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Abstract  22 

Traditional methodologies, such as mass spectrometry and laser spectroscopy, have been 23 

widely employed for precise water vapor isotope measurements. Nevertheless, these techniques 24 

are limited by logistical challenges in fieldwork, consequently constraining the temporal and 25 

spatial resolution of measurements. Specifically, water vapor isotope measurements are 26 

primarily limited to near-surface levels, while measurements associated with processes aloft 27 

connecting tropospheric water vapor to surface precipitation are notably scarce. Portable 28 

sampling devices, such as air bags and glass bottles, have therefore become necessary 29 

alternatives for collecting, storing, and transporting gaseous samples in diverse environments 30 

prior to analysis with less portable instruments. In drone-based high-altitude vapor sampling, 31 

air bags are preferred for their lighter weight and greater flexibility compared to glass bottles. 32 

Nevertheless, they present specific challenges, such as potential sample contamination and 33 

isotopic fractionation during storage, primarily due to the inherent permeability of air bags. 34 

Here, we developed a theoretical model for water vapor diffusion through the sampling bag 35 

surface, with parameters calibrated through laboratory experiments. This model enables the 36 

reconstruction of the initial isotopic composition of sampled vapor based on measurements 37 

obtained within the bag and from the surrounding environment. This diffusion model underwent 38 

rigorous validation through experiments conducted under diverse conditions, confirming its 39 

reliability. We applied this correction method to air samples collected at various pressures up 40 

to the upper troposphere using an air bag-mounted drone that we developed, thereby estimating 41 

the initial isotopic composition and uncertainty based on our observations. The corrected 42 

observations closely match the Picarro direct observations and IASI satellite data. Our 43 

correction method significantly enhances the reliability and applicability of water vapor isotope 44 

observations conducted using drones equipped with air bags. This approach leverages the 45 

strengths of drone-based air bag sampling while mitigating its limitations, thus facilitating the 46 

convenient collection of isotopic data throughout the troposphere. 47 

  48 
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1 Introduction 49 

Water vapor isotopes provide unique insights into the transport, mixing, and phase changes 50 

of water in the environment, which are crucial for improving understanding of the climate 51 

system, hydrological cycle, atmospheric dynamics, and paleoclimate proxies. Water isotopes 52 

have also been applied in climate modeling, weather prediction, and water resource 53 

management (Bowen et al., 2019; Galewsky et al., 2016; Gat, 1996; West et al., 2009). 54 

Water isotope analysis has traditionally relied on mass spectrometry, which, while accurate 55 

(Ghosh and Brand, 2003; Muccio and Jackson, 2009), demands labor-intensive preparation and 56 

lacks portability (West et al., 2010). Methods like cryogenic trapping effectively collect water 57 

vapor (Grootes and Stuiver, 1997; Michener and Lajtha, 2008; Steen-Larsen et al., 2011; Yu et 58 

al., 2015) , but they require long sampling periods, limiting observation scope and timing. Over 59 

the past three decades, laser spectroscopy methods such as Cavity Ring-Down Spectroscopy 60 

(CRDS)(Hodges and Lisak, 2006) and Off-Axis Integrated Cavity Output Spectroscopy (OA-61 

ICOS) (Johnson et al., 2011) have emerged, delivering a best-in-class combination of speed, 62 

high precision, and continuous measurements even in challenging environments such as high 63 

altitudes or arid regions with low water vapor content. Advances in these instruments have 64 

significantly expanded the field of water isotope research. However, their heavy 65 

instrumentation, substantial power requirements, and limited mobility restrict their usability in 66 

certain situations. As a result, the collection and storage of physical samples are still necessary, 67 

increasing the demand for more convenient and efficient sample acquisition methods. Air bags 68 

and glass bottles have been practical solutions for collecting, storing, and transporting gaseous 69 

samples from various settings (Jiménez-Rodríguez et al., 2019; Rozmiarek et al., 2021).  70 

Given that air bags can reduce the weight of sampling equipment and increase sampling 71 

flexibility, there is considerable interest in using them for vapor sample collection. This is 72 

particularly advantageous for small equipment like drones, where minimizing payload weight 73 

is essential for sampling at high altitudes or over long distances. This selection also makes it 74 

easier to transport samples and reduces the risk of breakage. However, concerns have arisen 75 

regarding the suitability of various sampling materials for storing these samples, primarily due 76 

to potential water diffusion through container walls. Diffusion issues are commonly observed 77 

in sampling bags during water vapor isotope analysis and have persisted as a longstanding 78 

challenge in the field (Herbstritt et al., 2023; Jiménez-Rodríguez et al., 2019). In previous 79 

studies, this issue is particularly concerning in the Direct Vapor Equilibrium Laser 80 

Spectroscopy (DVE-LS) method, which has been widely used to rapidly collect and measure 81 

water isotopes in evaporation-prone soil, rock, or plant samples. The DVE-LS method 82 

simplifies preparation and increases sample throughput by directly analyzing the vapor phase, 83 

thus eliminating the need for extensive physical extractions (Gralher et al., 2021; Hendry et al., 84 

2015; Millar et al., 2018; Sprenger et al., 2015; Wassenaar et al., 2008). However, water vapor 85 

molecules may exchange between the air inside the bag and the external ambient air during 86 

sample storage. Water vapor molecules typically diffuse from areas of high humidity to drier 87 

areas. In this process, heavier isotopes (e.g., H₂¹⁸O and HDO) move more slowly than lighter 88 

isotopes (e.g., H₂¹⁶O) due to their greater mass, resulting in preferential diffusion of lighter 89 

isotopes. This selective diffusion, known as fractionation, can alter the original isotopic 90 

https://doi.org/10.5194/amt-2024-151
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



 

4 

 

composition of the collected air samples.  91 

To mitigate these issues, materials with lower permeability are suggested for water vapor 92 

isotope measurements (Herbstritt et al., 2023). Further research and development are still 93 

necessary. This may involve exploring alternative materials for more impermeable sampling 94 

bags, improving sealing methods to better isolate sampled air, and developing sampling 95 

techniques less susceptible to diffusion. Resolving these issues is essential for ensuring the 96 

reliability of water vapor isotope measurements using air bags and for accurately understanding 97 

atmospheric and hydrological processes.  98 

In light of the ongoing development and further refinement of these techniques and the 99 

associated cost constraints, we developed a diffusion model with parameters calibrated through 100 

laboratory experiments. This model is capable of assessing the permeability of the air bags and 101 

correcting the obtained isotope values to the initial pre-diffusion values based on the humidity, 102 

isotope values inside and outside the bag, and the sample storage time. This diffusion model 103 

was validated through experiments under diverse conditions, confirming its reliability. 104 

Furthermore, we also applied this diffusion method to air samples collected at different altitudes 105 

using a drone-based atmospheric vapor sampling device we developed, to estimate the initial 106 

isotope composition and uncertainty. The primary objective of this drone-based field campaign 107 

is to obtain atmospheric water vapor isotope data along vertical profiles in the troposphere, 108 

providing higher temporal and spatial resolution than satellite observations. The corrected data 109 

for drone-based measurements using our diffusion model show consistency with Picarro direct 110 

observations and satellite data, further confirming the model's theoretical and practical 111 

reliability in applications. 112 

2 Theoretical basis of diffusion model 113 

 Diffusion model description 114 

Storing vapor samples in air bags prior to isotope measurement may alter the isotopic 115 

composition of the water vapor. The main reason is the diffusion of water molecules between 116 

the interior and exterior of the air bags, primarily due to the permeability of the bag materials. 117 

We present a mathematical model for the diffusion and fractionation of isotopes across the 118 

surface of the sampling bag. In this model, we assume the ambient vapor flux entering the air 119 

bag changes the internal humidity and vapor isotope values, influenced by the different 120 

humidity and water isotope values inside and outside the bag (Fig.1). Note that we use isotope 121 

ratios (R) in the following equations for mathematical convenience and conciseness, but present 122 

isotope values δ in figures in subsequent sections for visualization purposes. 123 

The flux of water toward the bag, F, is expressed as: 124 

F = k ∗ (qe−q(t))                                                 (1) 125 

where q(t) represents the variation of humidity inside the air bag over time (in g/kg), qe 126 

denotes the environmental humidity (in g/kg), and k is a constant (in kg/m2/s) 127 

Similarly, the flux of isotopologue, Fi, either H2
18O or HDO, moving toward the bag can 128 

be described as: 129 

Fi= ki∗ (Re∗ qe−R(t) ∗ q(t))                                         (2) 130 
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In this equation, ki represents a constant specific to each isotopologue, Re denotes the 131 

isotopic ratio in the environment, and R(t) is the variation of isotopic ratio within the air bag 132 

with time. Notably, the fractionation coefficient can be denoted by α=
k

𝑘𝑖
. 133 

 134 

The temporal change in humidity can be modeled by the following differential equation: 135 

d(q(t)∗M)

dt
= F ∗ A                                                   (3) 136 

where A represents the exchange area (surface area of the air bag), and M is the air mass 137 

inside the bag. 138 

If M is constant, this equation simplifies to: 139 

dq(t)

dt
=  

F∗A

M
=  

k∗A

M
∗ (𝑞𝑒 − q(t))                                       (4) 140 

Here, we define the diffusion coefficient of humidity, 
k∗A

M
, as λ. 141 

Similarly, the temporal change in isotopic ratio can be modeled by the following 142 

differential equation: 143 

d(R(t)∗q(t)∗M)

dt
= M ∗ (q(t) ∗

dR(t)

dt
+ R(t) ∗

dq(t)

dt
)   144 

                        =  Fi∗ A = ki∗ (Re∗ qe−R(t) ∗ q(t)) ∗ A                      (5) 145 

This equation can be simplified as:  146 

dR(t)

dt
 =

ki∗(𝑅𝑒∗𝑞𝑒−R(t)∗q(t))∗A/M− R(t)∗
dq(t)

dt

q(t)
   147 

=

k∗A

M∗α
∗(𝑅𝑒∗𝑞𝑒−R(t)∗q(t))− R(t)∗ 

k∗A

M
∗(𝑞𝑒−q(t))

q(t)
  148 

=

λ

α
∗(𝑅𝑒∗𝑞𝑒−R(t)∗q(t))− R(t)∗ λ∗(𝑞𝑒−q(t))

q(t)
                               (6) 149 

 150 

The differential equation for humidity (Eq. 4) can be analytically solved : 151 

qe − q(t)  =  (qe − q0) ∗ 𝑒(−
k∗A

M
∗t)

 = (qe − q0) ∗ 𝑒(−λ∗t)                (7) 152 

where q0 is the initial humidity at t = 0. This equation can also be expressed in terms of 153 

natural logarithms as: 154 

ln (qe−q(t)) =  ln (qe−q0)  − λ ∗ t                                     (8) 155 

Consequently, the slope of ln(qe - q(t)) against time is λ. 156 

 157 

For the isotopic ratio, the analytical solution is only feasible when the initial humidity 158 

equals the environmental humidity (q0= qe) : 159 

dR(t)

dt
=  

k∗A

M∗α
∗  (Re−R(t))                                             (9) 160 

Thus, Re − R(t)  =  (Re − R0) ∗ 𝑒(−
k∗A

M∗α
∗t)

                                  (10) 161 

where R0 denotes the initial isotopic ratio at t = 0. Again, taking the natural logarithm, we 162 

obtain: 163 
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ln (Re−R(t)) =  ln (Re−R0)  −
λ

α
∗ t                                   (11) 164 

This equation demonstrates that the slope of ln(Re-R(t)) against time is the diffusion 165 

coefficient of isotopic ratio 
λ

α
. Knowing λ, we can deduce the isotopic fractionation coefficient, 166 

α, for each isotope.  167 

However, when the environmental humidity differs from the initial humidity inside the air 168 

bag, a numerical solution is required to solve the differential equation for R (Eq. 6). 169 

 170 

Figure 1 Schematic illustrating the diffusion model. q0 represents the initial humidity in 

the air bag at t = 0, qe denotes the environmental humidity, R0 indicates the initial isotopic 

ratio in the air bag at t = 0, Re represents the isotopic ratio in the environment, k is a 

constant, A denotes the exchange area (surface area of the bag), and M is the mass of air 

within the bag, and α denotes the isotopic fractionation coefficient. 

 Reconstructing initial water vapor isotopic compositions 171 

The isotopic composition of the air bag water vapor undergoes an exponential evolution 172 

over time (Eq. 10). This method of applying exponential evolution equations to reconstruct 173 

isotopic compositions has been used in environmental forensics to investigate shifts in water 174 

isotopes due to metabolic changes, environmental conditions, or diet (Ayliffe et al., 2004; 175 

Cerling et al., 2006). Similarly, in climatology, this method helps retrieving initial isotopic 176 

values from samples such as ice cores or tree rings, affected by evaporation, precipitation, and 177 

temperature fluctuations, facilitating historical climate reconstruction (Brienen et al., 2016). 178 

Here we apply a similar method, and apply the analytical solution of Equation 6 using data from 179 

experiments in which the condition that q0 equals qe is met to determine the equation parameters. 180 

The constants (λ, α_δ18O, α_δ2H) can be determined through laboratory experiments and 181 

Equations 8 and 11 (see Subsection 3.2 and 4.1). If we know the initial values within the air 182 

bag (q0, δ18O0, δ2H0), the ambient values (qe, δ18Oe, δ2He), and the storage time of the sampling 183 

bag, we are able to simulate the variations in humidity and isotopic ratios inside the air bag 184 

according to Equations 4 and 6. Similarly, if we know the storage time, the humidity and 185 

isotopic values at time t (q(t), δ18Ot, δ2Ht) in the air bag, and the ambient values, we can deduce 186 

the initial values in the air bag at t = 0 by back-calculating. 187 
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3 Methods and data 188 

 Air bag isotope measurements 189 

 

Figure 2 Setup for isotope measurements using air bags with a Picarro atmospheric 

water vapor isotope analyzer. 

In this study, we used 0.5 L and 4L Teflon air bags produced by Dalian Hede Technologies 190 

Co., Ltd to collect and store vapor, and measured the vapor isotopes using a Picarro 2130i water 191 

isotope analyzer. Based on our testing and the airflow rate set for the Picarro analyzer, the 0.5 192 

L and 4 L bags provided sufficient sample volume for approximately 25 minutes and 200 193 

minutes of analysis, respectively. 194 

Figure 2 illustrates the setup for measuring vapor isotopes in air bags. In this system, the 195 

air inlet of the Picarro isotope analyzer was connected to a three-way valve through Teflon or 196 

stainless steel tubing. The other two ports of the three-way valve were attached to the outlet 197 

valve of the air bag and a dry air cylinder, respectively. Sample storage and measurement were 198 

conducted in a temperature-regulated room to maintain constant temperature conditions for the 199 

air bags and tubing. 200 

In the measurement procedure, we first activated the dry air cylinder and adjusted the 201 

pressure reducing valve to set the flow rate at 2 psi (pounds of force per square inch). We then 202 

opened the valve channel connecting the dry air cylinder to the three-way valve, allowing dry 203 

air to flow into the isotope analyzer and flush all air pathways for 10 minutes. Subsequently, 204 

we closed the dry air channel, opened the air bag outlet valve, and the corresponding valve 205 

channel on the three-way valve. This allowed water vapor in the air bags to be analyzed at a 206 

constant temperature in the Picarro analyzer, a process lasting between 5 and 10 minutes. Upon 207 

completion, we switched the valve to measure dry air. By repeatedly measuring isotope values 208 

for parallel samples, we can achieve greater accuracy in the water vapor measurements. 209 

To correct the humidity-dependent isotope bias, we applied a calibration function by 210 

measuring vapor isotopes with gradient vapor concentrations set using a standard delivery 211 

module (SDM). We set a reference level of 20,000 ppm for vapor humidity in our analysis, 212 

considering the optimal accuracy of the Picarro analyzer at this specific humidity level 213 
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(JingfengLiu et al., 2014; Schmidt et al., 2010). All the measured vapor isotope data were 214 

normalized to the VSMOW-SLAP scale using two distinct laboratory waters with known 215 

isotopic values. Before conducting daily measurements, we adjusted the quantity of the injected 216 

liquid standard to align with the humidity of the external vapor measurements. 217 

 Laboratory permeability experiments 218 

To evaluate the variations of the diffusion of water molecules between the interior and 219 

exterior of the air bags, we conducted the following experiments (Table 1), as detailed below: 220 

Table 1 Summary of experiments: diffusion parameter quantification, model validation 

and differences in experimental methods. λ_surface denotes the diffusion coefficient of humidity 

at the surface, α_δ refers to the fractionation coefficient of isotopes, q0 represents the initial 

vapor humidity in the air bags, and qe corresponds to the environmental vapor humidity. 

Experiment 

Number 
Experimental purpose Differences in experimental methods 

No. 1 Quantification of λ_surface Dry air in the air bags 

No. 2 Quantification of α_δ 
Water vapor with known isotopic compositions 

in the air bags under the condition q0 = qe 

No. 3 Diffusion model validation 
Water vapor with varying isotopic compositions 

and humidity levels in the air bags 

3.2.1 Experiment No. 1: Quantification of λ_surface 221 

To quantify the diffusion coefficient of humidity at the surface, λ_surface, using Equation 8, 222 

we filled the empty and clean air bags with dry air and measured humidity variations using a 223 

Picarro analyzer at intervals of 1 minute, 2, 4, 6, 8, and 10 hours following the measurement 224 

method described in Subsection 3.1. Measurements were conducted using 0.5L and 4L air bags, 225 

with repetitions on both identical and different air bags of the same dimensions (refer to the 226 

experiment times in Table 2 and results in Fig.3a ). Results will be shown in Subsection 4.1. 227 

3.2.2 Experiment No. 2: Quantification of α_δ 228 

To investigate isotope variation patterns and improve measurement accuracy during 229 

storage in the air bag to quantify the isotopic fractionation coefficient, α, using Equation 11, 230 

initial values significantly different from ambient conditions were selected. Empty, clean air 231 

bags were filled with dry air, followed by the injection of a fixed amount of water with known 232 

isotopic values, ensuring that q0 was approximately equal to qe. To ensure q0 = qe, the 233 

environmental vapor concentration was first measured, followed by the calculation and 234 

experimental determination of the water volume to be injected into the air bag. Water vapor 235 

concentration and isotope variations within the air bags were then measured using a Picarro 236 

analyzer at intervals of 5 minutes, 2, 4, 6, 8, and 10 hours. Results will be shown in Subsection 237 

4.1. To ensure data consistency and reliability, we repeated these measurements multiple times 238 
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using air bags of both the same and different sizes, including 0.5L and 4L bags. For the 0.5L air 239 

bags, a separate bag was prepared for each time interval, and water vapor concentration and 240 

isotopic compositions were measured once to ensure that the parameter M remained stable 241 

without being affected by repeated measurements. However, manual injection of water with 242 

known isotopic values introduced some variability, making it difficult to ensure identical initial 243 

conditions across all bags. To address this, we repeated the experiment with 4L air bags, 244 

measuring the same air bag at different time intervals, which ensured consistent initial 245 

conditions at t=0 but allowed M to change over time. When air bags differ only in size, the 246 

parameter λ associated with A varies, while the isotopic fractionation coefficient α is 247 

theoretically constant. Both approaches could contribute to uncertainties in the mismatches 248 

between the model and experimental results. Therefore, we incorporated the results from both 249 

the 0.5 L and 4 L experiments into our uncertainty estimation of these mismatches, as detailed 250 

in Subsections 3.2.3 and 3.4.2. 251 

3.2.3 Experiment No. 3: Diffusion model validation 252 

To validate the diffusion model under diverse conditions and evaluate its uncertainties, we 253 

repeated Experiment No. 2, but injected different amounts of water with known isotopic values 254 

to achieve a range of humidities from approximately 1/8 * qe to qe. Additionally, we used water 255 

with different isotopic values to replicate the experiment. To assess extended-duration 256 

variations, we also lengthened the time interval to 24 hours. 257 

Once the parameters of the diffusion model have been obtained through Experiments No. 258 

1 and 2, we can use this model to simulate the variations in water vapor humidity and isotope 259 

values inside the air bag over time for Experiments No. 2 and 3 (refer to Section 2). When 260 

simulating these experiments using the diffusion model, we used measurements taken after a 261 

5-minute delay as the initial condition to ensure that it represented complete evaporation of the 262 

injected water. We then simulated the temporal variations in humidity and vapor isotopes within 263 

the air bag using a 5-minute time step. Results will be shown in Subsection 4.2. 264 

 Drone-mounted systems and field campaign 265 

We designed and constructed a collection module for fixed-height sampling at 266 

predetermined altitudes, using air pumps and a rudder mounted on the drone, along with a 267 

control module linked to a remote operating system. However, as air pressure increases during 268 

the drone's descent after collection, the air bags may deflate, potentially causing leakage of the 269 

collected air samples. To address this, we installed a one-way valve that permits only air entry 270 

into the bag, thus preventing backflow. Additionally, the one-way valve helps prevent large 271 

droplets from entering the air bag during the collection process.  272 

The sampling module was mounted on our specially designed high-altitude drones and 273 

deployed during a field campaign in the pristine forests region of Mountain Laojun, Lijiang, on 274 

the southeastern edge of the Tibetan Plateau and the northwestern of the Yunnan-Guizhou 275 

Plateau, China, throughout the period from June 25, 2020, to October 17, 2020.  276 

By integrating high-altitude drone sampling with in-situ water vapor isotope 277 

measurements at the surface, we obtained vapor isotopic profiles up to an altitude of 11 km. 278 
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Unlike conventional methods, such as cryogenic vapor sampling, this approach requires much 279 

less sample volume and allows for in-situ measurements. Additionally, compared to large 280 

aircraft, airships, and balloon-based observations, this method is relatively low-cost and 281 

supports more flexible and long-term observations. 282 

 Application of diffusion model to vertical profiles 283 

3.4.1 Estimating the air mass in the bag 284 

For the vertical profile samples collected using drones, since λ (k*A/M) depends on M, and 285 

M acquired by the sampling bag varies due to different sampling altitudes with varying air 286 

pressure, λ consequently varies with altitude as well. However, it is difficult to experimentally 287 

estimate λ for different altitudes (λ_alt); instead, we estimated it from the variation of the 288 

collected M. 289 

At higher altitudes, where the air pressure (P_alt) is lower than at the surface (P_surface), less 290 

air will be pumped into the air bag. To compensate for this effect, a longer sampling time was 291 

used at higher altitudes (Sampling time_alt) than at the surface (Sampling time_surface) (Fig.A1). 292 

Therefore, 293 

M_alt=  M_surface ∗
P_ surface

P_ alt
∗

Sampling time_alt

Sampling time_surface
                               (12) 294 

where M_alt is the air mass collected at a different altitude and M_surface represents the air 295 

mass collected at the surface.  296 

Therefore, the λ at a higher altitude (λ_alt) can be estimated as: 297 

λ_alt = λ_surface ∗
P_ surface

P_ alt
∗

Sampling time_alt

Sampling time_surface
                                 (13) 298 

where λ_surface is the λ quantified experimentally at the surface. 299 

All sampling times were recorded during in-situ sampling. Given the variables λ_surface, 300 

Sampling time_alt, Sampling time_surface, P_surface and P_alt, λ_alt at different altitudes can be 301 

estimated using Eq. 13. The observed vertical profiles of vapor isotopes can then be corrected 302 

using the diffusion model described in Section 2 and quantified in Subsection 3.2. These 303 

estimates are subject to uncertainties, which will be discussed in the subsequent section 3.4.2. 304 

3.4.2 The method of uncertainty estimation 305 

Potential sources of error in the diffusion model correction process include estimates of 306 

λ_surface, α_δ, λ_alt, and from mismatches between model and experiments (Table 2).  307 

For λ_surface, the uncertainty range was estimated through laboratory experiments by 308 

considering the minimum and maximum values obtained. The results are presented in 309 

Subsection 4.1. 310 

For α_δ, the average values of λ and λ/α were estimated from several experiments, and 311 

then α can be calculated. The results are presented in Subsection 4.1. In Subsection 4.2, we 312 

observed that the values simulated by the model closely track the experimental results, thereby 313 

validating the accuracy of our parameter selection. For the uncertainty range of α_δ, it is also 314 
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essential to first validate the parameters derived from the experiments. As highlighted in 315 

Subection 3.2.2, estimating λ/α (and subsequently calculating α) requires results from cases 316 

where q₀ equals qₑ. However, in these numerous experiments, it cannot be guaranteed that all 317 

q0 exactly equal qe, and qe can exhibit temporal variations, leading to non-systematic 318 

discrepancies between the model and experimental data. Consequently, for analyzing the 319 

contribution of α to uncertainties, only α values derived from experiments where the model 320 

closely matched the majority of experimental results were considered. Selection criteria for 321 

these experiments included minimal deviation between q0 and qₑ, minimal deviation between 322 

experimental data and simulations, and stable qₑ values, ensuring the reliability of the chosen α 323 

values.  324 

Regarding the sampling time, we note that using the same air pump to extract air under 325 

varying atmospheric pressures for an identical duration may result in different air mass, M. To 326 

compensate for this potential variability, we incorporated a larger margin of error for the 327 

recorded sampling time. Consequently, when calculating λ_alt using Equation 13, we considered 328 

a relative uncertainty of ± ¼ of the recorded sampling time. 329 

To address the mismatch between the model and the experiment, we gathered all 330 

experimental data and conducted simulations using the diffusion model. We simulated 331 

variations in humidity and isotopic composition based on the initial values within the air bag, 332 

ambient conditions, and the storage time of the sampling bag, as described in Subsection 2.2. 333 

We then calculated the differences between the simulations and the experimental data for each 334 

corresponding storage time. Finally, we computed the average of all these differences for each 335 

parameter separately. The results are presented in Subsection 4.2. 336 

To evaluate the total error, we computed the maximum discrepancy between all calibration 337 

results, which used the uncertainty ranges of the first three potential sources mentioned above, 338 

and the corrected data employed. To this value, we added the fourth error source, which is the 339 

mismatch observed between the model and the experiments. The final uncertainties present in 340 

Subsections 4.3 and 4.5 represent the maximum error derived from all four error sources. 341 

Table 2 Uncertainty sources and estimation methods 

Uncertainty 

sources 

Number 

of 

experiments 

Estimation method Used value (min~max for error estimation) 

λ_surface 7; 6 
Obtained from lab experiments 

(max & min) 

For 0.5L air bags: 0.031(0.0291~0.0317); 

For 4L air bags: 0.0255(0.0250~0.0259) 

α_δ 4 Obtained from lab experiments  

α_δ18O is 1.0241, α_δ2H is 1.0451 

(α_δ18O is 1.0254, α_δ2H is 1.0506 and 

α_δ18O is 1.0264, α_δ2H is 1.0380)  

Sampling time_alt - Recorded sampling time ± ¼  

Mismatches between 

model and experiments 
87 

Average of all difference between 

experimental data and 

simulations 

0.5 ‰ for δ18O, 4.1 ‰ for δ2H, 2.9 ‰ for d-excess 

 342 

https://doi.org/10.5194/amt-2024-151
Preprint. Discussion started: 4 November 2024
c© Author(s) 2024. CC BY 4.0 License.



 

12 

 

 Satellite isotope data IASI 343 

Of the available instruments, the Infrared Atmospheric Sounding Interferometer (IASI) 344 

offers the best spatiotemporal coverage for δ2H retrieval (Lacour et al., 2012; Lacour et al., 345 

2018). It has a horizontal footprint of approximately 12 km at nadir (directly below the satellite), 346 

increasing with the angle of observation. This configuration ensures nearly global coverage 347 

twice daily. 348 

In this study, we compared our observed vapor δ2H profiles up to the upper troposphere 349 

with satellite observations. Due to the intermittent availability of IASI data at any given location, 350 

we limited our comparison of observational results across various altitudes at our study site to 351 

days when IASI data were available. Satellite measurements, particularly for water vapor 352 

isotopes, typically have limited vertical resolution. The IASI satellite instrument provides water 353 

vapor isotope data at three altitude levels: 1-3 km in the lower troposphere, 4-7 km in the mid-354 

troposphere, and 8-12 km in the upper troposphere. Given that our study started at an altitude 355 

of 3856 m, we used the retrieved δ2H data for the 4–7 km and 8–12 km levels. However, these 356 

measurements represent a vertical average over layers determined by the averaging kernels 357 

(Rodgers and Connor, 2003; Worden et al., 2006). While using averaging kernels to smooth the 358 

observed profile could facilitate a more quantitative analysis, we simply averaged the 359 

observations for the corresponding altitudes. Consequently, the comparison remains mainly 360 

qualitative.  361 

4 Results 362 

 Parameter estimates 363 

The λ_surface was determined through laboratory Experiment No. 1. Based on Equation 8, 364 

the parameter λ_surface was estimated to be 0.0312 (uncertainty range: 0.0291 to 0.0317) for 365 

the 0.5 L air bags and 0.0255 (uncertainty range: 0.0250 to 0.0259) for the 4 L air bags (Fig. 3a, 366 

Table 2).  367 

The isotopic fractionation coefficients, α, were determined through laboratory Experiment 368 

No. 2. From the averaged results of these measurements, using Equation 11, the diffusion 369 

coefficient of isotopic composition, expressed as λ/α, was estimated to be 0.0249 for δ18O and 370 

0.0244 for δ2H (Fig. 3b and c). Consequently, α_δ18O was estimated to be 1.0241 371 

(0.0255/0.0249), and α_δ2H was estimated to be 1.0451 (0.0255/0.0244) (Fig. 3b and d). Two 372 

additional sets of fractionation coefficients, α, were obtained: α_δ18O = 1.0254, α_δ2H = 1.0506, 373 

and α_δ18O = 1.0264, α_δ2H = 1.0380 (Table 2).  374 

These parameters determined were influenced by factors such as the type and material 375 

composition of the air bags and ambient temperature. The acquired parameters specifically 376 

pertained to the Teflon air bags used in the aforementioned tests, conducted at an ambient 377 

temperature of 16°C. We observed some differences between batches of air bags from the same 378 

manufacturer, which are worth noting. The primary objective of this study was to establish a 379 

methodology.  380 
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 381 

Figure 3 Determination of 3 parameters of the diffusion model : λ_surface (a), α_δ18O (b), 

and α_δ2H (c). 
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 Diffusion model validation 382 

4.2.1 General case 383 

 384 

Figure 4: Comparison of the variation within the air bag over time in laboratory 

permeability experiments (markers) and diffusion model simulations (lines) across a range of 

initial humidities at t = 0 (q0), ranging from approximately 1/8 * qe to qe (qe denotes the 

environmental humidity), under the condition that the water vapor isotopic composition in the 

air bag significantly differs from ambient values : a) humidity; b) δ18O; c) δ2H, d) d-excess.  

To validate the model, we used Experiment No.3 described in Subsection 3.2. The 385 

simulations from our diffusion model are in close agreement with our experimental 386 

observations, with only minor deviations (Fig.4). Shorter storage times produce fewer 387 

deviations. When the humidity inside the air bag is lower than the ambient level, vapor from 388 

the environment enters the air bag, resulting in a gradual increase in humidity (Fig. 4a). 389 

Meanwhile, because the water vapor isotopic composition in the air bag is significantly lower 390 

than the ambient values, δ18O and δ2H in the air bag gradually increase and toward ambient 391 

values as ambient moisture enters the bags over time (Fig. 4b and c). In contrast, the d-excess 392 

values increase as the time delay progresses due to kinetic fractionation during moisture 393 

diffusion into the air bag (Fig. 4d), as detailed in the following Subsection 4.2.2.  394 
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4.2.2 Particular cases 395 

 396 

Figure 5 (a, b) (a-b) Variations of δ18O under different conditions: (a) the differences 

between internal (δ18O₀) and external (δ18Oₑ) δ18O values as well as between internal (q₀) and 

external (qₑ) humidity are not significant; (b) the difference between δ18O0 and δ18Oe is less 

pronounced, and q0 is significantly lower than qe. (c,d) Corresponding schematic illustrations 

of the underlying mechanisms for (a) and (b). δ18O (t) is the variation of δ18O within the air 

bag over time. 

Due to isotopic kinetic fractionation, H₂¹⁶O molecules preferentially diffuse into the air 397 

bag compared to HDO and H₂¹⁸O, resulting in a vapor flux with lower δ¹⁸O (Fig. 2). Moreover, 398 

variations within the air bag are driven by differences in water vapor content and isotopic ratios 399 

between its interior and exterior, as described in the diffusion model in Section 2. As shown in 400 

the first scenario in Figure 4b and c: when the internal δ¹⁸O and δ²H values are significantly 401 

below the ambient values, the δ-values of the diffusing vapor, although lower than ambient, 402 

still exceeds the initial internal δ-values, leading to a gradual increase towards the ambient 403 

values; diffusion simply equilibrates the isotopic composition in the bag and the environment. 404 

Similarly, in the second scenario in Figure 5a and c, when the disparity between internal and 405 

external δ¹⁸O and δ²H values is not very substantial, and humidity differences are also minimal, 406 
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the weaker diffusive gradient produces less net kinetic fractionation. This results in a small 407 

amount of vapor with lower δ¹⁸O and δ²H values entering preferentially, but not falling below 408 

internal initial values, thereby driving a progressive increase in the internal values towards 409 

ambient values as in the first scenario. In contrast, in the third scenario in Figure 5b and d, with 410 

the same initial contrast between internal and ambient δ-values, that is, the disparity between 411 

internal and external δ¹⁸O and δ²H values is less pronounced, but q₀ is much lower than qₑ, there 412 

is a stronger net flux into the bag, and this flux fractionates more rapidly; much more vapor 413 

with significantly lower δ¹⁸O and δ²H values than the ambient moisture (and lower values than 414 

the initial internal vapor) enters the air bags and dominates their isotopic composition, thereby 415 

reducing the internal δ-values. As diffusion progresses, the difference in humidity and isotopic 416 

composition between the inside and outside of the air bag decreases, causing the third scenario 417 

to evolve into the second scenario. The smaller the difference in humidity and isotopic 418 

composition between the inside and outside of the air bag, the slower and smaller the isotopic 419 

change in the vapor within the air bag (Fig. 5 and Fig. 6). 420 

 421 

Figure 6 (a-b) Evolution of d-excess in cases: (a) the difference between the humidity 

inside (q0) and outside (qe) the air bag is not significant; (b) q0 is significantly lower than qe. 

(c-d) Corresponding schematic illustrations of the underlying mechanisms for (a) and (b). d0 

indicates the initial d-excess value at t = 0, de represents the d-excess in the environment. d(t) 

denotes the variation of d-excess within the air bag over time. 
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In addition, because HDO and H₂¹⁸O diffuse at similar rates the magnitude of the kinetic 422 

fractionation for D and 18O is similar. However, since d-excess reflects deviations relative to 423 

the 8:1 fractionation ratio typical of equilibrium processes, the tendency is for kinetic 424 

fractionation during diffusion to contribute vapor with high d-excess and cause an increase in 425 

d-excess during air bag storage as water vapor is added to the bag (Fig. 6a and c). When the 426 

humidity difference between the inside and outside of the air bag increases, the d-excess of the 427 

incoming vapor flux increases as a result of more intensive kinetic fractionation. This leads to 428 

a faster increase in the vapor d-excess value inside the air bag (Fig. 6b and d).  429 

In all scenarios, regardless of the differences in water vapor humidity and isotopic 430 

compositions inside and outside the air bag, the diffusion model simulations closely match the 431 

experimental observations (Figs.5 and 6). Using the method described in Subsection 3.4.2, the 432 

average difference between all simulations and experimental data for each parameter 433 

represented the model-experiment mismatch: 0.5 ‰ for δ18O, 4.1 ‰ for δ2H, and 2.9 ‰ for d-434 

excess. 435 

 Raw and corrected vertical profiles 436 

Here, we present a summary of drone-based observations from the field campaign at Mount 437 

Laojun, Lijiang, on the southeastern edge of the Tibetan Plateau and the northwestern of the 438 

Yunnan-Guizhou Plateau, China, conducted between June 25, 2020, and October 17, 2020. In 439 

this dataset, acquired from the drones observations and subsequently corrected using the 440 

diffusion modeling, data points with d-excess values less than 1‰ were omitted, as these values 441 

are unrealistic and likely result from overcorrection of the δ-values. This resulted in the 442 

exclusion of 6 out of 1039 samples. 443 

 444 

Figure 7 Comparison of vertical profiles for the mean values of all raw measurements and 

corrected data from June to October, and associated uncertainties for δ18O (a), δ2H (b) and d-

excess (c). 

As altitude increases, vapor δ18O and δ2H values decrease due to condensation and 445 

precipitation processes that occur as air masses ascend, which preferentially remove heavier 446 

isotopes following Rayleigh distillation (Dansgaard, 1964). Meanwhile, the d-excess value 447 

rises. This pattern aligns with previous observations in the lower troposphere (He and Smith, 448 

1999; Salmon et al., 2019) and simulations of complete vertical profiles (Bony et al., 2008). 449 
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In our observations, the variation in δ18O across the vertical profile from ground level at 450 

3856 meters to 11 km is approximately 10-15‰. However, as altitude increases, the air becomes 451 

progressively drier, leading to a greater disparity in humidity between the air collected in the 452 

air bag and the surface storage environment. This aligns with the third scenarios in Subsection 453 

4.2.2 (Figs. 5b, 5d, and 6b, 6d). The strong kinetic fractionation driven by the diffusion of air 454 

into the air bag results in a reduction of the water vapor δ18O within the bag. After applying 455 

model corrections, the initial vapor δ18O inside the air bag were slightly increased. As described 456 

in Subsection 4.2, during storage in the air bag, vapor flux with higher d-excess increases the 457 

d-excess in the air bags. As a compensation, the diffusion model applies corrections, resulting 458 

in a reduced d-excess value after correction (Fig. 7c and 10). 459 

 Uncertainty estimates 460 

According to the method of uncertainty estimation elaborated in Subsection 3.4.2, we 461 

determined the ranges for four error sources to evaluate uncertainty (Table 2). 462 

 463 

 464 

Figure 8: Contributions of different sources of uncertainty for δ18O (a, b, c for 4000m, 

6000m, 9000m, respectively) and d-excess (d, e, f for 4000m, 6000m, 9000m, respectively). The 

green triangle shows the average mismatch between the model and experimental results. 

We analyzed the contributions of uncertainty sources to vertical vapor δ18O and d-excess 465 

measurements at different altitudes using probability density function plots (Fig. 8). The 466 

mismatch between the model and the experiment (green marker), calculated using the method 467 
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described in Subsection 3.4.2, is assumed to remain constant across all altitudes. The other three 468 

error sources manifest as unimodal normal distributions at various altitudes for both δ18O and 469 

d-excess. Errors due to uncertainties in Sampling time_alt are the main source, exhibiting the 470 

largest spread (Fig. 8) and increasing with altitude (Fig. 9). Errors derived from λ_surface and α_δ 471 

values also increase with altitude (Figs. 8 and 9). This pattern emerges because, estimating λ_alt 472 

correlated with M based on λ_surface, with M at high altitude derived from the Sampling time_alt 473 

using Equation 13. This approach can introduce more significant errors at higher altitudes. As 474 

altitude increases, the humidity and isotopic disparity between the air captured in the air bag 475 

and lower-altitude ambient conditions widens, requiring more intensive corrections. 476 

Consequently, both the uncertainty (Figs. 8 and 9) and the magnitude of the diffusion correction 477 

(Fig. 7) increase with altitude. Overall, the total error remains within 1‰ for δ¹⁸O and 8‰ for 478 

d-excess across 98% of the data. 479 

 480 

Figure 9 Mean uncertainty of δ18O (a) and d-excess (b) with altitude for different 

sources. 

On the contrary, errors pertaining to λ_surface and α_δ diminish at altitudes exceeding 10,500 481 

meters. This phenomenon may be attributed to our sampling methodology. Although we 482 

collected air samples in sequence from low to high altitudes, these samples were measured in 483 

reverse order, from high to low altitudes. Consequently, samples taken from the highest 484 

altitudes had the shortest storage durations, typically ranging from 10 minutes to two hours. 485 

Additionally, we extended the sampling times with increasing altitude (Fig. A1). These 486 

extended sampling periods and reduced storage durations help to partially offset the amplified 487 

disparities observed between the raw and corrected profiles at higher altitudes. During the 488 

drone's descent, which lasted around 10 minutes, the external conditions impacting the air bags 489 

were not the ground-level environmental values used in the model but rather those of the 490 

vertical profile. However, the humidity at higher altitudes is lower than at ground level, and the 491 

isotopic values are closer to those inside the airbag. Consequently, its impact on the airbag's 492 

internal conditions is less significant than suggested by using ground-level environmental 493 

values. Therefore, the overestimated error in our model accounted for these potential 494 

discrepancies. 495 
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 Comparison with Picarro measurements and satellite data 496 

 497 

Figure 10 Time series comparison for δ¹⁸O (a, c, e) and d-excess (b, d, f): 

(a, b) Raw and corrected (with uncertainties) altitude-averaged air bag measurements 

from 3856 m to 4000 m, compared with direct Picarro observations at 3856 m. 

(c, d) Raw and corrected (with uncertainties) altitude-averaged air bag measurements 

from 4000 m to 7000 m, compared with satellite data (IASI). 

(e, f) Raw and corrected (with uncertainties) altitude-averaged air bag measurements 

from 8000 m to 12000 m, compared with satellite data (IASI). 

The left panel of Figure 10 (Fig. a, c, and e) shows the comparison of raw and corrected 498 

water vapor δ18O measurements at different altitudes with direct Picarro observations or IASI 499 

satellite data at corresponding altitudes. There is notable agreement between the raw 500 

measurements and corrected δ18O for altitudes 3856-4000m and the water vapor δ18O observed 501 

directly by Picarro at ground level (3856m) (Fig.10a). To compare corrected measurements 502 

with independent observations at higher altitudes, we refer to the IASI satellite dataset. We 503 
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acknowledge that this comparison is complicated by differences in measurement footprints 504 

(both horizontal and vertical) and spatio-temporal sampling disparities (Shi et al., 2020). 505 

Therefore, this comparison remains qualitative. For most intervals, IASI satellite data closely 506 

matches raw and corrected δ18O measurements for altitudes 4000–7000m. In the 8000–12000m 507 

range, IASI data is lower than δ18O observations during certain periods, particularly June and 508 

September 2020. While the IASI data closely matches the observed δ¹⁸O values for all other 509 

periods in the 4000–7000 meter range, it is also lower in June 2020. A more quantitative 510 

analysis could be facilitated if an averaging kernel is used to smooth the observed profiles 511 

(Herman et al., 2014). All comparisons reflect consistent temporal variations. 512 

The right panel of Figure 10 (Fig. b, d, and f) shows the comparison of raw and corrected 513 

vapor d-excess measurements. In the 4000m observations (Fig. b), raw d-excess values in air 514 

bags were higher than corrected values due to kinetic fractionation during diffusion. After 515 

correction, d-excess values decrease and are similar to surface direct Picarro observations at 516 

3856 m. For the 4000–7000m and 8000–12000m observations, no d-excess dataset is available 517 

for comparison (Fig. 10d and f). As previously noted, raw d-excess values are higher than 518 

corrected data due to kinetic fractionation. After correction, d-excess decreases. For the 8000–519 

12000 m observations, the correction magnitude is smaller than at lower altitudes due to the 520 

shorter storage time of the air bags. 521 

5 Conclusion  522 

High spatial and temporal resolution water vapor isotope data are critical for understanding 523 

various hydrologic cycle processes. However, observations of vertical water vapor isotope 524 

profiles are scarce, particularly in the upper troposphere. Satellite-derived vapor isotope data 525 

are available only at limited vertical and temporal resolutions. Acquiring high-resolution water 526 

vapor isotope data, especially under conditions where direct measurements are difficult, has 527 

been a significant challenge for the water isotopes research community. This study 528 

demonstrates the potential of a drone-based air bag sampling method to overcome this 529 

challenge and offers solutions for evaluating air bag suitability and addressing air bag 530 

permeability.  531 

While air bags offer the advantage of sample collection, their inherent permeability can 532 

affect the sealing integrity of the samples, leading to potential contamination. The permeability 533 

of airbag materials varies, with some exhibiting lower levels. We recommend prioritizing the 534 

use of glass containers and air bags with the lowest permeability for collecting water vapor 535 

using portable devices. Additionally, it is essential to conduct the permeability experiments 536 

described in this article before any experimental undertaking. This involves storing water vapor 537 

with known isotopic values in the portable collection device for an extended period and then 538 

re-measuring these values to assess or determine the device's permeability parameters. 539 

To further address the permeability challenge, we developed a mathematical model to 540 

evaluate and correct for diffusion and isotopic fractionation, ensuring the reliability of vapor 541 

isotope measurements using air bags. Calibrated with parameters from laboratory experiments, 542 

our correction model reconstructs the initial isotopic composition of sampled vapor by using 543 

data from both the air bag and the surrounding environment, offers a practical solution to the 544 
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prevalent permeability challenges. This model was rigorously validated against observational 545 

experiments conducted under varying conditions. We also applied this model to drone-collected 546 

samples at various pressures. By estimating uncertainty and comparing corrected data with 547 

satellite observations, we validated the reliability and applicability of drone-based water vapor 548 

isotope measurements. 549 

Our drone-based sampling system, combined with the diffusion model, effectively 550 

addresses the limitations of traditional laser spectroscopy methods, meeting the need for 551 

lightweight equipment and providing a more economical, efficient, and flexible solution for 552 

high-altitude water vapor measurements compared to traditional methods involving large 553 

aircraft, airships, and balloons. This approach enables us to exploit the benefits of drone-based 554 

air bag sampling while effectively mitigating its potential limitations. This strategy significantly 555 

broadens its potential applications across various environments, thereby enhancing the range 556 

and richness of data that can be gathered for water vapor isotope research. 557 

 558 

Appendix A 559 

 560 

Figure A1 Sampling duration variation with altitude. 561 

 562 

Code availability 563 

The diffusion modeling code, which simulates the evolution of water vapor isotopes in the 564 

airbag and corrects them to their initial values, is available at:  565 

https://github.com/DishiWANG0608/Correcting-for-water-vapor-diffusion.git 566 
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Data availability  567 

Data are available from the authors on request. 568 

Video supplement  569 

A video showcasing our field campaign on drone-derived water vapor isotope sampling up to 570 

the upper troposphere (11 km) during convective activity, including the workflow for airbag 571 

water vapor isotope sampling, is currently available upon request and will be publicly 572 

accessible in the near future. Please contact the corresponding author for access 573 

(di.wang@lmd.ipsl.fr). 574 
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