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ABSTRACT
This study uses 45 years of observational records from 517 historical surface weather stations over northern
Eurasia to examine changing precipitation characteristics associated with increasing air temperatures. Results
suggest that warming air temperatures over northern Eurasia have been accompanied by higher precipitation
intensity but lower frequency and little change in annual precipitation total. An increase in daily precipitation
intensity of around 1%–3% per each degree of air temperature increase is found for all seasons as long as a
station’s seasonal mean air temperature is below about 158–168C. This threshold temperature may be location
dependent. At temperatures above this threshold, precipitation intensity switches to decreasing with increasing air temperature, possibly related to decreasing water vapor associated with extreme high temperatures. Furthermore, the major atmospheric circulation of the Arctic Oscillation, Scandinavian pattern, east
Atlantic–western Eurasian pattern, and polar–Eurasian pattern also have significant influences on precipitation intensity in winter, spring, and summer over certain areas of northern Eurasia.

1. Introduction
Increasing surface air temperature will bring changes to
precipitation characteristics in terms of amount, frequency,
intensity, and extremes as atmospheric water vapor holding
capacity increases according to the Clausius–Clapeyron
(C-C) relationship. Studies have suggested that extreme
precipitation events will become more frequent under a
warmer climate, even in places where total precipitation
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may not show significant increases (e.g., Allan and Soden
2008; Groisman et al. 2005; Easterling et al. 2000; Meehl
et al. 2007; Pall et al. 2007; Shiu et al. 2012; Zolina et al.
2010). Multimodel ensembles from phases 3 and 5 of the
Coupled Model Intercomparison Project suggest that
extreme precipitation in general increases faster than
total precipitation under a warming climate (Sillmann
et al. 2013). Climate models have also suggested that daily
precipitation intensity will increase even in places where
precipitation totals do not increase as global warming
continues (Lau et al. 2013; Meehl et al. 2005; Tebaldi et al.
2006). If this is true, then precipitation frequency should
decrease in places where higher-intensity precipitation
events become more common, or increases in high-intensity
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precipitation events should occur at the expense of lowintensity events as the climate warms. The increases in
extremes and intensity are especially evident in moist highlatitude regions, as summarized by the IPCC (Collins et al.
2013). This may be explained by the fact that high-latitude
rainfall events are largely nonconvective and that all
events produce more precipitation, resulting in fewer light
events and more moderate and heavy events (Hennessy
et al. 1997).
In a study of seasonal precipitation frequency at an
interannual time scale, Ye (2008) also suggested that
higher winter surface air temperature is associated with
more frequent snow and rain events over northern
Eurasia. However, Ye also pointed out that precipitation
frequency decreases in the warm season when air temperatures are higher. These observations are in general
agreement with regional projections of climate models
(Khon et al. 2007). In a recent study, Ye et al. (2014)
found that summer total precipitation and precipitation
efficiency have a very strong negative correlation with air
temperature at an interannual time scale as a result of
decreases in relative humidity accompanying higher
temperatures. The authors concluded that increasing
water vapor associated with higher temperature directly
contributes to higher precipitation total in winter, but in
summer the precipitation total decreases despite the
availability of more precipitable water.
Compared to air temperature, precipitation has larger
variability at both spatial and temporal scales but a
weaker long-term trend (Allen and Ingram 2002). The
sign and amplitude of precipitation trends are highly
dependent on the period chosen. Therefore, attribution
of changes in precipitation to anthropogenic forcing is
challenging. Another way to understand the responses
of precipitation to changing air temperature is to examine the direct correlation between the two (Berg et al.
2009; Hardwick Jones et al. 2010; Trenberth and Shea
2005; Westra et al. 2013; Ye 2008; Ye and Cohen 2013).
The relationship between monthly precipitation and air
temperature anomalies is generally wet and cool or dry
and hot in most land areas in summer but wet and warm
or dry and cold across high-latitude land areas during
winter (Trenberth and Shea 2005; Ye et al. 2014). The
Berg et al. (2009) study on monthly 99th-percentile
precipitation intensity and air temperature over Europe
showed positive relationships in winter but negative
relationships in summer based on both observational
records and climate model output. They argued that the
Clausius–Clapeyron relationship determines the increase of large-scale precipitation in winter, while the
availability of moisture is the dominant limiting factor in
summer. It is clear that winter and summer precipitation
have very different processes and that they need to be
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examined separately, especially in high-latitude regions
where seasonality is strongest.
Earlier studies of precipitation and air temperature
relationships are confined to interannual, intraseasonal,
daily, hourly, and even shorter time scales (Berg et al.
2009; Bulygina et al. 2007; Hardwick Jones et al. 2010;
Trenberth and Shea 2005; Utsumi et al. 2011; Westra
et al. 2013; Ye 2008, 2009; Ye and Cohen 2013), and thus
results are not easily translated into implications under a
warming climate reflective of decadal and longer time
scales. To understand potential changes in precipitation
characteristics associated with a warming climate, it is
necessary to examine relationships at decadal and longer time scales in order to filter out shorter-term noisy
variability in precipitation characteristics.
Previous studies have found a significant influence of
atmospheric circulation on Arctic climate variability,
represented by the Arctic Oscillation (AO; Thompson
and Wallace 1998), which describes the fluctuation of atmospheric pressure differences between the central Arctic
and the two weaker centers at about 458N over the Atlantic and Pacific basins. A regional study over western
Siberia suggested a large influence of the AO on air
temperature and a lesser influence on precipitation during
winter (Frey and Smith 2003). Thus, to understand the
association between precipitation characteristics and air
temperature, especially the component of anthropogenicrelated long-term temperature trends, the dependence on
the phase and amplitude of the major atmospheric circulation patterns also needs to be assessed.
Studies using historical records have generally been
focused either on a small geographical area or on global
scales that emphasize tropical and subtropical regions,
in part owing to the limited number of station records
available for high-latitude regions. Furthermore, most
studies have focused only on either precipitation totals
or extremes. The lack of observational data analyses on
precipitation sensitivity to changes in air temperature
hinders our ability to assess the accuracy of climate
models’ future projections for high-latitude regions.
Given that northern Eurasia is the largest high-latitude
landmass experiencing amplified warming in recent decades, it is an ideal area in which to study changes in
precipitation under a warming climate. Relatively dense
and long-term historical precipitation observation records have recently become available for northern
Eurasia, making in-depth analyses at multiple time
scales for high-latitude regions possible.
In this study, the relationships of seasonal precipitation total, frequency, and daily intensity to seasonal air temperatures are carefully examined at the
local station level on interannual and longer time scales
for the four seasons. In addition, the influence of major
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atmospheric circulation patterns on precipitation intensity
is assessed. The paper is organized as follows: section 2
includes data and methodology, section 3a illustrates the
climatology of precipitation characteristics, section 3b
examines the trends of all variables considered, section 3c
examines the relationships between precipitation characteristics and the major atmospheric circulation patterns,
section 3d examines the relationships of precipitation
characteristics to air temperature, section 3e presents
quantitative assessment for changing precipitation
characteristics, and section 4 presents the summary and
conclusions.

2. Data and methodology
We used the daily temperature and precipitation data
from 518 Russian meteorological stations from the
Carbon Dioxide Information Analysis Center (CDIAC)
(Bulygina and Razuvaev 2012) for our station dataset.
Observations were made at each station for varying time
periods from 1881 to 2010. Variables include daily mean,
minimum, and maximum surface air temperature, as
well as daily total precipitation (liquid equivalent). The
data have been quality controlled and adjusted for wetting, evaporation, and condensation due to instrumentation changes for the time period starting in 1966
(Bogdanova et al. 2002; Groisman et al. 1991, 2014). One
station listed in the inventory does not have records in the
data file, while another station in the data file is not listed
in the inventory. There are no matching station codes
between these two, so neither station is used in this study.
As a result, a total of 517 stations are retained for analyses. The time period chosen for this study is 1966–2010,
during which the same types of precipitation gauges
were used and consistent correction methods were implemented (Groisman et al. 2014).
Seasonal precipitation totals are summed from daily
values for all three months of the corresponding season.
If a day is missing, this seasonal value is considered as
missing to ensure that no data uncertainty is introduced.
The frequency of seasonal precipitation is the total number
of days precipitation is recorded above a 1/ 10-mm minimum. We have also performed similar analyses using a
daily precipitation cutoff of 1 mm or higher. Results do not
affect our general conclusion, although the number of wet
days decreased by almost 50% in winter, 42% in spring,
29% in summer, and 37% in fall. Given the fact that
0.1 mm is the standard record for precipitation events and
also for models’ outputs (Sun et al. 2007; Chou et al.
2012), we only show results using 0.1 mm as the minimum for daily precipitation records.
The seasonal mean daily precipitation intensity is the
seasonal precipitation total divided by seasonal frequency

for each year, which translates to millimeters per day
(Meehl et al. 2005; Tebaldi et al. 2006). The seasonal
mean air temperature is the seasonal average of mean
daily temperature. If more than 10% of air temperature
records are missing, the seasonal air temperature is
considered missing.
The major atmospheric circulation patterns, in the order
of explained variance, are the Arctic Oscillation, the east
Atlantic pattern (EA), the east Atlantic–western Russian
pattern (EAWR), the Scandinavian pattern (SCA), the
polar–Eurasian pattern (POL), the east Pacific–North Pacific pattern (EPNP), the Pacific–North American (PNA)
pattern, the west Pacific pattern (WP), the tropical–
Northern Hemisphere pattern (TNH; winter only), and
the Pacific transition pattern (PT; summer only). These are
downloaded from the Climate Prediction Center in the
United States (ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/
indices/tele_index.nh). They were derived from rotated
principal component analysis (PCA) on monthly 1000–
500-mb height anomalies (Barnston and Livezey 1987).
Seasonal time series of each index are the averaged
3-monthly values for each corresponding season. Keep
in mind that the rotation of PCA gives better physical
meaning of spatial presentations but loses orthogonal
features among these components. Therefore, some
components are significantly correlated for certain seasons, as will be shown below.
The relationships between precipitation characteristics, air temperature, and atmospheric indices are examined using both simple linear correlation analyses
and Spearman’s ranked correlation analyses. There is
very little difference in results using these two different
correlation methods because of the large sampling sizes
of seasonal values; thus, results from the simple linear
regression analysis are presented in the rest of the paper.
The rate of change in precipitation characteristics is
estimated using simple linear regression with air temperature as an independent variable.
Because of possible significant correlations between air
temperatures and some of the atmospheric indices (e.g.,
the AO) over some stations (Frey and Smith 2003;
Thompson and Wallace 1998), first-order partial correlation analysis is used to reveal the relationship between
two variables by controlling the influence of a third interrelated variable (Johnson 1978; SAS Institute 2010).
The equation used to calculate partial correlation coefficient is as follows:
Yxy 2 Yxz Yyz
PYxy,z 5 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
2 )(1 2 Y 2 )
(1 2 Yxz
yz

(1)

where PYxy,z is the partial correlation between x and y
after control z. The variables Yxy , Yxz , and Yyz are the
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FIG. 1. Geographical distribution of seasonal precipitation total (mm) and frequency (days).

correlations between x and y, x and z, and y and z, respectively. The number of degrees of freedom is N 2 3
(N is the sample size). A confidence level of 95% and
higher is used to determine statistical significance.
To remove the influence of the atmospheric circulation pattern from air temperature or precipitation
characteristics, for each station, a residual time series
is constructed by subtracting projected dependent
variables using simple linear regression from the
original variables. To adjust for different magnitudes
of original values, the percentage rate of change is also
calculated.
To further examine the relationships at large spatial
and temporal scales, all 517 station values are gridded
using Shepard’s local-search interpolation on a spherical
surface (Willmott et al. 1985) and equal-area-weighted
(cosine of the latitude) averages are applied to construct
time series representing the entire region. In addition,
11-yr moving averages are applied to emphasize decadal
and longer time-scale relationships.

3. Results
a. Climatology of seasonal precipitation
characteristics
The geographical distribution of 45-yr mean seasonal
precipitation total and frequency are shown in Fig. 1. In
general, winter precipitation decreases gradually from
the west to the east and then decreases rapidly approaching the Pacific Ocean. Western European Russia
receives about 150 mm; this decreases to about 100 mm
in western Siberia and 50 mm or lower over northeastern
Siberia and then increases again along the coast of
eastern Siberia (Fig. 1a). The area-adjusted winter precipitation average based on these 517 stations is 84 mm.
The highest precipitation of up to 600 mm occurs locally
along the east shore of the Black Sea, possibly related to
lake-effect snow and orographic lifting (Korzun 1978;
Lydolph 1977; Ye 2001). Spring shows higher precipitation over most regions, especially over central and
eastern Siberia (Fig. 1b). Its geographical pattern
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FIG. 2. Geographical distribution of mean seasonal precipitation intensity (mm day21).

resembles that of winter over the western part of the
study region. In central and eastern Siberia, precipitation
shows separation between latitude zones. Local spring
maximum precipitation along the east coast of the Black
Sea is around 460 mm. The mean area-averaged spring
precipitation of the study region is about 98 mm. Summer
precipitation almost doubles between European Russia
and western Siberia and more than triples into eastern
Siberia compared to spring (Fig. 1c). There is a local
maximum at the southern edge of central Siberia. The
summer area-averaged precipitation reaches 205 mm.
The fall precipitation pattern lies between those of spring
and summer with an average of 143 mm (Fig. 1d). More
precipitation occurs over European Russia and western
Siberia and decreases toward the east with the minimum
occurring over Arctic coastal regions of central and
eastern Siberia during fall. Maximum fall precipitation is
found at island stations on the southern east coast and
over the eastern shore of the Black Sea, where it reaches
around 590 mm.
Precipitation frequency in winter is around 50–60 days
(or 54%–65%) for the majority of stations but decreases
to 30–40 days (33%–43%) over far-eastern Siberia
(Fig. 1e). Higher frequencies are centered over European Russia and central Siberia, with decreases toward
the northern coast and to the south. The area-averaged
value is 40.6 days (44%) in winter. The spring shows
decreased precipitation frequency everywhere, and the
averaged value is reduced to 32.2 days (36%; Fig. 1f).
During spring, the highest frequency of around 40–
50 days (45%–56%) occurs over northern European
Russia and western Siberia and some island stations
over the east coast, while in other areas it ranges from 10
to 40 days (11%–45%) with a less localized pattern. The

frequency in summer is similar to that of spring, ranging
from 30 to 40 days in the majority of the study region
with an area average of 37.5 days (41%; Fig. 1g). The fall
frequency pattern resembles that of winter with localized high frequency centers over the northern part of
European Russia and central Siberia (Fig. 1h) and with
an average of 40.1 (44%) days.
The mean winter precipitation intensity is 1–
2.5 mm day21 for most stations except for the southern
edges of European Russia and southeastern coastal
stations (Fig. 2a). The area-adjusted average precipitation intensity is 2.0 mm day21 in winter. During
spring, the precipitation intensity increases to an average of 3.0 mm day21, most significantly over the southern portion of the study region (Fig. 2b). Summer has
the highest precipitation intensity at an average of
5.4 mm day21 and with a well-defined zonal pattern decreasing toward the north (Fig. 2c). Fall precipitation
intensity has a similar distribution pattern to that of
spring, with a slightly higher average value of
3.7 mm day21 (Fig. 2d). For all seasons, the highest intensities are found in the wet regions along the east
shore of the Black Sea and along the southeastern coast
near the Pacific Ocean. From Figs. 1 and 2, one can
clearly see that there are very different precipitation
characteristics between winter and summer. Winter
precipitation is made up of very frequent low-intensity
events, while summer features more-sporadic but intense precipitation. Spring and fall precipitation characteristics lie between those of winter and summer but
with an evident zonal pattern more characteristic of
summer precipitation intensity rather than the longitudinal pattern that characterizes winter precipitation
intensity.
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TABLE 1. Percentage of stations showing statistically significant positive and negative trends (at the 95% confidence level) and all
positive- and negative-trend stations (in parentheses). The positive trend is marked by a plus sign and the negative trend is marked by
a minus sign at the front of values. Boldface numbers indicate relative dominance in either positive or negative trends (more than 60%).

Winter
Spring
Summer
Fall

Precipitation total

Precipitation frequency

Precipitation intensity

Air temperature

111.8% (57.5%)
29.0% (42.5%)
18.3% (63.7%)
23.1% (36.3%)
12.9% (51.4%)
24.3% (48.6%)
17.9% (54.1%)
23.5% (45.9%)

15.5% (37.0%)
218.0% (63.0%)
2.3% (33.5%)
217.0% (66.5%)
1.2% (28.7%)
214.7% (71.3%)
1.8% (26.5%)
218.0% (73.5%)

122.5% (68.8%)
26.1% (31.2%)
120.8% (75.4%)
21.2% (24.6%)
19.6% (68.5%)
23.3% (31.5%)
118.2% (71.4%)
22.5% (28.6%)

151.9% (95.5%)
20.6% (4.5%)
149.5% (96.9%)
20% (3.1%)
65.5% (98.3%)
20% (1.7%)
35.9% (99.0%)
20% (1.0%)

b. Trends in precipitation characteristics and air
temperature

c. Relationships with major atmospheric circulation
patterns

The results of simple linear trend analyses for seasonal
precipitation total, frequency, intensity, and seasonal air
temperature are listed in Table 1. It is evident that air
temperature has been increasing in all seasons; 95%–
99% of stations during the study period of 1966–2010
exhibit a positive trend. The largest number of stations
(65.5%) with statistically significant increasing trends
occurred in the summer, and the smallest number of
stations with statistically significant increasing trends
(35.9%) occurred in the fall.
Precipitation intensity has a predominantly positive
trend in all seasons—strongest in winter and spring and
weakest in summer (Table 1). As intensity increases,
precipitation frequency shows a predominantly decreasing trend in the majority of stations for all seasons.
For seasonal precipitation totals, winter and spring show
slight increasing trends but not as strong as that of intensity or frequency. These precipitation total trends
could be an artifact related to regional warming due to
systematic (mostly negative) biases in observation for
frozen precipitation (Førland and Hanssen-Bauer 2000;
Groisman et al. 2014). The results suggest that warming
has been occurring and precipitation intensity has been
increasing during the 45 years of study from 1966 to
2010. The increasing intensity seems to be mostly related
to decreasing precipitation frequency in all seasons.
Research on the U.K. daily precipitation records
during the period 1961–2006 showed increasing precipitation intensity for winter, spring, and (to a lesser
extent) fall, while summer intensity has interdecadal
variability increasing toward the last decade (Maraun
et al. 2008). Increases in U.K. precipitation intensity for
all seasons are predicted by climate model projections
(HadCM2) based on future increases in greenhouse
gases (Hulme et al. 1998). These findings are generally
consistent with trend results revealed here for similar
time periods at these northern Eurasian stations.

Among the 10 dominant atmospheric teleconnection
patterns, the AO, SCA, and POL have significant correlation with precipitation intensity in winter (Fig. 3). For
the AO, the majority of positive correlations occur over
European Russia, central Siberia, and southeastern Siberia; negative correlations are concentrated over
northeastern Siberia (Fig. 3a). In winter, significant positive correlations between the AO and precipitation total
are mostly over the northern part of the study region,
except for far-eastern Siberia, where negative correlations are found. The AO is also positively correlated with
frequency over European Russia and western and central
Siberia, with negative correlation over southern central
Siberia and eastern Siberia (not shown).
The distribution of correlation results with the AO is
very similar to that with the POL (Figs. 3a,e), as well as
with the SCA but with opposite signs (Fig. 3c). This is
not surprising because the winter time series of the AO
is significantly correlated with the SCA (coefficient
of 20.5976) and the POL (coefficient of 0.3238) over
the study period of 1966–2010. Given the similar geographical patterns of correlation among AO, SCA, and
POL as well as the intercorrelated nature of these three
time series, AO, the first primary mode of the atmospheric teleconnection, is used to represent atmospheric
influence in winter for further analyses.
During spring, the SCA is found to be most significantly correlated with precipitation intensity (Fig. 3b),
although correlation is not as high as during winter.
Significant negative correlations are found over the
northern coast and southern edge of European Russia,
northwestern Siberia, and the southern central and
southern coastal regions of eastern Siberia (Fig. 3b). The
pattern resembles that of winter correlation (Fig. 3c),
with fewer statistically significant stations over northern
European Russia. The SCA has a very strong decreasing
trend during the study period of 1966–2010 (Fig. 5f;
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FIG. 3. Correlation between precipitation intensity and major atmospheric circulation patterns. Red denotes
positive correlation, blue denotes negative correlation, and solid dots denote statistical significance at the 95%
confidence level or higher.

described in greater detail below), while spring precipitation intensity has a dominant increasing trend.
However, a similar relationship is also detected after the
trend is removed from both time series, suggesting that
SCA has an impact on spring precipitation intensity.
During summer, EA and EAWR are most significantly correlated with precipitation intensity. EA has
dominant positive correlations (Fig. 3d) while EAWR
has dominant negative correlation with summer precipitation intensity, except for a few stations over
northern European Russia where positive correlations
are found (Fig. 3f). Also, summer EA and EAWR time
series have a statistically significant negative correlation
(coefficient of 20.3856) during the study period. EA
has a significant increasing trend while EAWR has a
decreasing trend during the study period of 1966–2010
summers. The correlations between EA and precipitation intensity are no longer significant when the
trend is removed from the time series, but the significant
relationship between EAWR and precipitation intensity
remains. We can conclude that the relationship between
EA and precipitation intensity in summer is due to both
positive trends. Thus, only the EAWR is considered to
be related to summer precipitation intensity.

In summary, the AO has significant correlations with
precipitation intensity in winter, the SCA is significantly
correlated with precipitation intensity in spring, and the
EAWR is related to summer precipitation. Thus, when
evaluating the relationship of precipitation characteristics with air temperature, partial correlation is used to
separate the effect of each of these atmospheric circulation patterns.

d. Relationship with air temperature
Correlation between precipitation intensity and air
temperature is predominantly positive, except for summer when the relationship is weakest. Figure 4 shows the
correlations of air temperature with precipitation total,
frequency, and intensity for winter and summer. During
winter, precipitation total and frequency are statistically
significantly correlated with air temperature over the
study region, except for southern central Siberia and an
area between the Aral and Black Seas (Figs. 4a,c).
During summer, precipitation total and frequency have
predominantly negative correlations with air temperature (Figs. 4b,d). But correlation with precipitation intensity shows a split between positive and negative
correlations—generally positive over the northern study
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FIG. 4. Correlation between air temperature and precipitation characteristics for (left) winter and (right) summer.
Red denotes positive correlation, blue denotes negative correlation, and solid dots denote statistical significance at
the 95% confidence level or higher.

regions and around Lake Baikal and negative over the
southern regions.
For spring, temperature is most positively correlated
with precipitation intensity and negatively correlated
with frequency (Table 2). For fall, air temperature is
most significantly negatively correlated with frequency
and positively with intensity. For both seasons, there is
no clear geographical pattern of distribution, and the
positive correlations for precipitation intensity are
scattered across the study region.

The partial correlation between air temperature and
precipitation intensity after controlling for the AO gives
an increased number of statistically significant stations in
winter, especially for positive correlation (Table 2). But
for spring, there is a slight reduction in number of stations
with positive correlation after control for the SCA. For
summer, the control of the EAWR influence has increased the number of statistically significant negatively
correlated stations over the southern study region, while
the positively correlated stations are not affected. This

TABLE 2. Correlation and partial correlation (controlled for AO for winter, SCA for spring, or EAWP for summer) results of air
temperature with precipitation total, precipitation frequency, and precipitation intensity, presented by the percentages of stations showing
statistically significant positive (negative) correlations at the $95% confidence level in the first (second) line and all stations showing
positive (negative) correlations (shown in parentheses) in the first (second) line. Boldface highlights significant positive and/or negative
relationships.

Winter
Spring
Summer
Fall

Total

Frequency

Intensity

Partial correlation with intensity

34.6% (75.4%)
23.5% (224.6%)
8.1% (54.6%)
23.5% (245.4%)
0.6% (29.2%)
223.4% (270.8%)
7.9% (45.6%)
23.7% (54.4%)

41.2% (72.5%)
29.7% (227.5%)
5.8% (39.5%)
214.1% (260.5%)
0% (0.8%)
273.5% (299.2%)
7.5% (38.5%)
217.6% (261.5%)

12.8% (71.8%)
21.5% (228.2%)
10.4% (66.8%)
21.2% (233.1%)
4.5% (46.0%)
24.5% (254.0%)
5.6% (62.3%)
21.0% (237.7$)

21.7% (68.9%)
26.4% (231.1%)
7.3% (62.1%)
21.9% (237.9%)
4.4% (40.4%)
29.9% (256.6%)
—
—
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FIG. 5. The 11-yr moving-averaged precipitation intensity and air temperature averaged from all 517 stations for
(a) winter, (b) spring, (c) winter with AO variability removed, and (d) spring with SCA variability removed. Also shown
are the 11-yr moving-averaged (e) winter AO and (f) spring SCA time series. Black triangles denote precipitation intensity (mm day21), and red crosses denote air temperature or atmospheric circulation index [only applies to (a)–(d)].

suggests that the atmospheric circulation pattern does
significantly influence summer precipitation intensity.
The 11-yr moving-averaged time series and residual
time series, averaged over all stations for winter and
spring, are shown in Fig. 5. Winter temperature time
series show steady increases until around the mid-1990s
and then stay relatively flat, while precipitation intensity
shows larger increases starting in the 1990s and then
stays relatively flat in the 2000s (Fig. 5a). The residual
time series, after removal of the AO contribution
through a linear regression of both temperature and
precipitation intensity, show synchronized interdecadal
variation in addition to an increasing trend during the
study period. They increase until 1985, decrease slightly
until 1990, and then rapidly increase after 1990 (Fig. 5c).
In spring, both air temperature and precipitation intensity of the original time series show slight decreases
until the early 1980s followed by rapid increases
(Fig. 5b), while the residual time series after removal of
the SCA stay synchronized between air temperature and
precipitation intensity, with a slight departure during
1985–95 (Fig. 5d). This suggests that the SCA is related
to precipitation intensity at both interannual and decadal time scales.

The time series of summer and fall air temperature
and precipitation intensity show consistent fluctuations
and a general increasing trend throughout the study time
period (Fig. 6). These temperature and precipitation
intensity time series are not as tightly matched as those
of winter and spring time series since a smaller number
of stations demonstrated statistically significant correlation. For example, the rapid temperature increases in
the last decade during the fall season is not reflected in
increasing precipitation intensity, which stays relatively
flat (Fig. 6b). Also, the summertime series of the EAWR
shows an opposite phase from that of precipitation intensity and opposite trends during the study period
(Fig. 6c).

e. Quantitative assessment
The rate of change is averaged from all stations to
estimate changes associated with increasing air temperature over the entire study region. Although there
are overall increases in precipitation totals of 2.8 mm
(3.35%), 4.76 mm (4.85%), and 1.02 mm (0.71%) for
winter, spring, and fall, respectively, the large decrease
in summer precipitation of 7.46 mm (3.65%) results in
only a marginal annual precipitation increase for each
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FIG. 6. The 11-yr moving-averaged precipitation
intensity and air temperature averaged from all 517
stations for (a) summer and (b) fall. (c) The 11-yr
moving-averaged precipitation intensity and EAWR for
summer.

degree of air temperature increase (1.1 mm). However,
decreases in precipitation frequency in spring (0.35 days),
summer (2.43 days), and fall (0.73 days), respectively,
more than compensate for the small increase in winter
frequency (0.18 days); thus, annual precipitation frequency decreases 3.3 days yr21 for each degree of air
temperature increase.
The percentage of precipitation intensity change for
each degree of air temperature increase at each station
and season is plotted against its corresponding seasonal
climatological mean values of air temperature in Fig. 7.
An averaged value corresponding to each degree of air
temperature increment is calculated for all stations and
seasons that fall into that temperature range. It is clear
that the rate of precipitation intensity increase hovers
around 1%–3% for all seasons, except for summer, when
it switches to negative values when the stations’ air temperatures reach above 15.58C. The fairly consistent rate of
change for stations with air temperature below 15.58C
suggests a nonlinear relationship between air temperature
and precipitation intensity, similar to the relationship of
water vapor to air temperature but at a much lower rate.
This calculated rate of precipitation intensity change is
consistent with that of 2% K21 averaged from multimodel
projections for the twenty-first century (Sun et al. 2007).
It is also interesting to see that precipitation total
switches from positive to negative correlation around a
temperature of 20.58C and that frequency switches
around 25.58C (Fig. 7). The temperature threshold at
which the correlation with precipitation frequency

changes sign is very close to 268C, as shown by Ye
(2008) in a study of 80 weather stations over the time
period from 1936 to 1990 from a different dataset.
When carefully examining the averaged rates of
change of precipitation total and frequency (solid lines
in Fig. 7), the rates of precipitation total are predominantly slightly higher than those of frequency for
all low temperatures, until the station air temperature
reaches 15.58C, at which point the rate of frequency
decrease is higher than that of precipitation total. This is
the threshold when precipitation intensity starts to decrease with air temperature.
To further examine this relationship at the regional
scale, mean seasonal precipitation intensity averaged
from all available stations is plotted against the corresponding seasonal air temperature in Fig. 8. The higher
precipitation intensity associated with higher air temperature is apparent for all seasons with correlation
coefficients of 0.248, 0.515, 0.520, and 0.250 for winter,
spring, summer, and fall, respectively (statistically significant at 99% or higher for spring and summer and
90% or higher for winter and fall). It is also clear that
precipitation intensity switches to decreasing with air
temperature when the averaged mean air temperature
over the study region becomes higher than 158–168C in
the summer season (Fig. 8c).
The reversed relationship between precipitation intensity and air temperature is likely to be related to that
of the relationship between water vapor and air temperature. Ye and Fetzer (2009) found a threshold

Unauthenticated | Downloaded 01/09/23 04:50 AM UTC

15 JANUARY 2016

633

YE ET AL.

FIG. 7. Percentage rates of change in precipitation intensity plotted against their corresponding seasonal air temperatures for all stations and all seasons. The mean values (solid black
line) for each degree of air temperature aggregation is calculated by averaging all station values
where their corresponding seasonal air temperatures fall within the corresponding 18C temperature range. Similarly, the mean percentage rates of change for precipitation total (light
blue line) and frequency (orange line) are plotted. The thresholds of air temperature when rate
switches from positive to negative values are plotted with dashed lines as marked.

Eurasian summer air temperature of about 198C
above which the vapor pressure changes from increasing to decreasing, based on 80 station records.
They also revealed that the threshold may be highly
location dependent. Since the atmospheric circulation
has a significant role in precipitation intensity changes
over the southern region studied here during the
summer, the threshold of air temperature at which
precipitation intensity changes sign needs to be further investigated.
The unique response of summer precipitation is likely
due to the fact that the precipitation-producing weather
patterns are responding to warmer temperature in different ways in different seasons. During winter of a
warmer climate, increases in water vapor and changes in
large-scale circulation can cause extratropical winter
storms to shift and intensify locally, giving rise to positive
precipitation intensity in northern Eurasia (Bengtsson
et al. 2006; Ulbrich et al. 2008). On the other hand, during
summer, reduced relative humidity associated with
changes in large-scale circulation, local convection, and
water recycling through atmosphere–land feedback may
lead to increased dryness and suppressed precipitation
(Lau and Kim 2015; Ye et al. 2014).

4. Summary and conclusions
This study carefully examines changes in seasonal
precipitation characteristics associated with air temperature and the major atmospheric circulation patterns
on interannual and longer time scales at 517 stations
over northern Eurasia. Results suggest that 1) precipitation intensity has been increasing in all four seasons at a rate of about 1%–3% per each degree of air
temperature increase across the study region; 2) increasing precipitation intensity is most likely related to
decreasing precipitation frequency, as the precipitation
total shows little change; 3) there may be a threshold of
air temperature of 158–168C above which precipitation
intensity switches to decreasing with air temperature
over the study region; 4) the correlation of precipitation
intensity with the Arctic Oscillation as well as the
Scandinavian and polar–Eurasian patterns have similar
regional patterns of opposite signs between far-eastern
Siberia and the rest of the study region during winter;
5) the Scandinavian pattern has an overall positive relationship with spring precipitation intensity; and 6) the
east Atlantic–western Russian pattern is significantly
related to summer precipitation intensity. The increase
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FIG. 8. Mean seasonal precipitation intensity, averaged from all available stations, plotted against corresponding
seasonal air temperatures. Solid line is the averaged value for each 0.58 or 18C increment in air temperature.

in precipitation intensity is most likely due to increasing
atmospheric water vapor holding capacity associated
with higher air temperatures. The heaviest precipitation
events occur when effectively all water vapor in the
column of air is precipitated out, resulting in higher
precipitation intensity during extreme events. It is expected that the uppermost quartile of precipitation will
increase by 6.7% K21 in high-latitude regions (Allen
and Ingram 2002). In this study, the mean annual daily
precipitation intensity increase is about 1%–3% for the
study region. It is likely that precipitation intensity stops
increasing when water vapor can no longer increase at
extremely high temperatures as a result of limited local
evaporation sources (Ye and Fetzer 2009) associated
with increased hydrologic drought conditions over
northern Eurasia (Dai 2013). This study concludes that
warming air temperature is responsible for increasing
precipitation intensity across northern Eurasia during
the last 45 years.
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