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Ab stract—The ob ject un der study is the blow ing snow, i.e., the trans port of snow lifted from the snow
sur face. The method is de scribed for pre dict ing the blow ing snow ini ti a tion us ing the out put data of the
WRF-ARW nu mer i cal at mo spheric model. The skill scores are pre sented for the fore casts for Jan u ary
2013 cal cu lated from data of 10 sta tions of the Ca na dian weather ob ser va tion net work.
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IN TRO DUC TION

The prob lem of in ves ti ga tion and phys i cal mod el ing of snow drift ing is es pe cially ur gent for north ern
regions where the cold period is long. If wind speed is high, the bliz zard is a se vere weather event which
can cause great dam age. The av er age bliz zard du ra tion in the Eu ro pean part of Rus sia is about 30 days per
year. In tense bliz zards can form snow drifts which block trans port routes. Bliz zards sweep snow away from
fields and lead to their de hy dra tion. On the con trary, ex ces sive snow drifts slow down the snow melt ing.
The bliz zard-induced re dis tri bu tion of snow cover in moun tain and piedmont re gions leads to the ac cu mu -
la tion of the great ad di tional vol ume of snow in the near-ridge zones of moun tain ranges. In many cases,
this re sults in the ac ti va tion of snow av a lanches and mudflows. Bliz zards make es sen tial con tri bu tion to the 
re dis tri bu tion of pol lut ants in the at mo sphere and on the un der ly ing sur face and, per haps, to the
radionuclide trans port. 

There is no mod ern nu mer i cal method for the snow drift ing pre dic tion in Rus sian prac tice. The lat est
com pu ta tional method for the bliz zard fore cast was de vel oped in 1989 [7]. In re cent 25 years, the char ac ter -
is tics of fore cast ing mod els and com put ers have changed con sid er ably. 

The nu mer i cal weather pre dic tion meth ods used in Rus sia do not con sider the blow ing snow as a sep a -
rate fore casted ob ject. The pres ent pa per pro poses a method for the snow drift ing pre dic tion based on the
mesoscale model out puts. 

The bliz zard is a com plex nat u ral phe nom e non. The wind flow in clud ing snow be haves in a way dif fer -
ing from that for the pure air flow, be cause snow flakes af fect wind speed and re duce tur bu lence in the lower
at mo spheric lay ers. When wind reaches a cer tain speed in the sur face layer, ground snow starts mov ing that 
leads to the blow ing snow for ma tion. Snow flakes hit the snow sur face, de struct it, and make new par ti cle
masses move. 

When pre dict ing bliz zards, great at ten tion is tra di tion ally paid to reg u lar bliz zards, i.e., to the bliz zards
ac com pa nied by snow fall. The fore cast of reg u lar bliz zards par tic u larly de pends on the fore cast of solid
pre cip i ta tion. The ob ject of the pres ent study is the blow ing snow, i.e., the snow drift ing from the sur face. 

The ob jec tive of the pres ent pa per is to fore cast the blow ing snow oc cur rence (with the sub se quent ver i -
fi ca tion of the fore cast) us ing the out put data of the nu mer i cal at mo spheric model. To pre dict the snow
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drift ing, it is ex tremely im por tant to de ter mine a thresh old wind speed whose ex ceed ing ini ti ates the blow -
ing snow. The sci en tific lit er a ture sug gests sev eral ap proaches to its de ter mi na tion [5, 11, 13]. All ex ist ing
meth ods for the pre dic tion of crit i cal wind speed come to the de ter mi na tion of the value of ve loc ity (fric tion 
ve loc ity or wind speed at a cer tain height) at the spec i fied snow sur face con di tions.

A CRI TE RION FOR THE BLOWING SNOW INI TI A TION

To diagnose and to forecast the blizzard initiation, it is important to determine favorable meteorological
conditions for the beginning of the snowflake lift. The snow cover presence is required for the blowing
snow development. In our case, the criterion is the presence of snow cover with the depth of >0.1 m. If
snow depth is smaller, the snow cover is mosaic (with high probability) and the amount of snow may be
insufficient to saturate the lower atmospheric layer with suspended snow particles. The value of 2-m
temperature equal to –1°C was taken as the critical one. The blowing snow at the temperature above –1°C
is a rather rare event. 

The au thors of [1] com pared three for mu lae for com put ing crit i cal wind speed whose ex ceed ing ini ti ates 
the blow ing snow. As a re sult, the most suc cess ful method for this char ac ter is tic was iden ti fied. The se -
lected method pre sup poses that air tem per a ture is a pre dic tor of snow cover pa ram e ters. The ob ser va tions
con ducted by Ca na dian spe cial ists [11, 12] re vealed that the wind speed needed to start the blow ing snow
de pends on air tem per a ture. 

The lower air tem per a ture is, the lower wind speed is suf fi cient to lift snow par ti cles to the air. In deed,
on av er age, the lower tem per a ture is, the smaller snow den sity and snow wa ter equiv a lent are. Solid pre cip -
i ta tion at the tem per a ture be low –20°C al most guar an tees dry fluffy snow. How ever, at lower tem per a ture
the meta mor phism pro cesses lead ing to snow firnification are ac ti vated within the snow cover. Ac cord ing
to [11], the ac tive meta mor phism starts at tem per a ture be low –27.27°C. Hence, at the fur ther tem per a ture
drop, wind speed re quired for the bliz zard ini ti a tion in creases. The wind speed of about 7 m/s is taken as the 
min i mal speed for the snow drift ing ini ti a tion. At this wind speed, the bliz zard will start only in the most fa -
vor able con di tions, at the min i mum snow den sity. It is as sumed that such con di tions cor re spond to the tem -
per a ture of –27.27°C. 

The de rived dependences of a threshold wind speed on air tem per a ture may be nu mer i cally ex pressed
through the fol low ing re la tion ship [11]:

U a b T cth = + +( )2 (1)

where a, b, and c are the constants equal to 6.975 m/s, 0.0033 m/s °C, and 27.27°C, respectively.
The phys i cal sense of the con stants a and c is de scribed above. The con stant b is the sim i lar ity cri te rion

for the wind speed in crease de pend ing on tem per a ture. 

WRF-ARW MODEL CON FIG U RA TION 

The pres ent study uti lizes WRF-ARW model fore casts as in puts for the bliz zard fore cast al go rithm. This 
model is one of the best and most widely used in the world. It proved to be good for solv ing sci en tific and
ap plied prob lems and is con ve nient in use [4].

To solve the for mu lated prob lem, ob ser va tional data on the blow ing snow are needed. Un for tu nately,
the qual ity of bliz zard ob ser va tions at the Rus sian weather sta tion net work is quite low that ham pers their
use. In situ mea sure ment data con tain great num ber of gaps and er rors. For ex am ple, the anal y sis of data for 
win ter 2012/13 re vealed that about 10 cases of blow ing snow were reg is tered in the whole Eu ro pean part of
Rus sia that is ob vi ously not true. There fore, it was de cided to use data from the Ca na dian weather net work.
The ter ri tory of Can ada was cho sen as an area for test ing the pro posed method of blow ing snow pre dic tion.
The data from 10 sta tions (lo cated in Sas katch e wan, On tario, and Man i toba prov inces) for Jan u ary 2013
were used for ver i fi ca tion (see the fig ure). Hourly ob ser va tional data were uti lized, the weather type was
de ter mined for each ob ser va tion time. The to tal du ra tion of blow ing snow dur ing the men tioned pe riod for
all sta tions is 246 hours. 

The series of experiments with the WRF-ARW model using the nested grids with the spacing of 18 and
6 km were conducted to get input data for the implementation of the numerical algorithm for the blowing
snow forecast (see the figure). The model was run for 36 hours, the results of simulation for the first 12 hours
were not taken into account (calculations were conducted for the initial time of 12:00 for every day of
January starting from 12:00 on December 31). Thus, 31 forecasts were obtained for January 2013. The
results of the experiments based on the 6-km grid were used for the further research. 
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The ac cu racy of the di ag no sis and pre dic tion of blow ing snow di rectly de pends on the qual ity of
WRF-ARW fore casts. There fore, it is im por tant to de ter mine the most suit able con fig u ra tion of the
WRF-ARW model tak ing into ac count the spe cific fea tures of fore cast ing snow cover char ac ter is tics and
sim u lat ing at mo spheric con di tions for the cold sea son. Ac cord ing to the re sults of WRF-ARW model fore -
cast qual ity im prove ment [3, 15], the po lar ver sion of the model was used. Convection, cloud micro-
physics, plan e tary bound ary layer pro cesses, and pro cesses on the un der ly ing sur face were parameterized
ac cord ing to [8], [14], [9], and [10], re spec tively. The MODIS da ta base with the res o lu tion of 0.5° was used 
to de scribe the un der ly ing sur face char ac ter is tics for the an a lyzed ter ri tory. The fields of the GFS global
model (USA) with the spa tial res o lu tion of 0.5° and tem po ral res o lu tion of 6 hours were used as ini tial and
bound ary con di tions for WRF-ARW in all ex per i ments.

Table 1 presents average skill scores for the forecasts of 10-m wind speed (U, m/s), 2-m air temperature
(T, °C), and 2-m relative air humidity (H, %) based on WRF-ARW. The forecasts with the spatial
resolution of 6 km were verified for January 1–31, 2013. The mean absolute error MID, error time
dispersion DISP, and correlation between the series of observations and forecasts CORR for the lead times
of 12 and 36 hours were computed. The value of dispersion was found from the formula 

DISP = 
( )x x

n

-

-

å m
2

1
(2)

where n is the sample size, (x – xm) is the deviation of each value from the mean. The unit of dispersion
corresponds to the squared unit of the variable it is calculated for. 

The re sults of ver i fi ca tion for the fore casts of ma jor me te o ro log i cal pa ram e ters are quite sat is fac tory.
The prac tice of us ing mesoscale mod els [1, 2] dem on strated that the ob tained fore cast er rors are among the
least ones. Thus, the WRF-ARW fore cast qual ity al lows us ing WRF-ARW out puts (tem per a ture, hu mid ity, 
and wind) as in puts for the blow ing snow pre dic tion. 

VER I FI CA TION OF INI TI A TION AND DU RA TION OF BLOWING SNOW

In Jan u ary 2013, 48 cases of blow ing snow of var i ous du ra tion val ues were ob served at 10 Ca na dian
weather sta tions; their to tal du ra tion was 246 hours. The fol low ing as sump tion was used to eval u ate the
qual ity of bliz zard ini ti a tion di ag no sis. The bliz zard oc cur rence was con sid ered ac cu rately pre dicted if the
time dif fer ence Dt be tween the blow ing snow ini ti a tion iden ti fied from ex per i men tal and ob ser va tional data 
was £3 hours. As a re sult, 42 of 48 blow ing snow events were pre dicted cor rectly, six events were not pre -
dicted, 12 events were falsely pre dicted. 

To as sess the qual ity of blow ing snow du ra tion sim u la tion, three gra da tions were uti lized: the sim u lated
blow ing snow du ra tion dif fers from the ob served one by not more than ±30% (the first gra da tion), by not
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Computational domain of the WRF-ARW model. The location of Canadian weather stations is shown with black dots. The
color scale describes elevation above the sea level.



more than ±60% (the sec ond gra da tion); the third gra da tion in cludes all other cases. The skill scores for the
fore casts of blow ing snow du ra tion are the fol low ing:

Dt pr , %
Number of forecasts

£ ±30
28

±( – )31 60
8

> ±60
6

The du ra tion of 28 of 42 cor rectly pre dicted bliz zards dif fered from the ob served du ra tion by not more
than 30%. Only for six fore casts the du ra tion of snow drift ing con sid er ably dif fers from that reg is tered at
the sta tion. The anal y sis of model data re veals a slight trend to wards the un der es ti ma tion of blow ing snow
du ra tion. In 64% of cases, the sim u lated bliz zard du ra tion is shorter than the ac tual one. 

Ta ble 2 pres ents the con tin gency ta ble which in di cates the de gree of ef fi ciency of the method for the
blowing snow oc cur rence forecast. In this case, the fore casts of bliz zard ini ti a tion were ver i fied ev ery hour.
If the blow ing snow was pre dicted and ob served dur ing a spe cific hour, the fore cast was con sid ered ac cu -
rate. In to tal, 7440 ob ser va tions were con ducted at 10 sta tions in Jan u ary 2013. 

To ver ify the blow ing snow oc cur rence fore casts, the fol low ing scores were cal cu lated in ac cor dance to
the meth od olog i cal in struc tions [6]:

—the ac cu racy of the blowing snow oc cur rence fore cast:

AOF = 
n

n
11

10

100´ , (3)

—the hit rate of the blowing snow oc cur rence fore cast:

HR = 
n

n
11

01

100´ , (4)

—the Pierce–Obukhov score:

POS = 
n

n

n

n
11

01

12

02

- , (5)

— the Bagrov score:

BS = 
TA    ARF

1    ARF

-

-
, (6)
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Table 1. The skill scores for the WRF-ARW forecasts of wind speed, air temperature, and relative humidity
averaged over 10 weather stations

Parameter MID DISP CORR

Lead time is 12 hours

U, m/s
T, °C
H, %

1.5
2.3

10    

1.3
3.4

40    

0.7
0.8
0.6

Lead time is 36 hours

U, m/s
T, °C
H, %

1.8
2.1

12    

1.8
3.2

48    

0.7
0.8
0.6

Table 2. The contingency table for the blowing snow forecasts for January 2013 at 10 Canadian weather stations

Forecast 
Observation

Blowing snow No blowing snow Total

Blowing snow
No blowing snow
Total

n11 = 174
n21 = 83
n01 = 257

n12 = 72
n22 = 7111
n02 = 7183

n10 = 246
n20 = 7194
n00 = 7440



—the ac cu racy of ran dom fore casts:

ARF = 
m m

n
m

n n

n
m

n n

n
1 2

00

1
10 01

00

2
20 02

00

+
= =, , , (7)

—the to tal ac cu racy: 

TA = 
n n

n
11 22

00

100
+

´ . (8)

Here, n11 is the number of accurate forecasts of the blowing snow; n22 is the number of accurate forecasts 
of the blowing snow absence; n01 is the number of cases with the blowing snow; n02 is the number of cases
without the blowing snow; n10 is the number of the blowing snow occurrence forecasts; n20 is the number of 
the blowing snow absence forecasts; n12 is the number of inaccurate forecasts of the blowing snow
occurrence; n00 is the total number of forecasts of occurrence and absence of the blowing snow for the
analyzed sample (see Table 2).

The resulting skill scores for the forecasts of the blowing snow occurrence are rather high: the
Pierce–Obukhov score is 0.61, the Bagrov score is 0.67. As given in the methodological instructions [6],
the forecasts where BS > 0.33 are reliable. To assess the forecast efficiency, it is recommended [6] to use
the total score of accuracy and hit rate of the event occurrence. It is calculated as a sum of the accuracy
and hit rate of the event occurrence and, hence, its maximal value is equal to 200%. According to [6], if the
value of the total score is above 130% the forecast quality is satisfactory. This score for the blowing snow
occurrence forecast is 142%. Thus, according to all forecast skill scores, the blowing snow occurrence
forecast based on the proposed algorithm can be considered successful. 
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