, all snow and excluded. Excluding sleet

Improving the PPDS of a model may have undesirable

resulted in SF values: just lower than when sleet was con-

effects on model output if compensating errors from the

sidered all snow for temperatures colder than a TRS; just

replaced PPDS are not also found and adjusted. An

above those for sleet considered all rain in temperatures

erroneous PPDS producing too little snow accumulation

warmer than a TRS; and about halfway between all rain

can be compensated for by means such as neglecting

and all snow at temperatures near the TRS. This agrees

sublimation due to snowdrift, or neglecting snow sublima-

well with the Yuter et al. () study and provides a good

tion in the tree crowns. It can also be compensated for

reason to exclude sleet observations from similar studies.

by a poor description of the air temperature lapse rate
within the basin. This might lead to a situation where, for

Precipitation phase temporal change

example, a runoff model is upgraded with a better PPDS.
However, the modeled runoff might be well off observed

The precipitation phase usually changes quickly from all

measurements if other snowpack processes are not also

snow to all rain or vice versa. Shorter time intervals between

updated.
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CONCLUSION
Of the tested traditional precipitation phase discrimination
schemes, scheme G (a snow probability polynomial) provided the least amount of misclassiﬁed total precipitation
between –1 and 5 C (6.5%) followed closely by scheme D,
W

a two threshold linear decrease in snow fraction between
W

0 and 2 C with (6.9%) misclassiﬁed.
W

A commonly used ATT 0.0 C resulted in the highest
misclassiﬁed precipitation between –1 and 5 C (17%), the
W

largest underestimation of long-term snowfall, and at all
stations more snow was misclassiﬁed as rain than rain misclassiﬁed as snow.
Given the results of this paper and prior studies comparing surface-based precipitation phase discrimination, the use
W

of 0.0 C as an ATT should be avoided with the possible exception of studies in mountainous terrain (e.g. Motoyama ).
The relatively small change in yearly snowfall and the
close balance between rain and snow errors suggests that
any of the traditional precipitation phase discrimination
W

schemes (with the exception of the ATT 0.0 C) could be
used with conﬁdence in models requiring seasonal or
yearly snowfall information.

ACKNOWLEDGEMENTS
This study was initiated as a senior design project in hydrology
at LTU and was then co-funded by the Swedish Science
Council under the project ‘Global climate models: Snow
forest processes and the project distributed measurement
systems for improved snow and runoff prognoses: Integration
into hydrological models’, supported by Elforsk Hydrological
development within the hydropower industry (HUVA) and
the Swedish Hydropower Center (SVC).

REFERENCES
Allerup, P., Madsen, H. & Vejen, F.  A comprehensive model
for correcting point precipitation. Nordic Hydrology 28, 1–20.
Anderson, E. A.  National Weather Service River Forecast
System: Snow accumulation and ablation model. NOAA
Technical Memorandum NWS HYDRO-17, US Department
of Congress, Silver Spring, MD.

Downloaded from http://iwaponline.com/hr/article-pdf/44/1/44/370187/44.pdf
by guest

Hydrology Research

|

44.1

|

2013

Aoalgeirsdottir, G., Johannesson, T., Björnsson, H., Palsson, F. &
Sigurosson, O.  Response of Hofsjökull and southern
Vatnajökull, Iceland, to climate change. Journal of
Geophysical Research 111, 1–15.
Auer Jr., A. H.  The rain versus snow threshold temperatures.
Weatherwise 27, 67.
Bartlett, P. A., MacKay, M. D. & Verseghy, D. L.  Modiﬁed
snow algorithms in the Canadian land surface scheme: model
runs and sensitivity analysis at three boreal forest stands.
Atmosphere-Ocean 43 (3), 207–222.
Baun, S. D.  Frequency mapping of maximum water
equivalent of March snow cover over Minnesota and the
Eastern Dakotas, NWS CR Tech Memo CR-113.
Braun, L. N.  Modeling of the snow-water equivalent in the
mountain environment. In: Snow in Hydrology and Forests in
High Alpine Areas (H. Bergmann, H. Lang, W. Frey, D. Issler
& B. Salm, eds). Proceedings of the Vienna Symposium,
August 1991, IAHS Publ., 205, pp. 3–17.
Calder, I. R.  Evaporation in the Uplands. John Wiley and
Sons, Chichester, UK.
Coughlan, J. C. & Running, S. W.  Regional ecosystem simulation:
a general model for simulating snow accumulation and melt in
mountainous terrain. Landscape Ecology 12 (3), 119–136.
Daly, S. F., Davis, R., Ochs, E. & Pangburn, T.  An approach
to spatially distributed snow modeling of the Sacramento and
San Joaquin basins, California. Hydrological Processes 14
(18), 3257–3271.
Davis, R. E., Lowit, M. B., Knappenberger, P. C. & Legates, D. R. 
A climatology of snowfall-temperature relationships in Canada.
Journal of Geophysical Research 104 (D10), 11985–11994.
Davison, B.  Snow Accumulation in a Distributed
Hydrological Model. Master of Applied Sciences Thesis,
University of Waterloo.
Döll, P., Kaspar, F. & Lehner, B.  A global hydrological model
for deriving water availability indicators: model tuning and
validation. Journal of Hydrology 270, 105–134.
Fassnacht, S. R., Kouwen, N. & Soulis, E. D.  Surface
temperature adjustments to improve weather radar
representation of multi-temporal winter precipitation
accumulations. Journal of Hydrology 253, 148–168.
Feiccabrino, J. & Lundberg, A.  Precipitation phase
discrimination by dew point and air temperature.
Proceedings from the Western Snow Conference, Kona, HI,
April 16–19, pp. 141–145.
Feiccabrino, J. & Lundberg, A.  Precipitation phase
discrimination in Sweden. Proceedings of 65th Eastern Snow
Conference, Fairlee (Lake Morey), Vermont, USA, May 2008,
pp. 239–254.
Feiccabrino, J., Gustafsson, D. & Lundberg, A.  Improving surface
based precipitation phase determination through air mass
boundary identiﬁcation. Hydrology Research 43 (3), 179–191.
Frankenstein, S. & Koenig, G. G.  Fast all-season soil strength
(FASST) model. US Engineer Research and Development
Center, Cold Regions Research and Engineering Laboratory,
Hanover, NH, ERDC/CRREL, Special Report SR-04-1.

57

J. Feiccabrino et al.

|

Surface-based precipitation phase determination methods in hydrological models

Fuchs, T., Rapp, J., Rubel, F. & Rudolf, B.  Correction of
synoptic precipitation observations due to systematic
measuring errors with special regard to precipitation phases.
Physics and Chemistry of the Earth, Part B 26 (9), 689–693.
Gusev, Y. M. & Nasonova, O. N.  The land surface
parameterization scheme SWAP: description and partial
validation. Global and Planetary Change 19, 63–86.
Hay, L. E. & McCabe, G. J.  Hydrologic effects of climate change
in the Yukon River Basin. Climatic Change 100, 509–523.
Hirabayashi, Y., Kanae, S., Motoya, K., Masuda, K. & Döll, P. 
A 59-year (1948–2006) global meteorological forcing data set
for land surface models. Part II: Global snowfall estimation.
Hydrological Research Letters 2, 65–69.
Hottelet, C., Blazkova, S. & Bicik, M.  Application of the ETH
snow model to three basins of different character in central
Europe. Nordic Hydrology 25, 113–128.
Kienzle, S. W.  A new temperature based method to separate
rain and snow. Hydrological Processes 22, 5067–5085.
Kokkonen, T., Koivusalo, H., Jakeman, A. & Norton, J. 
Construction of a Degree-day Snow Model in the Light of the
‘Ten Iterative Steps in Model Development’. Proceedings of
the iEMSs Third Biennial Meeting: Summit on
Environmental Modelling and Software. International
Environmental Modelling and Software Society, Burlington,
USA, July 2006. Available at: http://www.iemss.org/
iemss2006/papers/w4/Kokkonen.pdf.
Kongoli, C. E. & Bland, W. L.  Long-term snow depth
simulations using a modiﬁed atmosphere-land exchange
model. Agricultural and Forest Meteorology 104 (4), 273–287.
Lundberg, A., Nakai, Y., Thunehed, H. & Halldin, S.  Snow
accumulation in forests from ground and remote-sensing
data. Hydrological Processes 18 (10), 1941–1955.
Marshall, S., Roads, J. O. & Glatzmaier, G.  Snow hydrology in
a general circulation model. Journal of Climate 7, 1251–1269.
Motoyama, H.  Simulations of seasonal snowcover based on
air temperature and precipitation. Journal of Applied
Meteorology 29, 1104–1110.
Nakai, Y.  An Observational Study on Evaporation from
Intercepted Snow on Forest Canopies. PhD Thesis,
Department of Agriculture, Kyoto University, Kyoto, Japan.
Pomeroy, J. W., Gray, D. M., Shook, K. R., Toth, B., Essery,
R. L. H., Pietroniro, A. & Hedstrom, N.  An evaluation of
snow accumulation and ablation processes for land surface
modeling. Hydrological Processes 12, 2339–2367.
Pomeroy, J. W., Gray, D. M., Brown, T., Hedstrom, N. R., Quinton,
W. L., Granger, R. J. & Carey, S. K.  The cold regions
hydrological model: a platform for basing process
representation and model structure on physical evidence.
Hydrological Processes 21, 2650–2667.
Reed, S., King, S., Koren, V., Smith, M., Zhang, Z. & Wang, D.
 Parameterization assistance for NWS hydrology models
using ArcView. Available from: http://proceedings.esri.com/

Hydrology Research

44.1

|

2013

library/userconf/proc01/professional/papers/pap1082/
p1082.htm (accessed July 2012).
Rohrer, M. B. & Braun, L. N.  Long-term records of snow
cover water equivalent in the Swiss Alps 2. Simulation.
Nordic Hydrology 25, 65–78.
Ruddell, A. R., Budd, W. F., Smith, I. N., Keage, P. L. & Jones, R.
 The southeast Australian alpine climate study. Report of
the Department of Meteorology, University of Melbourne.
Sælthun, N. R.  The ‘Nordic’ HBV-model. Description and
Documentation of the Model Version Developed for the Project
Climate Change and Energy Production. NVE, 7. Norwegian
Water Resources and Energy Administration, Oslo.
Schreider, S. Y., Whetton, P. H., Jakeman, A. J. & Pittlock, A. B.
 Runoff modeling for snow-affected catchments in the
Australian alpine region, eastern Victoria. Journal of
Hydrology 200, 1–23.
Sellers, P. J., Mintz, Y., Sud, Y. C. & Dalcher, A.  A simple
biosphere model (SiB) for use within general circulation
models. Journal of the Atmospheric Sciences 43, 505–531.
Seppänen, M.  On the quantity of snow loading on branches of
trees in pine dominated forest on January 16, 1959, during the
time of snow destructions in Finland. Bulletin of the
International Association of Scientiﬁc Hydrology 48, 245–247.
Shmakin, A. B.  The updated version of SPONSOR land
surface scheme: PILPS-inﬂuenced improvements. Global
and Planetary Change 19, 49–62.
Smirnova, T. G., Brown, J. M., Benjamin, S. G. & Dongsoo, K.
 Parameterization of cold-season processes in the MAPS
land-surface scheme. Journal of Geophysical Research 105,
4077–4086.
Tarboton, D. G. & Luce, C. H.  Utah energy balance snow
accumulation and melt model (UEB), computer model
technical description and user’s guide. Available from: http://
www.fs.fed.us/rm/boise/publications/watershed/
rmrs_1996_tarbotond001.pdf (accessed July 2012).
USACE (US Army Corps of Engineers)  Snow hydrology:
summary report of the snow investigations. North Paciﬁc
Division, Portland, OR.
Vertenstein, M., Oleson, K., Levis, S. & Hoffman, F.  Community
land model version 3.0 (CLM3.0) user’s guide. Tech Rep,
National Center for Atmospheric Research, Boulder, CO.
Yang, Z. L., Dickinson, R. E., Robock, A. & Vinnikov, K. Y. 
Validation of the snow submodel of the biosphere-atmosphere
transfer scheme with Russian snow cover and meteorological
observational data. Journal of Climate 10, 353–373.
Yuter, S. E., Kingsmill, D., Nance, L. B. & Löfﬂer-Mang, M. 
Observations of precipitation size and fall speed
characteristics within coexisting rain and wet snow. Journal
of Applied Meteorology Climatology 45, 1450–1464.
Zanotti, F., Endrizzi, S., Bertoldi, G. & Rigon, R.  The
GEOTOP snow module. Hydrological Processes 18,
3667–3679.

First received 31 October 2011; accepted in revised form 22 May 2012. Available online 31 July 2012

Downloaded from http://iwaponline.com/hr/article-pdf/44/1/44/370187/44.pdf
by guest

|

