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Abstract: The local meteoric water lines (LMWLs) reflect water sources and the degree of sub-cloud
evaporation at a specific location. Lanzhou is a semi-arid city located at the margin of the Asian
monsoon, and the isotope composition in precipitation around this region has aroused attention
in hydrological and paleoclimate studies. Based on an observation network of stable isotopes in
precipitation in Lanzhou, LMWLs at four stations (Anning, Yuzhong, Gaolan and Yongdeng) are
calculated using the event-based/monthly data and six regression methods (i.e., ordinary least
squares, reduced major axis, major axis regressions, and their counterparts weighted using precipi-
tation amount). Compared with the global meteoric water line, the slope and intercept of LMWL
in Lanzhou are smaller. The slopes and intercepts calculated using different methods are slightly
different. Among these methods, precipitation-weighted least squares regression (PWLSR) usually
had the minimum average value of root mean sum of squared error (rmSSEav), indicating that
the result of the precipitation weighted method is relatively stable. Higher precipitation amount
and lower air temperature result in larger slopes and intercepts on an annual scale, which is out of
accordance with the summertime.

Keywords: stable isotope; local meteoric water line; precipitation-weighted regression; Lanzhou city

1. Introduction

The stable isotope compositions in precipitation are widely investigated in Earth
science [1–3]. Usually, there are strong linear relationships between stable hydrogen and
oxygen compositions (δD and δ18O) in natural water, and the best-fit line (δD = 8 δ18O + 10)
at a global scale is termed as the global meteoric water line (GMWL; [4]). Influenced by the
evaporation condition at the source area as well as associated meteorological conditions [5],
the local correlations between δD and δ18O in precipitation vary. For a specific location,
it is necessary to establish a local meteoric water line (LMWL) [6,7], which is potentially
useful to assess water sources and the degree of sub-cloud evaporation [8]. Below-cloud
secondary evaporation of falling raindrops makes the slopes and intercepts of LMWL
lower [9] and deuterium excess (D-excess, defined as d = δD − 8 δ18O) lower [10,11].

In most cases, the LMWL is usually established by an ordinary least squares regression
(OLSR) [12], although other regressions are also recommended by IAEA (International
Atomic Energy Agency) and other scientists [12,13]. The OLSR method logically gives
all data points the same weighting, which may be sensitive for some heavy and small
precipitation events [14,15]. When a sampling period is relatively short, great uncertainty of
LMWLs may be involved, and the slope and intercepts may be sensitive to air temperature,
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precipitation amount and relative humidity. In studies where heavy rainfall events play a
dominant role, the effect of small precipitation events on hydrological processes may be
overestimated if equal weights are applied to each sample [16].

In the past decade, alternative methods considering precipitation amounts have
aroused great attention about LMWL determination [14,15,17]. One of the widely-applied
weighted methods, precipitation-weighted least squares regression (PWLSR), was intro-
duced by Hughes and Crawford [15], and this method reduces the influence of small
amounts. Based on the global data, Crawford et al. [17] indicated the weighted and un-
weighted regression results are generally similar, except in some coastal and oceanic sites
with a poor linear relationship between δD and δ18O. However, some cases in an arid
setting [14] indicated the necessity of precipitation weighting when precipitation events
are limited.

Situated at the western Loess Plateau and near the Tibetan Plateau, Lanzhou is jointly
influenced by westerlies and monsoon moistures [18–22]. The Yellow (Huanghe) River
flows from south-west to north-east through the urban area of Lanzhou. Although LMWL
in Lanzhou was previously determined using >200 [23] or >400 event-based samples [21,24],
the precipitation amount weighted methods were not taken into account until now. In
this study, 959 event-based samples at four stations from April 2011 to October 2014 were
applied to determine LMWLs using multiple regressions. The objective of this study
is (1) to present seasonal variation of LMWL, (2) to consider the differences between
precipitation-weighted and unweighted regressions, and (3) to discuss the sensitivity of
LMWL to meteorological conditions.

2. Data and Method
2.1. Data and Site Description

From April 2011 to October 2014, event-based precipitations were sampled at four sites
across Lanzhou, i.e., Anning (36◦06′ N, 103◦44′ E, 1548 m), Yuzhong (35◦52′ N, 104◦09′ E,
1874 m), Gaolan (36◦21′ N, 103◦56′ E, 1669 m) and Yongdeng (36◦45′ N, 103◦15′ E, 2119 m)
(Figure 1). The basic isotopic characteristics in precipitation at these sampling sites during
this period were analyzed by Chen et al. [22]. A total of 959 event-based precipitation
samples were collected then filled into HDPE bottles with waterproof seals. More details
of sampling procedure and meteorological parameters compilation were introduced in
our previous studies [21–24]. Stable hydrogen and oxygen isotope compositions in all the
precipitation samples were analyzed using liquid water isotope analyzer DLT-100 (Los
Gatos Research, Inc., Mountain View, CA, USA) in the Stable Isotope Laboratory, College
of Geography and Environmental Science, Northwest Normal University, Lanzhou, with a
precision of ±0.6‰ and ±0.2‰, for δD and δ18O, respectively [22].

In addition, the monthly data in Lanzhou (36◦03′ N, 103◦52′ E, 1517 m) during the
1980s and 1990s were also acquired from the Global Network of Isotopes in Precipitation
(GNIP) [13] to investigate the inter-annual variability. In the GNIP database, 42 monthly
records were measured in Lanzhou and were concentrated in two periods, i.e., 1985–1987
and 1996–1999.
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Figure 1. Spatial distribution of sampling stations (Anning, Yuzhong, Gaolan and Yongdeng) in 
Lanzhou, China. The black polygon denotes the administrative boundary of Lanzhou city. The 
blue curve denotes the Yellow River. 
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close fit (rmSSEav close to 1) [17].  

3. Results and Discussion 
3.1. Basic Characteristics of LMWL 
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based samples, showing lower intercepts and slopes than the global mean by using the 
most common method, OLSR. If PWRMA is used, the LMWL is very close to the 
GMWL: δD = (7.73 ± 0.05) δ18O+ (9.10 ± 0.44) (Figure 2a and Tables S1–S3 in Supplemen-
tary Materials). Based on the amount of weighted monthly samples, the LMWLs for 
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Figure 1. Spatial distribution of sampling stations (Anning, Yuzhong, Gaolan and Yongdeng) in
Lanzhou, China. The black polygon denotes the administrative boundary of Lanzhou city. The blue
curve denotes the Yellow River.

2.2. Local Meteoric Water Line Calculation

There are six regressions applied in this study, including three unweighted and three
precipitation-weighted ones. Ordinary least squares regression (OLSR) reduced major
axis regression (RMA) and major axis regression (MA) give equal weighting to each
sample [12,17]. Corresponding amount-weighted regressions to these three: precipitation-
weighted least squares regression (PWLSR), precipitation-weighted reduced major axis
regression (PWRMA) and precipitation-weighted major axis regression (PWMA) were
also calculated [15,17]. The Local Meteoric Water Line Freeware (available at http://
openscience.ansto.gov.au/collection/879, accessed on 14 May 2021) was used to determi-
nate all the six regressions above-mentioned. The average value of the root mean sum
of squared error (rmSSEav) was applied to assess whether this result denotes a close fit
(rmSSEav close to 1) [17].

3. Results and Discussion
3.1. Basic Characteristics of LMWL

The LMWL in this study is δD = (7.27 ± 0.06) δ18O + (4.56 ± 0.44), based on 959 event-
based samples, showing lower intercepts and slopes than the global mean by using the
most common method, OLSR. If PWRMA is used, the LMWL is very close to the GMWL:
δD = (7.73 ± 0.05) δ18O+ (9.10 ± 0.44) (Figure 2a and Tables S1–S3 in Supplementary
Materials). Based on the amount of weighted monthly samples, the LMWLs for OLSR,
δD = (7.53± 0.14) δ18O + (7.19± 1.19), and PWRMA, δD = (7.73± 0.14) δ18O + (8.98± 1.03),
also show lower intercept and slope values than the GMWL (Figure 2b and Tables S4–S6 in
Supplementary Materials). Stable isotopes in falling raindrops are greatly influenced by
below-cloud evaporation in arid conditions, which generates the light isotopes (1H and
16O) to be preferentially evaporated, resulting in an enrichment of heavy isotopes (D and
18O) in raindrops [4,25]. Figure 2a,b shows that the samples plotted above the GMWL
are influenced by strengthened moisture recycling, while the ones below the GMWL are
affected mostly by intense evaporation loss [26,27]. Comparing Figure 2a,b, the slope and

http://openscience.ansto.gov.au/collection/879
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intercept values which derives from linear regressions (δD and δ18O) calculated using event-
based samples and monthly weighted samples are different. The greater the difference in
the slopes and intercepts is, the more obvious the role of below-cloud evaporation is [28].
In this study area, the slopes and the intercepts of the amount weighted monthly data are
higher than those of the event-based data, and there are a lot of rain events between 0 and
1 mm (333 out of the 959 events).
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Figure 2. Linear relationship between δD and δ18O using event-based (a) and monthly (b) data for all sampling stations in
Lanzhou from 2011 to 2014. OLSR-based and PWRMA-based LMWLs as well as GMWL (δD = 8 δ18O + 10; [4]) are shown.

Figure 3 shows that the slopes and the intercepts at Anning, Yuzhong, Gaolan and
Yongdeng for event-based samples and monthly weighted samples are different. OLSR
slopes range between 7.14 ± 0.01 permille/permille (Yongdeng) to 7.50 ± 0.09 (Yuzhong),
and the intercepts change from 1.54 ± 0.83 permille (Anning) to 7.20 ± 0.87 permille
(Yuzhong). Differences in the intercept values may be attributable to the different origin
and trajectories of precipitation of the sites and the more intense secondary evaporation
of raindrops below the cloud base at Anning. Similarly, comparing Figure 3a,b, using the
monthly precipitation weighted values from all sampling sites resulted in an OSLR slope
and intercept larger than those determined using OLSR with all the event-based data.
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There is a seasonal difference in the LMWL between all the event-based data and the
monthly precipitation weighted values from all sampling sites by using OLSR (Figure 4
and Tables S7–S9 in Supplementary Materials). Considering the slopes and intercepts of the
event based LMWLs of each season, spring and summer show considerably lower slope
values (7.28 ± 0.16 permille/permille and 7.11 ± 0.09 permille/permille, respectively)
than the others. This reflects the sensitivity of the precipitated water stable isotopes
to the secondary evaporation (not equilibrium fractionation) and kinetic fractionation
of isotopes [21]. Precipitation in winter is mainly snowfall, which reduced the isotope
fractionation in the process of precipitation caused by secondary evaporation [21]. Similar
patterns can also be found for the slopes and the intercepts of LMWLs by using PWRMA
as well as the monthly precipitation weighted values from all sampling sites.
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for all sampling stations in Lanzhou from 2011 to 2014. OLSR-based and PWRMA-based LMWLs as well as GMWL
(δD = 8 δ18O + 10; [4]) are shown.

For spring, using the monthly precipitation weighted values from the four sampling
sites results in an OLSR meteoric water line (Figures 5a–d and 6a, Tables S7–S9 in Sup-
plementary Materials and Tables S10–S12 in Supplementary Materials), where both the
slope and intercept are larger than those determined using OLSR with all the event-based
data at Anning and Yuzhong. For summer, the slope and intercept from monthly pre-
cipitation weighted values are all higher than those of the event-based data at the four
sites (Figures 5e–h and 6b, Tables S7–S9 in Supplementary Materials and Tables S10–S12
in Supplementary Materials). The slope and intercept in autumn and winter at Anning
Yuzhong, Gaolan and Yongdeng fail to observe the above-mentioned patterns that exist
in spring and summer (Figures 5i–p and 6c,d, Tables S7–S9 in Supplementary Materials
and Tables S10–S12 in Supplementary Materials). Compared with OLSR, PWRMA has
similar patterns. Note that the LMWL slopes and intercepts using event-based data are
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closer to the OLSR and PWRMA-based LMWL slopes and intercepts using monthly data at
Yuzhong and Yongdeng in autumn, as well as at Gaolan in winter.
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sampling station in Lanzhou from 2011 to 2014.

In order to further understand the gap between event-based and monthly data, the
LMWLs are calculated using OLSR, RMA, MA, PWLSR, PWRMA and PWMA (Figure 7,
Tables S7–S9 in Supplementary Materials and Tables S10–S12 in Supplementary Materials).
Comparing the different alternative approaches (Figure 7a–d), the annual OLSR slopes
and intercepts with all the event-based data at the four sites are by far the lowest from
April 2011 to October 2014. The PWLSR slopes and intercepts at the four sites are higher
than the OLSR ones. The PWRMA slopes and intercepts at the four sites are higher than
the OLSR ones. The PWRMA slopes and intercepts at the four sites are higher than the
RMA ones. The PWMA slopes and intercepts at the four sites are also higher than the
MA ones. For instance, OLSR, RMA, MA, PWLSR, PWRMA and PWMA in the slope at
Anning are 7.19 ± 0.11 permille/permille, 7.36 ± 0.11 permille/permille, 7.53 ± 0.12 per-
mille/permille, 7.46 ± 0.10 permille/permille, 7.58 ± 0.10 permille/permille and
7.70 ± 0.10 permille/permille, respectively. For the four seasons, compared with the
unweighted methods (OLSR, RMA and MA) using event-based data at the four sites, the
OLSR-based LMWL slopes and intercepts are the lowest while the MA-based ones are the
highest (Figure 7e–t). Similar patterns can also be found for the slopes and intercepts of
LMWLs with the weighted methods using event-based samples (Figure 7e–t). The average
values of root mean sum of squared error (rmSSEav) with the unweighted and weighted
methods are close to 1, especially in the PWLSR method where a value of rmSSEav is by far
the lowest, which indicates this method is the most stable method for calculating LMWL.
The results in this study are generally consistent with the previous research of Crawford
et al. [17], denoting a close fit. The change rules of the unweighted and weighted slopes
using event-based data are similar to the unweighted and weighted LMWL slopes using
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monthly data at four sites. Compared with the unweighted methods, the weighted LMWL
slopes using event-based and monthly data are close in most cases.
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3.2. Meteorological Factors and LMWL

Figure 8 shows the variations of the stable isotope (δD and δ18O) composition of
local precipitation and meteorological parameters (precipitation amount, air temperature,
relative humidity, water vapor pressure, dew point temperature and depression of dew
point) for the four locations in the study region. The variations in LMWLs for the four
sites derived using the six regressions are clearly related to precipitation amount (P),
air temperature (T) and relative humidity (RH), water vapor pressure (e), dew point
temperature (Td) and depression of the dew point (∆Td). The six LMWL regressions are
calculated corresponding to the different meteorological parameter ranges (Figure 9 and
Tables S13–S18 in Supplementary Materials). Comparing the different precipitation events
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from Figure 9a, the lower precipitation amounts are, the lower the LMWL slopes, and
conversely. In Figure 9b, the LMWL slopes range from 7 to 7.5 when air temperature is more
than 20 ◦C for events, depending on the regression method, and the slopes for samples
are over 7.5 under the condition of less than 0 ◦C. The variations of LMWL intercept are
generally similar to those of slopes (Tables S13–S18 in Supplementary Materials). There is a
strong linear correlation between each meteorological parameter variable and the slope of
the LMWL for the six methods.
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Figure 9. The slopes of LMWL under different meteorological conditions ((a) P-precipitation amount, (b) T-air temperature,
(c) RH-relative humidity, (d) e-water vapor pressure, (e) Td-dew point temperature, (f) ∆Td-depression of dew point) using
six regression methods for all sampling stations in Lanzhou from 2011 to 2014.

Generally speaking, under the conditions of higher precipitation amount and relative
humidity as well as lower air temperature, water vapor pressure, dew point temperature
and depression of the dew point, higher slopes and intercepts are seen using the different
regression techniques. this reflects that sub-cloud secondary evaporation has a significant
effect on isotopes accompanied by low precipitation amounts, high temperature, low
relative humidity, high water vapor pressure, high dew point temperature and high
depression of the dew point.

3.3. LMWL Sensitivity for Heavy and Small Events

Previous studies show that heavy precipitation events influence the LMWL in pro-
portion to their hydrological importance using the weighted method [15,17]. Comparing
the different data from Table 1, the influence of heavy precipitation over 20 mm on LMWL
slopes is relatively limited for any method, and that for the unweighted regressions the
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difference in the slope from removing precipitation over 10 mm was close to zero in this re-
gion. The precipitation extremes do exist, but the frequency is actually very low, especially
for heavy precipitation events, where they are infrequent.

Table 1. Inter-annual variation of the slope of the δD–δ18O linear relationship (in permille/permille) using the six regression
methods, as well as the annual, December–January–February (DJF) and June–July–August (JJA) precipitation amount (P in
mm) and air temperature (T in ◦C) using event-based samples for all stations in Lanzhou from 2011 to 2014.

Year
Slope (Permille/Permille) P (mm) T (◦C)

OLSR RMA MA PWLSR PWRMA PWMA Annual DJF * JJA ** Annual DJF JJA

2011 7.33 ± 0.11 7.51 ± 0.11 7.70 ± 0.12 * 7.65 ± 0.09 7.77 ± 0.09 ** 7.90 ± 0.09 ** 192.8 0.8 107.0 14.1 −5.8 17.4
2012 7.38 ± 0.12 7.64 ± 0.12 7.89 ± 0.13 ** 7.68 ± 0.12 7.91 ± 0.12 ** 8.14 ± 0.12 ** 247.0 5.7 135.5 12.4 −7.4 18.9
2013 7.25 ± 0.12 7.48 ± 0.12 7.72 ± 0.12 ** 7.29 ± 0.11 7.50 ± 0.11 7.71 ± 0.12 ** 181.1 1.2 96.7 13.4 −6.5 18.0
2014 7.13 ± 0.11 7.34 ± 0.11 7.56 ± 0.12 ** 7.67 ± 0.11 ** 7.84 ± 0.11 ** 8.01 ± 0.11 ** 229.5 5.2 116.7 12.5 −5.2 16.6

Note: * DJF (December, January, February) ** JJA (June, July, August).

Table 2 shows that compared with heavy precipitation, the variations of LMWLs are
much larger when removing small amount rain events. Larger LMWL slopes can be found
when removing small precipitation (0.5 mm, 1 mm or 5 mm). The rain events with amounts
<5 mm play a dominant role in this study. The differences in the slope using the unweighted
regressions are higher than those using the precipitation-weighted regression, indicating
that the unweighted regression is more sensitive to the small precipitation events. For
precipitation-weighted regressions the influence of these small rainfall events on LMWL
slopes is already minimized. Compared with the unweighted regressions, the weighted
regressions are effective to remove any bias due to sample amount. For precipitation
>5 mm, little difference in the LMWL slopes between the different regression techniques is
seen.

Table 2. LMWL slope without extreme events using six regressions for all stations in Lanzhou from 2011 to 2014.

P (mm)
LMWL Slope (Permille/Permille)

n
OLSR RMA MA PWLSR PWRMA PWMA

All 7.27 ± 0.06 7.51 ± 0.06 ** 7.73 ± 0.06 ** 7.55 ± 0.05 ** 7.73 ± 0.05 ** 7.91 ± 0.05 ** 959
<30 7.29 ± 0.06 7.51 ± 0.06 ** 7.73 ± 0.06 ** 7.51 ± 0.05 ** 7.70 ± 0.05 ** 7.88 ± 0.06 ** 954
<20 7.29 ± 0.06 7.51 ± 0.06 ** 7.73 ± 0.06 ** 7.53 ± 0.05 ** 7.71 ± 0.06 ** 7.90 ± 0.06 ** 940
<10 7.27 ± 0.06 7.50 ± 0.06 ** 7.73 ± 0.06 ** 7.47 ± 0.06 * 7.68 ± 0.06 ** 7.90 ± 0.06 ** 880
>0.5 7.36 ± 0.07 7.57 ± 0.07 * 7.77 ± 0.07 ** 7.56 ± 0.06 * 7.74 ± 0.06 ** 7.92 ± 0.06 ** 719
>1 7.45 ± 0.07 7.64 ± 0.07 7.83 ± 0.07 ** 7.59 ± 0.07 7.76 ± 0.07 ** 7.94 ± 0.07 ** 604
>5 7.79 ± 0.12 7.97 ± 0.12 8.14 ± 0.12 7.80 ± 0.11 7.97 ± 0.12 8.14 ± 0.12 * 204

Note: * Passed the significance test of 0.05 level, ** Passed the significance test of 0.01 level.

3.4. Comparison between GNIP and Recent Observations

In Figure 10, the δ18O presents a clear seasonal pattern in the GNIP Lanzhou data
(1985–1987 and 1996–1999) and the current enhanced network, and so do the previous
studies [21–24]. Due to the GNIP data being from monthly samples, the event-based data
from April 2011 to October 2014 at the four sampling stations are precipitation-weighted to
monthly series. The monthly data from the current enhanced network together with the
GNIP data are used to create a LMWL for each year, which show that the OLSR algorithm
has a lower slope and intercept, while the LMWL calculated by PWRMA is closer to
GWML. At the same time, OLSR and PWLSR have the smallest rmSSEav value among six
algorithms (Figure 10 and Table S19 in Supplementary Materials).
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Figure 10. The figure (a) shows OLSR-based and PWRMA-based LMWLs in the Lanzhou city from 1985 to 1987, 1996 to
1999, 2011 to 2014 (n = 179). The monthly isotopic data during 1985–1987 and 1996-1999 was provided by IAEA/WMO
(2017), and the event-based data during 2011–2014 were precipitation-weighted to monthly series. The figure (b) shows
monthly variation of δ18O in precipitation in the Lanzhou city (GNIP dataset: 16 months during 1985–1987 and 25 months
during 1996–1999) and the in situ observations in this study.

Due to the GNIP data for all the years (1985–1987 and 1996–1999) with >4 months
missing data per year, current observations from the four sites are used to discuss the
inter-annual variability of LMWLs (Table 2). In 2011, the missing data exist in January,
February and March; in 2014 there is also information missing in October, November
and December. The missing months correspond to the periods with no precipitation or
limited precipitation, which may affect the determination of LMWLs. Hence, we draw
a comparison based on 2012 and 2013 data; the higher precipitation amount and lower
air temperature give rise to higher slopes and intercepts using the different regression
methods.

Although stable isotopes in precipitation are usually related to the temperature or
amount effect [3], we observe no significant correlations between LMWL slopes derived
by the six regression methods and temperature or precipitation amount at the Anning
site in summer from April 2011 to October 2014 (Table 3). The summer result is out of
accord with the annual scale, which can be seen at the other three sits (Tables S20–S22 in
Supplementary Material). This reflects that other mechanisms make a positive contribution
to the variability of LMWLs, including sub-cloud evaporation and recycled moisture
attributed to the increasing urban green coverage in the past decades, especially in summer.
It’s worth noting that the secondary evaporation is apparent in the summer monsoon
period in Lanzhou, and that the potential contribution of recycled moisture has fluctuated
during past decades [29,30].

Table 3. Inter-annual variation of the slope of the δD–δ18O linear relationship (in permille/permille) using the six regression
methods, precipitation amount (P in mm) and surface temperature (T in ◦C) based on event-based samples at Anning in
summer from 2011 to 2014.

Year
Summer Slope (Permille/Permille)

P (mm) T (◦C)
OLSR RMA MA PWLSR PWRMA PWMA

2011 7.53 ± 0.35 7.74 ± 0.34 7.95 ± 0.36 7.82 ± 0.25 7.92 ± 0.25 8.03 ± 0.25 103 19.2
2012 6.90 ± 0.62 8.18 ± 0.57 8.45 ± 0.64 8.54 ± 0.69 8.84 ± 0.70 9.15 ± 0.72 54.4 19.5
2013 6.32 ± 0.32 6.50 ± 0.31 6.67 ± 0.33 6.67 ± 0.12 6.69 ± 0.12 6.71 ± 0.12 48 19.9
2014 6.70 ± 0.28 6.89 ± 0.27 7.07 ± 0.28 7.35 ± 0.35 7.63 ± 0.36 7.90 ± 0.37 * 116 17.9

Note: * Passed the significance test of 0.05 level.
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4. Conclusions

In this study, the slope and intercept of the meteoric water line in Lanzhou are smaller
than those of global meteoric water lines. The slopes and the intercepts of the amount-
weighted monthly data are higher than those of the event-based data. Considering the
slopes and intercepts of the event-based regressions for each season, spring and summer
show considerably lower slope values than the others. The slope and intercept of LMWL
obtained by three non-weighted methods (OLSR, RMA and MA) are compared. The slope
calculated by the OLSR method is the smallest at the four sampling points, while the slope
calculated by the MA method is the largest. The results are similar to the corresponding
precipitation-weighted algorithms PWLSR, PWRMA and PWMA. Meanwhile, among the
six algorithms, the rmSSEav of PWLSR reaches the minimum value, indicating that the
calculation results of PWLSR are relatively stable.

There is a strong linear relationship between each meteorological parameter variable
and the slope of the LMWL for the six methods. Generally, under the conditions of
higher precipitation amounts and relative humidity as well as lower air temperature, water
vapor pressure, dew point temperature and depression of the dew point, higher slopes
and intercepts are seen using the different regression techniques. Compared with heavy
precipitation, the variations of LMWLs are much larger when removing small precipitation.
Higher precipitation amount and lower air temperature give rise to higher slopes and
intercepts using the different regression techniques on an annual scale. The results show
there is no significant correlation between LMWL slopes derived by the six regression
techniques and temperature or precipitation amount at the Anning site in summer.

The monthly data from the current enhanced network together with the GNIP data
are used to create a LMWL for each year, which shows that OLSR and PWLSR have smaller
rmSSEav values. Affected by sub-cloud evaporation, the slope of the atmospheric precipi-
tation line is reduced. At the same time, the sources of water vapor in different regions are
different, and the meteorological conditions in the transport process and the precipitation
process are also different. For a specific area, the meteoric water line can provide a back-
ground reference value for the study of the water cycle process. Therefore, compared using
GNIP and recent observations, sub-cloud evaporation and recycled moisture may make a
positive contribution to variability of LMWLs due to the increasing urban green coverage
in the past decades, especially in summer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13172380/s1, Table S1: LMWL slope of the δ2H–δ18O linear relationship (in permille/permille)
using multiple approaches for each sampling site during 2011–2014, Table S2: LMWL intercept of the
δ2H–δ18O linear relationship (in permille) using multiple approaches for each sampling site during
2011–2014, Table S3: Values of rmSSEav using multiple approaches for each sampling site during
2011–2014, Table S4: LMWL slope of the δ2H–δ18O linear relationship (in permille/permille) using
multiple approaches for each sampling site based on monthly samples during 2011–2014, Table S5:
LMWL intercept of the δ2H–δ18O linear relationship (in permille) using multiple approaches for
each sampling site based on monthly samples during 2011–2014, Table S6: Values of rmSSEav using
multiple approaches for each sampling site based on monthly samples during 2011–2014, Table S7:
Meteoric water line slopes of the δ2H–δ18O linear relationship (in permille/permille) for different
seasons and sub regions using multiple approaches based on event-based samples during 2011–2014,
Table S8: Meteoric water line intercepts of the δ2H–δ18O linear relationship (in permille) for different
seasons and sub regions using multiple approaches based on event-based samples during 2011–2014,
Table S9: Values of rmSSEav for different seasons and sub regions using multiple approaches based on
event-based samples during 2011–2014, Table S10: Meteoric water line slopes of the δ2H–δ18O linear
relationship (in permille/permille) for different seasons and sub regions using multiple approaches
based on monthly samples during 2011–2014, Table S11: Meteoric water line intercepts the δ2H–δ18O
linear relationship (in permille) for different seasons and sub regions using multiple approaches based
on monthly samples during 2011–2014, Table S12: Values of rmSSEav for different seasons and sub
regions using multiple approaches based on monthly samples during 2011–2014, Table S13: LMWL
slope of the δ2H–δ18O linear relationship (in permille/permille) (a + σa) under the precipitation
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amount (P in mm) condition using six regressions based on event-based samples in the Lanzhou city
from 2011 to 2014, Table S14: LMWL slope of the δ2H–δ18O linear relationship (in permille/permille)
(a + σa) under the air temperature (T in ◦C) condition using six regressions based on event-based
samples in the Lanzhou city from 2011 to 2014, Table S15: LMWL slope of the δ2H–δ18O linear
relationship (in permille/permille) (a + σa) under the relative humidity (RH in %) condition using six
regressions based on event-based samples in the Lanzhou city from 2011 to 2014, Table S16: LMWL
slope of the δ2H–δ18O linear relationship (in permille/permille) (a + σa) under the water vapor
pressure (e in %) condition using six regressions based on event-based samples in the Lanzhou city
from 2011 to 2014, Table S17: LMWL slope of the δ2H–δ18O linear relationship (in permille/permille)
(a + σa) under the dew point temperature (Td in °C) condition using six regressions based on event-
based samples in the Lanzhou city from 2011 to 2014, Table S18: LMWL slope of the δ2H–δ18O
linear relationship (in permille/permille) (a + σa) under the depression of the dew point (∆Td in
°C) condition using six regressions based on event-based samples in the Lanzhou city from 2011
to 2014, Table S19: Meteoric water line of monthly-weighted samples for four seasons in Lanzhou
City during 2011–2014. The monthly isotopic data during 1985–1987 and 1996–1999 was provided
by IAEA/WMO (2017), and the event-based data during 2011–2014 were precipitation-weighted
to monthly series, Table S20: Inter-annual variation of slope of the δ2H–δ18O linear relationship
(in permille/permille) using the six regression methods, precipitation amount (P in mm) and air
temperature (T in ◦C) based on event-based samples at Yuzhong in summer from 2011 to 2014,
Table S21: Inter-annual variation of slope of the δ2H–δ18O linear relationship (in permille/permille)
using the six regression methods, precipitation amount (P in mm) and air temperature (T in ◦C) based
on event-based samples at Gaolan in summer from 2011 to 2014, Table S22: Inter-annual variation of
slope of the δ2H–δ18O linear relationship (in permille/permille) using the six regression methods,
precipitation amount (P in mm) and air temperature (T in ◦C) based on event-based samples at
Yongdeng in summer from 2011 to 2014.
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