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Abstract This paper investigates monthly and seasonal
precipitation—temperature relationships (PTRs) over
Northeast China using a method proposed in this study.
The PTRs are influenced by clouds, latent and sensible heat
conversion, precipitation type, etc. In summer, the influen-
ces of these factors on temperature decrease are different for
various altitudes, latitudes, longitudes, and climate types.
Stronger negative PTRs ranging from —0.049 to —0.075 °C/
mm mostly occur in the semi-arid region, where the cold
frontal-type precipitation dominates. In contrast, weaker
negative PTRs ranging from —0.004 to —0.014 °C/mm main-
ly distribute in Liaoning Province, where rain is mainly
orographic rain controlled by the warm and humid air of
East Asian summer monsoon. In winter, surface temperature
increases owing to the release of latent heat and sensible
heat when precipitation occurs. The stronger positive PTRs
ranging from 0.963 to 3.786 °C/mm mostly occur at high
altitudes and latitudes due to more release of sensible heat.
The enhanced atmospheric counter radiation by clouds is the
major factor affecting increases of surface temperature in
winter and decreases of surface temperature in summer
when precipitation occurs.

1 Introduction

It has been known that the global surface temperature has
increased about 0.74 °C in the last 100 years (1906-2005)
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with an increasing rate of about 0.13 °C/10 years in the past
50 years (Solomon et al. 2007). Generally speaking, the
global land precipitation has increased about 2 % since the
beginning of the twentieth century (Dai et al. 1997; Hulme
et al. 1998). However, the observed trends in precipitation
from 1900 to 2005 are significant increments in eastern parts
of North and South America, northern Europe, and northern
and central Asia, whereas there are decrements in the Sahel,
Mediterranean region, southern Africa, and in many places
of southern Asia (Toros 2012).

Intuitively, there is a relationship between precipitation
and surface temperature that it is cooler when precipitation
occurs in summer, while it is warmer when precipitation
occurs in winter. Indeed, the precipitation—temperature rela-
tionships (PTRs) are important for understanding precipita-
tion formation processes, weather forecasting, climate
change predictions, and parameterizations of precipitation
for modelings at large scales (Isaac and Stuart 1992). The
early study of PTRs was summarized by Namias (1953) that
there was a negative correlation between monthly tempera-
ture and precipitation during the summer, with the relation-
ship being the strongest over the US Great Plains. Madden
and Williams (1978) computed the correlations between
seasonal mean temperature and precipitation at some 98
North American and European stations and confirmed that
negative correlations were most frequent in summer, while
negative and positive correlations appeared about equally in
other seasons. There are some other similar works of study-
ing the correlations between precipitation and temperature
(Van den Dool 1988; Lyons 1990; Zhao and Khalil 1993).
Furthermore, Isaac and Stuart (1992) defined a temperature—
precipitation index (TPI) that the fraction of precipitation
recorded on days when the average daily temperature is less
than the median value and calculated TPI for 56 observing
sites across Canada. It was shown that in some regions and
seasons, larger precipitation amounts were observed when
mean daily temperatures were much cooler than the median
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value, whereas in other locations and seasons, the opposite
was found to be true. Stuart and Isaac (1994) used the TPI to
compare the PTRs produced by the observed daily values
with the PTRs estimated by the Canadian Climate Center
second-generation climate model. They found that in winter,
over broad areas, the model predictions and the observations
agreed, both showing more precipitation when the average
daily “screen-level” temperature was warmer than the me-
dian daily value. However, in summer, the observations that
more precipitation occurred with colder temperatures over
large regions were not simulated by the model. Rebetez
(1996) confirmed that colder summer tended to be associat-
ed with more precipitation, mainly in terms of the frequency
of precipitation occurrence, whereas in winter, higher tem-
peratures were accompanied by rain at lower altitudes.
Trenberth and Shea (2005) reported that over land, wet
summer was cool, while at high latitudes in winter, air warm
moist favored precipitation. Berg et al. (2009) verified that a
general increase in precipitation intensity was indeed ob-
served in winter, while in summer precipitation intensity
decreased with increasing temperature. However, any sur-
vey of the recent literature suggests that no real quantitative
PTRs have been reported. Duan and Yao (2003) con-
firmed that as mean temperature increases by 0.1 °C,
the precipitation decreases 80 mm and vice versa in
Northern Hemisphere. However, Adler et al. (2008)
found that precipitation increased 2.3 % when tempera-
ture increased by 1 °C at global scale. How and how
much do the temperatures change when precipitation
occurs or does the precipitation vary when temperatures
change deserves more investigation. The quantitative
PTRs can be used for better understanding the physics
of the relationships between atmospheric circulation,
cloud effect, and climate change.

Indeed, the correlations between precipitation and tem-
perature, TPI, and the quantitative PTRs are all important
for understanding the relationships between precipitation
and temperature and between the climate change processes
and the climate change predictions. However, regional dif-
ferences in the PTRs can be great. To improve our under-
standing of PTRs under global change, it is necessary to
study the regional characteristics and causes. Northeast
China, known as one of the Chinese Commodity Grain
Bases, is the most important agricultural region in China
(Wu et al. 2011). It is a complete physical geographical
region. However, few results regarding PTRs in this region
can be found. Studying of the characteristics of PTRs over
Northeast China is thus important and significative.
Therefore, the objectives of this work are to (1) analyze
the correlations between precipitation and temperature in
Northeast China, (2) investigate the percentage of precipita-
tion observed on the days when the temperature is less than
the median value, (3) represent the quantitative PTRs using
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a quantitative method firstly proposed in this study, and (4)
interpret the different PTRs in various seasons and locations.

2 Data and method

Daily values of temperature and precipitation from China
Meteorological Data Sharing Service System (http://
cdc.cma.gov.cn/index.jsp) are used, including daily mean
temperature (7ean), maximum temperature (7i,.x), mini-
mum temperature (7,,;,), daily temperature range (Tptgr),
and daily precipitation amount (referring to rainfall amount
only in this study). We analyze year-round precipitation—
temperature relationships. However, there are no snows in
summer and autumn over Northeast China. We exclude the
snow data in winter and spring to keep comparative analysis
of monthly and seasonal PTRs. There are totally 131 weath-
er stations in the region for the period 1951-2010. However,
many of these stations have missing or inadequate data
during the early operating period from 1951 to 1960.
Therefore, we confine the period of 1961-2010.
Meanwhile, quality control is performed to eliminate the
stations with inhomogeneities, discontinuities, or obvious
outliers in the raw data. Finally, the data for a set of 90
high-quality stations are used and illustrated in Fig. 1.
Winter season includes December, January, and February,
while summer season comprises June, July, and August, and
so on. The study area is spread across the domain of 115°
52'-135°09'E and 38°72'-53°55'N, covering Provinces of
Heilongjiang, Jilin, and Liaoning, as well as cities of
Chifeng, Tongliao, Hulun Buir, and Hinggan League in
Eastern Inner Mongolia (Fig. 1). It is a complete physical
geographical region.
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Fig. 1 Study area (115°52'-135°09'E, 38°72'-53°55'N) and the spa-
tial distribution of the 90 weather stations used in this study
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We calculate the correlations between precipitation and
temperature using the Pearson correlation analysis (Dutilleul
et al. 2000) for monthly means and seasonal means. We then
calculate the fraction of precipitation recorded on days whose
average daily temperatures are less than the median value
(Isaac and Stuart 1992; Stuart and Isaac 1994). Meanwhile,
we define a quantitative PTRs that the accompanied temper-
ature variations when 1-mm precipitation amount occurs.
Taking one station during the period 1961-2010 as example,
our method consists of the following five steps:

1. Extracting the daily values of precipitation and temper-
ature from 1 January to 31 December during the 50 years
and then we can obtain 366 daily data sets, including
precipitation amounts and accompanied temperature.
Each data set is with the length of 50 (the length of
the data series 29 February is 10).

2. Dividing the 366 data sets into two categories, including
precipitation day series and non-precipitation day series.

3. Detecting the trend of the temperature of non-precipitation
day series for each data set using the Mann—Kendall test
(Mann 1945; Kendall 1975). Eliminate the trend if there is
significant trend. Then calculate the average temperature
of non-precipitation days, which represents the tempera-
ture on non-precipitation day.

4. For each data set, the temperature of each precipitation
day subtracts the temperature on non-precipitation day.
We can get the temperature difference between precip-
itation day and non-precipitation day for each precipi-
tation day.

5. Calculating the regression coefficients between the
obtained new temperature difference series and the pre-
cipitation amount series for each data set. The regression
coefficients are quantitative PTRs, i.e., the accompanied
temperature variation when 1-mm precipitation amount
occurs. Then calculate the monthly and seasonal values.
The quantitative PTRs values really represent the quanti-
tative relationships between temperature and precipitation
rather than the simple correlations between temperature
and precipitation, which can quantitatively reveal
different precipitation amounts accompanying tem-
perature variation and vice versa.

3 Results and discussion
3.1 Correlations between temperature and precipitation

We calculate the correlations between daily precipitation and
daily temperature within a given month to determine the
relationships for that month. Table 1 shows the correlation
coefficients for monthly relationships between precipitation
and temperature (Tmean, Tmax> Imin,» and Tprr). The

correlations vary among different months. More than half the
stations in 5 months (January, February, March, October, and
November) have positive correlation between monthly 7;ean
and precipitation. Specially, the correlation of February of all
the sites is positive ranging from 0.011 to 0.279. Meanwhile,
the correlations of 72 sites are significant at the 0.05 confi-
dence level. The largest positive correlation coefficient is
0.331 in January of Tulihe (121°41'E, 50°29'N), which is
significant at the 0.05 confidence level. The other 7 months
are mainly negative correlation between 7;,.., and precipita-
tion. All the sites in May, June, and July have significantly
negative correlation coefficients. The largest negative correla-
tion coefficient is —0.352 in July of Linxi (118°4'E, 43°36'N),
which is different from the findings by Adimula and
Willoughby (2009) that the maximum negative correlation
between temperature and precipitation is in March of sub-
Sahel. It indicates that the correlations between precipitation
and temperature are different in various regions. Negative
correlation between T),,x and precipitation dominates in
9 months (except January, February, and November).
Meanwhile, all the sites in April to September have negative
correlations, and the correlations of most sites are significant at
the 0.05 confidence level. The strongest positive and negative
correlations are 0.213 in January of Ergun Right Banner (120°
11'E, 50°15'N) and —0.424 in July of Ji’an (126°9'E, 41°6'N),
respectively. By contrast with 7}, the overwhelming major-
ity of months (except December) have positive correlations
between T,,;, and precipitation. The largest positive and neg-
ative correlations are 0.367 in January of Tulihe (121°41'E,
50°29'N) and —0.146 in May of Dalian (121°38'E, 38°54'N),
respectively. For all sites, the correlations between Tprr and
precipitation in January to November are significantly nega-
tive. The largest negative correlation is —0.506 in August of
Ji’an (126°9'E, 41°6'N).

Figure 2 shows the correlations between precipitation and
temperature (7 nean (), Tmax (), Tmin (€), and Tptr (d)) for
seasonal means. As seen in Fig. 2 [-a—IV-a, the correlations
between Tiean and precipitation are positive in spring and
autumn and negative in summer for all sites, whereas
92.2 % stations have positive correlations in winter.
Moreover, the correlations of the overwhelming majority
of sites are significant at the 0.05 confidence level.
However, the spatial distributions for positive and negative
correlations are different. In spring, autumn, and winter, the
sites with large positive correlations mainly locate at the
mountain areas (the Changbai Mountains, Xiao Hinggan
Mountains, and Da Hinggan Mountains), where the places
belong to humid high altitudes and high latitudes. In con-
trast, in summer the stations with big negative correlations
mostly distribute in southeastern Northeast China, where the
region belongs to semi-arid climate. The largest positive and
negative correlations between T,,.., and precipitation are
0.295 and —0.247 in winter and summer, respectively. Both
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Table 1 Correlations between monthly precipitation and temperature

P—Tvean P—Tytax P-Twtin P-Tprr
January 0.001-0.331 (76, 64) 0.001-0.213 (61, 38) 0.016-0.367 (85, 73) >0 (0, 0)

~0.003 to —0.102 (14, 6) ~0.004 to —0.152 (29, 19) ~0.015 to —0.044 (5, 0) ~0.024 to —0.346 (90, 85)
February 0.011-0.279 (90, 72) 0.002-0.183 (67, 39) 0.062-0.331 (90, 90) >0 (0, 0)

<0 (0, 0) ~0.004 to —0.054 (23, 2) <0 (0, 0) ~0.075 to —0.386 (90, 90)
March 0.000-0.194 (78, 47) 0.001-0.068 (27, 4) 0.011-0.290 (90, 88) >0 (0, 0)

~0.005 to —0.042 (12, 0) ~0.001 to —0.111 (63, 17) <0 (0, 0) ~0.095 to ~0.353 (90, 90)
April 0.002-0.074 (12, 1) >0 (0, 0) 0.026-0.280 (88, 83) <0 (0, 0)

0.000 to —0.127 (78, 36) ~0.018 to —0.208 (90, 85) ~0.008 to —0.028 (2, 0) ~0.154 to —0.388 (90, 90)
May >0 (0, 0) >0 (0, 0) 0.001-0.269 (72, 49) >0 (0, 0)

~0.081 to —0.310 (90, 90) ~0.113 to —0.381 (90, 90) ~0.001 to —0.146 (18, 6) ~0.236 to —0.499 (90, 90)
June >0 (0, 0) >0 (0, 0) 0.000-0.339 (70, 44) >0 (0, 0)

~0.111 to —0.326 (90, 90) ~0.185 to —0.392 (90, 90) 0.000 to —0.124 (20, 6) ~0.196 to —0.467 (90, 90)
July >0 (0, 0) >0 (0, 0) 0.000-0.290 (67, 52) >0 (0, 0)

~0.099 to —0.352 (90, 90) ~0.200 to —0.424 (90, 90) ~0.003 to —0.140 (23, 8) ~0.175 to —0.469 (90, 90)
August 0.052 (1, 1) >0 (0, 0) 0.029-0.331 (87, 83) >0 (0, 0)

~0.004 to —0.244 (89, 75) ~0.185 to —0.393 (90, 90) ~0.004 to —0.117 (3, 1) ~0.188 to —0.506 (90, 90)
September 0.005-0.147 (39, 21) >0 (0, 0) 0.048-0.365 (89, 88) >0 (0, 0)

~0.001 to —0.156 (51, 21) ~0.056 to —0.256 (90, 90) ~0.028 (1, 0) ~0.132 to —0.474 (90, 90)
October 0.001-0.137 (76, 41) 0.007 (1, 0) 0.022-0.308 (89, 86) >0 (0, 0)

~0.002 to —0.048 (14, 0) ~0.005 to —0.142 (89, 53) ~0.030 (1, 0) ~0.040 to —0.384 (90, 89)
November 0.003-0.263 (85, 64) 0.005-0.113 (63, 30) 0.028-0.324 (89, 84) >0 (0, 0)

~0.014 to —0.079 (5, 2) ~0.001 to —0.107 (27, 8) ~0.019 (1, 0) ~0.011 to —0.390 (90, 88)
December 0.001-0.082 (32, 1) 0.002-0.089 (39, 2) 0.001-0.090 (28, 1) 0.001-0.092 (68, 13)

—0.003 to —0.086 (58, 14)

0.000 to —0.067 (51, 5)

—0.001 to —0.091 (62, 18)

—0.002 to —0.040 (22, 0)

Here temperature includes mean temperature (7jnean), maximum temperature (7p,.x), minimum temperature (71,,), and daily temperature range
(Torr)- The values in the parenthesis are the numbers of all stations and stations with the correlations being significant at the 0.05 confidence level

for corresponding correlation level, respectively

of them are significant at the 0.05 confidence level. Similarly,
the correlations between T, and precipitation in summer for
all the sites are negative, but the correlations in the other three
seasons for overwhelming majority of stations are positive
(Fig. 2 I-b—IV-b). The sites with stronger positive correlations
mainly locate at Xiao Hinggan Mountains in spring and
autumn and at Changbai Mountains and Xiao Hinggan
Mountains in winter. Generally, the absolute values of the
negative correlations between T}, and precipitation in sum-
mer are larger than the positive correlations in the other three
seasons. In summer, the strong negative correlations mostly
are distributed in southwestern Northeast China and Changbai
Mountains, which is different from the correlations between
Tmean and precipitation. It indicates that latitudes and altitudes
and the intercombination between them are one key factor
influencing the correlations between T},, and precipitation.
Almost all the sites have positive correlations between Tpi,
and precipitation in all the seasons (except three sites in
summer) (Fig. 2 I-c-IV-c). Meanwhile, the correlations of
the overwhelming majority of stations are significant at the
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0.05 confidence level. All the larger positive correlations for
all seasons mainly distribute in Changbai Mountains, Xiao
Hinggan Mountains, and Da Hinggan Mountains. As for the
correlations between Tptr and precipitation, all stations have
negative values in all the seasons (Fig. 2 I-d-IV-d). The
correlations of the overwhelming majority of stations are
significant at the 0.05 confidence level. The larger negative
correlations mainly occur in Changbai Mountains and Xiao
Hinggan Mountains in spring, autumn, and winter, while the
larger negative correlations mostly distribute in Changbai
Mountains and northwestern Northeast China in summer.
All of these results indicate that the relationships between
temperature and precipitation are related to factors, such as
seasons, altitudes, latitudes, and large-scale weather systems,
or the interaction between them, which are similar to the
findings by Stuart and Isaac (1994).

Adler et al. (2008) concluded that the correlations between
precipitation and surface temperature are complicated with
both positive and negative values of correlations and a strong
seasonal variation in the correlations patterns in the Northern
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Fig. 2 Correlations between
seasonal precipitation and
temperature. Here temperature
includes mean temperature (a),
maximum temperature (b),
minimum temperature (c), and
daily temperature range (d).
The symbols of 1, 11, 111, and IV
represent spring, summer,
autumn, and winter,
respectively. For example, the
subfigure //-b represents the
correlations between
precipitation and maximum
temperature in summer. Dots
are scaled based on the
amplitude of the correlations,
with white signifying negative
value and black signifying
positive value. Squares indicate
stations with correlations
significant at the 0.05
confidence level. Percentage
represents the percentage of
each category of correlations

Hemisphere mid-high latitudes. Trenberth and Shea (2005) also
deduced that negative correlations dominate in summer over
land, while positive correlations dominate at high latitudes in
winter when the moisture holding capacity of the atmosphere is
low. Zhao and Khalil (1993) confirmed the strong negative
correlations in summer over the USA during 1905-1984. The
places with higher altitude and humid climate may have larger
positive correlations between 7},c,, and precipitation in spring,
autumn, and winter within a certain range, whereas larger
negative correlations dominates in semi-arid or arid regions in
summer. Nicholls et al. (2004) found a strong negative corre-
lation between annual 7}, and precipitation of —0.71 for New
South Wales in Australia 1910-2002. In this study, however,

strong positive correlations between 7, and precipitation
dominate at high altitude humid regions and high altitude high
latitude regions in spring, autumn, and winter, while large
negative correlations in winter dominate in semi-arid lower
latitude regions and high altitude and humid lower latitude
regions over Northeast China. The big positive correlations
between T,;, and precipitation dominate at high altitude humid
regions and high altitude high latitude regions for all seasons.

3.2 Percentage of precipitation frequency

After investigating the correlations between temperature
and precipitation amounts, it is necessary to analyze the
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relationships between frequency of precipitation and temper-
ature. Figure 3 shows the percentage of the frequency of
precipitation on days when the temperature of that day is
below the median temperature (7nean (@), Tmax (0), Trin (€),
and Tprg (d)) for monthly means and seasonal means. As is
evident from Fig. 3 a, precipitation is mainly observed on
relatively higher 7., days in January to March, October and
November, and spring, autumn, and winter, on lower Tpcan
days in April to August and summer and with little or no bias
in September and December for all the 90 stations. The largest
mean percentage of the 90 sites is in June for the monthly
means and in summer for the seasonal means, which indicates
that the lower Tpean is usually accompanied by precipitation
events in June and summer. The largest and smallest percen-
tages are 81.8 % in January and 11.0 % in February, respec-
tively. The percentage of all the sites is larger than 50 % in
May to July. The average percentages of precipitation occur-
ring at Tiean below the median daily Tpea, are 37.3, 61.3,
33.8, and 34.9 % in spring, summer, autumn, and winter for all
the stations, respectively. Figure 3 b shows the relationships
between the frequency of precipitation and 7},,y. It is clear that
precipitation is mostly recorded on relatively lower T}, days
in overwhelming majority of months (except February and
December) and autumn, on higher 7},,.x days in summer, and
with little or no bias in February, December, spring, and
winter. Similarly, the change range of the percentage in sum-
mer is the smallest, while that in winter is the largest. As for
the relation between the percentage of precipitation and 7,
in Fig. 3 ¢, precipitation is mainly observed on relatively
higher 7,,;, days in most months (except December) and all
seasons and with little or no bias in December. Counter to
Tmin, precipitation is mostly occurred on relatively smaller
Tprr days in most months (except December) and all seasons

and on larger Tptr days in December. The variation range of
the percentage of precipitation relatively on Tprg is small in
summer, but larger in winter. These results indicate that the
relationships between precipitation and Teq, are different
among various months and seasons. Isaac and Stuart (1992)
concluded that more precipitation accompanies warm condi-
tions in winter and cool conditions in summer for the east and
west coasts and northern Canada. Rebetez (1996) confirmed
that colder summer and lower altitude warmer winter tend to
be associated with more precipitation. The onset of precipita-
tion serves to decrease the monthly and seasonal 7}, but
increases the monthly and seasonal T, with an overall
reduction in the Tprg, which is similar to the results by
Adimula and Willoughby (2009).

The variation range of the percentage for the 90 sites in
winter is the largest, which indicates that there may be
obvious spatial variation in the relationships between pre-
cipitation and temperature in winter. Figure 4 shows the
spatial distributions of the percentage of the frequency of
precipitation in winter represented in Fig. 3. As seen in
Fig. 4a, b, the places with large percentage (above 50 %)
mainly distribute in the semi-arid region, but the places with
small percentage (below 50 %) mostly locate at the high
altitudes and humid region (plateau and mountains) for both
Tmean and T« Although all of the percentage for Ty, is
below 50 % and that for Tphtg is above 50 %, the places with
larger values also mainly distribute in the semi-arid areas
and the sites with smaller percentage mostly occur at the
high altitudes and humid region (Fig. 4c, d). It demonstrates
that there are obvious spatial variations in the percentage of
the frequency of precipitation on days when the temperature
of that day is below the median temperature in winter. The
climate type, latitude, and altitude are the main factors. The

Fig. 3 Percentage of the o, [E T 90% gz
precipitation on days when the 800/0 ‘\ 80% | \ A /‘\‘\ A A
temperature is below the 70% Ao ~O ) a \‘,‘C" o X \A/
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means and seasonal means. B R AR ,’ """" 60%F £ / M e
Here temperature includes 40% . ,«J J 50% e Ty e s
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maximum temperature (b), 20% J 40% /
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oo EEE AL e WAL T L2 SN A
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Fig. 4 Spatial distributions of
the percentage of precipitation
on days when temperature is
less than the median value in
winter. The symbols of a, b, ¢,
and d represent mean
temperature, maximum
temperature, minimum
temperature, and daily
temperature range, respectively.
Dots are scaled based on the
amplitude of the percentage

B Humid region

more arid the region is, the larger is the percentage. The
higher the altitude is, the smaller is the percentage. In
contrast, the variation range in summer is the smallest. The
spatial variations in the percentage mentioned above for
spring, summer and autumn are not obvious.

3.3 Quantitative precipitation—temperature relationships

To quantitatively analyze the interaction between precipita-
tion and temperature, the values of the PTRs are defined by
the accompanied temperature (Tmean, Tmax> min» a0d TpTr)
variation when 1-mm precipitation amount occurs. Table 2
shows the PTRs for monthly means. More precipitation
occurs with higher Tj,c., during January to March and
November to December, but more precipitation occurs with
lower Tiean in April to August. The largest increment of
Tmean 18 in January, which is represented by the precipita-
tion—Tpean relationships (P—Tpnean relationships) ranging
from 0.023 to 4.516 °C/mm with an average value of
1.045 °C/mm. The largest decreased Tyeqy 1S in May ranging

e (.185-0.274 ® (.306 - 0.408

@ 0.274-0.349 @ 0.408 - 0.500
@ 0.349 - 0.500 @ 0.500-0.610
@ 0.500-0.569 @o610-0742

e 0.149-0.212 e .532-0.713

® 0.212-0.269 ® 0.713-0.815
@ 0.269 - 0357 @0.815-0.895
@0.357-0479 @ 0.895-0.954
B Semi-humid region Semi-arid region 0_200 400y

from —0.020 to —0.225 °C/mm with a mean value of
—0.104 °C/mm. Specially, precipitation occurrence compa-
nies by lower Tiean With the range of —0.001 to —0.225
°C/mm during May to July for all the 90 sites, and the
overwhelming majority of them have significant values at
the 0.05 confidence level. The precipitation—77,,, relation-
ships (P—T1ax relationships) are similar to those of P—Tijean
relationships. The increment of 7),,, When precipitation
occurs dominates in January to March and November to
December, whereas the cooling influence of precipitation
on T« dominates in April to October. The largest incre-
ments of T, when it rains are 0.024-3.864 °C/mm in
January for 68 sites, in which the increments of 39 sites
are significant at the 0.05 confidence level. The largest Tiax
reductions when it rains are —0.046 to —0.311 °C/mm in
May for all the 90 sites, and all sites have significant values
at the 0.05 confidence level. Precipitation occurs with higher
Tmin in most months (except July) for more than 50 %
stations. The largest Ty, increments are 0.016-5.171
°C/mm during January for 78 stations, and the increments
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Table 2 Quantitative precipitation—temperature relationship for monthly means

P_TMin

P_TDTR

P-Tnean P—Tax
January 0.023-4.516 (76, 47) 0.024-3.864 (68, 39)

—1.917 to —0.025 (14, 0) —3.165 to —0.069 (22, 3)
February 0.000-3.778 (83, 58) 0.013-2.865 (81, 42)

—0.205 to —0.046 (7, 0) —0.739 to —0.013 (9, 0)
March 0.000-1.073 (64-21) 0.007-0.655 (48, 6)

—0.251 to —0.003 (26, 1) —0.566 to —0.004 (42, 3)
April 0.002-0.060 (7, 0) 0.069 (1, 1)

—0.227 to —0.002 (83, 41) —0.295 to —0.021 (89, 61)
May >0 (0, 0) >0 (0, 0)

—0.225 to —0.020 (90, 90) —0.311 to —0.046 (90, 90)
June >0 (0, 0) >0 (0, 0)

—0.127 to —0.014 (90, 89) —0.224 to —0.033 (90, 90)
July >0 (0, 0) >0 (0, 0)

—0.072 to —0.001 (90, 84) —0.101 to —0.009 (90, 88)
August 0.004-0.011 (5, 0) >0 (0, 0)

—0.081 to —0.001 (85, 66) -0.112 to —0.012 (90, 88)
September 0.000-0.053 (37, 4) 0.002-0.008 (5, 0)

—0.123-0.000 (53, 18) —0.181 to —0.003 (85, 66)
October 0.002-0.180 (41, 4) 0.001-0.118 (10, 0)

—0.144 to —0.001 (49, 8) —0.211-0.000 (80, 27)
November 0.001-1.561 (77, 33) 0.001-0.804 (78, 20)

—0.536 to —0.004 (13, 0) -0.501 to —0.001 (12, 0)
December 0.001-3.378 (83, 59) 0.050-2.801 (76, 52)

~0.842 to —0.018 (7, 0)

—1.201-0.000 (14, 1)

0.016-5.171 (78, 46)
~1.145 to —0.063 (12, 0)
0.003-4.060 (88, 60)
~0.080 to —0.023 (2, 0)
0.004-2.037 (83, 40)
~0.063 to ~0.001 (7, 0)
0.002-0.311 (69, 26)
~0.079 to —0.002 (21, 0)
0.002-0.145 (52, 20)
~0.125-0.000 (38, 5)
0.000-0.151 (54, 25)
~0.048-0.000 (36, 12)
0.001-0.073 (38, 19)
~0.029-0.000 (52, 16)
0.001-0.108 (66, 32)
~0.033-0.000 (24, 6)
0.000-0.190 (80, 53)
~0.041-0.000 (10, 0)
0.004-0.384 (79, 34)
~0.055 to —0.002 (11, 0)
0.011-2.149 (79, 38)
~0.315 to —0.002 (11, 0)
0.025-3.584 (83, 59)
~0.728 to —0.016 (7, 0)

0.018-0.446 (28, 5)
~2.870 to —0.015 (62, 32)
0.018-0.104 (7, 0)
~2.790 to —0.001 (83, 38)
0.002-0.045 (7, 0)
~1.577 to —0.007 (83, 55)
>0 (0, 0)

~0.366 to —0.041 (90, 86)
>0 (0, 0)

~0.414 to —0.050 (90, 90)
>0 (0, 0)

~0.320 to —0.009 (90, 88)
>0 (0, 0)

~0.171 to —0.005 (90, 88)
>0 (0, 0)

~0.218 to —0.004 (90, 86)
0.002-0.003 (2, 0)
~0.371 to —0.001 (88, 81)
0.005-0.019 (5, 0)
~0.443 to —0.005 (85, 74)
0.000-0.182 (22, 3)
~1.484 to —0.003 (68, 27)
0.012-0.602 (24, 6)
~1.555 to —0.007 (66, 29)

Here temperature includes mean temperature (7nean), maximum temperature (7p,.x), minimum temperature (71,,), and daily temperature range
(Tprr)- The values in the parenthesis are the numbers of all stations and stations with the relationships being significant at the 0.05 confidence level

for corresponding relationship level, respectively. The unit is degree Celsius per millimeter

of 46 sites are significant at the 0.05 confidence level. As for
the Tprr, the precipitation occurrence accompanies smaller
Tptr in all months for the majority of stations. The largest
increment of Tprg is —0.015 to —2.870 °C/mm during
January for 62 sites, and 32 stations have significant incre-
ment at the 0.05 confidence level.

Duan and Yao (2003) confirmed that in a case of
Northern Hemisphere mean temperature increases of
0.1 °C, the precipitation decreases 80 mm and vice versa.
However, Adler et al. (2008) found that precipitation in-
creased 2.3 % when temperature increased 1 °C at global
scale. How and how much do the temperatures changes
when precipitation occurs or does the precipitation vary
when temperatures change? Figure 5 shows the spatial dis-
tribution of the PTRs for seasonal means. As is evident from
Fig. 5 I-a-I-d, there exists negative PTRs in spring for all
sites. The larger values of the P—T},,, relationships ranging
from —0.175 to —0.255 °C/mm distributes in the western
Northeast China (semi-humid and semi-arid region), which
decreases toward the southeast direction. It is because the
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precipitation is mostly the cold frontal-type precipitation in
spring and the intensity of cold air mass caused by the
Siberian high decreases along the NW-SE direction.
Another important reason is that the latent heat of evapora-
tion of rainwater when it rains results in the reduction of
Tmean- The P—T . and P—T,;, relationships in spring are the
range of —0.039 to —0.318 and —0.043 to 0.172 °C/mm,
respectively. The larger values of the P-Ty,.x and P—T;,
relationships are mainly occur at the semi-humid and semi-
arid region and the high altitude with humid regions. The
negative values of the P—T,,,, relationships are larger than
those of the P—T,;, relationships, which results in the neg-
ative P—Tprr relationships with the range of —0.042 to
—0.469 °C/mm.

The summer PTRs are presented in Fig. 5 [I-a—II-d. The
I-mm precipitation amount mainly accompanies lower
Tnean> lower Tay, higher Tiin, and smaller Tpg in summer,
with the values of —0.004 to —0.075, —0.015 to —0.117, 0—
0.099, and —0.005 to —0.189 °C/mm, respectively. The
largest values of P—T),c., relationships with the range of



Quantitative precipitation—temperature relationships

667

Fig. 5 Quantitative
precipitation—temperature
relationships for seasonal
means. Here temperature
includes mean temperature (a),
maximum temperature (b),
minimum temperature (c), and
daily temperature range (d).
The symbols of 7, /1, 111, and IV
represent spring, summer,
autumn, and winter,
respectively. For example, the
subfigure /I-b represents the
quantitative precipitation—
maximum temperature
relationships in summer. Dots
are scaled based on the
amplitude of the correlations,
with white signifying negative
value and black signifying
positive value. Squares indicate
stations with correlations
significant at the 0.05
confidence level. Percentage
represents the percentage of
each category of relationships.
The unit is degree Celsius per
millimeter

—0.049 to —0.075 °C/mm mostly occurs in the semi-arid
region, where the cold air mass dominates the frontal system
and the rain is mostly the frontal-type rain. In contrast, the
smallest values of —0.004 to —0.014 °C/mm mainly distrib-
utes in Liaoning Province, where the rain is mainly the
orographic rain controlled by the warm and humid air of
East Asian summer monsoon. Meanwhile, when precipita-
tion occurs, the temperature is diminished owing to more
energy going into latent heat of evaporation rather than
sensible heat (Milly and Dunne 2001; Walter et al. 2009).
Moreover, the surface moisture is likely associated with
clouds to block out the sun, providing less energy firstly,
further reducing temperatures (Liepert 2002; Trenberth and

Shea 2005). The distribution of the P—T,,, relationships is
similar to that of the P—T),,, relationships. In the high
altitude and humid region, the 1-mm precipitation amount
mainly accompanies increment of 7pip.

The PTRs in autumn are presented in Fig. 5 II-a—III-d.
The 1-mm precipitation amount mainly accompanies lower
Tnean> lower Ty, higher T, and smaller Tptr, with the
values of 0 to —0.106, —0.003 to —0.235, 0-0.305, and 0 to
—0.459 °C/mm, respectively. Autumn is the transition sea-
son that the atmospheric circulation in summer changes to
winter. The rainfall types are similar to that in summer. The
cold air mass dominates the frontal system in the semi-arid
region, and the rain is mostly the frontal-type rain. In
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contrast, the orographic rain mainly distributes in piedmonts of
the west slope and south slope of Changbai Mountains. The
temperature variation when 1-mm precipitation occurs in au-
tumn is larger than that in summer, since it has higher intensity
of the cold air mass and smaller intensity of the frontal-type
and orographic precipitation amounts in autumn. The high
intensity of cold air mass in the semi-arid region in western
and humid region in eastern Northeast China causes larger
decreased Tinean When 1-mm precipitation occurs. The latent
heat of evaporation reduces the surface temperature in these
places. In some high altitude and latitude region in autumn, the
1-mm precipitation amount accompanies, contrarily, increased
Tnean, With the range of 0-0.092 °C/mm (Fig. 5 III-a), owing to
that the surface temperature has been below freezing point and
that the release of latent heat of solidification increases the
surface temperature. The larger values of the P—T,,, relation-
ships ranging from —0.131 to —0.235 °C/mm mainly occur in
the higher altitude and latitude region and the northeastern
Northeast China. The larger values of the P—T,,;, relationships
with the range of 0.076-0.305 °C/mm mainly distribute in the
high altitude region (the Chiangbai Mountains—Xiao Hinggan
Mountains—Da Hinggan Mountains). The PTRs in winter are
different from that in the other seasons. More stratocumulus
cloud occurs when temperature are colder in summer but
warmer in winter. Surface temperatures are warmer in summer
with clear skies but warmer in winter with overcast
skies (Isaac and Stuart 1996). Clouds literally provide
a blanket for the Earth, both shielding it from radiation
from the sun and trapping heat escaping from the sur-
face. The presence of cloud in the summertime provides
a cooling effect, while it makes the surface warmer in
the wintertime (Isaac and Hallett 2006).

As is evident from Fig. 5 IV-a—IV-d, the 1-mm precipi-
tation amount occurrence mainly accompanies higher 7;,can,
higher T,.y, higher T,,,;,, and smaller Tptg, with the values
of 0-3.786, 0-3.120, 0-0.367, and 0 to —2.087 °C/mm,
respectively. For the overwhelming majority of stations,
the rainwater temperature is lowered into environmental
temperature and rainwater solidifies on the ground when it
rains in early or late winter over Northeast China. The
release of the latent heat of solidification and sensible heat
increases the surface temperature. Meanwhile, the enhanced
atmospheric counter radiation caused by cloud when it rains
also increases the surface temperature. The lager values of
the P—Tpean relationships ranging from 0.963 to 3.786 °C/
mm mostly occurs at the high altitudes and latitudes (Xiao
Hinggan Mountains and Da Hinggan Mountains), which
indicates that the lower the surface temperature below freez-
ing point is, the more the heat releases when precipitation
occurs. In winter, however, there may be not any latent heat
of solidification release when precipitation occurs in some
region (e.g., the low latitudes and equatorial regions, such as
Hainan). Table 3 shows the P—T ., relationships in winter
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Table 3 Quantitative relationships between precipitation and mean
temperature over Hainan in winter during 1951-2001

Station Latitude Longitude P-Tpean Significance
relationship
Dongfang 19°6 108°37" 0.027 0.28
Danxian County 19°31' 109°35' 0.015 0.37
Qiongzhong 19°2' 109°50" 0.055 0.00
Qionghai 19°14' 110°28’ 0.025 0.01
Sanya 18°14' 109°31’ 0.009 0.51
Lingshui 18°30' 110°2' 0.006 0.50

Here P—Tycan relationships represent the relationships between precip-
itation and mean temperature. The unit is degree Celsius per millimeter

over Hainan during 1951-2001. It can be seen that the
values of the P—T,,.., relationships are positive, with the
range of 0.006—0.027 °C/mm, while the values are smaller
than those in Northeast China. In these areas, instead of
latent heat of solidification release, latent heat of evapora-
tion would have reduced the surface temperature when
precipitation occurs in winter. However, precipitation is,
indeed, accompanied by high temperature, which indicates
that the enhanced atmospheric counter radiation by clouds is
the major reason to increase surface temperature when pre-
cipitation occurs in winter. In cold winter, the moisture
holding capacity of the atmosphere is low and, accordingly,
the precipitation amount is small, which will increase the
value of PTRs (degree Celsius per millimeter) if the temper-
ature variation is about the same for seasonal means. This is
one of the reasons why the values of the P—T},c,, relation-
ships in winter over Northeast China are larger than those in
winter over Hainan and larger than those in other seasons
over Northeast China. The larger values of the P—T,,, and
P-T,in relationships also mainly occur in Xiao Hinggan
Mountains and Da Hinggan Mountains. The Tptr of
82.2 % sites becomes smaller when 1-mm precipitation
amount occurs, but the Tprr of 17.8 % stations is larger in
southeastern Northeast China.

4 Conclusions

The purpose of our study is to investigate the relationships
between precipitation and temperature (Timeans Tmaxs mins
and Tptr) over Northeast China during the last five decades.
We analyze the correlations between precipitation and tem-
perature for monthly means and seasonal means, the per-
centage of the frequency of precipitation on days when the
temperature of that day is below the median temperature for
monthly means and seasonal means, and furthermore, the
quantitative PTRs defined by the accompanied temperature
variation when 1-mm precipitation amount occurs.



Quantitative precipitation—temperature relationships

669

For monthly means, strong negative correlations between
precipitation and Tiean, Tmaxs Imin, a0d Tprr are in July,
July, May, and August, respectively. Large positive correla-
tions between precipitation and Tean, Tmax, and T, are all
in January. Higher altitudes with humid climate have stron-
ger positive correlations between T;,.., and precipitation in
spring, autumn, and winter, whereas larger negative corre-
lations dominate in semi-arid or arid regions in summer.
Strong positive correlations between T, and precipitation
dominate at high altitude humid regions and high altitude
high latitude regions in spring, autumn, and winter, while
large negative correlations in winter dominate in semi-arid
lower latitude regions and high altitude and humid lower
latitude regions over Northeast China. Large positive corre-
lations between Tp,;, and precipitation dominate at high
altitude humid regions and high altitude high latitude
regions for all seasons. For monthly means, the precipitation
is mainly observed on relatively higher Ti,.., days in
January to March, October and November, on relatively
higher T,,;, days in most months (except December), on
larger Tptr days in December, on lower Tie.n days in
April to August, on relatively lower 7, days in the over-
whelming majority of months (except February and
December), and on relatively smaller Tptr days in major
months (except December).

In spring, the 1-mm precipitation amount mainly accom-
panies lower Tiean, lower Tiay, higher Ti,in, and smaller Tptr
ranging from —0.016 to —0.255, —0.039 to —0.318, 0-0.172,
and —0.042 to —0.469 °C/mm, respectively. In summer, the 1-
mm precipitation amount mainly accompanies lower 7ican,
lower Tpax, higher Ti,,, and smaller Tyrr, with the values of
—0.004 to —0.075, —0.015 to —0.117, 0-0.099, and —0.005 to
—0.189 °C/mm, respectively. The 1-mm precipitation amount
mainly accompanies lower Tiean, lower Tiax, higher 7., and
smaller Tprr in autumn, with the values of 0 to —0.106,
—0.003 to —0.235, 0-0.305, and 0 to —0.459 °C/mm, respec-
tively. The 1-mm precipitation amount occurrence mainly
accompanies higher Tiean, higher 7.y, higher Ty, and
smaller Tpr in winter, with the values of 0-3.786, 0-3.120,
0-0.367, and 0 to —2.087 °C/mm, respectively.

The PTRs are influenced by different cloud fraction, latent
and sensible heat conversion, rainfall type, etc. (Chapin et al.
2011; Frieler et al. 2011; Isaac and Hallett 2006; Walter et al.
2009). Moreover, these factors play different roles in different
areas and period, such as various altitudes, latitudes, longi-
tudes, climate types, months, seasons, and intercombination
between them (Isaac and Stuart 1992; Screen and Simmonds
2010; Stuart and Isaac 1994). In summer, when precipitation
occurs, the enhanced clouds block out the sun, providing less
energy firstly and further reducing the surface temperature, the
latent heat of vaporization lowers the surface temperature, and
cold frontal-type precipitation reduces the surface tempera-
ture. In various altitudes, latitudes, longitudes, and climate

types, the influence intensity of the factors mentioned above
on temperature fall is different. The strongest negative P—
Tmean relationships with the range of —0.049 to —0.075
°C/mm mostly occurs in the semi-arid region, where the cold
air mass dominates the frontal system and the rain is mostly
the cold frontal-type rainfall. In contrast, the smallest values of
—0.004 to —0.014 °C/mm mainly distributes in Liaoning
Province, where the rain is mainly the orographic rain con-
trolled by the warm and humid air of East Asian summer
monsoon. When precipitation occurs in winter, the clouds
enhance the atmospheric counter radiation so that it increases
the surface temperature. When rainwater temperature de-
crease, rainwater solidification, and ice temperature decrease
occur on the ground, the releases of latent heat and sensible
heat increase the surface temperature. The stronger positive
P—T\can relationships mostly occur at the high altitudes and
latitudes (Xiao Hinggan Mountains and Da Hinggan
Mountains), with the range of 0.963-3.786 °C/mm owing to
releasing more heat, where the surface temperature below
freezing point is lower than that of other regions. The en-
hanced atmospheric counter radiation by clouds is the major
reason to increase surface temperature when precipitation
occurs in winter (Section 3.3). Nevertheless, there have been
many other factors influencing the P-T relationships, such as
pressure, wind, atmospheric circulation, etc. It is a challenge
to plenty interpret the P—T relationships considering all the
factors, which will be, however, our future intent.
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