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Absh‘act:Mtitude is one of the important factors influencing the spatial distribution of precipi-
tation especially in a complex topography, and #dy simulations of isotope-enabled climate models
can be improved by altitude correlation. Here we compiled &-isotope observations at 12 sites in
Lanzhou, and examined the relationship between isotope error and altitude in this valley in the
M Chinese Loess Plateau using @8 isoGSM2-based isotope simulations. The performance using bilin-

\_j_)-’r ﬁ ear interpolation of the nearest four grid boxes to the target site is better than that using the nearest

%‘Q— = \/\_)v box. The influences of altitude on precipitation isotope errors were discussed, and the relationship
‘v@" between altitude error and isotope simulations was used to correct the data. After altitude correc-

M - \( tion, the statistical measures of root mean square error (#F29E), mean absolute error (m, mean

OJ-‘Q’ N U_)Q deviation #4¥8) and correlation coefficient @ are improved. The altitude correction of precipita-
\

tion isotopes should be considered to downscale the simulations of climate models, especially in

Al p v com
plex topography.
AR NS
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1. Introduction

As natural tracers of hydrological circulation, the stable hydrogen and oxygen iso-

topes in precipitation are sensitive to modern and historical environmental changes [1-3].

Citation: To be added by editoriat .-ﬁ]sotope fractionations occur when water vapor evaporates, condenses, transports and
staff during production mixes, which results in complex spatial patterns and temporal variations of precipitation
isotopes [4]. The global samplings of precipitation isotopes dated back to the mid-20th
century, and a number of observations since then provide a useful tool to understand the
isotope tracers infwater cycle [5]. The environmental signals in modern precipitation iso-
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Received: date topes on an annual or even longer timescale are also an impprtgnt basis to reconstruct
Revised: daty climate in the past using proxies [6-7]. The existing isotope m T longer than 30
Acceptecidate years are still very limited, and the spatial distribution of sampling sites is uneven, which

Publigtdedote makes it difficult to examine the long-term hydrological and climate controls on precipi-
tation isotopes [8-9].

= i ]sotope-enabled climate models, especially general circulation model (GCM), are
Copyright © 2023 by the authors.  yseful to acquire the continuous time series of precipitation isotopes at various time scales
Submitted for possible open access  [10-11]. Due to ## atmospheric dynamics in the climate models, the isotope-enabled sim-
publication under the terms and  ylation is considered to be an important supplementary to in-situ measurements. How-
conditions of the Creative Commons  oyer. the spatial resolutions of climate models are usually , and many topography-
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of precipitation isotopes [12-14], the climate model-derived simulation should be im- 45
proved in spatial resolution, 8specially in small-scale cases with complex terrain, ﬂtimde 46
correction is crucial for clir(ate model simulated isotope data. AT ]\,qﬁf_.
Usually, the precipitation isotopes negatively correlate with altitude in the moun- 48
tains, which is also known as the altitude effect [1, 15-16]. When the moisture transports 49
along the upwind:slope, the vapor condensation is usually associated with temperature 50
and humidity at different altitudes and then causes a decreasing trend in isotope ratidas 51
the altitude rises [17-18] Jhis provides a practical method to downscale or calibrate the 52
climate model simulated isotopes. If the relationship between isotope or isctope errorand 53
altitude is identified, the knowledge of spatial patterns of precipitation isotopes in moun- 54
tainous area can be greatly improved. [t should be noted that an isotope observation net- 55
work with a small spatial domain and complex altitude is needed to establish this quanti- 56
tative relationship, i.e., £ multiple sites with large altitude gradientds required to correct 57
the precipitation isotopes using altitude. wre 58
Lanzhou is a valley city at the upper Yellow River in western China, and there has 59
been a number of precipitation isotopes studies in past decades {20-24]. Stable hydrogen 60
and oxygen isotope compositions were analyzed at more than ten sites across this city, 41
which provide a platform to examine the spatial representativity of precipitation isotopes 62
in complex topography. In this study, we assess the accuracy of the isotope-incorporated 63
Global Spectral Model version 2 (isoGSM2) [26] using the isotope measurements, and then 64
examine the role of altitude on precipitation isotope simulations. The work aims to pro- 65
vide methods to improve the performance of isotope simulations in a complex topogra- 66

phy in a specific location. 67

2. Materials and Methods 68
.

2.1, Study area s 69

Lanzhou (35°34'N-37°00'N, 102°36'E-104"35'E} is the capital city of the Gansu Prov- 70
ince in western China, and the area is approximately 13100 krif2)Figure 1). As a valley 71
city at the upper reaches of the Yellow River, the Lanzhou city is located in the western 72
part of the Chinese Loess Plateau, and is close to the eastern margin of the Qinghai-Tibet 73
Plateau. The downtown area is distributed along a narrow valley, and the Yellow River 74
goes across from west to east. The altitude of most areas range between 1500 and 3000 m 75
a.s.l., and the downtown area is approximately 1500 m a.s.l. Located at the northwestern 76
margin of the summer monsoon, #& Lanzhou city is jointly influenced by the monsoon 77
and westerly moisture, Precipitation is mainly concentrated in the summer months, and 78
the annual mean precipitation amount is usually about 300 mm. 79

Sousces.
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Figure 1. Map showing the precipitation sampling sites across #@ Lanzhou city. The small map 81
shows the location (red square) of Lanzhou in China, and the yellow and pink areas denote the 82

Loess Plateau and the Qinghai-Tibet Plateau. 83
2.2, Isotope data 84
2.2.1. Measured isotope data 85

Here we compiled the stable water isotopes in precipitation observed across the Lan- 86
zhou city in past decades (Table 1). There are 12 sampling sites acquired from three data 87
sources: (1) The measurements in Lanzhou during 1985-1987 and 1996-1999 are provided 88
by the GNIP (Global Network of Isotopes in Precipitation}, and there are 39 monthly data 89
of stable hydrogen and oxygen isotopes. (2) The city-scale measurements during 90
2011-2014 are acquired from Chen [21]. From April 2011 to October 2014, there were 4 91
continuous sampling sites; nning, Yuzhong, Gaolan and Yongdeng) from October 92
2013 to October 2014, six additional sites were added, 'ﬁ.,ﬁ?enshoushan, Doujiashan, 93
Wushengyi, Daheng, Gongjing and Hezujl The 1432 event-based precipitation samples 94
collected during 2011-2014 were weighted to 196 monthly data using precipitation 95
amounts. (3) Measurements at Xiaguanying from April 2016 to October 2017 are provided 96

~ = V\
NV\ _g_p\ by Huang [24]. The event-based precipitation samples collected at Xiaguanying are 97
(\DJPJ' weighted to 16 monthly data. Among the 12 sites, the altitude ranges between 1517 m 98
(Lanzhou) and 2482 m (Gonrgjing): T 99
ble 1. This is a table. Tables should be placed in the main text near to the M&y are cited. 100
— - -
Site Latitude (N) Longitude (E) Altitude (m) Sampling period Reference
Hezui 36712’ 103°08' 1662 2013-2014 [21}
Wushengyi 3653 103710 2297 2013-2014 [21]
Yongdeng 36745’ 103°15' 2118 2011-2014 {21)
Renshoushan 36°08' 103°41' 1657 2013-2014 [21]
Anning 36°06 103°44' 1548 2011-2014 [21] /jl‘
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Daheng 36°40° 103°50 2029 2013-2014 [21]
Lanzhou 36703’ 103°53' 1517 1985-1987, 1996-1999 [25]
Gaolan 36721 103756’ 1668 2011-2014 {21]
Doujiashan 36°12 103°57* 1725 2013-2014 [21]
Yuzhong 35752 104°09° 1874 2011-2014 [21]
Gongjing 36°03' 104723 2482 2013-2014 [21]
Xiaguanying 36°02' 104°25' 2400 2016-2017 (24]
o 2 Slmulated isotope data — 101

_/-—?

The precipitation isotopes at a 6-h interval (0:00, 6:00, 12:00 and 18:00 UTC}as wellas 102
copresponding surface air pressure from 1979 to 2020 were simulated using isoGSM2 103
<This stable isotope-enabled general circulation model simulates high-resolution 104
variations in stable isotopes in precipitation and water vapor, which has been applied to 105
examine the atmospheric water transpor i) he simulated isotopic compositions 106
provide a reference to understand the sea-air interaction like El Nifio events{35=36]and 107
monsoon precipitatio @ In some remote mountainous areax(40], the simulation also 108
provides a basis for explaining the regional hydrological processes«ﬁl -43]>[s0GSM2 has 109
also been used to analyze the isotopic variations of prec:lplta onona dally s@b 110
“.flf

The stable hydrogen and oxygen isotope compaositions are expressed as a deltanota- 111

tion relative to Vienna Standard Mean Ocean Water (VSMOW) as: 112
185/
5180 = (w) % 1000%g (1)
Risp
24,0/
8§7H = (M) X 1000%o @)
Rzy

where q is the content for water molecule of H2%0, 2Hz0 or H:0, and R is the isotope 113

ratio of '30/%0 or 2H/'H. 114
The precipitation isotope data were weighted to a daily, monthly or seasonal series 115
using precipitation amount when necessary: 116
F;d;
L @)
N

where &y}s the weighted average isotope value, Pi is the precipitation amount, and 117
the original isotope value in precipitation. Seasons are defined as spring (March to 118
May), summer (June to August), autumn (September to November}, and winter (Decem- 119

ber to February). 120
2.3. Methods 121
2.3.1. Altitude-correlation method 122

Two methods were used to acquire the simulated precipitation isotopes at the target 123
sites respectively. For ## method 1, the isotope error and altitude error for each site are 124
calculated using the simulated isotope value minus the observed isotope value. The sim- 125
ulated isctope values and altitude of the target site are replaced by those at the nearest 126
grid box of the isoGSM simulations. The simulated altitude is based on the simulated sur- 127
face air pressure using barometric formula. The linear regression using the least square 128
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methed is then conducted between the altitude error and isotope value error for spring, 129
summer, autumn and winter, respectively. The slope of the linear regression is used to 130
correct the simulated isotope, when the altitude difference between the simulated and 131
observed locations is known. 132

For ¢ method 2, to acquire the simulated isotope values and altitude for each site, 133
the four nearest grid boxes are applied, which is different from ## method 1 that only the 134
nearest one box is involved. The bilinear interpolation is conducted to synthetize the sim- 135
ulated isotope values and altitude at four locations into one target location. Then thelinear 136
regression is also used to correct the simulated isotope values using the altitude difference 137
that is similar to #ge method 1. 138

3.3.2. Statistical measures 139

Several statistical measures were used to evaluate the simulation, including root 140
mean square error (RMSE), mean absolute error (MAE), mean deviation (MBE) and cor- 141
relation coefficient (R). 142

The formula for RMSE is as follows: 143

1 n
RMSE = —Z (R 1) )

Néadi=1

where yi is the observed value, k: is the simulated value, and »n is the number of sam- 144

ples. The smaller the RMSE, the closer the simulations are to the actual values. 145
The formula for MAE is as follows: 146
1 on
MAEz-Z by — ki | (5)
N bmi=1
where y: is the observed value, k: is the simulated value, and #n is the number of sam- 147
ples. The smaller the MAE, the better the simulations are. 148
The formula for MBE is as follows: 149

(6)

MBE = ?:1(":‘ -
n

where y: is the observed value, ki is the simulated value, and n is the amount of sam- 150
ples. The smaller the MBE, the closer the simulations are to the observations. 151

The formula for calculating R is as follows: 152
L L0~ N~ k)
[EROi= 92 [T - Ry

R

)

where v is the observed value, y is the average observed values, ki is the simulated 153
value, kis the average of the simulated values, and n is the number of samples. 154

3. Results 155
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3.1. Impact of nearest one or four grid boxes

Figure 2 shows the rel

Jomg 5o

onship between the simulated and observed monthly aver-
ages of stable oxygen isotopes in precipitation. In general, the two methods have similar
results, and the results using nearest four grid boxes are relatively better than those of the
nearest one. The observed isotope values are usually higher than the simulations, that is,
the simulations of isoGSM2 underestimate the precipitation isotopes in the study region.
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Figure 2. Relationship between the simulations and cbservations of monthly average oxygen iso-
tape values using two methods for each site across#d& Lanzhou city.

In Table 2, for #4¢ method 2, among the 7 sites (Daheng, Hezui, Doujiashan,
Renshoushan, Wushengyi, Gongjing, and Xiaguanying) with relatively short observa-
tions, the best simulation is found in the Daheng site, with RMSE of 2.73%., MAE of
2.19%o, MBE of -1.39%., and R of 0.82; the weakest performance is in the Renshoushan site
(RMSE is 5.44%-, MAE is 4.94%., MBE is -3.81%,, and R is 0.66). For the other 5 sites with
relatively long observations, and the best performance using #g method 2 is in the Yong-
deng site, with RMSE of 4.33%., MAE of 3.60%., MBE of -2.25%., and R of 0.56; and the
site with the weakest performance is the Anning site, with RMSE of 5.88%., MAE of
method 1, among the seven
sites with relative short observations, the site with the best performance is the Daheng
site, with RMSE of 2.56%,, MAE of 2.06%., MBE of -1.13%., and R of 0.83; the site with the
worst statistical measures is Xiaguanying, with RMSE of 4.57 %o, MAE of 3.32%., MBE of
-1.13%o, and R of 0.19. For the rest five sites, the site with the worst performance was the
Anning site, with RMSE of 4.99%., MAE of 4.04%o, MBE of -3.07%., and R of 0.45.

4.92%o, MBE of -3.74%., and R of 0.28. For the results using
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Table 2. RMSE, MAE, MBE, R of simulated monthly average oxygen isotope values using two meth-
ods for each site across e Lanzhou city.
____Method Site RMSE (%0) MAE (%) MBE (%) R
Anning 5.88 4.92 -3.74 0.28
Gaolan 4.24 3.62 -3.02 049
Daheng 2.73 219 -1.39 0.82
Hezui 3.79 295 -2.26 0.74
Doujiashan 4.01 3.24 -3.24 0.65
Renshoushan 5.44 494 -3.81 0.66
Method 1
Yongdeng 4.33 3.60 -2.25 0.56
Wushengyi 4.06 3.05 -2.62 0.57
Yuzhong 490 4.05 -1.27 0.24
Gongjing 3.35 2.85 -0.26 0.64
Lanzhou 5.16 414 -3.01 047
Xiaguanying 4.75 3.62 -0.76 0.10
Anning 4.99 4.04 -3.01 045
Gaolan 3.96 3.42 -2.91 0.45
Daheng 2.56 2.06 -1.13 0.83
Hezui 4.06 3.30 -2.86 077
Doujiashan 2.79 211 -1.99 0.67
Renshoushan 4.41 3.94 -2.98 0.81
Method 2
Yongdeng 4.52 3.80 -2.34 0.50
Wushengyi 4.04 3.08 -2.70 0.57
Yuzhong 493 4.13 -1.92 0.30
Gongjing 3.10 2.84 -0.67 0.71 l
Lanzhou 423 3.38 -2.00 0.60 j )
Xiaguanying 4.57 3.32 -1.13 0.19
It should be noticed that in the valley topography of Lanzhu, the population is usu-
ally distributed at relatively lower altitud@close to the riveg/and then the sampling sites
with manual supports usually have a lower altitude thpd the regional mean. This may
cause a systemic bias that the low altitude may have weightings in observations, and
the higher altitude are not well represented by the existing observations. Specifically, the
sites on the mountains or plateaus outside the urban with low altitude across the Lanzhou
city are limited. According to the altitude effect of precipitation isotopes, the high altitudes
usually have lower isotope ratio, and the sampling-caused bias may cause the simulated
oxygen isotope ratio lower than the observations to some degree.
3.2. Relationship behween altitude error and simulation performance
Figure 3 shows the relationship between altitude error and precipitation isotope sim-
ulation performance using the two methods. The negative correlation between altitude
error and seasonal precipitation isotope bias can be seen for each season. As the altitude
error increases, the isotope MBE decreases. The linear regression slopes of #emethods 1
and 2 are -0.20%0/100 m and -0.41%./100 m in spring, -4.40 %0/100 m and -4.22%./100 m in
summer, -1.27%4/100 m and -0.44%,/100 m in autumn, and -1.11%/100 m and -1.49%./100
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m in winder, respectively. The strongestjgjradient is in summer, and the weakest is in win-

198
ter. Most seasons have negative correlation coefficient < -0.5, except winter with limited 199
precipitation a&:ﬁs or m\giglod 1, among the five sites with relative long observa- 200
tions, the Yongdeng site has the smallest altitude error (25.5 m), while Lanzhou and An- 201
ning have the largest altitude errors (993.9 m and 962.9 m), respectively. For #%emethod 202
2, among the five sites with long observations, the Yongdeng site has the smallest eleva- 203
tion error of 62.1 m, while Lanzhou and Anning have the largest elevation errors (571.9 m 204
and 585.8 m), respectively. Generally the sites with low altitude errors correspond to the 205
sites with better performance of precipitation isotopes, Between the two methods, the al- 206
titude error of de#gmethod 1 is usually larger than tha}blgmethod 2 207
. ) : AnCeOSa~y Fo Tra
3 4 . (a) Spring {method 1) ;E 5 . (b) Spring {method 2) M:d*"u :
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Figure 3. Relationship between altitude error and precipitation oxygen isotope MBE during spring, 209
summer, autumn and winter using M method 1 (a, ¢, e and g) and 2 (b, d, f and h) across & 210
Lanzhou city. 211
3.3. Improvement of simulations corrected by altitude 212
Based on the relationship between seasonal oxygen isotope MBE and ailtitude error, 213
altitude correction can be conducted on the isoGSM2 monthly data. Assuming that the 214
precipitation isotope and altitude gradient is a constant, the simulated results are cor- 215
rected. Figure 4 shows the simulated data after altitude correction as well as the observed 216
values for each sampling site. Compared to Figure 2 and Table 2, the accuracy of the sim- 217
ulated data shown in Bjgure 4 and Table 3 has been improved. 218
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Figure 4. Comparison of altitude-corrected simulations and observations of monthly average oxy-
gen isotope values using the two methods for each site across #iag Lanzhou city. (a) Anning, (b)
Gaolan, (c) Daheng, (d) Hezui, (e} Doujiashan, (f) Renshoushan, {g) Yongdeng, {h} Wushengyi, (i)
Yuzhong, (j) Gongjing, (k) Lanzhou and (1} Xiaguanying,.
Table 3. Altitude error, RMSE, MAE, MBE and R of altitude-corrected simulations of monthly av-
erage oxygen isotope values using two methods for each site acrossA&@ Lanzhou city.
Method Site Altitude error (m) RMSE (%0} MAE (%) MBE (%) R
Anning 962.8 4.07 3.27 -0.12 0.43
Gaolan 4745 3.05 223 -0.15 0.46
Daheng 113.5 242 1.99 0.49 0.84
Hezui 480.5 291 2.03 0.26 0.75
Doujiashan 785.8 1.85 141 0.21 0.79
Renshoushan 853.8 3.55 2.59 -0.56 0.73
Method 1
Yongdeng 24.5 3.20 241 -0.42 (.69
Wushengyi -154.5 293 213 -1.35 0.80
Yuzhong -117.6 4.36 3.49 0.39 0.35
Gongjing -725.6 2.10 1.52 0.08 0.89
Lanzhou 993.8 3.72 2.84 070 0.62
Xiaguanying -643.6 4.00 3.19 -0.13 0.38
Method 2 Anning 585.8 3.80 296 -0.53 0.52
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Gaolan -237.7 2.95 243 -1.32 0.44
Daheng -14.7 222 1.79 0.39 0.85
Hezui 661.0 245 1.75 -0.32 0.84
Doujiashan 343.6 1.48 1.12 0.26 0.87
Renshoushan 4894 3.10 2.44 -0.67 0.82
Yongdeng 62.1 3.48 2.68 -0.62 0.63
Wushengyi -117.2 2.70 211 -1.35 0.82
Yuzhong 143.3 6.26 5.20 -2.82 0.11
Gongjing -568.4 191 1.62 0.20 0.90
Lanzhou 5719 3.56 2.79 0.50 0.66
Xiaguanying -497.4 3.96 3.05 -0.12 0.40

Specifically, using # method 1 after altitude correction (Table 3), in the Daheng site,
RMSE decreased from 2.73%e t0 2.42%., MAE decreased from 2.19%. to 1.99%0, MBE mod-
ified from -1.39%o to 0.49%., and R increased from 0.82 to 0.84; in the Renshoushan site
with weak performance before altitude correction, the results improved with RMSE de-
creasing from 5.44%. to 3.55%., MAE decreasing from 4.94%. to 2.59%., MBE modifying
from -3.81%o to -0.56%o, and R increasing from 0.66 to 0.73. For ##¢ method 2 after correc-
tion, in the Yongdeng site, RMSE decreased from 4.33%. to 3.20%., MAE decreased from
3.60%o to 2.41%., MBE modified from -2.25%. to -0.42%., and R increased from 0.56 to 0.69;
in the Anning site with weak performance before correction, the altitude correction is also
efficient with RMSE decreasing from 5.88%. to 4.07%o, MAE decreasing from 4.92%. to
3.27%o, MBE modifying from -3.74%. to -0.12%., and R increasing from 0.28 to 0.43. The
MBE of simulated data after correction under two methods shows the greatest change.

The Taylor diagram (Figure 5) shows the comparison between two methods before
and after correction. In Figure 5, scattered points represent interpolation methods, radial
lines represent correlation coefficients, horizontal and vertical axes represent standard de-
viations, and dotted lines represent root mean square deviation. It can be seen that the
Gongjing site is the most sensitive to altitude ¢ tion. The accuracy of altitude correc-
tion of bilinear interpolation is higher than thiat of altitude correction using the nearest

box.
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Figure 5. Taylor diagrams showing the comparison of the two methods before and after calibration,
The circle and star represent the method T and 2, respectively, and the triangle represents the obser-
vations. (a) Anning, (b) Gaolan, {c) Daheng, (d) Hezuij, (¢) Doujiashan, (f) Renshoushan, (g) Yong-
deng, (h) Wushengyi, {i) Yuzhong, (j) Gongjing, (k} Lanzhou and (1) Xiaguanying.

4. Discussion

The impact of altitude correction on precipitation isotopes may vary in different re-
gions. In some regions, altitude correction can significantly improve the precipitation data
in reanalysis data, improving the accuracy and reliability of precipitation isotopess In
other regions, the impact of altitude correction may be relatively small. Therefore, when

d, _- conducting altitude correction, it is necessary to evaluate and make judgments based on
speciﬁc terrain, landforms, and precipitation conditions.

,Q./G/A The results obtained by using multiple interpeolation methods to reanalyze the data

_;(u-m may differ, as different interpolation methods have different advantages, disadvantages,

and applicability. For different data types and spatial distribution characteristics, different

essary to select appropriate correction methods accgrding to specific application scenarios
and data ature selection, and compare and verifyvarious methods to obtain more ac-

\
\‘__g)( J/_L correction methods may be chosen for calculation, When using reanalysis data, it is nec-
Ao f();i)s

w} curate results 2¢ Lo-:\f\ oS
ijg-&/ O Conclusion
\ Using the isoGSM2 simulation data and observed isotope data from 12 sites across a
N typical river valley of the Chinese Loess Plateau, we presented a practical method to im-
N r}-} prove the climate model simulations based on the relationship between altitude error and
r\ \y isotope error, Compared with the measured results, the performance of bilinear interpo-
- Jf lation using the nearest four grid boxes is better than that using the nearest box. The alti-
v g‘x tude errors of the simulations are negatively correlated with the errors of precipitation

isotopes. By using a simple seasonal correction method, altitude related errors can be
greatly improved, as indicated by the evaluation measures such as RMSE, MAE, MBE and
R. The altitude correction of precipitation isotopes should be considered to downscale the
simulations of climate models usually with coarse spatial resolution, and this procedure
is necessary in complex topography.
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