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Abstract The purpose of this study is to investigate the

atmospheric water cycle in Lanzhou and surrounding areas,

a place sensitive to climatic conditions and located in the

vertex of the ‘‘Monsoon Triangle’’ of China; this study

obtained 243 event-based precipitation samples from four

stations in Lanzhou, Yongdeng, Yuzhong and Gaolan for

1 year from April 2011 to March 2012. The seasonal

variations of d18O and d excess indicate that westerly water

vapor, local moisture and summer monsoon all have an

influence in this region on a large scale. The westerlies play

a dominant role. However, the impact of monsoon moisture

has a seasonal limitation, mainly during the period from

June to early August. On a local scale, the transportation of

moisture appears via two routes. The contribution rate of

recycling moisture, over the region, is only 3.6 % on

average due to the deficiency of water resource in arid and

semi-arid land. Additionally, the effect of secondary

evaporation has also been discussed, and the results show

that relative humidity, temperature and precipitation

amount have different impacts on the effect. However, the

influence of precipitation amount is not obvious when the

rainfall amount is below 10 mm, while the meteorological

parameters of relative humidity and temperature play a

significant role in that scope.

Keywords Lanzhou � Water cycle � Moisture

source � Secondary evaporation � Evapotranspiration

Introduction

Stable isotope is regarded as a diagnostic tool which is

utilized in different mediums and widely used in geosci-

ence and environmental studies (Vodila et al. 2011;

Kumar et al. 2010; Carroll et al. 2006), using the hydrogen

and oxygen isotopes in rivers, lakes and groundwater to

investigate the circulation mechanism as well as the sur-

face runoff composition in drainage basins (Zhao et al.

2011), and making use of the isotopic data from speleo-

thems (Lachniet 2008), tree rings (Kress et al. 2010) and

ice cores (Steen-Larsen et al. 2011) to reconstruct

paleoclimate.

Precipitation is a main input factor in atmospheric water

cycle and it contains two natural tracers (18O and 2H)

which have strong signals for tracking the trajectories of

water vapor. The investigations about changes in moisture

sources are popular by using the following two methods.

The first method is a model-based study, which relies on

the Rayleigh model (Dansgaard 1964). Recently, some

scholars have used the model to simulate the variations of d
values in different areas to confirm the water vapor sources

(Sengupta and Sarkar 2006; Yamanaka et al. 2007).

However, although the model can be used to simulate the

evolution of d values well, it still has its limitations.

According to Criss (1999), the deuterium excess (d excess,

defined as d = dD - 8d18O; Dansgaard 1964), which is

controlled by the relative humidity in moisture source

(Pfahl and Wernli 2008) and considered to be the most

direct indicator to trace the water vapor source, cannot be

effectively predicted by the Rayleigh model. The second

approach is to comprehensively analyze the variations of

d18O and d excess for discussing the atmospheric water

cycle (Xie et al. 2011). On the other hand, the d excess is

not only influenced by the relative humidity in water vapor
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source, but it has been changed by the effect of evapo-

transpiration during the movement of air mass and sec-

ondary evaporation under the cloud base (Gat 1996). For

this reason, the two factors above have to be taken into

consideration when the moisture sources have been

discussed. Many researchers have investigated the effect of

evapotranspiration and sub-cloud evaporation, and accu-

mulate huge theoretical basis (Peng et al. 2007; Liu et al.

2008; Peng et al. 2010; Xu et al. 2011; Froehlich et al.

2008; Gat et al. 1994; Gat and Matsui 1991).

Fig. 1 Map showing the

location of study area in China

and the distributions of

sampling sites. The arrows

show the major moistures

influencing China. The solid

triangles in the upward map

refer to the stations in

southeastern China, and the

solid green circles in the

downward map are sampling

stations. The terrain-color

reference shows the variation in

altitude within the study area
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Monsoon margin (Qian et al. 2009) is closely associated

with the concept of global monsoon. Changes in global or

Asian monsoon circulation have a great impact on hydro-

logical process in margin of monsoon regions, and play an

important role in climatic variability in northern China.

Lanzhou and surrounding areas are located in the vertex of

the ‘‘Monsoon Triangle’’ of China (Li et al. 1988), a place

very susceptible to climatic changes (Qian et al. 2007) and

easy-to-occur meteorological and geologic disasters. Due

to its unique location, the water cycle mechanism in

Lanzhou and surrounding areas is complex. However,

related research on this regime is still limited, and the water

cycle in Lanzhou needs further investigation. Based on 243

event-based precipitation samples collected in Lanzhou

and surrounding areas from April 2011 to March 2012, this

paper focuses on the following two problems. The primary

one is to determine the water vapor sources influencing the

region on different scales and to calculate the contribution

rate of evaporation from surface water body through a

model, and the second is to explore the existing, impact

factors of sub-cloud evaporation.

Study area

The study region of Lanzhou and surrounding areas is in

the inland of northwest China (Fig. 1). To its northwestern

direction, three mountain ranges which are Altay Moun-

tains, Tianshan Mountains and Kunlun Mountains stretch

in that zone, and two low-lying desert basins, Junggar

Basin and Tarim Basin, are located between the three

mountain ranges. To the southwestern direction, there is

the Tibetan Plateau, which is the largest plateau in the

world; and to its southeast, there are the monsoon areas of

eastern China, which mainly contain plains and hills having

a relatively lower elevation.

In western China, there are mainly three air masses

influencing the region. Westerlies play a dominant role in

northwest China in all seasons, and the polar air mass

affects that region mainly in July (Pang et al. 2011). The

Tibetan Plateau blocks the southwest monsoon moisture

originating from the Indian Ocean in summer. However,

still the southwest monsoon moisture climbs the Himalayas

and influences the south of the plateau. In winter, the

westerly water vapor brings moisture to most of the

Tibetan Plateau (Tian et al. 2007). In southeast China, the

southeast monsoon moisture gives precipitation to that area

during summer.

The study area is located in the intersection of the

Tibetan Plateau and monsoon areas in eastern China, near

the headwaters of the Yellow (Huanghe) River and far

away from oceans. There is low precipitation in the region,

which has a mean annual rainfall amount of 293.9 mm in

Lanzhou (1981–2010), concentrated from June to Sep-

tember. The mean annual temperature is 10.4 �C in

Lanzhou. The hottest month is July with an average tem-

perature of 23.1 �C, while the coldest month is January

which has a mean value of -4.5 �C.

In the study area, four stations of Lanzhou, Yongdeng,

Gaolan and Yuzhong, evenly distributed from north to

south, are chosen for precipitation sampling. The two sta-

tions of Yongdeng and Gaolan are located to the north of

the Yellow River, and Lanzhou is closer near the river, and

Yuzhong is located to the south of the river.

Sample collection and data analysis

In this study, 243 event-based precipitation samples were

collected. The samples of the Lanzhou station were col-

lected from the meteorological field in Northwest Normal

University, and other samples were taken at the national

meteorological stations of Yuzhong, Yongdeng and Gao-

lan. The detailed information is shown in Table 1. In order

to prevent the evaporation of the rain samples, the samples

were taken immediately at the end of each event. All of the

samples were sealed in 60-mL plastic bottles, and then kept

in a refrigerator below 0 �C. The corresponding meteoro-

logical parameters, such as temperature, precipitation

amount, relative humidity, vapor pressure, wind direction

and wind speed, were obtained from the national meteo-

rological stations of Lanzhou, Yuzhong, Yongdeng and

Gaolan. Before analysis, the samples were stored at 4 �C in

the refrigerator to melt gradually.

All of the samples were measured by a liquid water

isotope analyzer DLT-100 [Los Gatos Research (LGR),

Inc.] operated in the Laboratory of Isotope Geo-chemistry

at the Northwest Normal University. The standards were

Table 1 The detailed information of the sampling sites

Station Latitude (�N) Longitude (�E) Sampling period Number of samples

Lanzhou 36.07 103.82 April 2011–March 2012 54

Yuzhong 35.85 104.12 April 2011–March 2012 78

Yongdeng 36.73 103.27 April 2011–March 2012 86

Gaolan 36.33 103.95 May 2011–September 2011 25
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obtained from LGR Inc., and in the Northwest Normal

University, they were calibrated with standard light Ant-

arctic precipitation (SLAP) and Vienna standard mean

ocean water (VSMOW). The precision was 0.2 % for d18O

and 1 % for dD, respectively (West et al. 2010).

Results and discussion

Variation of d18O and local meteoric water lines

The variations of d18O can reflect the differences of

moisture sources and meteorological conditions between

different sites (Wu et al. 2010). The values of d18O varied

from -18.2 to 4.7, -19.7 to 3.9 and -17.0 to 4.1 % for

Lanzhou, Yuzhong and Yongdeng, respectively. As a result

of the relative shorter sampling period at Gaolan which was

only sampled from May to September in 2011, the trend of

d18O values, which ranged between -13.1 and 1.4 %, is

slightly less than the three above. After a comprehensive

analysis of the four sites, it is not difficult to find that the

range of d18O values has a similarity to some degree. It

indicates that the four stations may have been affected by

the same moisture sources on a large scale.

By using all the isotopic data, the monthly trend of d18O

has been evaluated, and compared with the data of Lanz-

hou from the database in the global Network of Isotopes in

Precipitation (GNIP), as shown in Fig. 2. There is a good

consistency between the two groups of data, which show

relatively higher values of d18O in summer, and lower

values in winter. The highest values appear from May to

September. Since October, the values gradually decreased.

Figure 3 shows the local meteoric water lines (LMWL) of

the study area. Compared with the global meteoric water

lines (GMWL), the slope and intercept of LMWL are rel-

atively lower, indicating a strong evaporation effect (Wu

et al. 2010). On the other hand, the slope and intercept of

LMWL of Lanzhou are more close to the meteoric water

lines in northwest China, which has a slope and an inter-

cept of 7.88 and 9.42 (Liu et al. 1997), respectively.

According to the monthly variation of d18O values

which is compared with the results of GNIP for Lanzhou

and the LMWL, it can be verified that the data are collected

under a normal year and reliable.

Moisture sources on a large scale

The value of d excess is influenced by many factors

(Merlivat and Jouzel 1979; Peng et al. 2005). The initial

value is mainly controlled by the relative humidity of the

air mass above the water source and has a negative rela-

tionship with that parameter (Pfahl and Wernli 2008;

Uemura et al. 2008). Therefore, changes of d excess can be

a good indicator for meteorological conditions in the water

vapor source (Petit et al. 1991). Conversely, with the help

of the variations of d excess, it can be an effective way to

Fig. 2 Monthly variation of d18O from April 2011 to March 2012.

The circles refer to the average monthly values of d18O by the

observed samples collected in the four sampling sites. The triangles

denote the mean d18O values of Lanzhou using the data from GNIP

database of Lanzhou. The two groups of data show a good

consistency of variation in a whole year scale

Fig. 3 The local meteoric water lines of Lanzhou by using all the

isotopic data collected in four stations from April 2011 to March 2012
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trace the moisture sources. In addition, as a result of other

factors, d excess will also appear with different patterns of

change. Water vapor from land surface, supplying to the air

mass, is composed of plant transpiration and evaporation

from surface water body (Gat 1996; Gat et al. 1994). The

latter one has higher values in d excess. Thus, the d excess

in atmospheric water vapor increases when mixed with the

recycling moisture. Additionally, secondary evaporation

under the cloud base also plays a significant role in

affecting the values of d excess. As a result of the prefer-

ential evaporation of the light isotopes of 1H and 16O

during the secondary evaporation, the heavy isotopes

enrich. This causes an increase in the d values and decrease

in the d excess (Peng et al. 2007).

Figure 4 shows the seasonal variations of d18O and d

excess. The change of d18O has an obvious regularity. The

values in summer are higher than those in winter, and the

‘‘temperature effect’’ in middle and high latitudes may

account for this phenomenon (Dansgaard 1964). The var-

iation of d excess fluctuates on a daily basis, but is rela-

tively stable on a weekly basis which has a mean value of

11.6 %. This indicates that the study area is affected by a

constant moisture source, which may be the westerly water

vapor over a whole year. Moreover, after a comprehensive

analysis of d18O and d excess in Fig. 4, it can be found that

both of d18O and d excess decreased from early June to

early July, and the lowest values are -11.7 and -4.6 %,

respectively. The summer monsoon in China generally

starts in May and withdraws in late September to October

(Wang and Lin 2002). Thus, moisture for precipitation in

this period is likely from oceans. The transportation over a

long distance may lead to the decreasing of d18O, accord-

ing to the ‘‘continental effect’’, and the increase of relative

humidity in moisture source should be responsible for the

decline of d excess during this period. However, the mode

of variation changes from early July to mid-August. The

d18O values increase significantly while the d excess still

declines. The d excess gets much lower than the previous

period, the lowest value of which is -20.6 %. The

enrichment of d18O and decreasing of d excess may indi-

cate that there exists a strong evaporation under the cloud

base in the region. But, the excessive decline of d excess

during this period may also suggest the impact of monsoon

moisture. From mid-August to November, the variations of

d18O and d excess values were relatively stable. After

December, d18O values began to decrease while the d

excess increased. It indicates that the westerly air mass

mixed with huge amount of moisture evaporating from the

land surface had an effect on this region.

In order to verify the results above, the NOAA Hybrid

Single Particle Lagrangian Integrated Trajectory Model

(HYSPLIT) 4.9 was applied for simulation, using the

NCEP/NCAR global reanalysis from 2011 to 2012. Based

on the consistency of precipitation occurring in four sta-

tions, 10 periods from 2011 to 2012 were selected. The

vapor trajectories have been calculated at 0, 6, 12 and 18

UTC, and each of the trajectories was modeled over a

10-day (240-h) period. Then, the tool of ‘‘Trajectory

Cluster Analysis’’ in the software of HYSPLIT 4.9 was

used to calculate the average trajectories over the 10 dif-

ferent periods. The result is showing in Fig. 5.

At annual scale, the moisture source influencing the

region is mainly the westerly water vapor which originates

from the Atlantic Ocean and transports through the arid

northwestern China to Lanzhou. Feng et al. (2013) has

investigated the moisture sources in Tianshan region and

found that the westerly has a dominant effect on north-

western China. However, from early June to early August,

the moisture sources affecting the study area change. Not

only the westerly vapor affects the study area, but the

southeastern moisture also influences it, which corresponds

with the decrease of d excess in Fig. 4 in the same period.

Moreover, it is not difficult to determine that there still is

southeastern moisture from mid-August to mid-October

(Fig. 5g–i). If the air mass belongs to the monsoon mois-

ture, then it is contradictory to the fact of the relatively

stable changes of d excess in Fig. 4. In this respect, the data

Fig. 4 Seasonal variations of d18O and d excess. The solid lines with

circles refer to the daily variation, and the dashed lines show the

weekly trend. The bars highlight two periods which are from early

June to early July and early July to mid-August
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in this period should be further analyzed to confirm the

nature of the air mass. After October (Fig. 5j), the vapor

source becomes single; the westerly water vapor has a great

impact on the region.

In order to make sure whether the study area has been

influenced by the monsoon moisture from June to October,

the trajectories on rainy days during this period have been

calculated by using the HYSPLIT 4.9. The trajectories

showing the moisture transport from southeast were chosen

and the relative isotopic data were used to calculate the

mean value of d excess. The average d excess from some

stations in southeastern China was also calculated from

June to September for comparison. The d excess in

southeastern stations is 9.66 % on average, ranging from

5.3 to 12.45 %, as shown in Table 2. The mean d excess in

Lanzhou from June to early August is 9.4 %, and close to

the value of 9.66 %. The fact indicates that the region is

sure to suffer the monsoon moisture during this period.

However, the average d excess from mid-August to early

October is 16.3 %, and much greater than the average

value in southeastern stations. Therefore, it can be inferred

that the moisture may be from local evaporation rather than

from the monsoon moisture.

The water cycle mechanism on a local scale

According to the research above, the westerly water vapor

has a primary impact on this region on a large scale, while

in summer, the situation is more complex. On the basis of

the ‘‘continental effect’’ (Dansgaard 1964), the isotopic

Fig. 5 Modeled trajectory in different periods from 2011 to 2012.

a From April 1 to 10; b from May 1 to 15; c from May 20 to 31;

d from June 5 to 16; e from June 20 to July 10; f July 20 to August 5;

g from August 15 to 25; h from September 2 to 20; i from September

25 to October 15; j after October 15
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Table 2 The mean value of d excess in Lanzhou in two periods, and the average d excess from June to September in the stations of southeastern

China which are influenced by the Asian summer monsoon

Station Average d excess (%) Period Data source Mean value (%)

Fuzhou 10.44 1985–1992 GNIP 9.67

Hong Kong 8.52 1961–2004 GNIP

Guilin 12.45 1983–1990 GNIP

Nanjing 11.11 1987–1992 GNIP

Xiamen 7.67 2004–2006 Chen et al. 2010

Guangzhou 12.17 2007–2009 Xie et al. 2011

Liuzhou 5.3 1988–1992 GNIP

Lanzhou 9.4 06/05/2011–08/05/2011 This study 12.85

16.3 08/05/2011–10/05/2011

Table 3 The d18O values of four stations in individual events

Date (mm/dd/yyyy) d18O (%) Mode type

Yongdeng Lanzhou Gaolan Yuzhong

05/08/2011–05/09/2011 -1.87 -1.46 -4.55 -12.06 Mode 1

05/11/2011 -5.58 -4.30 -6.93 -11.98

05/28/2011 4.15 4.72 – -6.27

06/16/2011–06/17/2011 -2.56 – -6.14 -11.74

06/21/2011 -4.59 -5.76 -8.83 -10.63

06/22/2011 -8.58 -10.49 -10.58 -12.97

06/25/2011–06/26/2011 -6.43 -10.55 – -12.87

06/29/2011 -0.75 -1.35 – -10.71

07/04/2011 -4.46 -8.42 -12.64 -11.35

07/05/2011 -6.59 -6.57 -10.71 –

07/28/2011 -0.99 -0.97 -3.90 -1.22

08/01/2011 -4.16 -1.50 – -7.52

08/04/2011 0.42 3.354 -0.57 –

09/06/2011 -1.83 -4.07 -7.75 -15.83

09/09/2011 -4.14 -0.67 -5.38 -18.29

09/17/2011 -11.52 -12.23 – -12.89

10/11/2011–10/13/2011 -9.03 -6.00 – -16.30

Mean value (%) -4.03 -4.14 -7.09 -11.51

Date (mm/dd/yyyy) d18O (%) Mode type

Gaolan Yongdeng Lanzhou Yuzhong

08/15/2011 -3.36 -7.20 -4.28 -5.04 Mode 2

08/16/2011 -6.50 -8.68 -7.05 -7.74

08/17/2011 -9.92 -9.19 -10.21 -14.81

08/18/2011 -9.19 -12.77 -12.94 -18.91

08/20/2011 -4.82 -11.30 – -14.08

08/21/2011 -4.10 -2.52 -5.71 –

08/22/2011 -5.74 -4.66 – -19.51

Mean value (%) -6.24 -8.05 -8.04 -13.35

In mode 1, the values of d18O in Yongdeng and Lanzhou station have a similarity to some degree, and the values are greater than the ones in

Ganlan and Yuzhong. In mode 2, d18O values in Gaolan become the highest
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data were analyzed to discuss the water cycle mechanism

on a local scale, as shown in Table 3.

There appear two modes of moving patterns of moisture

(Fig. 6). In mode 1, the values in Lanzhou and Yongdeng

are higher. The mean values of both are -4.14 and

-4.3 %, respectively. In addition, the d18O values of the

two stations in individual precipitation event have some

similarities. The d18O gets lower in Gaolan, and it depletes

to the lowest value in Yuzhong station with an average of

-11.51 %. Therefore, it can be inferred that the moisture,

taken by the westerlies, may firstly go across from Lanzhou

and Yongdeng, and then to the stations of Gaolan and

Yuzhong. In mode 2, the value of d18O in Gaolan, with an

average of -6.24 %, becomes the highest, while the

remaining three stations are significantly lower. Moreover,

mode 2 is mainly concentrated after mid-August, and it

corresponds with the eastern moisture source in Fig. 5g.

Thus, it can be inferred that the water vapor may transport

from Gaolan to Lanzhou, Yuzhong and Yongdeng,

respectively.

The contribution rate of moisture from land surface

The contribution rate of moisture evaporated from land

surface has been calculated by using a relative model.

Recently, many researchers have used the approach to cal-

culate the contribution rate in different areas, and got better

results (Peng et al. 2010; Xu et al. 2011; Froehlich et al.

2008). From the research above, the westerlies is the main

water vapor source affecting the region on a large scale.

Thus, the westerly water vapor has been regarded as the

primary input factor. The moisture-recycling fraction can be

evaluated by the following equation (Peng et al. 2005):

R ¼ ðdloc � dairÞ
ðdvap � dairÞ

ð1Þ

In Eq. (1), dloc is the d excess of precipitation collected

in sampling sites, dair refer to the d excess of westerly air

mass, dvap is the d excess of water vapor originated from

land surface. In Eq. (1), the dair is assumed to be the mean

value of d excess of Yongdeng (Peng et al. 2010). The d

excess of dvap should be further estimated from the Craig-

Gordon equation (Gat et al. 1994; Craig and Gordon 1965).

dvap ¼
ðdsw � hdatm � eÞ

ð1� hÞ ð2Þ

In Eq. (2), dsw is the isotopic value of the surface water.

According to Peng et al. (2005), the value of dsw can be

replaced by the long-term average of annual weighted mean

isotope composition of precipitation, datm is the isotopic

value of the atmospheric moisture, h is relative humidity

and e stands for a combination of both equilibrium and

kinetic enrichment factors (Peng et al. 2010).

The contribution rate of Lanzhou and surrounding areas

ranges between 2.0 and 6.3 %, and is 3.6 % on average.

Gat et al. (1994) studied the Great Lakes and found that the

moisture-recycling fraction only ranges between 4.6 and

15.7 % although the area has abundant water resources in

land. Moreover, Froehlich et al. (2008) calculated the rate

on the main ridge of the Austrian Alps and also got a small

value, which is from 2.5 to 3 %. Therefore, combined with

the actual situations of Lanzhou which is located in an arid

and semi-arid region, we infer that the lack of water body

in land surface may be an important reason which leads to

the small contribution rate.

Existence of evaporation effect

The effect of secondary evaporation means the evaporation

of rain falling from the cloud base to the ground. The

rainfall influenced by the evaporation effect shows the

characteristics of an enrichment of d18O and decline of d

excess (Liu et al. 2008). Based on the theory, we calculated

the mean values of d18O and d excess, choosing the iso-

topic data which simultaneously corresponds to the

two conditions above to analyze. Figure 7 shows the

Fig. 6 The water cycle

mechanism on a local scale. The

dashed lines refer to the

trajectories of moisture

influencing the region. Solid

circles are sampling sites. In

a the trajectory is from

Lanzhou, Yongdeng to Gaolan

and Yuzhong, and in b the

trajectory is along Gaolan to

Yongdeng, Lanzhou and

Yuzhong
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evaporation effect in the region. The effect is mainly

concentrated from June to September in summer. However,

after October, the effect gradually decreases.

Factors influencing the evaporation effect

In addition to the characteristic of the enrichment of d18O

and decrease of d excess, the rain samples affected by

evaporation effect also have another feature. That is the

decline of the slopes of meteoric water lines as a result of

the kinetic isotope effects (Peng et al. 2007). Thus, with the

help of two indices of slope and d excess, the evaporation

under the cloud base can be effectively discussed. Air

temperature, relative humidity and precipitation amounts

are the main factors influencing the evaporation (Liu et al.

2008); therefore, the three meteorological parameters

above were chosen to investigate the secondary effect in

the area.

As shown in Table 4, relative humidity has an obvious

impact on sub-cloud evaporation. Along with the decline of

relative humidity, both slope and d excess decreases

gradually. The amplitude is apparent, and the slope

decreases from 8.05, which is close to 8 in GMWL, to 6.7.

d Excess dropped from 15.2 to 3.1 %. All of the data above

indicate that the evaporation effect is gradually increasing

in the region. Under the impact of temperature, there also

emerges a similar trend of variation. With the increasing of

temperature, both of slope and d excess decrease except the

data below 0 �C which are mainly snow samples. However,

when the factor of precipitation amount is considered, the

variations of slope and d excess are different. The slope

and d excess strangely increase when the rainfall amount is

between 0 and 10 mm. Until the precipitation amount is

Fig. 7 The existence of secondary evaporation. The mean values of d

excess and d18O have been calculated by using the entire observed

data. The data which simultaneously conform to the following two

conditions have been chosen as the samples which experienced

secondary evaporation. (1) The d excess is lower than the average

value. (2) Their d18O values are greater than the mean value. The red

diamonds refer to the observed d excess lower than the average value,

and the solid circles are the d excess greater than the average. The

green squares show the d18O values greater than the average and the

solid triangles mean the d18O values lower than the mean value

Table 4 The effect of secondary evaporation influenced by precipitation, temperature and relative humidity

Meteorological parameters Data range Slope Coefficient of correlation d excess (%) Number of samples

Relative humidity (%) 90–100 8.05 0.97 15.2 26

80–90 8.07 0.97 13.3 89

70–80 7.4 0.95 11.7 46

60–70 6.8 0.88 8.8 19

\60 6.7 0.86 3.1 25

Temperature (�C) \0 7.6 0.97 12.1 21

0–10 7.8 0.94 18.1 43

10–15 7.6 0.97 11.1 58

15–20 7.3 0.95 11.2 92

20–30 7.2 0.89 6.9 19

Precipitation amount (mm) 0–2 7.3 0.95 10.8 137

2–5 7.8 0.95 12.7 48

5–10 7.9 0.96 15.8 28

10–15 7.8 0.98 14.4 8

15–20 7.7 0.98 13.9 5
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[10 mm, the two indices begin to decrease. Thus, the

inferred precipitation amounts may not influence the

evaporation effect during the 0–10 mm rainfall amount; or,

in other words, the evaporation effect may be covered by

other indices in that amount range.

In order to further investigate the secondary evaporation

effect during the rainfall amount of 0–10 mm, the relative

isotopic data during that scope were extracted for discus-

sion. Temperature and relative humidity factors are con-

sidered as the main factors in this process (Table 5). The

result shows that during the 0–10 mm precipitation

amount, both of d excess and slope decrease significantly

when we regard temperature and relative humidity as the

main factors. Therefore, it is not difficult to conclude the

factors of temperature and relative humidity have a great

impact on the evaporation effect, while the influence of

precipitation does not appear in that scope.

Conclusions

By using 243 event-based precipitation samples, the vari-

ations of moisture sources in different scales and secondary

evaporation in Lanzhou and surrounding areas have been

discussed. Conclusions reached are:

(1) On a large scale, Lanzhou is mainly influenced by the

westerly water vapor over a whole year. Except the

westerlies, monsoon moisture has an impact on the

study area during the period from June to early

August. On a local scale, the inferred trajectory of

moisture appears in two modes, which is from

Lanzhou and Yongdeng to Yuzhong and Gaolan,

and from Gaolan to Lanzhou, Yuzhong and Yongd-

eng. In addition, the contribution rate of recycling

moisture is 3.6 % on average. The lack of surface

water source may be responsible for the relatively low

value.

(2) There exists secondary evaporation in the region.

Temperature, relative humidity and precipitation

amounts are the main factors influencing evaporation

below the cloud base. The impact of precipitation is

not shown during the rainfall amount of 0–10 mm.

However, temperature and relative humidity have a

great impact on evaporation in that rainfall scope.
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