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Instead of «ground truth» precipitation, rain gauges at meteorological stations estimate a function of several variables. In addition to precipitation, these
variables include temperature, wind, humidity, gauge type, state of the gauge exposure, and observational practices. Their impact and changes hamper our
efforts to estimate precipitation changes alone. For example, wind-induced negative biases for snowfall measurements are higher than for other precipita-
tion types and a redistribution of these types during regional warming can cause an artificial increase in measured precipitation. In such conditions, the only
way to properly estimate actual climatic changes of precipitation would be a use of precipitation time series that are corrected for all known systematic biases.
Methodology of such corrections has been developed and recently implemented for Northern Eurasia for the past 50+ years (up to 2010). With the focus
on Russia, we assess differences that emerge when officially reported precipitation in the cold season is compared to corrected precipitation time series at
the same network. It is shown that conclusions about trend patterns over the country are quite different when all sources of inhomogeneity of precipitation
time series are removed and impact of all factors unrelated to the precipitation process are accounted for. In particular, we do not see statistically significant
increases of the cold season precipitation over most of the Russian Federation and in Arctic Asia it significantly decreases.

Introduction

In all scenarios of the future climate changes associ-
ated with anthropogenic greenhouse warming, contem-
porary climate models project an increase in the cold
season precipitation in high latitudes [29, 30]. This in-
crease is associated with (a) the Arctic sea ice retreat/
thinning and thus the availability of additional source of
water vapor for the polar atmosphere and (b) a general
tropospheric warming (strongest in the cold season in the
high latitudes) that permits a higher water vapor holding
by the atmosphere. Our confidence in these model sce-
narios increases when climatologies and trends are sup-
ported by in situ precipitation data. This raises a cred-
ibility issue for the precipitation observations that are
extremely difficult to measure, especially for the solid
form of precipitation [23, 31]. Recently a suite of algo-

rithms was developed in the Voeikov Main Geophysical
Observatory (VMGO) and implemented independently
in Russia and the United States that allows accounting
for all known measurement rain gauge biases over the
former USSR [3—6, 17, 35]. In this paper, we shall com-
pare reported cold season precipitation observations to
those delivered by VM GO procedures and assess the dif-
ferences in climatology and trends when reported data
are used instead of bias-corrected precipitation.

Approach

We shall focus on two major types of snow events
that generate the largest confusion in assessments of
precipitation changes in high latitudes.

The first type of snow event is that falling in the
shoulder seasons when surface air temperature is not
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far from 0 °C. Frequently, these are intense storms sub-
stantially contributing to the cold season precipitation
totals. With regional warming in the same months, the
composition of precipitation from these storms may
change from more frequent frozen forms (snowfall) to
more liquid or mixed forms (rainfall, sleet). The abil-
ity of all contemporary rain gauges to catch the last two
forms of precipitation is much better than for snowfall
and, therefore, they report increasing trends in observed
precipitation totals that are artificial, being a function
of earlier (in spring) or later (in autumn) transitions be-
tween different precipitation forms. This phenomenon
was first reported for northern Norway [22] and we
shall quantify it for the entire Russia up to 2010.

The second type of snow event is that falling during
storms accompanied by strong winds, especially those
causing flurries and blowing snow. Rain gauge measure-
ments in these events are compromised in two ways. First,
strong winds reduce significantly the snow amount in-
side the gauge that can report as low as 20—30% of the
«ground truth» precipitation. Second, when strong winds
cause snow to blow above the gauge orifice, gauges can
catch false precipitation. Contemporary gauge construc-
tions prevent snow from leaving its bucket and measure-
ment overcatch occurs that may significantly overesti-
mate the «ground truth» precipitation totals over open
terrain of tundra, steppe, and in the vicinity of the air-
ports (where most of modern meteorological stations re-
side). The VM GO technique accounts for these events
(although with understandable random errors). Howev-
er, when climatic changes include the changes in the near
surface wind speed (cf., [7, 12, 14, 25]), systematic tem-
poral biases are introduced to the observed precipitation
measurements in the middle of the cold season. At that
time of the year the relative biases (in percent of ground
truth) in the observed precipitation are especially high.

Data

In this study, we employ two data sets, each of which
includes observed and bias-corrected precipitation for
Northern Eurasia. The first data set includes daily ob-
servations of 2095 stations [34, 35] for the period of ob-
servations up to 2000 (Russia) and up to 1991 (other
countries of the former Soviet Union). The second data
set includes daily and monthly precipitation data of
457 stations of the Russian Federation for the 1936—
2010 period [41]. In both data sets the original observa-
tions were received from the World Data Center B for
Hydrometeorology at Obninsk, Russia. The first data
set has not been updated to present. Therefore, below
we are using it only in climatological assessments. It has,
however, the advantage of a larger spatial data extent

(includes daily precipitation data for other 14 Newly In-
dependent States prior to 1991) and its network for the
Russian Federation is denser than the currently avail-
able stations in the second network [19, 41]. It is worth-
while to mention that the reduction in the former USSR
meteorological network began earlier than in the 1990s,
and in the peak of the precipitation network density in
the USSR, climatologists had access to the data of more
than 11,000 rain gauges (cf., [13, 15]).

Another important difference between NCDC and
VMGO data sets is that the former archive has a separate
raw daily precipitation observations, P, that have never
been corrected while the latter archive has so-called re-
ported daily observations, P4, that incorporate rough
«wetting» corrections since 1966 up to date (cf., [37]).
These «wetting» corrections were supposed to account
for moisture left unaccounted on the gauge funnel and
bucket walls during the measuring process. In 1966, ob-
servers were instructed to add 0.2 mm to each non-ze-
ro precipitation measurement and report the total as
new «observed» totals. Since January 1967, the instruc-
tion for frozen precipitation measurements was changed
again and the wetting correction for them was reduced
to +0.1 mm. Contemporary advance correction meth-
ods employ variable wetting corrections and, therefore,
require removal of old wetting corrections (cf., [4]).
P, 1966 can be easily converted into P, in the sub-daily
time series. However, for the daily totals this conversion
requires additional assumptions (cf., [24]).

Bias corrections of measured precipitation
and their temporal changes

The bias-correction algorithm is thoroughly de-
scribed in [3, 6, 10, 17]. Therefore, below we provide
only a few of its formulae and a brief description of the
reasons why these corrections are changing with time.
Their absence in the observed data introduces artificial
time-dependent inhomogeneities that overlay upon the
ongoing climatic changes in the hydrological cycle of
Northern Eurasia and may hide and/or exaggerate them
misleading the users of this information.

Bias-corrected precipitation values, P, can be gen-
erated from observed P, for each synoptic period of ob-
servation (currently, half day totals for most of the RF)
using the following formula:

P:K(P0+Padd_Pblow)7 (l)

where K, wind correction factor, is a function of precipi-
tation type (solid, frozen, or mixed), near-surface air den-
sity, and wind speed at the gauge orifice during the period
of precipitation; the last depends upon the measured wind
speed (in Northern Eurasia it is usually measured, at 10 m
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above the ground), the gauge exposure to the wind move-
ment, and of the gauge aerodynamic properties (includ-
ing the wind shield type). In Northern Eurasia, K values
vary in the range from 1 to 2.5. Below we present the for-
mula for K calculation borrowed from [3, 17]:

the coefficient Kis calculated using the formula
K=1+A,u2U/2, 2)
where A, is a gauge-specific empirical dimensionless
parameter, depending on the gauge aerodynamic fea-
tures and equilibrium velocity of the falling precipita-
tion particles (the values of A4, for different types of pre-
cipitation and different air temperatures varied from
0.004 for rain and drizzle with temperatures above 2 °C
to 0.033 for snow); u is a coefficient of transfer from air
density under the standard atmospheric conditions to
the density under the actual conditions; and U, is the
wind speed (m s™!) at the height of the gauge orifice
during precipitation. The coefficient u is given by

w=0.273P2/[(273 + t,)(Pa + 0.4e,)], 3)

where P, is the atmospheric pressure (hPa) at the sta-
tion; ¢, is the air temperature (°C); and e,, is the partial
pressure (hPa) of water vapor.

Wind speed U, at the gauge orifice height # (m)
during precipitation is obtained from
Uy = Uy X m(A)In[(h — hy)/zyl/In[(H — hy)/z], (4)
where Uy, is the wind speed (m s™!) at the height of the
standard wind-measuring device during precipitation;
m(A) is a coefficient characterizing the distortion of the
logarithmic wind profile due to various obstacles sur-
rounding the precipitation gauge; H is the height (m) of
the wind measuring device; A, is the snow-cover
depth (m) at the station; g, is the roughness parameter
of the land surface around the gauge (for continuous
snow cover g, = 0.01 m; for the grass and patchy land-
scape, when snow covers less than a half of surround-
ings, z, = 0.03 m).

The coefficient m(A) is [23]

m(A) = 1 — 0.0244(A), 5)

where @&(A) is the vertical angle from the rain gauge orifice
to the top of the highest of the obstacles located less than
300 m from the gauge in the wind direction (4, degree).
In Northern Eurasia a volumetric precipitation mea-
surement technique is employed when the rain gauge
bucket content is emptied into the gauge measuring glass.
Accordingly, correction P, is a cumulative correction
for precipitation that did not reach this glass. It includes
precipitation that evaporated from the gauge before the
cessation, was left on the gauge funnel and bucket walls,
and was reported but was too small to be measurable
(traces). This correction depends upon the number of

measurements per day, atmospheric humidity, tempera-
ture, gauge type and precipitation type. Its relative values
(in % of P) vary from —5% to +20%. P, is a cumulative
correction for precipitation that was blown up into the air
from the ground during blowing snow events and bliz-
zards that ended up in the gauges and stayed there (being
caught) up to the cessation. Blowing snow and blizzard
events are widespread over Northern Eurasia in the cold
season [35, 36] but only in the windy open sites do they
play an important role and their absence can double the
«observed» cold season precipitation [3, 4, 17].

Under very strong winds, blowing snow and blizzards
become less distinct. Moreover, during a strong bliz-
zard, it is practically impossible to determine whether the
snow falls from the clouds or is raised from the surface
of the snow cover by the wind, or whether both process
are occurring simultaneously. Therefore, for strong snow
storms with Uy > 10 m s™! and the presence of snow on
the ground the correcting algorithm (1) through (5) is
amended with a special case formula [3, 17]:

(6)

where Jp is a long-term mean monthly precipitation in-
tensity calculated at a given station for wind speeds
lower than 10 m s™! and T, is the observed duration of
blizzard precipitation during a given time interval. In
these cases, precipitation measured by rain gauge is not
taken into account.

Keeping in mind, that P, and P, 44 are not observed
during each synoptic observing time (that is now every
three hours and prior to 1966 four times per day, while at
present precipitation totals are reported twice a day over
most of the Russian Federation), the variables that were
observed more frequently (wind, temperature, humidity,
atmospheric pressure) in the above formulae are aver-
aged over the interval between precipitation observations
using Simpson formula. This brief description indicates
that while all processes that cause biases in precipitation
measurements are well-known and studied in hundreds
of papers (cf., [9, 10, 23, 37]), the actual implementa-
tion of bias-correction routines is extremely laborious. It
requires for each gauge site a near-complete set of syn-
optic information, physical description of the meteoro-
logical ground and its neighborhood, and information
about the history of observational practice and instru-
mentation. Frequently, in operational practice this in-
formation is not available and bias-corrections are re-
placed by simplified routines or are not used at all.

Since the early 1950s, there was only one major
type of Russian precipitation gauge equipped with Tre-
tiakov wind shield [15, 23]. The rain gauge orifices are
elevated 2 meters above the ground. Therefore, while

P=Jpxt,
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wind shields are specifically designed to reduce the
wind impact on the gauge catch, wind-induced turbu-
lence around the gauge orifice prevents entry to a frac-
tion of light raindrops (drizzle) and to a larger fraction
of snowflakes through the measuring gauge funnel. This
turbulence causes a «wind undercatch». Thus, changes
in wind speed around the gauge orifice (natural, or due
to changes of the wind exposure of the gauge) may cre-
ate inhomogeneity of the measurements unrelated to
the precipitation process. This inhomogeneity in the
cold season can be very high at the stations well exposed
to the wind. Additionally, the homogeneity of precipi-
tation measurements is affected by a necessity to intro-
duce additive corrections (P,;,) to account for wetting
and evaporation and for trace precipitation handling,
each of which in turn depends upon precipitation type,
atmospheric humidity, and the number of measure-
ments per day. These corrections were changed with
time. Prior to 1966, no additive corrections were intro-
duced to the observations; after 1966 mentioned above
«wetting» corrections were inserted into each measure-
ment. The number of precipitation measurements per
day changed in 1936 (from one per day to two per day),
in 1966 (from two per day to four per day), and again in
1984 back to two per day over most of the former USSR
except for the second time zone where it has remained
four per day (most of European Russia belongs to this
time zone). Finally, during the blowing snow events in
open locations with strong winds (coastal areas, tun-
dra and steppe zones), gauges can catch (and keep) the
snow that was blown from the ground (instead of the
skies). This «overcatch» (P,;,,) must be accounted for
and removed from observations too. With changes in
temperature and wind at individual meteorological sta-
tions, Py, values also begin to change.

In summary (this will be quantified below), report-
ed precipitation over Northern Eurasia has biases and
these biases have been changing with time, season, ob-
servation routines, and weather variables other than
precipitation itself. These biases are sufficiently large
in the cold and shoulder seasons when they can reach
several hundred percent. Therefore, (a) if we want to
document real changes in the water cycle over the high-
and mid-latitudes of the continents (e.g., over Northern
Eurasia), we must correct precipitation observations for
biases and (b) if the bias corrections are not implement-
ed and the observed or (that is even worse) reported
observations are used (e.g., are delivered via the WMO
Global Communication Network), the derived water
budget products can mislead hydrologists, water man-
agers, and other scholars who use contaminated infor-
mation about precipitation and its changes.

Results

We analyzed individual station data and mapped the
output of these analyses. Additionally, we generalized our
findings within specific regions. Two types of the regions
were used. For the former USSR, we employed a formal
partition of its territory into the WMO regions as shown
in Fig. 1, a. For the Russian Federation, we used sub-
regions (see Fig. 1, b) which resemble climatic regions
first introduced by Alisov [1] and are currently used in
operational and climatological practices of the Russian
Hydrometeorological Service (cf., [11]). The summer
season (June—August) precipitation is beyond the scope
of this paper and is not considered here. Most of our
analyses are focused on two shoulder seasons in spring
(April—May) and autumn (September—October) and in
the mid-winter (January—February). In these seasons,
we anticipate significant temporal changes in bias-cor-
rections with the ongoing climatic change.

Climatology. Fig. 2 shows long-term mean values of
precipitation biases (absolute values and in percent of P)
for three periods within the cold and transitional seasons
over the Russian Federation during the 1958—2010 pe-
riod. While the absolute values of these biases in Siberia
are relatively small due to low monthly precipitation, the
same biases are well above 20% nationwide in the mid-
winter and north of 60°N in the late spring (Table 1). In
mid-winter, we found some windy places (mostly along
the west Arctic and Pacific coasts), where P, is higher
than P. Here blowing snow events are frequent and in-
fill the gauges with false precipitation that is well above
all other (negative) biases. In the upper two panels of
Fig. 3 we further illustrate this phenomenon for region-
ally averaged monthly precipitation. Here for the Rus-
sian Arctic north of 70°N and west of 110°E (WMO Re-
gion 20 in Fig. 1, a), we present the entire seasonal cycle
of P, P,, and intermediately corrected precipitation (in-
troduced by Groisman and Rankova [24] that did not
account for wind and blowing snow events but secured
the time series homogeneity related to P,,, that was de-
stroyed by introduction into observed precipitation P,
wetting corrections converting it into P;q¢6). The left
top panel of Fig. 3 shows that in the high Western Arc-
tic P, values remain higher that P during the first three
windy months of the year but thereafter became much
less than P (cf., in October, when precipitation here is
already in the frozen form but blowing snow events are
still infrequent, the ratio P/P, is about 1.6). As a con-
trast, the right top panel of Fig. 3 shows the seasonal
cycle of the same precipitation characteristics for Cen-
tral Kazakhstan, where blowing snow events are less
frequent and the impact of the wind-induced biases in
precipitation corrections prevails.
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Fig. 1. (a) First two-digits allocation for the
WMO station IDs over the former Soviet
Union and (b) Nine climatological regions
used by the Russian Hydrometeorological
Service for the current National Climate
Change Assessment [ 14]

Puc. 1. Pacniosioxenue peruonos CCCP,
BBIIEJICHHBIX COTJIACHO MEPBBIM JABYM LU d-
pam nigTu3HauHoro kona BMO (a), u ness-
TH KJIMMATOJIOTUYECKUX PETUOHOB, BBIIE-
ngembix ['mapomereocnyxooit Poccuu mist
MIOKJIAIOB O COBPEMEHHBIX M3MEHEHMUSIX
KJMmara 1o crpase (b) [14]

The bottom panel in Fig. 3 shows the dynamics of
precipitation corrections that we need to apply to re-
ported precipitation (P 9¢) to restore ground truth
precipitation, P, over the central part of European Rus-
sia in mid-winter and in late spring. This Fig. as well as
our estimates for the warm season (June through Au-
gust, not shown here) indicate that reported precipita-
tion, P, 966, are highly inhomogeneous time series all
over the country throughout the entire seasonal cycle.
The jump wise reduction of biases after 1966 does not
eliminate them and the further reduction of these bias-
es with time (especially prominent in mid-winter) does
not guaranty that after 1966 we can consider P,,q¢s as a
variable that reports changes in precipitation alone in-
stead of changes in some variable function of precipi-
tation, temperature, humidity, wind speed, and envi-
ronmental changes in the vicinity of observational sites.
Generally, in the cold season, various biases associated
with strong winds (K, Py,;,,) dominate precipitation cor-
rection values, while P,;; dominates in the warm sea-
son. Even for the annual precipitation totals, these cor-

3 JIéq n Cuer, Ne 2, 2014

rections maintain two-digit values (in % of P,) and in
the coastal regions of the Asian part of Russia, the long-
term mean corrections to measured annual precipita-
tion are on the order of 30% (Fig. 4).

Changes in the shoulder and the mid-winter seasons.
Northern Eurasia (north of 40°N, or north of 60°N) re-
mains the region of the highest global warming for the
period of large-scale instrumental observations (since
circa 1880s; [27]). Since the late 1950s, the rates of
warming in Northern Eurasia more than doubled com-
pared to the entire period of instrumental observations
(Fig. 5) being the strongest during the cold season, par-
ticularly in spring where the dates of the spring onset
(e.g., expressed by the date of stable transition of the
surface air temperature across 0 °C or by the date of
the last frost) shifted by a week or two during the past
five decades [16, 20, 21]). We selected the past 55 years
for comparison of changes in precipitation for two rea-
sons: this is a period of steady and strong warming in
the region where we want to document the impact of
this warming on the precipitation bias-corrections dy-
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Fig. 2. Mean differences of corrected and reported precipitation totals (P — P,g¢5) during the two-month-long periods of the sea-
sonal cycle:

January—February (top line of the panel), April—May (second line of the panel), and September—October (bottom line of the panel) ex-
pressed in mm (left column) and percent of the long-term mean corrected precipitation, P, (right column). The diameters of the dots are
proportional to the difference values shown in each plot. Positive differences (blue color) dominate over the negative differences (red; pre-
sented only in extremely windy areas in mid-winter with strong wind overcatch biases)

Puc. 2. Cpennue pa3HOCTU MeXy UCIIPABIEHHBIMU U O(ULUATBHBIMUA CyMMaMU OCAAKOB (P — P 94¢) 32 TPU IBYXMECSIUHBIX I1€-
puoa B CE30HHOM LIUKJIE:

stHBapb—(heBpalib (BEPXHSISl JIMHUSI KapT), anpeib—Mail (CpeaHsist JMHUSL KapT), CeHTSIOpb—OKTSAOPb (HVKHSS IMHUS KapT), BbIPaXKeH-
HbIe B MM (JIEBBII CTOJIOEI] KapT) U B MPOLIEHTaX OT CPEAHUX MHOTOJETHMX 3HAYECHUI MCITpaBJIeHHBIX 0CaaKoB, P, (IIpaBblii CTOJIOELL
KapT). lnaMeTphl TOUeK Ha KapTax MpOIOPLUUOHATbHBI 3HAUCHUSIM pasHoCcTel. YMCIO MOTOXUTETbHBIX Pa3HOCTEl (Tory0oil 1BET) 3Ha-
YUTEIbHO MPEBBIIIAET YMCIO OTPULIATEIbHBIX PA3HOCTEH (KPACHBIM 1IBET, KOTOPBIA MPUCYTCTBYET TOJILKO B CepelMHEe 3UMbI B pailoHax ¢
9KCTPEMaIbHO CHJIBHBIMU BETPaMU, TJI¢ HAOIIONA0TCS CUIIbHBIC METEJIeBble MCKaXEHUS (ITepeolieHKa) U3MEPEHHBIX TIOJICH OCaTIKOB)

namics, and because since the late 1950s in the former
USSR more metadata and supplementary synoptic and
snow information have been archived that are required
for proper implementation of precipitation bias-cor-
rection routines. This dynamics should be assessed for
unchanging instrumentation. Tretiakov rain gauge has
become a single rain gauge type employed by the re-

gional meteorological network after mid-1950s and this
was the other argument for us to select 1958 as a starting
year in our analyses.

First, we partitioned the last 53 years into two
nearly-equal time intervals, 1958—1984 and 1985—
2010, and compared the mean bias-corrections
(P — P, 966) between these two periods. Fig. 6 and
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Table 1. Mean regional corrections (P - P, o) during the 1958-2010 period for the two month-long intervals within the cold part of
the seasonal cycle area-averaged over nine climatic regions shown in Fig. 1, b and presented in percent of P. Differences of regional
corrections (P - P,q¢6) between 1985-2010 and 1958-1984 periods are shown in parentheses.

Region January—February April—May September—October
I — West Arctic 19(=3.1) 19(=3.7) 13(—=3.9)
IT — Central Arctic 27(—8.8) 27(—6.6) 18(—4.6)
IIT — North Far East 8(—2.6) 20(—2.5) 17(=0.5)
IV — European Russia 20(—6.0) 9(—3.9) 6(—4.9)
V — West Siberia 26(—4.6) 14(—4.5) 10(—6.3)
VI — East Siberia 26(—6.4) 14(—5.3) 8(—3.9)
VII — South Far East 22(—3.9) 12(—5.3) 8(—5.4)
VIII — Altai and Sayany 19(—5.2) 11(—4.2) 7(—3.2)
IX — North Caucasus 16(—6.0) 7(—2.4) 6(—2.2)
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Fig. 3. Top. The plots present arithmetic averages of raw monthly precipitation measurements, P,, and their homogenized values
constructed using the Groisman and Rankova [24] and Bogdanova et al. [3, 17] routines during the 1954—1990 period for (left) the
Russian Arctic (WMO region 20) and (right) Central Kazakhstan (WMO region 35). Here we used the NCDC archive [35] that has
nine long-term synoptic stations available for construction of the left plot and more than hundred stations available for the con-
struction of the right plot. Bottom. Precipitation corrections that we have to introduce to P, g4 in order to convert them to P. Cor-
rections are regionally averaged over the center of European Russia (region IV) and West Siberia (region V) and are presented for
January—February (red dots) and April—May (green dots). Here we used the VM GO archive [41] where P, is not readily available
and is replaced by P, 966

Puc. 3. Bepxusas aunusa epaguros. CpeqHuii ce30HHbIN xoa 3a nepuof ¢ 1954 mo 1990 r. u3MepeHHbBIX MECSYHBIX CYMM OCalIKOB,
P,, M 1X OTKOPPEKTUPOBAHHBIX HA OTHOPOIHOCTb BPEMEHHBIX PSIOB C UCIIOJIb30BAaHUEM AJITOPUTMOB, MPEUIOXEHHBIX B [3, 17,
24| 1 permoHaIbHO OCPeNHEHHBIX Ha rpaduke cieBa nmo Poccuiickoit Apkruke (BMO peruon 20) u Ha rpacduke cripaa o LleH-
TpanibHOMY Kazaxcrany (BMO peruon 35). [1pu noctpoeHun 3tux rpadMKoB ObLIM 00paboTaHbl TaHHbIe apxuBa [35], B KOTOpoM
KCITOJIb30BaIUCh AEBITDH JJIMHHOPSIHBIX CMUHOTITUYECKMX CTAaHLIMIA U1 TIepBoro rpaduka u 6ojee 100 Takux cTaHLIMI I1J1 BTOPO-
ro rpaduka. Huxcnaa aunua epaguroe. Ilonpasku i noiydyeHust P Ha ocHoBe P g6 TlonpaBku apudmMeTryecKu ocpeiHeHbl
no ueHTpy EBponeiickoit yactu Poccum (pernon 1V) u 3anagHoit Cubupu (pervioH V) u mpencTaBieHbl I sHBapsi—heBpas
(KpacHble TOYKHM) U anpesis—mast (3eJ€Hble TouKM). 1 9TUX OLIEHOK MCIOJIb30BasIcs apxuB [41], rae 3HaueHus P, OTCYTCTBYIOT,
[I03TOMY OHU ObUIU 3aMEHEHBI Ha P 946
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Fig. 4. Increase (%) in mean annual precipitation
totals throughout the former USSR during the
1961—1990 period compared to measured precipita-
40c tion, P, (data source: [35])

Puc. 4. Yeenuuenue (%) cpemHUX TOTOBBIX CYMM
atMocdepHbIX ocankoB 1o teppuropuun CCCP ¢
1961 o 1990 r. Mo cpaBHEHUIO C U3MEPEHHBIMU
ocankamu P, [35]
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Fig. 5. Top. Annual surface air temperature anomalies area averaged over Northern Eurasia north of 40°N (red dots) and north of 60°N
(blue dots). Century-long linear trends for both these time series practically coincide being equal to 1.75 °C per 132 years. For the
1958—2012 period, the linear trend estimate for the «red» time series is equal to 1.75 °C per 55 years. Bottom. Seasonal (two-monthly)
surface air temperature anomalies area averaged over Northern Eurasia north of 40°N for mid-winter (red dots) and late spring (green
dots). Century-long linear trends for both these time series also coincide being equal to 2.1 °C per 132 years; however, for the late spring
season, linear trend is more visible and describes 36% of interannual variance of the time series (versus 13% for the mid-winter time se-
ries). The 1881—2012 period; Anomalies from the mean values for the 1951—1975 period. Source: Lugina et al. archive [32], updated
Puc. 5. Bepxuuii epagpux. AHomamu cpeHeil ToIoBoii MPU3EMHOI TeMIIepaTyphbl BO3IyxXa, TPOCTPAHCTBEHHO ocpenHEéHHOM o Ce-
BepHoit EBpasuu K ceBepy oT 40° c.111. (KpacHbIe TOUYKHM) K K ceBepy OT 60° c.1i1. (rosty6bie Touku). JInHeHbIe TPEHIbI 3TUX ABYX Psi-
JIOB 3a MEPUOJ MHCTPYMEHTATbHBIX HAOMIOACHNI MPAaKTUYECKU COBMafatoT U paBHsitoTcs 1,75 °C 3a 132 roga. 3a nepuon ¢ 1958 o
2012 r. oueHKa JMHEIHOTo TpeHIa «KpacHOTro» BpeMeHHOTo psifa paBHsietcs 1,75 °C 3a 55 net. Huxcnuii epaghux. AHOMamuu cpef-
Heil TBYXMEeCSYHOU MPU3EeMHOM TeMIlepaTyphl BO3oyXa, IMPOCTpaHCTBEHHO ocpenHEéHHOU o CeBepHoil EBpasum Kk ceBepy oT
40° c.11. IUTSI cCepeMHbI 3UMBI (KpacHBbIe TOUKW) U TTO3IHEN BECHBI (3eI€HbIe TOUKM). JINHeHbIe TPEH Bl OTHUX IBYX PSIIOB 32 TIEPUOT
WHCTPYMEHTAJTbHBIX HAOMIONeHWI Takke coBmanaoT u paBHbI 2,1 °C 3a 132 rona; 3aMeTuM, 4YTO UIST TIO3MHEN BECHBI TUHEWHBIN
TpeH[I Topasno 6oJiee BUIEH, OMUChIBast 36% MeKronoBoil K3MEHYMBOCTH BPEMEHHOTO psifia (110 cpaBHEHUIO ¢ 13% [uis cepeHbl
3umbl). [1epuon — ¢ 1881 mo 2012 r.; aHoManuu — oT cpeaHux 3a rnepuon ¢ 1951 mo 1975 r. UcTouHUK — MOTMOJIHEHHBII apxuB [32]
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® +30%

Fig. 6. Differences of corrections (P — P, 94¢) between 1985—2010 and 1958—1984 periods during the two month-long periods of
the seasonal cycle:

January—February (top line of the panel), April—May (second line of the panel), September—October (bottom line of the panel) expressed
in mm (left column) and percent of the long-term mean corrected precipitation, P (right column). The diameters of the dots are propor-
tional to the difference values shown in each plot. Negative differences (red color) dominate over the positive differences (blue; presented
only in extremely windy areas in mid-winter with strong wind overcatch biases)

Puc. 6. PazHocTb monpaBok (P — P,q¢6) MexXIy 1985—2010 u 1958—1984 rr. B AByXMECAYHBIX MHTEPBATaX CE30HHOTO LIMKJIA:
stHBapb—deBpanb (BepXHSIS JIMHUS KapT), anpeib—Mail (CpeaHsist TMHUS KapT), CeHTSIOPb—OKTIOPh (HYDKHSISI TUHUS KapT) B MM (JIEBBIM
cToJI0e1 KapT) ¥ B MPOLIEHTAaX OT CPEIHUX MHOTOJETHUX 3HAUYEHU I UCTIPAaBIeHHBIX 0caskoB P (IpaBblit crosdell KapT). JuaMeTpsl Touek
Ha Kaprax MpoNopLUUOHATbHBI 3HAUEHUSIM pasHocTeil. Yncao oTpuuaTeNbHbIX pa3HOCTeH (KPacHBIN LIBET) 3HAYMTEIbHO MPEBBIIIACT
YUCJIO TIOJOKUTEIbHBIX Pa3HOCTEH (rosy0oii LIBET, KOTOPBIN MPUCYTCTBYET TOJIBKO B pailOHaX C 9KCTPeMalbHO CUJIbHBIMU BETpaMHu, Tjie
HaO0JII0IAl0TCS] 3HAYUTENIbHBIE METEIEBbIC MCKaKEHMUST MUBMEPEHHBIX MOJIel 0CaIKOB)

Table 1 (in parentheses) show patterns (see Fig. 6)
and regionally-averaged values of these differences in
mm and in percent. Fig. 6 shows a conspicuous syn-
chronous pattern of decrease of bias-corrections with
time over nearly all territory of the Russian Federa-
tion in all three two-month intervals of the cold sea-
son. This decrease is a cumulative effect of increase

in P66 due to introduction of «wetting» corrections
(see Fig. 3, bottom panel), wind decrease over North-
ern Eurasia in the past decades [2, 7, 12] and warm-
ing. Weaker winds directly reduce the wind-induced
bias and warmer temperatures increase chances that in
transient seasons, precipitation will fall in liquid and
mixed forms for which the rain gauge catch is much
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® +20 mm/year

Fig. 7. Linear trends (mm yr!) of corrected (P, left column) and reported (P,q4, right column) precipitation during the 1958—
2010 period for the two month-long intervals within the cold part of the seasonal cycle:

January—February (top line of the panel), April—May (second line of the panel), and September—October (bottom line of the panel).
The diameters of the dots are proportional to the trend values shown in each plot

Puc. 7. Jluneiinbie TpeHabl (MM roa” ') OTKOPPEKTUPOBAHHBIX (P, JeBblii cToI6e1 KapT) U ohuuUaNbHbIX (P96, TPABBLIL
crosibel] KapT) aTMochepHbIX ocankoB 3a nmepuox ¢ 1958 mo 2010 r. mist TpEX ABYXMECSUHBIX MHTEPBAJIOB XOJIOIHOM YacTu ce-

30HHOTO IUKJIA:

sitHBapb—GheBpalib (BEepXHSIS JIMHUS KapT), arpeib—Mail (CpeHsIsl JMHUSI KapT) U CEHTSIOpb—OKTSOPh (HYMKHSIS JIMHUS KapT). duameTt-

PbI TOYCK Ha KapTaxX NpornnopuurMOHaIbHbl 3BHAYCHUAM TPECHIOB

better than for frozen form of precipitation. In Eu-
rope, the frequencies of days with thaw (when winter
temperatures are close to zero and chances for rain-
fall are high) have also increased [26]. Finally, an ob-
served mid-winter increase of bias corrections at sev-
eral windy sites located along the Arctic and Pacific
Oceans coasts also corresponds well to (can be ex-
plained by) weakening of the winter wind speeds. So
mean wind speed during two winter months (Janu-

ary and February) precipitation Less frequent strong
winds here mean fewer blowing snow events and less
gauge overcatch and therefore fewer corrections for it.
As a result, P-values became higher in these locations,
because Py, enter in Eq. 1 with negative sign.

The pattern shown in Fig. 6 was further generalized
in Table 1, where we area-averaged our estimates and
present them for each climatological region and part of
the cold season. These regional estimates of P — P96
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Table 2. Linear trend estimates of corrected precipitation (P) during the 1958-2010 period for the two month-long intervals within
the cold part of the seasonal cycle. The trend estimates are area-averaged over nine climatic regions shown in Fig. 1, b and presented
in mm per year (in the numerators) and in percent of P per year (in the denominators). Statistically significant estimates at the 0.1
and 0.05 levels are shown in bold italics and bold numbers respectively. Differences of linear trends of corrected (P) and reported

(P,1966) Precipitation are shown in parentheses

Region January—February April—May September—October
I 0.00/—0.05(—0.12/—-0.19) 0.24/0.28(—0.10/—0.16) —0.04/—0.05(—0.22/—0.19)
11 —0.24/—0.68(—0.11/—0.30) —0.07/—0.24(—0.10/—0.30) 0.02/0.02(—0.13/—0.20)
111 —0.60/—0.95(0.01/0.02) —0.25/—0.41(—0.07/0.14) —0.19/—0.02(—0.11/—0.04)
v 0.06/0.07(—0.23/—0.27) —0.01/0.00(—0.15/—0.17) —0.01/0.01(—0.23/—0.21)
v 0.06/0.12(—0.11/—0.18) 0.13/0.17(—0.14/—0.17) —0.20/—0.20(—0.26/—0.26)
VI 0.00/0.04(—0.07/—0.28) 0.07/0.14(—0.12/—0.22) 0.14/0.15(—0.13/—0.17)
VII 0.10/0.22(—0.05/—0.10) —0.39/—0.39(—0.24/—-0.22) —0.39/—0.24(—0.32/—0.18)
VIII —0.01/—0.08(—0.06/—0.21) 0.06/0.06(—0.11/—0.16) 0.09/0.11(—0.11/—0.13)
IX —0.09/—0.12(—0.29/—-0.29) 0.01/0.08(—0.10/—0.09) 0.64/0.50(—0.09/—0.09)

are more robust than individual station differences and
clearly signal that during the entire cold season in the
last decades, biases in precipitation measurements over
the Russian Federation have been reduced. After 1966,
warming and reduction of moderate wind speeds were
the probable causes of this reduction. Reduction of the
number of strong winter storm events with time dur-
ing the 1979—2010 period that encompasses the last
three decades analyzed in this paper (cf., Fig. 7 in [38])
could reduce Py, along the oceanic coasts and thus
make P — P, g6 larger (cf., Fig. 6 and relatively low
absolute values of these differences in Table 1 for Re-
gions I and III). For example, at the Dixon Island sta-
tion on the coast of the Kara Sea, U, decreased by
6.5%/50 yrs and the number of U, measurements ex-
ceeding 10 m s~! has reduced by 20%/50 yrs. However,
region-wide the negative sign of P — P o¢s changes re-
mains intact (see Table 1).

Precipitation trends in the shoulder and the mid-
winter seasons. Table 2 provides our estimates of the
mean rates of changes in the cold season precipitation
(for two month-long intervals within the cold part of
the seasonal cycle) during the past 53 years (1958—
2010 period). The estimates are based upon correct-
ed precipitation only and are area averaged over the
nine regions shown in Fig. 1, b. For the same 3 two-
month long intervals during the 1958—2012 period,
Northern Eurasian surface air temperatures have in-
creased by 2.2 °C (55 yr.)7!, 3.0 °C (55 yr.)"!, and
1.9 °C (55 yr.)"! respectively for the region north of
40°N and by 1.8 °C (55 yr.)"!, 3.0 °C (55 yr.)™!, and
1.9 °C (55 yr.)"! respectively for the region north of
60°N. All these temperature changes have been sta-
tistically significant at the levels of 0.05 or above. On
the contrary, the cold season precipitation trends are

mostly statistically insignificant (Table 2). It is worth-
while to note the precipitation decreased across most
of the Russian Far East in the second half of the cold
season (Regions II and III) and the autumn (Septem-
ber—October) precipitation increased in North Cauca-
sus (Region IX). Estimates of the autumn decrease of
P over most of the Volga Basin, Urals, and West Sibe-
ria in the western half of Russia, shown in Fig. 7 have
not exceeded the 0.1 statistical significance level.

From the previous section, we conclude that any
systematic increase in the cold season precipitation re-
ported by observed data over the Russian Federation
is somewhat overestimated while systematic decrease
(if it exists) is underestimated or even reversed due to
systematic nationwide changes in precipitation correc-
tions (see Fig. 6, Table 1). Furthermore, Table 1 shows
that discrepancies between results based upon correct-
ed and reported precipitation time series are substantial
(up to 8.8% for the two multi-decadal intervals in the
Central Russian Arctic). Therefore, the signs of dif-
ferences between trend estimates in P and P, 946 pre-
sented in Fig. 7 and Table 2 (in parentheses) were ex-
pected beforehand. However, the strength of the signal
contamination revealed by them was unprecedented.
P, 96¢-trend patterns report confidently the cold season
precipitation increase over most of the Russian Feder-
ation except the Far East. At the same time, P-trends
in Fig. 7 and Table 2 do not indicate systematic chang-
es in the cold season precipitation totals over most of
Russia except in the northeastern regions of the coun-
try where these totals decrease. This is a completely
different picture of the ongoing cold season precipita-
tion changes over most of Northern Eurasia.

Table 2 (columns in parentheses) shows regional
trends in P — P 946 Or (Which is the same due to lin-
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earity of the trend estimation procedure) differences of
linear trends between these two quantities. The most
impressive feature of this Table is not the same sign of
trends in P — P44 (it was expected from Table 1), but
a strong significance (frequently well above the 0.01 or
even 0.001 levels) of these differences. For 6 months’
cold season (November, December, and March were
excluded from our analyses without particular reason
in order to keep three 2-month intervals of the cold
season apart), P totals report for the Central Euro-
pean Part of Russia (Region 1V) an insignificant lin-
ear trend of +0.04 mm yr~! (see Table 2) that is less by
0.61 mm yr! or by 32 mm per 53 years from one deliv-
ered by reported observations. Let us note that 32 mm
in this Region represents 11% of the long-term mean
corrected precipitation for these six months.

Discussion

If and when the observations change with time due
to causes unrelated to the precipitation process, our
ability to rely on uncorrected observations for assess-
ments of the cold season precipitation changes wanes
and without comprehensive bias corrections, observed
frozen precipitation measurements are not able to re-
port true tendencies in the rapidly changing environ-
ment of the high and mid-latitudes of the Northern
Hemisphere. The above statement was tested for the
Russian Federation for the past 5+ decades, where we
use data of a well spatially-distributed network of sta-
tions with bias-corrected precipitation time series up to
2010. Since mid-1950s, the rain gauge type in this net-
work has not been changed. While the observational
practice at the network was changed twice (in 1966/67
and in 1984) by switching from two per day to four per
day measurements and back to two per day measure-
ments, its impact on raw uncorrected precipitation time
series in the cold season (P,) was not large [24]. This al-
lowed Russian researchers to remove ill-conceived wet-
ting adjustments from reported precipitation data and
use P, in climatological analyses (cf., [34]) or account
for biases in a simplistic way replacing the conclusions
about the absolute precipitation changes in mm with
their relative changes in percent (cf., [24]). If the user
has only P4, he or she cannot use these approaches.

In the past 5+ decades in the cold season, over
most of the Russian Federation very few significant
precipitation changes were documented (see Table 2
and Fig. 7, left column'). However, these climatic
changes and introduction of wetness adjustments to

observations caused highly significant changes in cor-
rections that we have to employ to secure homogenous
time series of actual precipitation (see Table 2). This
implies that without these corrections the raw precipi-
tation observations, P, as well as observations that were
adjusted for wetness losses since 1966 (P,94) OVEr most
of Northern Eurasia cannot be used to report precipita-
tion trends over Russia. The trend estimates will be bi-
ased towards a fictitious increase of precipitation in the
last decades, may have the wrong sign, and their sta-
tistical significance may be compromised. We checked
this statement for the April—May season in Siberia. Si-
beria was the largest area in Russia where the First Na-
tional Climate Change Assessment Report [14] found
statistically significant increase in observed spring pre-
cipitation totals for the 1976—2006 period. The authors
of the Report warned the readers about potential pitfalls
associated with observation biases in their data. How-
ever, the dataset [41] was not yet ready five years ago
and the Report authors had to use data that were uncor-
rected for systematic biases. Now, we can check the cost
of that compromise using the longer time series over
the same region (cf., middle line of panels in Fig. 7).
For the 1958—2010 period, linear trend estimates of
P, 966 area-averaged over West and East Siberia (V and
VI regions respectively) are statistically significant at
the 0.05 level or higher. In reality, Table 2 shows no dis-
cernable changes in P and statistically significant nega-
tive trends in precipitation corrections.

Bulygina et al. [18] began their analyses of chang-
es in snow water equivalent over the Russian Federa-
tion since 1966. If one were to select using P, 944 Since
this year (or better since 1967), a major inhomogeneity
cause in corrections to ground truth precipitation will
be reduced. This «easement» has three major objec-
tions: (a) Bulygina et al. [ 18] had no choice because the
pre-and past 1966 snow course observations were com-
pletely incompatible, which is not true for precipitation
measurements; () the precipitation biases keep chang-
ing (decreasing) after 1966 for other reasons (cf., Fig. 3,
bottom panel) and the shortening of the analyzed pe-
riod will not help to avoid these changes; and finally
(c) in the region with 120 years of history of large-scale
precipitation observations (since circa 1891, cf., [8]) an
ignorance of the first 75 years of precipitation observa-
tions would not allow unyielding conclusions about the
variability range in this key (and undisputedly most so-
cietally-important) characteristic of contemporary and
future climatic changes.

"In the warm season (June through August) corrected precipitation has not changed either, except the Russian Pacific Arctic (Region III in
Fig. 1, b) where P has steadily and statistically significant decreased with a mean rate of 5% per decade.
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Conclusions

Eurasian climate has noticeably changed. Surface
air temperatures increased by 2 to 3 °C (see Fig. 5),
the frequency of intense cyclones across the North-
ern Hemisphere since 1979 has been reduced as well as
the total number of winter cyclones over most of Rus-
sia north of 60°N [38]. Mean wind speed at the Russian
meteorological stations has decreased [2, 7, 12, 14] and
using our past experience, although acquired in anoth-
er part of the northern extratropics [24], we infer that
the wind speed during precipitation events, Uy, has also
decreased. Apparently, these climatic changes did not
yet cause significant changes in actual («ground truth»)
cold season precipitation over Northern Eurasia except
the Asian Arctic.

Theoretical considerations (cf., [29, 39]) and em-
pirical evidence based on analyses of P, o4 (see Fig. 7,
right column) suggest that cold season precipitation at
high latitudes has increased and will further increase
with projected anthropogenic global warming. Now em-
pirical evidence based on analyses of P (see Fig. 7, left
column) shows no tendency towards more humid cold
seasons in Northern Eurasia. Furthermore, the land sur-
face water deficit in the warm season (P — PET; precipi-
tation minus potential evapotranspiration) may decrease
in mid-latitudes of the Northern Hemisphere leading to
summer dryness which is predicted by some GCM ex-
periments forced by increasing CO, concentration in
the atmosphere (cf., [33, 40]). In the second half of the
20™ century — early 215t century, this scenario for North-
ern Eurasia began to conform to observations [28]. In
dry climates of Northern Eurasia, snow on the ground
accumulated during the prolonged cold season provides
an additional source for early summer soil moisture. If
the «no trends» situation reported in Table 2 and left
column of Fig. 7 remains intact in the future and the
temperature increase will keep driving earlier spring on-
sets and earlier snowmelt, the water resources available
for the summer season from the earlier months will de-
crease. This may further increase the severity of summer
conditions in the dry years over Northern Eurasia.
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Bianguue MOrpemHoOCT! B U3MEPEHUAX CHEronaaon
HAa CyMMbI aTMOC(l)ele)IX O0CaIKOB M UX TPEHbI 11O
Cesepnoii EBpazun

B cratbe aHanmu3upyoTCs pe3yiabTaThl MpUMeE-
HEHMS METOAMKY TTOJTHOM KOPPEKTUPOBKU CPOUHBIX
0CaJKOB OTHOCHUTEJIbHO CTAHIIMOHHBIX TaHHBIX IO
ocankam OniBiiero CCCP ¢ mpuopuTeToM Ha Tep-
putoputo Poccuu, nisi KOTOpoit BpeMeHHBbIe PSIbl
nonosHeHbl o 2010 r. DTy pe3ysbTaThl CPaBHUBAIOT-
Csl ¢ U3MEPEHHBIMU MOKa3aHUSIMU OCaJKOMEPOB Ha
TeX JX€ CTAHLMSIX, YTO TTO3BOJISIET OLEHUTD Pa3IMIMS
B CPEIHUX 3HAUYCHUSIX (KJIUMATOJIOTMU) U CUCTEMAaTH-
YeCKUX M3MEHEHUSIX (TpeHIaX) OCaaKoB I10 TEPPUTO-
pun 6u1BIIETO CCCP (Poccuiickoit Denmeparium).

ITokazaHo, 4TO M3MepEeHHBIC U OTKOPPEKTUPO-
BaHHbIE CPEIHEroJ0Bble OCAAKU IJISI TEPPUTOPUU
oneiBrero CCCP pasnuuatorcst Ha 7—15% B 10KHBIX
paitonax CCCP, Ha 15—-20% Ha Goublueil yacTtu
Poccuu u Ha 25—35% B OTKPBITBIX BeTpaM CTEIISIX
CeepHoro KazaxctaHa u Ha mobepexbe CeBepHO-
ro Jlegosutoro u Tuxoro okeaHoB, MPUYEM Be3le
OTKOPPEKTUPOBAHHbBIE TOJOBbIE OCAAKHU BbIIIE U3ME-
peHHBIX. HecMOTpsT Ha TO, YTO B CE30HHOM XOIe
3UMHME ocaaku (ocobeHHO B Cubupu) HEeBEIUKHU,
OTHOCUTEJIbHbIE U3MEHEHUS MEXIY OTKOPPEKTUPO-
BaHHBIMU U HAOMIOAEHHBIMU 3UMHUMU OCaJgKaMU

Ha Oosblieil yacTtu Teppuropumn Poccuiickoit Mene-
pauuy MakKCUMallbHbl U MOryT pocturath 100% Ha
OTKPBITHIX BETPY METEOPOJIOTUYECKUX TIIOIIATKAX.

IToxazaHo, 4TO 3aKJIOYEeHUSI 00 M3MEHEHMUSSIX
0CaIKOB B XOJIOOHBIN Mepuoj roga no Poccun, cue-
JIaHHbIE Ha OCHOBE UCIpPaBJIeHHBIX PSIIOB aTMOChep-
HBIX 0CaJKOB, OTJIMYAIOTCS OT BHIBOAOB, 0Aa3UpPYyIO-
IIMXCs Ha aHanu3e o(pUIMaIbHO ITOCTYIIAIOIINX B
MUPOBYIO CETb METEOPOJOrnYecKrX faHHbIX. Korga
BCE UCTOYHUKU HEOJHOPOJAHOCTHU PSIIOB yCTpa-
HEeHbl U YUTEHO BJIUSIHUE BceX (PaKTOPOB, MPSIMO
HE CBSI3aHHBIX C MPOILIECCOM 0CaaKOo0Opa3oBaHUs,
CTATUCTUUYECKU 3HAYMMBIM POCT CYMM OCaIKOB B
XOJIOOHBIN TepUoJ roga Ha 6oJibleit yactu Poccuii-
ckoil Denepauny He HAOIIOAAETCS, @ B apKTUYSCKMX
pernoHax Cubupu u JlanbHero BocTtoka cymMMmbl
0CaJKOB 3aMETHO YMEHBIIIAIOTCSI.

[emaeTcst BHIBOJ, YTO IPAKTUUYECKU Ha BCeit
tepputopun Poccuiickoit @egepannyt co BpeMeHEM
MOIPaBKU K U3MEPEHHBIM OCalKaM YMEHBIIAKTCS.
Tak, Ha KapTax pa3HOCTell IMOIMpPaBOK (OTKOPPEK-
TUPOBaHHbIE MUHYC HaOJIIOAEHHBIE OCAIKU) MEXIY
nepuogamu ¢ 1985 mo 2010 r. u ¢ 1958 nmo 1984 r.
YUCJIO OTPULIATEIbHBIX pa3HOCTEel HAMHOTO IIpe-
BBIIIAET YMCJIO TOJIOXKUTENbHBIX padHocTeil. Cpenu
MMPUYUH TAKOTO YMEHBIICHUS TTOIPABOK — MOTEIl-
JIeHWe KJauMaTa B MepexoiHble Ce30Hbl, CKAaUOK B
HaOMIOAEHHBIX ocankax B 1966 r., BbI3BaHHbBIN BBe-
JIIeHWEeM TTONpaBOK Ha cMadyudBaHUE, U ocjiablieHue
3MMHUX CKOPOCTeil BeTpa B ApKTHKE.
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