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Abstract The deuterium excess (d-excess) of precipitation varies seasonally at sites across the globe,

an observation that has often been linked to seasonal changes in oceanic evaporation conditions, continental
moisture recycling, and subcloud raindrop re-evaporation. However, there have been very few studies

to quantify and evaluate the relative importance of these processes. Here, we revisit the mechanisms of
precipitation d-excess seasonality in low-latitudes and mid-latitudes through a new analysis of precipitation
isotope databases along with climate reanalysis products and moisture tracking models. In low-latitudes, the
raindrop re-evaporation effect, indicated by local relative humidity, exerts a strong and prevalent control on
observed d-excess seasonality and overprints the effect of oceanic evaporation conditions. In mid-latitudes,
the effect of oceanic evaporation conditions becomes stronger and seems dominant in the observed d-excess
seasonality. However, the ultimate d-excess signals are produced after complex modulations by several
reinforcing or competing processes, including prior distillations, moisture recycling, supersaturation in snow
formation, and raindrop re-evaporation. Among these processes, substantial increases in the proportion of
recycled moisture during the warm and dry season do not produce higher precipitation d-excess in mid-latitude
continental interiors. We develop a simple seasonal water storage model to show that contributions of
previously evaporated residual water storage and higher transpiration fractions may lead to relatively low
d-excess in evapotranspiration fluxes during periods of enhanced continental moisture recycling. This study
underscores the ubiquitous nonconservative behavior in d-excess throughout the water cycle, as opposed to
using d-excess as a simple tracer for remote conditions at oceanic moisture sources.

1. Introduction

The isotopic composition of precipitation (defined as 6 = (R/R,, — 1) X 1,000%0 where R_and R_, are the molar
ratio of '30/'°0 or 2H/'H in the sample and Vienna Standard Mean Ocean Water standard, respectively) varies
temporally and spatially in response to multiple scales of climate variations and land-atmosphere interactions
due to isotopic fractionations in the water cycle (Dansgaard, 1964; Gat, 1996). Globally, isotopic variations of
precipitation have been extensively documented by a large volume of observational data through the Global
Network of Isotopes in Precipitation (GNIP) program IAEA/WMO, 2021) and other national networks (Birks
& Gibson, 2009; Wang et al., 2022; Welker, 2012). These data have been characterized for their empirical rela-
tionships with climate parameters (Bowen, 2008; Rozanski et al., 1993), spatial gradients (Liu et al., 2010; Salati
etal., 1979), and long-term trends (Putman et al., 2021; Rozanski et al., 1992), with process-based models devel-
oped to explain the mechanisms of observed isotopic variations in space and time (Aggarwal et al., 2012; Bailey
et al., 2018; Dansgaard, 1964; Hendricks et al., 2000; Konecky et al., 2019; Winnick et al., 2014). These seminal
works support the use of water isotope measurements to investigate a range of (paleo-) climatological, hydrolog-
ical, ecological, and biogeochemical problems (Bowen, 2010; Bowen et al., 2019). Still, many studies have only
explored the isotopic variations of water through the single isotope system (5'80 or 8°H only).

The second-order isotopic parameter of precipitation, deuterium excess (defined as d-excess = 8°H — 8 x §'30),
has also been frequently examined in isotope hydrology and climatology literature. Because of the difference
in diffusivity of '8O-containing or 2H-containing water molecules, this dual isotope metric was conceived
to track the component of kinetic fractionation that occurs with water phase changes in the hydrological
cycle (Dansgaard, 1964), with a global average value of 10%o that defines the Global Meteoric Water Line
(8°H = 8 x 8'80 + 10) (Craig, 1961). Analyses of “simple isotope models” based on the single-source Rayleigh
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distillation model conclude that precipitation d-excess is highly sensitive to evaporative conditions at the oceanic
moisture source where initial water vapor is formed, specifically by parameters including sea surface temper-
ature (SST) and relative humidity (RH) above the ocean (Johnsen et al., 1989; Merlivat & Jouzel, 1979; Pfahl
& Sodemann, 2014). As such, the d-excess has been primarily used as a proxy in Antarctic and Greenland
ice core studies to reconstruct past changes in moisture source regions and conditions (Jouzel et al., 1982;
Landais et al., 2021; Markle et al., 2017; Masson-Delmotte et al., 2005; Stenni et al., 2001; Vimeux et al., 1999).
However, for precipitation over low-latitude and mid-latitude terrestrial environments, it is well known that the
d-excess signal of ocean-derived water vapor is altered by other processes that involve kinetic fractionations
(Froehlich et al., 2002), such as continental moisture recycling (Aemisegger et al., 2014; Froehlich et al., 2008;
Gat & Matsui, 1991; Gat et al., 1994; Kong et al., 2013), snow formation where vapor deposition occurs in
an environment that is supersaturated with respect to ice (Ciais & Jouzel, 1994; Diitsch et al., 2019; Jouzel
& Merlivat, 1984), and local raindrop re-evaporation and equilibration (Graf et al., 2019; Landais et al., 2010;
Liebminger et al., 2006; Stewart, 1975; Wang et al., 2016b).

GNIP monitoring stations worldwide show that precipitation d-excess has seasonal variations (Araguds-Aragués
et al., 1998; Feng et al., 2009; Froehlich et al., 2002). This feature provides an opportunity to examine the
process-based mechanisms of precipitation d-excess variability, and more broadly, the seasonal dynamics of the
continental water cycle. One major recognized pattern is that precipitation d-excess values are lowest in summer
and highest in winter in many mid-latitude stations (Feng et al., 2009; Gat, 1996; Rozanski et al., 1993). A
simple interpretation has been given (Rozanski et al., 1993): the lower summer d-excess is caused by the lower
RH over continents that facilitates subcloud raindrop re-evaporation, while the higher winter d-excess is caused
by the lower RH over oceans (i.e., higher vapor pressure deficit) and reflects increased kinetic effects during
oceanic evaporation. The same seasonal pattern in d-excess, but with a very large amplitude (up to 20%o), was
found in the southern Tibetan Plateau and attributed to the shift in moisture source and transport between the
Indian summer monsoon and winter westerlies (Tian et al., 2007). It was also found in Tianshan of arid central
Asia where westerlies dominate year round (Tian et al., 2007) and was there interpreted to reflect the raindrop
re-evaporation effect that is strong in hot and dry summer and weak in other seasons (Pang et al., 2011). By
contrast, some stations in the north of the European Alps have the highest d-excess in summer and autumn, which
has been linked to the recycling of evaporated moisture over continents (Froehlich et al., 2008). In the tropics, a
station within the Amazon rainforest (Sdo Gabriel da Cachoeira) contains two semiannual cycles of d-excess and
has been interpreted to reflect the shift in oceanic moisture source regions driven by the migration of the Inter-
tropical Convergence Zone (ITCZ; Feng et al., 2009), although precipitation across Amazon itself is supplied by
a considerable fraction of recycled moisture (Ampuero et al., 2020; Eltahir & Bras, 1994; Gat & Matsui, 1991).

From the several examples above, it is evident that the seasonal pattern in d-excess at a site is often interpreted by
invoking one specific mechanism; however, there has been little work to validate such interpretations or to holis-
tically evaluate the relative importance of each process that all can affect d-excess, both locally and at broader
regional scales. Moreover, the isotope-enabled General Circulation Models (GCMs) have limited skills in repre-
senting the d-excess as shown, for instance, in their biases in representing Local Meteoric Water Lines compared
to actual observations (Putman et al., 2019; Steen-Larsen et al., 2017). This limitation may be improved by the
recent progress in coupling GCMs with land surface models that better represent the d-excess of evapotranspira-
tion (ET) fluxes (Haese et al., 2013; Henderson-Sellers et al., 2006; Jouzel et al., 2013; Risi et al., 2016; Wong
et al., 2017). Currently, the d-excess output from isotope-enabled GCMs is often used to constrain model physics
or to tune model parameters (Dee et al., 2015; Diitsch et al., 2019; Risi et al., 2010), rather than to make inferences
about moisture source conditions (Jouzel et al., 2013; Lewis et al., 2013). Overall, the knowledge gap of funda-
mental controls of precipitation d-excess limits the capacity to leverage the information of small, but existing,
kinetic fractionation in the hydrological cycle for investigating scientific problems that are difficult to address
with the single isotope system (8'%0 or 8?H), such as tracking the influence of sea ice retreat on atmospheric
moisture budget (Klein & Welker, 2016; Klein et al., 2016; Kopec et al., 2016), measuring or partitioning ET
fluxes (Froehlich et al., 2008; Gat & Matsui, 1991; Jasechko et al., 2013; Wang et al., 2016a), and distinguishing
the contribution of snow, ice, and rain in river discharge (Lisi et al., 2015; Penna et al., 2014; Welp et al., 2005). In
addition, recent advances in high-precision triple oxygen isotope measurements add a new interest in the excess
term of 70, A’'70, which is defined for the same purpose as d-excess, as a tracer in hydrological and paleocli-
mate studies (Angert et al., 2004; Aron et al., 2021; Luz & Barkan, 2010; Sha et al., 2020). As both d-excess and
A0 should follow essentially the same geochemical principles, there is a need to first understand how the sum
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of a diversity of processes within the hydrological cycle is expressed in the variations of continental precipitation
d-excess.

In this contribution, we present a new analysis to revisit the mechanisms of precipitation d-excess seasonality in
low-latitudes and mid-latitudes. Our approach comprises large-scale statistical analyses of precipitation d-excess
and climate reanalysis data as well as more detailed examinations of a subset of well-characterized, representa-
tive sites. Specifically, we apply moisture tracking models to quantify the role of oceanic source evaporation and
continental moisture recycling. In Section 2, we describe the source and treatment of all data, moisture tracking
models, and conducted analyses. In Section 3, we discuss the bias in precipitation d-excess data and justify using
condensation-corrected vapor d-excess for our analysis. In Section 4, we summarize the spatial patterns of corre-
lations between d-excess and major driving variables (oceanic evaporation conditions, moisture recycling, and
raindrop re-evaporation), which elucidate the primary large-scale controls. In Section 5, we seek to disentangle
the respective role of each process in producing the observed d-excess seasonality at representative sites. In
Section 6, we investigate an emergent observation that the large seasonal shift in ET appears to be a relatively
unimportant control on d-excess seasonality. We develop a simple water storage model to show how the d-excess
of ET fluxes responds to seasonal changes in land surface ecohydrology. Finally, in Section 7, we summarize the
major findings and impacts of this contribution.

2. Data and Methods
2.1. Isotope Data

We compiled GNIP monthly precipitation isotope data and included all stations between 60°N and 60°S (IAEA/
WMO, 2021). To increase the coverage for the contiguous US, we additionally included the US Network
for Isotopes in Precipitation (USNIP) weekly precipitation isotope data from 1989 to 2001 (Data Set S1;
Welker, 2000, 2012). To remove potentially erroneous data recordings, we screened both databases by excluding
individual observations with 8'%0 > 5%o, d-excess < —15%o, or d-excess > 30%o, which are likely results of
typographical errors or mishandling of samples.

We calculated 12 monthly arithmetic mean precipitation §'%0 and d-excess values and their uncertainties using
the standard error of the mean (SEM, SEM = SD/\/Z where SD is the standard deviation and 7 is the number of
observations) for each station if that month has at least 3 (GNIP monthly) or 6 (USNIP weekly) d-excess observa-
tions, and if not, we treated that month as a data gap. Based on the derived monthly d-excess statistics, we further
removed stations with >6 monthly data gaps. We used arithmetic means rather than amount-weighted means as
we aim to represent an “average year” (Bowen et al., 2005), with no bias toward heavy precipitation periods. We
used SEM rather than SD as we are interested in the uncertainty of monthly mean d-excess that together define
the d-excess seasonality rather than how variable it is for the respective month. We also calculated seasonal arith-
metic mean 8'30 and d-excess values likewise for December—February (DJF), March-May (MAM), June—August
(JJA), September—November (SON), with at least 6 (GNIP) or 12 (USNIP) monthly observations. The final data
set contains 524 stations (459 GNIP and 65 USNIP stations), although a few GNIP stations are in very close
locations but identified by different station codes.

The above monthly d-excess statistics are derived from raw precipitation d-excess data (“RP d-excess”). However,
the d-excess is not conserved when vapor shifts to liquid or ice, a fact that has been described previously (Gat
et al., 1994; Guan et al., 2013; Pfahl & Wernli, 2008). The d-excess may either increase or decrease in condensate
relative to water vapor and the magnitude of changes could be as high as >10%o (Graf et al., 2019). To correct this
local condensation effect on RP d-excess, we converted all precipitation isotope data (5,) into their corresponding
vapor values (6,,) using fractionation factors and then derived the second set of monthly d-excess statistics (“CV
d-excess”) following the same data processing procedure

(8, +1,000)
- a

- — 1,000 (1
where a is the fractionation factor based on condensation temperature (7, in degree Celsius). For T, > 0 °C, the
condensate is assumed purely liquid and « is the liquid-vapor equilibrium fractionation (a’,") as

o 1,137 0.4156

a=all =ex - —0.00207| for 6O (Majoube, 1971b) 2
P T amsasy | T+ 27305 (Maj 2)
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and

a= aé;” =ex

[ 24,844 76.248

Ty +273.15) - T, 1273.05 + 0‘05261] for 6°H (Majoube, 1971b) 3)
d . :

For T, < —15 °C, the condensate is assumed purely ice and a combines the ice-vapor equilibrium fractionation
d purely por eq
(aL;”) and the kinetic fractionation (aj(‘”) that occurs in vapor deposition due to supersaturation over ice as

@ = oy o )

11.839

——2=7 _ _0.028224] for §'0 (Majoube, 1971
Ts+273.15 ] or 570 (Majoube, 1971a) ©)

eg” = exp [
i [ 16,289
Uy = €X

Pl—=- 0.0945] for 6*°H (Merlivat & Nief, 1967) 6)
(T4 +273.15)

and

@ = — S (Jouzel & Merlivat, 1984) %)
al;" (D/D')(Si— 1) +1

where D/D’ is the ratio of diffusivity between light and heavy isotope species and is 1.0285 for '°0/'80 and
1.0251 for 'H/?H (Merlivat, 1978). S, is the supersaturation ratio over ice assumed to vary linearly with T,
following the form S, = I — AT, (Jouzel & Merlivat, 1984), where 4 is a sensitivity parameter tuned to yield a
reasonable d-excess output in both isotope-enabled GCMs (e.g., Risi et al., 2010; Schmidt et al., 2005; Werner
et al., 2011) and “simple isotope models” (e.g., Johnsen et al., 1989; Jouzel & Merlivat, 1984; Petit et al., 1991).
These ice-vapor fractionations have been recently validated in laboratory experiments (Lamb et al., 2017). We set
A =0.004 in this study, consistent with some GCMs (Lee et al., 2007; Risi et al., 2010; Schmidt et al., 2005). For
—15°C < T,<0°C, ais linearly interpolated between a end-members when 7, = —15 °C and 0 °C to approxi-
mate mixed-phase cloud conditions where supercooled liquid and solid condensate coexist (Ciais & Jouzel, 1994;
Yoshimura et al., 2008). This condensation-corrected, second set of monthly d-excess statistics is the main data
set for the following analysis and discussion as justified in Section 3.

2.2. Reanalysis Data

We used the European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS reanalysis (0.25° x 0.25°)
(C3S, 2021; Hersbach et al., 2020) monthly data fields spanning 1981-2010 for several purposes. First, the
12 monthly means of 2-m dew temperature were used to calculate CV d-excess for each station described in
Section 2.1. The uncertainty of 2-m dew temperature was not considered when CV d-excess was calculated.
Second, because our previous work showed that surface RH strongly controls the magnitude of change in d-excess
by local raindrop re-evaporation (Xia & Winnick, 2021), we calculated 12 monthly means and SEMs of surface
RH (h,) for each station from the Clausius-Clapeyron relation, using 2-m air temperature (7) and dew temperature
(T, in degree Celsius as

17.677,  17.67T
Ta+2435 T 42435

h; = exp % 100% (Bolton, 1980) ®)

We used local surface RH as a metric to represent the effect of raindrop re-evaporation. Third, we used reanalysis
data to calculate oceanic RH with respect to SST to model the oceanic vapor d-excess described in more details
in Section 2.4. For this purpose, in addition to 2-m dew temperature, necessary data fields include SST, latent
heat flux, sea-ice cover, vertically integrated moisture divergence, and lake cover. Fourth, we used 12 monthly
means of precipitation and ET fluxes (evaporation field in ERAS reanalysis) to investigate the seasonal changes
in surface water balance.
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Figure 1. (a) The map showing the locations of analyzed GNIP/USNIP stations (gray dots), 12 oceanic moisture sources by Gimeno et al. (2010) plus the North Sea
(colored areas), and 16 target sink (TS) areas (black boxes) for the WAM-2layers moisture source diagnostics. The larger gray dots are those representative sites listed
in Table 1. The peach color on continents is areas with elevation >2,000 m (also for Figures 5 and 6). The 12 monthly means of oceanic vapor d-excess for Gimeno

et al. (2010) ocean basins, with the same color code as in (a), as well as the hemisphere average values computed from the linear model, are shown in (b) for the
Northern Hemisphere and (c) for the Southern Hemisphere. Also shown in (d) are the 12 monthly means of oceanic vapor d-excess from 10° latitudinal bands of oceans
where the y-axis is the midpoint latitude of each band. The abbreviations for those ocean basins in (a) are: NPAC, North Pacific; MEXCAR, Mexico Caribbean; NATL,
North Atlantic; NS, North Sea; MED, Mediterranean Sea; REDS, Red Sea; ARAB, Arabian Sea; SPAC, South Pacific; SATL, South Atlantic; AGU, Agulhas Current;
ZAN, Zanzibar Current; IND, Indian Ocean; CORALS, Coral Sea (Gimeno et al., 2010).

2.3. Moisture Tracking Models

Moisture recycling with kinetic fractionations is often invoked as a mechanism for increasing precipitation d-excess
in continental interiors (Ampuero et al., 2020; Froehlich et al., 2008; Gat & Matsui, 1991; Gat et al., 1994; Taupin
et al., 2000; Xia & Winnick, 2021). To represent the effect of moisture recycling for each station, we run the
Eulerian Water Accounting Model (WAM-2layers) version 2.4.08 (van der Ent, 2016) in forward tracking mode
to derive 12 monthly means and SEMs of gridded continental precipitation recycling ratio (CPRR) spanning
1981-2010. Physically, the CPRR means the fraction of precipitation at a given location that originates from
terrestrial moisture sources (including evaporation from lakes), in contrast to that of oceanic sources (van der Ent
et al., 2014). For convenience, the model was forced by the lower resolution ERA-Interim reanalysis (1.5° X 1.5°;
Dee et al., 2011), between 79.5°N and 79.5°S, which is the default option of the WAM-2layers.

To diagnose the moisture source regions that are used to calculate the oceanic source vapor d-excess, we again
run the WAM-2layers, but in backward tracking mode, to reconstruct the gridded monthly tracked evaporation
flux over oceans (E,) that precipitates out at a given sink area spanning 1981-2010. This was accomplished by
replacing the land-sea mask with one that only covers the sink grids, which correspond to an area of interest
(Cluett et al., 2021; van der Ent, 2016). The same approach has been applied to reconstruct the “precipitation-
shed” for an area of interest to quantify the spatial dependence of local precipitation on upwind evaporation over
lands and oceans (Keys et al., 2012). Due to the high computational cost of these analyses, we selected only 16
representative GNIP/USNIP stations for moisture source diagnostics and the target sinks were set as 6° X 6° areas
that contain each site (Figure 1a and Table 1). These GNIP/USNIP stations were chosen for their global coverage

XIA ET AL.

5o0f 31

85UB01 7 SUOLIWIOD 3AeR.D 8|qedl|dde 8y Aq peusenob a1e sajo e WO ‘88N JO SN 104 ARIqITBUIUQ AB|IA UO (SUORIPUOD-PUR-SUBH WO A3 | 1M Alelq | |Bul|UO//SANY) SUORIPUOD PLe SWB | 8U} 89S *[2202/0T/22] Uo A%iqiauljuo A8|IM ‘Gr2.0099T202/620T OT/10p/wod As|m:Ariq puljuo'sandnfe//sdny wouy papeojumoq ‘0T ‘2202 ‘¥2z6rveT



At : :
NI Global Biogeochemical Cycles 10.1029/2021GB007245
ADVANCING EARTH
AND SPACE SCIENCE
Table 1 in geogrz.lphy a}nd different climates. They exhibit well-characterized d-exce.ss
Target Sink (TS) Areas for the WAM-2layers Moisture Source Diagnostics seasonality with small errors (measured by SEM) and are not too short in
With Their Representative GNIP/USNIP Stations Shown in Figure 1 duration (>10 years except for two sites).
ID Area Station and code

TSO01 Pampas Argentina

TS02 Central-West Brazil

TS03 Amazon
TS04 Northern Brazil
TS05 Central US

TS06 Eastern Canada
TS07 Western Canada
TS08 Pacific Northwest
TS09 Southwestern US

TS10 Spain
TS11 Germany
TS12 Turkey

TS13 Equatorial Africa
TS14 Northern China
TS15 Southern China
TS16 Eastern Australia

Buenos Aires-Cd. Universitaria (8757601) 2.4. Oceanic Vapor d-Excess

Cuiaba (8336101)  To quantify the oceanic source vapor d-excess for each representative site of
S&o Gabriel da Cachoeira (8210600) WAM-2layers moisture source diagnostics, we applied a linear model that
Belem (8219100) links boundary layer vapor d-excess above oceans to oceanic RH with respect

Caddo Valley (AR03)* to SST (hggy) as
Ottawa (7162800) d — excess (%0) = 48.2—0.54 X hssr (%) (Pfahl & Sodemann, 2014) (9)
Saskatoon (7186601)
Saturna (7191400) This_ linear regression model is. constructed based on existing observations
and is accurate to close the hemisphere d-excess budget between sources and
Tucson (7227401)

sinks (Pfahl & Sodemann, 2014). It does not rely on the “closure assump-
Ciudad Real (834801) tion” (Jouzel & Koster, 1996; Merlivat & Jouzel, 1979), specific boundary
Artern (1046000) layer regime (Pfahl & Wernli, 2009), or GCM physics (Risi et al., 2013;

Ankara (1713000) Steen-Larsen et al., 2017), to derive the d-excess of oceanic vapor. Other
Bangui-Université (6465002) vapor observations support the accuracy of this simple regression model
(Benetti et al., 2014; Steen-Larsen et al., 2014). We derived a product of
gridded monthly A, with Equation 8 by replacing 2-m air temperature with
SST, between 79.5°N and 79.5°S consistent with the WAM-2layers. Any
Brisbane (9457600)  monthly g, > 110%, the upper bound of the calibration data set in Pfahl and

Tianjin (5452700)
Hong Kong (4500400)

AUSNIP station.

Sodemann (2014), was set to 110%. For diagnosed moisture source regions,

we calculated monthly spatially averaged hg,, by averaging hge, from all

ocean grids (0.25° x 0.25° not including sea ice and lakes) weighted by
gridded E, (1.5° x 1.5°). We then derived 12 monthly means of oceanic vapor d-excess spanning 1981-2010
following the linear regression model.

Moreover, we similarly calculated a variety of other reference oceanic vapor d-excess using ERAS reanalysis for
comparison and discussion. Specifically, we calculated 12 monthly means of oceanic vapor d-excess spanning
1981-2010, averaged by weighting grid box area and latent heat flux, over: (a) the Northern and Southern Hemi-
spheres as in Pfahl and Sodemann (2014), but within 79.5°N and 79.5°S; (b) the 12 oceanic moisture sources
defined by Gimeno et al. (2010) based on the threshold of 750 mm yr~! mean annual vertically integrated mois-
ture flux divergence, plus the North Sea (Figure 1a); (c) all 10° latitudinal bands from 60°N to 60°S; and (d)
the nearest 1,000 ocean grids (0.25° x 0.25°) for each analyzed station. The (c) and (d) are useful for site-level
correlation analysis described in Section 2.5. Note that Pfahl and Sodemann (2014) used &g, and latent heat flux
data at 6-hr temporal resolution to calculate oceanic vapor d-excess, but they concluded that monthly A, and
latent heat flux data, which were used in this study, did not impact the results.

For each derived monthly mean of oceanic vapor d-excess, its uncertainty was estimated using a Monte Carlo
(MC) approach in which we resampled 10* d-excess values considering both the uncertainty of monthly spatially
averaged hg,, (interannual variability from 1981 to 2010) and the uncertainty of the linear regression model (see
Figure la of Pfahl and Sodemann (2014)). The SEM of oceanic vapor d-excess is <1%o and is dominated by
the uncertainty of the linear regression model, while the contribution of monthly spatially averaged A, is very
small because it is a weighted average value over numerous ocean grids. However, we are unable to evaluate and
incorporate the uncertainty related to reanalysis products.

2.5. Statistical Analysis

We developed a statistical MC correlation approach to analyze the seasonal control of oceanic vapor d-excess,
local CPRR, and local RH on CV d-excess in each station. We hypothesize that the higher oceanic vapor d-excess,
higher local CPRR, and higher local RH, which collectively are assumed to represent the primary forcing mech-
anisms, should each result in the higher CV d-excess as a response variable on seasonal time scales. For each
station, Pearson's correlation was tested 10* times between the pair of a driving variable and CV d-excess, each
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time we created a suite of randomly resampled 12 monthly values for both variables following Gaussian distribu-
tions based on their monthly means and SEMs. To represent the oceanic vapor d-excess, the 10° latitudinal band
and nearest ocean vapor d-excess that are available for all stations were used for correlation analysis. We removed
months with 7, < —5 °C when testing the MC correlation between local RH and CV d-excess, as the rain-
drop re-evaporation effect should not diminish further within the range of subfreezing temperature (Liebminger
et al., 2006). If over 50% of MC correlations had Pearson's R > 0 with p < 0.05 between a certain driving variable
and CV d-excess, we considered that they have a significantly positive MC correlation that is not prone to errors.

As this MC correlation approach incorporates the uncertainty and variability in reanalysis variables and d-excess
observations, we view it as a more conservative measure of correlation than correlations between 12 monthly
means of two variables. It is possible to set a more strict correlation threshold. For example, some statistical anal-
yses of geochemical data required >95% of created MC correlations to be statistically significant (Li et al., 2016).
However, such a strict threshold would dramatically reduce the number of stations with significant MC correla-
tions in our data set, because the number of data points for the correlation pair is at most only 12 while the p-value
is often high with such a small sample size (under the same correlation R-value).

3. The Condensation Effect on d-Excess

In Figures 2 and 3, we show both the RP and CV d-excess of 16 representative GNIP/USNIP stations that we
have run the WAM-2layers moisture source diagnostics. For example, it is clear that the CV d-excess may show
different seasonal patterns from the RP d-excess due to the shift in d-excess in condensation. In Caddo Valley
(Arkansas, US) and Hong Kong, the CV d-excess reaches the highest values while the RP d-excess reaches the
lowest values in JJA, leading to opposite seasonal patterns (Figures 2e and 3g). In Buenos Aires, the CV d-excess
reaches the highest values in MAM and the lowest values in JJA, but RP d-excess reaches the highest values in
September and the lowest values in DJF (Figure 2a). Although the slight offset between CV and RP d-excess itself
is not surprising (Gat et al., 1994; Graf et al., 2019; Guan et al., 2013; Pfahl & Wernli, 2008), it is a new finding
that different seasonal patterns in d-excess may emerge after correcting this local condensation effect.

Theoretically, the attendant offset between RP and CV d-excess is controlled not only by T, and its associated
fractionation factors, but also by the absolute values of RP 8'%0 and d-excess (or, more accurately, §’H). In
Figure 4, using Equations 1-7, we quantify the predicted range and direction of this offset and their relationships
with 7, and RP &'80 when RP d-excess is prescribed at 10%o. The predicted offsets, CV d-excess minus RP
d-excess, are shown as contour lines. We note that using different RP d-excess values from 0%o to 20%o only
slightly shift those plotted contour lines (not shown), thus the effect of RP d-excess is minimal. Therefore, we
add to the plot the distribution of all monthly mean RP $'#0 and 7, in our GNIP/USNIP data sets (regardless of
their RP d-excess).

For T, > 0 °C, the shape of contour lines indicates that lower T, and higher RP 8'80 result in more negative
d-excess offsets (further lower CV d-excess than RP d-excess). Most GNIP/USNIP observations plot within the
space of negative d-excess offsets when T, < 20 °C, while positive d-excess offsets are common when 7, > 20 °C.
The range of these offsets is <+3%o for most observations. We highlight in Figure 4, the 12 monthly means of T,
and RP 8'30 from Caddo Valley, Hong Kong, and Buenos Aires to illustrate their impacts on their own d-excess
offsets. In Caddo Valley, large seasonal changes in T, cause positive d-excess offsets in summer and negative
d-excess offsets in winter, which in turn lead to the opposite CV and RP d-excess seasonality. In Hong Kong,
the opposite seasonality in CV and RP d-excess is the result of seasonal changes in both 7, and RP §'30 that act
together to cause positive d-excess offsets in summer monsoon season and negative d-excess offsets in winter. In
Buenos Aires, seasonal changes in T, and RP 8'80 follow a “circle trajectory” and lead to a more complex pattern
in d-excess offsets. [n MAM, the RP 880 reaches the lowest values (about —7%o), which results in slightly posi-
tive d-excess offsets and the highest CV d-excess. In JJA, the T, reaches the lowest values (about 8 °C), which
result in negative d-excess offsets and the lowest CV d-excess.

For T, < 0 °C, the fractionation between vapor and precipitation is not purely equilibrium and the d-excess
offset hinges on the parameterization of mixed-phase clouds and supersaturation conditions. Based on other
parameterizations applied in isotope-enabled GCMs, we evaluate the sensitivity of this parameterization effect
by plotting in Figure 4 the contour lines of zero when we set the tunable sensitivity parameter A = 0.003 (Kurita
et al., 2011; Yoshimura et al., 2008), 4 = 0.005 (Tindall et al., 2009), or if we assume a wider temperature range
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Figure 2. The 12 monthly means of diagnosed oceanic source vapor d-excess (pink diamonds) for the first 8 of 16 representative GNIP/USNIP stations are compared
with their raw precipitation (RP; gray dots) and converted vapor (CV; black dots) d-excess data and the 10° latitudinal band (orange triangles) and nearest ocean (blue
triangles) vapor d-excess. Also shown are the 12 monthly means of local T, (gray asterisks), continental precipitation recycling ratio (CPRR; purple squares), and
relative humidity (RH; green inverted triangles). The standard error of the means (SEMs) of CV d-excess are shown as error bars, which are relatively larger than the
SEMs of other metrics. Note different y-axis scales for each subplot.

of mixed-phase cloud conditions down to —30 °C (Schmidt et al., 2005). Using these contour lines as a reference,
it is found that up to +6%o deviation could occur by different parameterizations alone under very low T,. These
comparisons caution that large uncertainties exist in CV d-excess signals across subfreezing temperatures owing
to the elusive supersaturation conditions.

The above analysis on the offset between RP and CV d-excess suggests that local condensation itself may affect or
impair the seasonal pattern in d-excess observed in precipitation observations, but this isotopic effect in condensa-
tion carries little information about the large-scale dynamics. By correcting this isotopic effect, we are essentially
acting to filter out the local condensation noises, which modify or even may overprint the effects of seasonal vari-
ability in upwind processes including oceanic moisture source regions and conditions as well as distillation and
moisture recycling histories along transport pathways. While almost all literature does not make this correction
and reaches their inferences based on RP d-excess data (e.g., Araguas-Araguas et al., 1998), we argue that the CV
d-excess is more accurate to reflect the information about the large-scale dynamics, which after all are our primary
interest in d-excess. This critical caveat justifies our following analysis and discussion only on CV d-excess data.

4. Spatial Patterns of Correlations Between d-Excess and Driving Variables

In Figure 5, we show the spatial distributions of GNIP/USNIP stations in which the CV d-excess has a signifi-
cantly positive MC correlation with the 10° latitudinal band or nearest ocean vapor d-excess, local CPRR, and
local RH. For comparison, we show in Figure S1 in Supporting Information S1 the results of correlation analysis
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Figure 3. Same as Figure 2, but for the rest of the representative GNIP/USNIP stations.

using simple 12 monthly means of two variables. In these supplementary plots, more stations exhibit significantly
positive correlations with those driving variables at p < 0.05, while our more conservative MC approach excluded
those correlations that are not robust over errors.

To provide context for the spatial patterns of correlations between oceanic vapor and site CV d-excess, we first
plot in Figures 1b and 1c the modeled oceanic vapor d-excess from the 12 oceanic moisture sources defined by
Gimeno et al. (2010) plus the North Sea, and in Figure 1d the modeled oceanic vapor d-excess from 10° latitudinal
bands. Overall, the oceanic vapor d-excess shares the same pattern of low summer and high winter values among
different ocean basins, but the magnitude of seasonal variations is larger in higher latitudes. Still, the timing of the
lowest d-excess in the Northern Hemisphere slightly differs among ocean basins. Specifically, Mexico Caribbean,
North Sea, and Mediterranean ocean basins have the lowest vapor d-excess in May—June, at least 1 month earlier
than the hemisphere average pattern, whereas North Atlantic and Arabian Sea ocean basins have the lowest vapor
d-excess in August (Figure 1b). We also plot in Figure 6 the seasonal mean CV d-excess from GNIP/USNIP
stations. These precipitation station data show comparable latitudinal and temporal patterns with oceanic vapor
d-excess on seasonal time scales but with a few distinct regional anomalies. For example, there is a relatively
high d-excess (>10%o) in inland South America across 0-30°S and a relatively low d-excess (<10%o) in western
Europe in DJF, which contrast with the pattern of 10° latitudinal band vapor d-excess (Figure 6a). In addition,
there is a relatively high d-excess (>10%o) in the eastern US and Southeast Asia in JJA as north as 40°N despite
that only the latitude south to 10°S has such high oceanic vapor d-excess (Figure 6¢). Furthermore, in Europe, the
d-excess is much lower in MAM than in SON (Figures 6b and 6d).

Significantly positive MC correlations between oceanic vapor and site CV d-excess are mostly found in
mid-latitude stations (Figure 5a), despite the large seasonality in CPRR (gray areas in Figure 5a). This pattern
may reflect the fact that the amplitude of seasonal variations in oceanic vapor d-excess, or namely the strength
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Figure 4. The predicted d-excess offsets, that is converted vapor (CV) d-excess minus raw precipitation (RP) d-excess,

are shown in contour lines given a range of T, and RP 5'30 with RP d-excess at 10%o. The zero contour line is thicker. The
dashed lines are the results when we assume A = 0.003 or 4 = 0.005 and the dash-dotted line is the result when we assume the
mixed-phase cloud conditions down to —30 °C. GNIP/USNIP monthly mean RP 8'30 observations and their ERA5 monthly
mean 7, are plotted in gray dots. The 12 monthly means of RP 8'%0 and T, from Caddo Valley, Hong Kong, and Buenos
Aires are highlighted in red, green, and blue dots and lines as a sequence and the label “J” indicates January.

of oceanic moisture source effect, is larger in mid-latitudes than in low-latitudes (Figure 1d). In isotope-based
GCMs, it has been similarly found that there is a close link between latitudinal means of precipitation d-excess
and oceanic evaporation conditions in mid-latitudes on seasonal time scales (Risi et al., 2013). In our correlation
analysis, we distinguished two metrics of oceanic vapor evaporated from the 10° latitudinal band and the nearest
ocean, respectively, to presumably represent remote and adjacent oceanic evaporation conditions. Among these
correlations, it appears that the oceanic vapor across the 10° latitudinal band has a stronger control in North
America and the oceanic vapor from the nearest ocean has a stronger control in Europe (Figure 5a). However,
neither metric represents the oceanic vapor d-excess signal at the actual moisture source regions for each site.
By contrast, a previous study has argued that oceanic evaporation at the latitude of subtropical highs is the
primary moisture source and driver of d-excess variations for mid-latitude precipitation and has excluded oceanic
evaporation from local oceans (Feng et al., 2009). While correlation patterns provide empirical evidence for the
primacy of the oceanic moisture source effect in mid-latitudes, which has been well recognized in the literature
(Feng et al., 2009; Froehlich et al., 2002; Gat, 1996; Rozanski et al., 1993), little information is known about the
degree of phase coherency between oceanic vapor and site CV d-excess and the potential modifications by other
processes. Therefore, moisture source diagnostics are required to gain quantitative insights into to what degree
the oceanic source vapor d-excess is imprinted in the observations in precipitation.

Only a few stations such as in the southern US, Africa, and South American Andes have significantly positive
MC correlations between local CPRR and site CV d-excess (Figure 5b). In mid-latitude North America and
Eurasia, the CPRR shifts by >40% seasonally (gray areas in Figure 5b), peaking in summer (Figure 7). With
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Figure 5. The maps show the spatial distributions of GNIP/USNIP stations where the site CV d-excess has significantly positive Monte Carlo (MC) correlations
with the (a) oceanic vapor d-excess, (b) local continental precipitation recycling ratio (CPRR), and (c) local relative humidity (RH), with zoom-ins for Europe. The
dot sizes indicate the MC median R values. In (a), the orange and blue dots indicate significant correlations with 10° latitudinal band (LB) and nearest ocean (NO)
vapor d-excess, respectively. The dots with thicker outlines mean that the CV d-excess has significant correlations with both, but the correlation is stronger (higher
MC median R value) with 10° latitudinal band (orange) or nearest ocean (blue) vapor d-excess. Gray color areas indicate where the maximum monthly continental
precipitation recycling ratio (CPRR) is <40%, suggesting dominant moisture sources from oceans. In (b), gray color areas indicate where the CPRR seasonality is
>40%, suggesting intense swings in seasonal moisture recycling. In (c), gray color areas indicate where the RH seasonality is >30%, suggesting a strong hydroclimate

seasonality.

such dramatic changes in the continental water cycle, the increased contribution of recycled moisture to the
atmospheric water vapor appears not strongly or even not necessarily to increase the precipitation d-excess in
continental interiors (Figure 6). Otherwise, we expect to find widespread positive correlations between local
CPRR and site CV d-excess. This finding requires a more updated theory to link d-excess with moisture recycling
(Wei & Lee, 2019) and is addressed in Section 6. Even for those sites with significant correlations between local
CPRR and site CV d-excess, some also exhibited significant correlations between local RH and site CV d-excess
(discussed below), as there is a typical in-phase relationship between local CPRR and RH in low-latitudes (Figure
S2a in Supporting Information S1).

Significantly positive MC correlations between local RH and site CV d-excess are found in many stations in
both low-latitudes and mid-latitudes (Figure 5c). The empirical correlation between local RH and precipitation
d-excess on seasonal time scales has been previously found in site-specific studies in different parts of the world
(e.g., Crawford et al., 2017; Kaseke et al., 2018; Liebminger et al., 2006). Our new analysis further reveals the
prevalence of this finding that underscores raindrop re-evaporation as a potentially simple, widely applicable
mechanism underlying the d-excess seasonality in precipitation stations. The correlations are strongest around the
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Figure 6. The seasonal mean CV d-excess from GNIP/USNIP stations are shown in colors. On the right side, we show for
comparison the monthly means of 10° latitudinal band vapor d-excess as in Figure 1d. The black box in (a) indicates the area
of the Pacific Northwest-western Canada (PNW-WCA) transect.
migration boundary of ITCZ where the local hydroclimate is highly seasonal (gray areas in Figure 5c). However,
this finding is in contrast to a GCM-based study showing that raindrop re-evaporation controls only to a small
extent the seasonality in precipitation d-excess in low-latitudes (Risi et al., 2013). On the other hand, the CV
d-excess in many mid-latitude stations is correlated with both the oceanic vapor d-excess and local RH (Figures 5a
and 5c¢). This arises from the fact that seasonally there is an anti-phase relationship between 10° latitudinal band
oceanic RH and continental RH in Northern Hemisphere mid-latitudes where most GNIP/USNIP stations are
located (Figure S2b in Supporting Information S1), which exert controls on d-excess in the same direction.
These spatial correlation patterns provide an empirical view on the potential drivers of d-excess seasonality in
precipitation stations. Importantly, correlations only indicate their coherent phase in variations but do not neces-
sarily imply causation and it is challenging to separate the relative contribution of different drivers. In Section 5,
we focus on the 16 representative sites with the WAM-2layers moisture source diagnostics, in which the oceanic
source vapor d-excess is directly quantified, to address these open questions.
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Figure 7. The maps of seasonal mean continental precipitation recycling ratio (CPRR) are shown in colors. The dotted
shades are areas with negative surface water balance (P < ET) based on precipitation and evapotranspiration (ET) fluxes in
ERAS reanalysis. Note that we find P < ET annually for some very dry areas, reflecting biases in land surface models used in
ERAS. The overall pattern is still similar when using other ET products, e.g., the Global Land Evaporation Amsterdam Model
(GLEAM; Martens et al., 2017).
5. Discussion on the Diverse Drivers of d-Excess From Site-Specific Analyses
5.1. The Effect of Oceanic Source Vapor
The 12 monthly tracked evaporation fractions for 16 representative sites of moisture source diagnostics are
presented in Movies S1 (with terrestrial evaporation) and S2 (without terrestrial evaporation), which show
seasonal changes in moisture source regions. Comparing the oceanic vapor d-excess of diagnosed moisture
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source regions with the site CV d-excess in moisture sink regions allows us to directly validate the well-known
oceanic moisture source effect on d-excess.

The diagnosed oceanic source vapor d-excess shows an overall similar seasonal pattern with the respective 10°
latitudinal band vapor d-excess for all nonequatorial sites, but not so with the nearest ocean vapor d-excess
(Figures 2 and 3). Two inferences can be drawn from these comparisons. First, on seasonal time scales, oceanic
source vapor d-excess for these representative sites largely follows the hemisphere-wide shift in oceanic RH
regardless of changes in moisture source regions. Second, evaporation conditions over the nearest ocean do not
accurately represent the conditions of actual moisture source regions even though some sites may exhibit signif-
icant correlations between nearest ocean vapor d-excess and site CV d-excess as shown in Figure 5a. There are
many such sites in the north of the European Alps where the nearest ocean (mostly the North Sea) vapor d-excess
seems highly coherent with the CV d-excess, such as Artern in Germany (Figure 3c), but moisture source diag-
nostics indicate high contributions of moisture sources from North Atlantic (Movie S2). As for equatorial sites,
the diagnosed oceanic source vapor d-excess has two semiannual cycles in Sdo Gabriel da Cachoeira of Brazil
(within the Amazon rainforest) and Bangui of Central African Republic (Figures 2c and 3e), a pattern that has
been previously predicted as these areas receive moisture from subtropical highs twice a year following the
migration of ITCZ (Feng et al., 2009). However, Belem (northern Brazil) has a Southern Hemisphere-like season-
ality without semiannual cycles (Figure 2d).

As for comparisons with the CV d-excess of these 16 representative sites, we find that in eight sites there is no
apparent source-sink coherency in d-excess: Buenos Aires, Cuiaba (Brazil), Belem, Caddo Valley, Bangui, Tian-
jin (northern China), Hong Kong, and Brisbane (Figures 2 and 3). All these sites are in the tropics and subtrop-
ics except Tianjin. A simple explanation for the incoherency is that other major processes, such as raindrop
re-evaporation and moisture recycling that are discussed later, have altered the d-excess signal of oceanic source
vapor. This also may in part be a result of weaker d-excess seasonality of oceanic vapor in low-latitudes. For other
sites with the source-sink coherency in d-excess, it is insufficient to pinpoint oceanic evaporation conditions as
the sole mechanism and exclude other processes in producing the observed seasonality of site CV d-excess. Using
Ankara as an example, although the CV d-excess shows a strong coherency with the diagnosed oceanic source
vapor d-excess, both having an amplitude of variations of about 8%, it shows a strong coherency with the local
RH as well which controls the degree of raindrop re-evaporation (Figure 3d). The lowest CV d-excess occurs in
July—August when local RH also reaches the lowest values, while the diagnosed oceanic source vapor d-excess
has the lowest values in June, in part reflecting the evaporation conditions over the Mediterranean ocean basin
(Figures 1b and 3d).

Besides evaluating the phase coherency in d-excess, we note that all these sites show systematic residuals between
diagnosed oceanic source vapor d-excess and site CV d-excess values (Figures 2 and 3). These suggest that the
conservation of d-excess from oceanic sources to continental sinks should not be taken for granted and that
subsequent modifications of oceanic source vapor are crucial to determine the d-excess observed in continental
precipitation. We calculate their root mean square (RMS) residuals as

dcv,i )2

z (ds,i -

n

RMS = 10)

where d; and d,,; are the diagnosed oceanic source vapor d-excess and site CV d-excess for month i (1, 2,3, ...,
12), respectively, and n = 12 (except Tianjin where n = 11 with one monthly gap). Among the 16 representative
sites, it is found that the RMS residual becomes larger for sites with lower annual mean RH and higher maxi-
mum monthly CPRR (Figure 8). This finding implies that for more arid and inland areas with stronger raindrop
re-evaporation and more intense seasonal swings in moisture recycling, there is indeed an increasing degree of
modifications on d-excess from the signal of oceanic source vapor, consistent with the conclusion of a previous
study using direct water vapor d-excess measurements at three comparative sites (Wei & Lee, 2019).

Still, for sites in humid and coastal areas, the RMS residual is at least 2%o and some individual monthly d-excess
residuals are even larger (Figures 2, 3, and 7). For example, the CV d-excess in Saturna (British Columbia,
Canada) and Artern is about 5%o lower in DJF (Figures 2h and 3c), while in Hong Kong is about 5%o higher
in JJA (Figure 3g), than their respective diagnosed oceanic source vapor d-excess. These sites all have high RH
(>80%) and low CPRR (<20%) and thus it is unlikely that the effects of raindrop re-evaporation and moisture
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Figure 8. Median root mean square (RMS) residuals between diagnosed oceanic source vapor d-excess and site CV d-excess
and their relationships with (a) annual mean relative humidity (RH) and (b) maximum monthly continental precipitation
recycling ratio (CPRR). The error bars for RMS residuals represent the 25% and 75% quartiles in 10* MC sampling, and for
RH and PCRR are their standard error of the means (SEMs) that are typically smaller than the dot sizes. Number labels for
each data point correspond to Table 1.

recycling are strong enough to explain the large d-excess residuals in the respective period. These large monthly
d-excess residuals are not local features but indicate distinct regional anomalies we have identified in the seasonal
mean CV d-excess map (Figure 6). Again, the Pacific coast of North America as well as western Europe have
lower CV d-excess than both the latitudinal means as well as further inland areas in DJF (Figure 6a). The South-
east Asia sites have high CV d-excess in JJA when summer monsoon dominates (Figure 6c¢).

From these source-sink comparisons of d-excess, we infer that the oceanic moisture source effect on d-excess is
dominant in mid-latitudes based on the temporal coherence, but the contributions from other processes cannot
be excluded, which we aim to address in following sections. The oceanic moisture source effect in low-latitudes,
however, does not dominate the d-excess seasonality, with a possible exception from the Amazon rainforest
(Figure 2c). A quantification of source-sink d-excess residuals supports the view that there is an increasing
isotopic modification on the oceanic source vapor in more arid and inland areas, but it remains to be explained
why d-excess residuals are still large in wet and coastal areas. We hypothesize that these residuals may be the
product of prior distillations in contributing air masses over oceans, which do not conserve the d-excess. To test
this hypothesis, we next explore the direction and magnitude of changes in d-excess under the idealized Rayleigh
distillation process.

5.2. The d-Excess Variability in Rayleigh Distillation

The primary assumption underlying d-excess as a metric of kinetic fractionation in the hydrological cycle is that
there is aratio of 8:1 between the change in 8?H and §'%0 in equilibrium phase change reactions (Dansgaard, 1964).
Under Rayleigh distillation, whereby condensate is continuously removed from an idealized mass of cooling
water vapor, the isotopic compositions of vapor (5,) and precipitation (6,) follow:

8o = (8,0 + 1,000) £ — 1,000 (11)
and
8, = a(8u0 + 1,000)f*" — 1,000 (Dansgaard, 1964) (12)

where 8, is the initial isotopic composition of vapor, fis the fraction of remaining vapor, and @ again is the frac-
tionation factor which includes kinetic components when 7, < 0 °C (see Section 2.1).
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Mathematically, the slope of the relationship between §?H and 8'%0 in vapor at a certain moment of Rayleigh
distillation is

d’H _ a—1 y 52H + 1,000
ds'80 ~ ais—1 " 50+ 1,000

(Diitschet al., 2017) (13)

where a, and a4 refer specifically to the fractionation factor for 8*H and 8'%0, respectively. Conservation of

d-excess in vapor under Rayleigh distillation is therefore only valid when the right-hand side of this equation

equals 8. For T, > 0 °C, the term "2—711 is around 8 only when T, is as high as 37 °C and increases to 9.6 when
ag—

52 . . . .
T, decreases to 0 °C. The term ﬁ is <1 because 82H is generally more negative than §'80, and this term

decreases further under decreasing T, as 8°H is depleted to a larger degree than §'%0. These two terms thus
compensate for each other in response to air mass cooling such that their product is close to 8, which explains
the consistent slope of the Global Meteoric Water Line. Still, under certain conditions, these two terms, which
have been referred to as the d-scale effect and temperature effect, respectively (Diitsch et al., 2017), lead to the
ds’H
ds'80

. . . 52 . .
to supersaturation over ice also contribute to govern ;:181'([) (Diitsch et al., 2019; Jouzel & Merlivat, 1984).

deviation of from 8 and thereby alter d-excess under Rayleigh distillation. For T, < 0 °C, kinetic effects due

To quantify how much change in vapor d-excess will occur by Rayleigh distillation, we develop idealized mode-
ling experiments by varying the initial 7, and vapor &'80, which determine the balance between the &-scale and
temperature effects in the given Rayleigh system. For this analysis, the initial vapor d-excess is set to 10%o. The
total distillation and T, are linked by the Clausius-Clapeyron relation

17.67T4

.= 611.2exp( —2Td_
¢ exP( Tu+2435

) (Bolton, 1980) (14)

where e, is saturation vapor pressure (in Pa). For each cooling step, fractionation factors and f are updated
(Diitsch et al., 2017). Similar “simple isotope model” experiments have been explored extensively to under-
stand the evolution of d-excess signals in polar snow and ice (e.g., Ciais & Jouzel, 1994; Delmotte et al., 2000;
Diitsch et al., 2019; Johnsen et al., 1989; Jouzel & Merlivat, 1984; Landais et al., 2008; Petit et al., 1991), but our
interest is in the change in vapor d-excess in non-polar regions where the temperature is relatively higher. This
analysis also relates to the d-excess offset between vapor and precipitation we have explored in Section 3; the
change in vapor d-excess during Rayleigh distillation reflects the consequence of this offset in the progressive
removal of condensate from water vapor.

Figure 9a shows the changes in vapor d-excess under a range of initial conditions in T, and vapor §'0 as contour
lines when Rayleigh f reaches 0.4, corresponding to a 60% total distillation. The results when Rayleigh fis 0.6 or
0.2 are shown in Figure S3 in Supporting Information S1 for comparison. As described above, higher initial T,
and lower initial vapor 8'30 values generally result in increases in vapor d-excess during Rayleigh distillation,
and vice versa (Figure 9a), and the magnitude of these increases or decreases becomes larger with greater degrees
of distillation (Figure S3 in Supporting Information S1). The “upward shift” of zero contour lines as Rayleigh f
decreases from 0.6 to 0.2 indicates that under certain initial conditions, vapor d-excess may at first decrease at
high f values and then increase at low f values. When Rayleigh f = 0.2, Figure S3 in Supporting Information S1
also shows that Rayleigh distillation alone may induce vapor d-excess changes of >10%o under extreme initial
conditions. Again, the parameterization of mixed-phase clouds and supersaturation conditions impacts the results
when distillation reaches subfreezing temperatures and may lead to a deviation of up to 6% when Rayleigh
f=0.2 (Figure S3 in Supporting Information S1).

To constrain a reasonable space between initial vapor §!%0 and T, in observations, we also plot in Figure 9a the
distribution of monthly mean CV 830 and T, in warm (i.e., JJA for Northern Hemisphere and DJF for Southern
Hemisphere) and cold seasons from non-arid (RH > 70%), coastal (distance to oceans <100 km) GNIP/USNIP
stations. We exclude equatorial stations (7, > 20 °C) for cold seasons. We assume that sites in wet and coastal
areas provide a snapshot of the realistic combinations of initial vapor §!#0 and T, that establish Rayleigh distilla-
tion in the respective season. Using the case of Rayleigh f = 0.4 as an example, we find that many warm-season
data plot below the zero contour line within the space where Rayleigh distillation increases d-excess. By contrast,
most cold-season data plot above the zero contour line within the space where Rayleigh distillation decreases
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Figure 9. (a) Changes in vapor d-excess under Rayleigh distillation are shown in green contour lines given a range of

initial conditions in 7, and vapor &'%0 when Rayleigh fis 0.6. Also shown are scatter points of monthly mean CV §'80
observations and ERA5 monthly mean 7, during warm (gray dots) and cold (white dots, with T, < 20 °C) seasons from
non-arid (relative humidity > 70%), coastal (distance to oceans <100 km) GNIP/USNIP stations to constrain the possible
space in initial conditions. Yellow diamonds are the LMDZ4-based initial conditions for the North Pacific (NPAC) in DJF

and the South China Sea (SCS) in JJA. (b) Modeled changes in §'%0 and d-excess for vapor (black line) and precipitation

(gray line) under Rayleigh distillation based on the initial conditions of the North Pacific in DJF. Colored diamonds mark the
degree of distillation. Also shown are the isotopic compositions of CV in Saturna (large dot) and other sites from the Pacific
Northwest-western Canada (PNW-WCA) transect in DJF (Figure 6a). The error bars represent standard error of the means
(SEMs). (c) Similar to (b) but initial conditions are based on the South China Sea and the data point is from Hong Kong in JJA.

d-excess. As far as the amplitude of d-excess changes is concerned, most of the data are bounded within the
contour lines of +3%. (Figure 9a).

The analysis of Rayleigh distillation with observational constraints on initial conditions suggests that up to 3%eo
or even larger variations in d-excess are likely to occur by Rayleigh distillation alone, and the direction of change
depends on the season and the degree of distillation. This finding provides a simple explanation for the lower
CV d-excess in Saturna and Artern in DJF than their respective diagnosed oceanic source vapor d-excess, as
discussed above, because prior distillations over oceans decrease the vapor d-excess. Indeed, North Pacific and
North Atlantic oceans are known for the high frequency of storm activity and abundant oceanic precipitation in
winter due to the intensification of cyclonic circulation (Hurrell & Deser, 2010; Serreze et al., 1997; Simmonds
& Keay, 2002). In addition, in both North America and Eurasia, we observed increases in CV d-excess along
continental westerly flows (Figure 6a). Because subfreezing temperatures in these locations limit moisture recy-
cling and raindrop re-evaporation, these spatial changes in CV d-excess are likely induced by Rayleigh distillation
as well. These are also consistent with the previous finding that vapor d-excess may shift from decreasing to
increasing values as distillation proceeds further. To visualize these changes, we plot in Figure 9b the Rayleigh
distillation curves established from initial vapor 8'%0 of —14.5%0 and T, of 6 °C, which represent the vapor
source conditions over the North Pacific ocean basin in DJF based on the output of nudged isotope-enabled GCM
LMDZ4 (Risi et al., 2010, 2012). The initial vapor d-excess is set to 12%o (Figures 2g and 2h). The results are
compared to the DJF mean CV 880 and d-excess data from sites within the Pacific Northwest-western Canada

XIA ET AL.

17 of 31

85U8017 SUOWIWOD aAIERID 8|qeal|dde au Aq peusenob a1e sap e YO ‘8sN Jo 9| 10} ArIqiT8UlUQ AB|IM UO (SUONIPUOD-PUR-SWUBIW0Y A3 |1m" Alelq 1 jBuljUo//SANY) SUONIPUOD PUe SW | 8y} 8eS *[220z/0T/2z] Uo Akeiqi8uljuo A8|IM ‘Gr2.0099T202/620T 0T/10p/wod Aa|m Arelq puluo sqndnfe//:sdny wouy pepeojumod ‘0T ‘2202 ‘vZzZ6vv6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007245

transect (Figure 6a), where the dominant moisture source is the North Pacific (Movie S2). Although the Rayleigh
distillation model does not resolve the mixing by turbulent eddies or with other moisture sources (Winnick
et al., 2014), it reproduces the coupled changes in vapor §'80 and d-excess, including lower CV d-excess in
Saturna than the oceanic source vapor upon arrival at western North America and higher CV d-excess at down-
stream inland locations (Figure 9b).

By contrast, in Hong Kong, higher CV d-excess values than oceanic source vapor d-excess in JJA are not well
explained by simple Rayleigh distillation. Using the vapor source conditions over the South China Sea (Cai
et al., 2018), a 5%o increase in vapor d-excess requires a very large degree of distillation that produces very
low 8'80 inconsistent with observations (Figure 9c¢). In fact, the isotopic composition of precipitation in Hong
Kong and its adjacent regions is strongly controlled by monsoon convection (Cai & Tian, 2016; Cai et al., 2018;
Wei et al., 2018). Specifically, the lower precipitation 8'80 in JJA in Hong Kong (Figure 4) and across broad
Asian monsoon-dominated areas is produced by stronger tropical convective activity, which is increasingly fed
by high-level vapor injected into the boundary layer through downdrafts and affected by other raindrop-vapor
interactions (Risi et al., 2008). A combination of multiple processes and feedbacks in convective systems together
determine the vapor and precipitation §'30 that are often known as the isotopic “amount effect,” the negative
correlation between precipitation amount and precipitation §'80 (Bony et al., 2008; Risi et al., 2008), and these
signals are advected to monsoon-dominated areas (Cai et al., 2018). It has been shown in single-column models
that the same “amount effect” mechanism should also result in higher d-excess values under stronger convective
activity (Bony et al., 2008). Therefore, the higher CV d-excess in Hong Kong and Southeast Asia (Figure 6¢) may
be the product of complex interactions in monsoon convection, which do not conform to Rayleigh distillation.
Interestingly, Cai and Tian (2016) have expected to find higher d-excess in Asian monsoon-dominated areas in
JJA based on the characteristics of convective systems, but suggested instead that the d-excess is higher in DJF
based on RP d-excess data. We note that the RP d-excess in Hong Kong has an in-phase relationship with the
diagnosed oceanic source vapor d-excess (Figure 3g), which seems to support the oceanic moisture source effect.
However, the CV d-excess, which has an opposite seasonal pattern, does not support this effect but is instead
consistent with the effect of convective activity as originally hypothesized by Cai and Tian (2016). This shows the
importance of correcting the local condensation effect in d-excess data to effectively identify the process-based
mechanism for d-excess seasonality.

Overall, we show that vapor d-excess is not conserved under Rayleigh distillation, a fact that highlights the
complexity of using d-excess as a tracer of oceanic moisture source conditions even in coastal areas and with-
out considering other processes. An application of Rayleigh distillation reproduces observed changes in vapor
d-excess across western North American vapor transport paths in winter, but not in Southeast Asia where and
when regional convective activity is dominant.

5.3. The Effect of Raindrop Re-Evaporation

Our previous work using a model of raindrop re-evaporation shows that surface RH, by controlling the lifting
condensation level, is the key factor to determine the subcloud modifications on the isotopic composition of
raindrops over time scales longer than individual precipitation events (Graf et al., 2019; Xia & Winnick, 2021).
As local RH becomes higher, raindrop d-excess decreases to a lesser extent due to the shorter falling times of rain-
drops, and vice versa. This conclusion assumes that raindrops are formed and released at the cloud base and that
the unsaturated subcloud vapor is in isotopic equilibrium with initial raindrops. In tropical convective systems
where vertical motion and mixing are important, these assumptions poorly represent reality (Risi et al., 2008).
However, the relationship between surface RH and precipitation d-excess is qualitatively similar. Higher local
RH co-occurs with higher precipitation rates under stronger convective activity that increases the flux and recy-
cling of downdraft water vapor, decreases the raindrop re-evaporation, and ultimately increases the d-excess in
precipitation in convective systems (Bony et al., 2008; Risi et al., 2008). We consider local RH as an integrated
metric to measure the effect of raindrop re-evaporation on d-excess that may, in part, be linked to the regional
convective activity.

Among the 16 representative sites, in Cuiabd, Bangui, and Tianjin with strong hydroclimate seasonality, and
even in coastal sites Belem, Hong Kong, and Brisbane where seasonal variations in RH are smaller, it is apparent
that local RH shows a strong coherency with site CV d-excess and has entirely overprinted the seasonal pattern
of diagnosed oceanic vapor source d-excess (Figures 2 and 3). For other sites in mid-latitudes where the CV
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d-excess is temporally coherent with both the diagnosed oceanic source vapor d-excess and local RH, we still find
evidence for potential modifications of local RH on CV d-excess. Specifically, the lowest CV d-excess in Ottawa
occurs in April-May when the local RH, not the diagnosed oceanic source vapor d-excess, also reaches the lowest
values (Figure 2f), and likewise in May—June in much drier Tucson (Figure 3a) and in July—August in Ankara
mentioned in Section 5.1 (Figure 3d). In Saskatoon (western Canada), two periods of lower RH in April-May
and August-September coincide with two periods of relatively lower CV d-excess (Figure 2g). In Ciudad Real
(Spain), the CV d-excess is distinctly lower in the driest JJA when the diagnosed oceanic source vapor d-excess
only shows a moderate decrease (Figure 3b).

From these mid-latitude sites, we suggest that the combined effects of oceanic source vapor d-excess and local
RH that are in-phase may amplify the response of site CV d-excess in observations. For example, the amplitude
of seasonality in diagnosed oceanic source vapor d-excess is about 5% in Tucson and 7%o in Ciudad Real, but
the amplitude of seasonality in CV d-excess is about 12%o for both sites (Figures 3a and 3b). Therefore, separat-
ing the individual contribution of oceanic moisture source and raindrop re-evaporation effects seems possible.
However, we also find cases where the combined effects of oceanic moisture source and raindrop re-evaporation
do not cause an amplified response in CV d-excess. In Artern and Ankara, the amplitude of seasonality in diag-
nosed oceanic source vapor d-excess is about 8%o, but the amplitude of seasonality in CV d-excess is about 5%o
and 8%o, despite the in-phase seasonal changes in local RH of 20% and 40%, respectively (Figures 3c and 3d). In
other words, the enhanced raindrop re-evaporation in dry summers does not result in even lower site CV d-excess.
We suggest two possible reasons for this lack of amplification. The first mechanism is the season-dependent
change in vapor d-excess by Rayleigh distillation over oceans we have discussed in Section 5.2. As initial condi-
tions in winter and summer tend to result in the decrease and increase in vapor d-excess during the distillation
(Figure 9a), respectively, these in turn may reduce the seasonal contrast in vapor d-excess observed at a specific
site. The second and potentially more important mechanism is the substantial shift in continental moisture recy-
cling in mid-latitudes (Figure 7), such as in Ankara where CPRR increases from <10% in DJF to 60% in JJA
(Figure 3d). If moisture recycling in summer has replenished the atmospheric water vapor with a flux of relatively
higher d-excess vapor, it may compensate for the strong raindrop re-evaporation effect that decreases the d-excess
in precipitation. Validating these dynamics requires a thorough understanding of the d-excess signal in ET fluxes
and will benefit from coupled isotopic measurements of water vapor and precipitation (Aemisegger et al., 2014;
Bonne et al., 2020; Conroy et al., 2016; Kurita & Yamada, 2008).

Overall, we use the analysis of representative sites to further support that the raindrop re-evaporation effect, as
indicated by local RH, exerts a dominant control on CV d-excess and overprints the oceanic moisture source
effect in low-latitudes. It is still important in mid-latitudes and modulates the seasonal pattern in CV d-excess,
such as determining the month of lowest d-excess and amplifying the amplitude of d-excess seasonality at some
sites.

5.4. Summary

Using moisture source diagnostics that allow us to quantify the d-excess signal of oceanic source vapor, we use
several representative GNIP/USNIP stations as examples to demonstrate that the precipitation d-excess season-
ality in continental locations is controlled by compound mechanisms. We find that the raindrop re-evaporation
effect, which may be linked to regional convective activity in the tropics, dominates over the oceanic moisture
source effect in low-latitude sites. However, the drivers of precipitation d-excess seasonality in mid-latitude sites
are more complex. Our analysis does not invalidate the oceanic moisture source effect, which becomes stronger at
higher latitudes, as the main mechanism for d-excess seasonality in mid-latitudes as indicated by spatial correla-
tion patterns. However, prior distillations over oceans, seasonal swings in moisture recycling, and local raindrop
re-evaporation all act to modify the d-excess signal of oceanic source vapor. We suggest that these source-route-
sink effects exert a complex control on observed d-excess signals in continental precipitation and challenge the
accuracy of d-excess as a simple tracer for oceanic moisture source conditions.
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6. The Effect of Moisture Recycling on d-Excess

Moisture recycling via ET is ubiquitous over continents and a fundamental component of the water cycle and
climate system. ET fluxes return about 2/3 of continental precipitation to the atmosphere (Trenberth et al., 2011),
and over 1/3 of continental precipitation itself is supplied by this recycled moisture (van der Ent et al., 2014).
Certainly, moisture recycling should have a profound effect on the spatial and temporal distribution of isotope
species in the water cycle (Winnick et al., 2014). Based on current knowledge, the kinetic fractionation in diffu-
sive transport of water vapor results in higher d-excess in evaporation fluxes than surface source water (Craig &
Gordon, 1965), while plant-mediated transpiration fluxes are often considered to not fractionate relative to the
plant source water on longer than daily time scales, thus conserving §'%0 and d-excess (Flanagan et al., 1991).
Still, moisture recycling is often invoked, without distinguishing the component of evaporation and transpiration
in ET, as a simple mechanism to reduce the spatial gradient in precipitation 5'0 relative to Rayleigh distil-
lation over continents (Liu et al., 2010; Mix et al., 2013; Salati et al., 1979) and to increase the precipitation
d-excess toward continental interiors due to the admixture of evaporated moisture with the atmosphere (Ampuero
et al., 2020; Gat & Matsui, 1991; Taupin et al., 2000).

In Section 5.3, we have proposed that the enhanced moisture recycling in summer may increase the vapor d-excess
that, in part, compensates for the concurrent stronger raindrop re-evaporation in Ankara (Figure 3d). Among
other representative sites, in Sdo Gabriel da Cachoeira within the Amazon rainforest, the CV d-excess is about
3%o higher than the diagnosed oceanic source vapor d-excess in July—October when the CPRR is highest, and is
only about 1%o higher than the diagnosed oceanic source vapor d-excess in January—March when the CPRR is
lowest (Figure 2¢). In Caddo Valley, the CV d-excess shows a strong phase coherency with the CPRR and is about
4%o0 higher than the diagnosed oceanic source vapor d-excess in high-CPRR JJA (Figure 2e). These examples do
seem to support the view that the increased recycled moisture in the atmosphere is expressed by higher d-excess
if other processes are not considered. Regardless, the spatially limited correlation patterns between local CPRR
and site CV d-excess (Figure 5c) suggest that the moisture recycling effect that presumably increases the vapor
d-excess in continental interiors is too weak to dominate the d-excess seasonality in mid-latitudes despite large
changes in CPRR (Figure 7).

In this section, we focus on why large seasonal swings in moisture recycling in mid-latitudes do not introduce
strong d-excess responses. We provide two hypotheses for the complexity of the relationship between moisture
recycling and d-excess over continents. First, the warm and high-CPRR season in the Northern Hemisphere
generally occurs during widespread negative water balance conditions: i.e., more ET outflux than precipitation
influx (P < ET) over North America and Eurasia (Figure 7c). This implies that a considerable proportion of
terrestrial ET in this dry (i.e., P < ET) season is supplied by the residual water storage of the previous wet season
when a net recharge (P > ET) occurs. Thus, the ET flux inherits the low, evaporation-impacted d-excess signal
of this residual water storage. Second, nonfractionating plant transpiration might be the major pathway of mois-
ture recycling in the warm and dry, high-CPRR season, by which d-excess is not significantly impacted by the
contribution of recycled moisture. To test these two hypotheses, we describe an idealized model that accounts for
the seasonal water storage and ET partitioning effects to predict the isotopic composition of ET fluxes (6.;) in
Section 6.1. We use simple model experiments to demonstrate the model behaviors and fundamental mechanisms
in Section 6.2. We then briefly discuss the implications in Section 6.3.

6.1. The Seasonal Water Storage Model for 6,

In our previous study, we developed a simple parameterization for J,; with the implementation of the “closure
assumption” and Rayleigh distillation-type progressive removal of liquid water as

F
apr(6r + 1,000)Fr=1 —1,000|d F
E_ET)fI [rer: F)l ] +(i)a,<x1a&wmnick,zozl) (15)

5 =(
ET ET

where E—ET and % are the surface evaporation and plant transpiration fraction of ET, respectively, F is the fraction
of residual liquid water remaining after ET loss expressed as (P — ET)/P. The capitalized symbol F distinguishes
from the symbol f'in Section 5.2, both of which describe the remaining fraction in Rayleigh-based models. J, is
the isotopic composition of precipitation input and agr is the apparent fractionation factor of evaporation that
through the “closure assumption” is affected by the concurrent transpiration flux as
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ET 1-h

where al; is the vapor-liquid equilibrium fractionation factor (1/a/,") and k is the kinetic fractionation factor
of evaporation. The factor k can be expressed as (D'/D)™ where D'/D is again the ratio of diffusivities and m
is the aerodynamic exponent that controls the ratio of diffusive over turbulent transport of water vapor, which
ranges between 0.5 and 1 for terrestrial environments (except large water bodies; Dongmann et al., 1974; Pfahl
& Wernli, 2009).

An important feature of this parameterization is the dependence of ., on water balance, similar to an earlier
steady-state model of evaporation (Gat & Matsui, 1991). Both require that P > ET, a reasonable condition over
annual time scales. In order to derive J,, under the P < ET condition, from an isotopic perspective, the terms F
and ¢, in Equation 15 should represent contributions of residual water storage, which is neglected in our previous
study (Xia & Winnick, 2021).

Here, we refine the model for &, by incorporating the seasonal water storage effect with the least extent of neces-
sary complexity; more complex storage mixing and selection parameterizations (“isotope transfer function’)
have been developed in land surface models for modeling both short-term and long-term &, variations (Gat &
Airey, 2006; Henderson-Sellers et al., 2006). We only consider two consecutive seasons to represent a year: a wet
season with P > ET followed by a dry season with P < ET. We write the precipitation, runoff, and ET as P, R,,
and ET, for the wet season, and P,, R,, and ET, for the dry season. Given an initial water storage amount ), the
residual water storage after ET loss for the wet and dry seasons is

Si1=8Sy+P —R —ETiand S =S1+ P — R, — ET, (17)
respectively. Assuming that runoff precedes ET, the term F for the wet and dry seasons is

S1 SZ

=2 andF=—22
S+ e T ST ED (%)

F

respectively. Next, we denote the isotopic composition of these water fluxes and storages with the “5” symbol.
In order to calculate §¢7, and 6, using Equation 15, we further assume that precipitation-generated runoff loss
occurs rapidly without isotopic fractionation. We use the term &, to represent the “modified source water” (6;, and
61,) mixing the new precipitation input after runoff loss with the old residual water storage as

81, = X165, + (1 — X1) 6p, and 61, = X285, + (1 — X2) 6p, 19
where X, and X, denote the fraction of residual water storage in the source water pool as

— S() a
So+ P — Ry

S

ndX, = ———
: S +P—R,

X (20)
The isotopic composition of residual water storage after ET loss, és, and 65,, can be derived using the isotope
mass balance as
61, — (1 = F1)oer 61, — (1 — F)oer
bs, = L T TVORT sy, = 22 T T2OED @
F - F

Finally, we force the final storage condition to be consistent with the initial storage condition of the model. That
is, the size of residual water storage and its isotopic composition after ET loss for the dry season is the same as
the initial condition for the (next) wet season

Sz = So and 552 = 550 (22)

This boundary condition constraint allows us to determine Js, if all other required model inputs (including S,
are known.
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Figure 10. The schematic diagram shows the water fluxes and storages during wet and dry seasons for the simple experiment
of the seasonal water storage model.
6.2. Seasonal Water Storage Model Experiments
To demonstrate the seasonal water storage effect on 6, we first create a simple model experiment that is forced
by contrasting wet and dry season water fluxes characteristic of inland Eurasia as shown in Figure 10. The 77/
ET is set to 60% for both seasons, an important assumption that is discussed later. Table 2 lists other relevant
model inputs including the isotopic composition of precipitation as well as model results. In this experiment, we
assume the initial water storage S, = 200 mm. In fact, the exact quantity of water storage from surface to subsur-
face is challenging to measure and observe. Giintner et al. (2007) provided
a modeling perspective on the total water storage in different parts of the

Table 2 . . world. Based on their analysis, the mean annual water storage in continental

Model Inputs and Results for the Simple Model Experiment of the Seasonal X i o K X

Water Storage Model climates that characterize Eurasia is about 260 mm with a seasonal amplitude

of 160 mm, which justifies our choice of S,. By extension, we note that the
Wet season Dry season . . . . . . .
idealized water storage defined in our simple model refers to an isotopically

Water flux inputs homogenous, dynamic water storage that is refreshed by precipitation and
Precipitation (mm) 350 (P) 210 (P,) removed by ET, and thus additionally includes deeper weathered bedrock
Runoff (mm) 87.5 (R)) 52.5 (R,) moisture and groundwater reservoirs not considered by Giintner et al. (2007)
ET (mm) 140 (ET)) 280 (ET,) (Rempe & Dietrich, 2018; Wang-Erlandsson et al., 2016).

Physical climate inputs In Figure S4 in Supporting Information S1, we show that any given pair of
Temperature (°C) 5 15 6p, and 6p, values will yield a unique suite of s, 6s,, 6£7,, and 6gr, values if
RH (%) 80 65 other model inputs are kept unchanged. These contour line plots demonstrate
Aerodynamic exponent . 0 Fhat ST, 18 Prlmarlly det'ermmed by 6p, (nearly vertical contours in Figure S4c

o in Supporting Information S1), whereas 6.7, reflects both 5p, as well as 6p,

SR SR e (not horizontal but somewhat sloping contours in Figure S4d in Supporting
TIET 0.6 0.6 Information S1) due to the large wet season water storage that supplies the
Relative water storage size (Sy/P,) 0.57 NA dry season ET. The strength of this 55 memory effect is dependent on the

Isotope flux inputs amount of water storage relative to precipitation fluxes, encapsulated in our
Precipitation 5'*0 (%o) —10 -6 terms X, and X,. Giintner et al. (2007) estimated that the ratio between the
Precipitation d-excess (%) W i mean annual total .wz.iter. storage and pre01p.1tat10n amount, which we refer to

as the storage-precipitation ratio hereafter, is about 0.2 at the global scale and
ot weslis is lower (0.1) in dry climates and higher (>0.35) in continental and polar/
Modified source water 8'°0 (%o) —6.0 (61, —4.9 (6r,) alpine climates. Besides the background climate effect examined by Giintner
ET 820 (%o) —9.9 (6er) 7.8 (6¢1,) et al. (2007), the local water storage size and storage-precipitation ratio are
Residual water storage 5'30 (%) —4.3 (5s,) —0.8 (55, or 8s,) shaped by many biotic and abiotic factors that vary widely across continents.
M sories Taisr dhowess () L1 1.9 For example, different bedrock types, by controlling the subsurface critical
ET d-excess (%) i i zone depth., lead to dlf.ff.:ren.t water storage.capamtles and support differ-
ent vegetation communities in the same region (Hahm et al., 2019). Some

Residual water storage d-excess (%o) 2.1 —10.6

deep-rooted trees in arid climates tap bedrock moisture and groundwater, and
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Figure 11. The summary of results from multiple seasonal water storage model experiments with variable S/P, values. (a)
The fraction of residual liquid water remaining after evapotranspiration (ET) loss. (b) The fraction of residual water storage
in the modified source water for ET. (c) The isotopic composition (8'30) of precipitation, modified source water, ET, and
residual water storage for the wet and dry seasons. (d) Similar to (c) but for d-excess.

as a result, may have access to large water storage underneath that are somewhat characteristic of humid climates
(Fan et al., 2017; Scott et al., 2021).

To evaluate the sensitivity of model results to the relative size of water storage, we run multiple model experi-
ments with variable initial water storage S, relative to P,. The model script is provided as Data Set S2 and the
results are summarized in Figure 11. As S/P, increases, s, and &5, converge on the same value. Under this
condition, the isotopic composition of water storage is static between wet and dry seasons as any precipitation
and ET fluxes are too small (i.e., X, & X, ~ 1) to isotopically modify the existing large water storage reservoir.
Further, with 6% 6, and F; & F, ~ 1, 6¢r, and 67, are only dependent on physical climate conditions and 77
ET according to Equation 15. As the d-excess of ET is very sensitive to surface RH (Aemisegger et al., 2014;
Xia & Winnick, 2021), the lower RH in the dry season leads to a 5%o higher d-excess of ET than in the wet
season. Given that Giintner et al. (2007) determined a low global storage-precipitation ratio of only about 0.2, we
consider that the very high S/P, condition is rare in nature and only represents certain rock moisture-dependent
or groundwater-dependent ecosystems. By contrast, as S,/P, decreases, F, decreases toward 0, meaning that the
dry season ET removes nearly all available source water with 6, ~ 61,. Under this condition, the dry season ET
inherits the high 8'30 and low d-excess signal of the wet season water storage that contributes half of the source
water (X, = 0.5). Conversely, the wet season ET has very little isotopic memory of the dry season water storage,
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which is a very small fraction compared to the new precipitation input (X, = 0), even though the dry season water
storage itself has even higher §'30 and lower d-excess values. As a result of this seasonally varied water storage
contribution, the d-excess of the wet season ET is about 5%o higher than that of the dry season ET. We consider
that the very low S/P, condition represents terrestrial ecosystems with shallow soils and limited hydrological
connections with deeper water reservoirs, such as shallow-rooted grasslands.

These model experiments with variable S, indicate that the relative size of water storage directly controls the
isotopic composition of ET fluxes. While we have assumed the same 10%o d-excess in precipitation for both
seasons, the d-excess of the dry season ET becomes lower than that of the wet season ET as the relative size of
water storage decreases, and higher as the relative size of water storage increases; the transition occurs at about
S,/P, = 0.3. Most notably, the d-excess of ET fluxes may be lower than the d-excess of precipitation during the
same season due to the contribution of residual water storage to the source water (Figure 11d). This challenges the
simplistic view that moisture recycling progressively increases the d-excess signal in water vapor and precipita-
tion along moisture transport pathways toward continental interiors (Gat & Matsui, 1991; Xia & Winnick, 2021).
Instead, under particular water storage conditions, moisture recycling may act to decrease the d-excess in conti-
nental interiors on seasonal time scales. This is likely a widespread phenomenon in the dry season because the
global storage-precipitation ratio is low (Glintner et al., 2007). Similar mechanisms have been invoked from direct
isotopic measurements of ET fluxes in semiarid regions (Parkes et al., 2017) and the modeled isotopic composi-
tion of evaporation fluxes from a small, highly seasonal lake (Vallet-Coulomb et al., 2008). Our seasonal water
storage model provides a simple framework that underscores the role of residual water storage in modulating the
d-excess of ET fluxes and can be validated further by isotopic measurements of water vapor (Parkes et al., 2017,
Ueta et al., 2014; Wei & Lee, 2019).

As mentioned earlier, in all these model experiments, we have assumed that the 7/ET is 60% for both seasons. As
an important simplification, this choice of transpiration fraction is an intermediate value among many reported
T/ET values in the literature across sites and biomes and by a wide range of approaches (Fatichi & Pappas, 2017;
Sutanto et al., 2014; Wei et al., 2017). That said, the partitioning of ET fluxes should vary seasonally driven by
water availability and plant phenology. In addition to this first scenario of constant 7/ET = 60%, we consider
two alternative scenarios. The second scenario is that the 7/ET is 50% and 70% for the wet and dry seasons,
respectively. This scenario is based on the empirical evidence that transpiration fraction in ET increases nonlin-
early with leaf area index (Wang et al., 2014; Wei et al., 2017), which reaches peak values during the warm and
often dry (P < ET) season when energy-driven plant water use is enhanced and surface evaporation is limited
by water availability (Garrigues et al., 2008; Scott et al., 2021). The third scenario is the opposite in that the 7/
ET is 70% and 50% for the wet and dry seasons, respectively. This scenario represents some water-limited envi-
ronments such as shallow-rooted grasslands where low water availability inhibits plant transpiration more than
surface evaporation, leading to the relatively lower 7/ET in the dry season (Cui et al., 2020; Scott et al., 2021).
The tradeoff in water-energy fluxes and transition in ET partitioning have been previously shown in hydrological
models (Maxwell & Condon, 2016).

The results of model experiments using alternative scenarios of 7/ET partitioning are shown in Figure 12 by
plotting the relative difference between the d-excess of the wet and dry season ET, hereafter referred to as the
ET Ad-excess. In the second scenario where the transpiration fraction is higher in the dry season, the d-excess of
the wet season ET is consistently higher than that of the dry season ET (ET Ad-excess > 0%o) even under high
S,/P, conditions. In the third scenario where the transpiration fraction is lower in the dry season, the result is the
opposite (ET Ad-excess < 0%o except when S,/P, = 0.05). These suggest that the seasonal shift in ET partitioning
controls the direction of ET Ad-excess. For both these alternative scenarios of 7/ET partitioning, the effects of
relative water storage size are still similar, with increasing ET Ad-excess (more positive) under decreasing S/P,.

Finally, we interrogate the sensitivity and uncertainty of the above results to model inputs using an MC approach
described in Text S1 in Supporting Information. The overall results shown in Figure S5 in Supporting Informa-
tion S1 suggest that any slightly different choice of model inputs from Table 2 will lead to a considerable scatter-
ing in ET Ad-excess up to £5%o for the first 7/ET partitioning scenario and up to +8%o for the second and third
T/ET partitioning scenarios. However, the variability in model inputs does not change the pattern in the response
of ET Ad-excess to S,/P, and T/ET.
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Scenario 1: wet season T/ET = 60%, dry season T/ET = 60%
Scenario 2: wet season T/ET = 50%, dry season T/ET = 70%
Scenario 3: wet season T/ET = 70%, dry season T/ET = 50%
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Figure 12. The relative difference between the d-excess of the wet and dry season evapotranspiration (ET Ad-excess) under
variable S/P, and three ET partitioning scenarios.

6.3. Implications

The presented model for 6, based on simple mass balance demonstrates how the continental water storage and
tradeoff in water use pathways modulate the d-excess of ET fluxes. As a result of these interactions in land surface
ecohydrology, the d-excess of precipitation in continental interiors, which is substantially supplied by recycled
moisture, is relatively insensitive to seasonal swings in the amount of recycled moisture on seasonal time scales.
It does, however, have a complex response to regional-scale surface water balance and plant activity. This model
framework explains the seasonal pattern of CV d-excess in Buenos Aires (Figure 2a): the highest CV d-excess
occurs in MAM when the local and upwind terrestrial environments have an overall positive water balance
unlike other seasons (Figure 7 and Movie S1). As a result, the lower contribution of residual water storage in
MAM increases the d-excess of ET fluxes. Moreover, previous studies have found, as shown in Figure 6 as well,
that the d-excess of precipitation is higher in autumn than in spring in Europe (Froehlich et al., 2008) such as
Artern (Figure 3c), Siberia (Kurita et al., 2005), and central Asia (Pang et al., 2011), which were attributed to
higher evaporation fractions in autumn. This is true for evaporation from large lakes (Corcoran et al., 2019), but
site-level ET partitioning studies from these regions show higher ecosystem 7/ET in autumn than in spring and
thus disagree (e.g., Wang et al., 2014; Zhou et al., 2018). An alternative explanation is that the higher precipi-
tation d-excess in autumn is caused by lower residual water storage contributions to ET fluxes, as shown by the
widespread positive water balance conditions across Eurasia, in contrast to in spring (Figures 7b and 7d).

7. Conclusions and Implications

The d-excess of precipitation has been frequently explored in isotope hydrology and climatology literature, which
often provide simplistic, qualitative interpretations of observed d-excess values and variations. However, d-excess
values comprise complex information from oceanic evaporation conditions, subsequent distillations, moisture
recycling, as well as local supersaturation conditions in vapor deposition, subcloud raindrop re-evaporation,
and/or equilibration. All of these source-route-sink effects have been previously described; however, there is
a lack of in-depth understanding of how these multiple processes compete or reinforce to produce the ultimate
d-excess signals in continental precipitation that are measured. We present a new analysis in an attempt to unravel
the mechanisms of seasonal variations in precipitation d-excess in non-polar regions. The key findings are the
following:

1. The local condensation-induced shift between precipitation and vapor d-excess needs to be corrected to under-
stand the d-excess seasonality in precipitation stations and to compare it with the d-excess of oceanic source
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vapor. Raw precipitation and converted vapor d-excess may show different seasonal patterns due to this local
overprinting.

2. Idealized Rayleigh distillation may lead to d-excess changes of +3%o or even more under certain initial condi-
tions of vapor §'80 and condensation temperature. This mechanism explains continental-scale spatial vari-
ations in d-excess in mid-latitude winters when there is a large oceanic distillation with ineffective moisture
recycling and raindrop re-evaporation.

3. Raindrop re-evaporation, controlled by local RH, shows a dominant control on precipitation d-excess in
low-latitudes and overprints the signal of oceanic evaporation conditions. This mechanism is, in part, associ-
ated with the effect of the convective activity responsible for the isotopic “amount effect.”

4. Precipitation d-excess in mid-latitudes is primarily controlled by the seasonal changes in oceanic evaporation
conditions. However, there are also large, concurrent changes in the effects of raindrop re-evaporation and
moisture recycling that contribute to modulating the seasonality in d-excess. Developing strategies to quantify
and separate these individual effects should be the focus of future studies.

5. Although presumably moisture recycling may result in increasing d-excess in water vapor and precipitation
toward continental interiors, we find little evidence for these dynamics on seasonal time scales when large
swings in moisture recycling occur. We use a simple seasonal water storage model to demonstrate that the
d-excess of ET fluxes is controlled by the size of water storage and partitioning between evaporation and tran-
spiration. As a result, the dry season ET may counter-intuitively have lower d-excess due to the contribution
of residual water storage to ET fluxes and higher transpiration fractions, than the dry season precipitation and
wet season ET, despite enhanced continental moisture recycling.

Taken together, this study combines global data analysis and a hierarchy of parsimonious models to raise aware-
ness that the d-excess in precipitation is a complex parameter controlled by multiple processes and that noncon-
servative behavior in d-excess is ubiquitous throughout the water cycle. Therefore, the fidelity of d-excess as a
tracer for remote conditions at oceanic moisture sources should be critically appraised. These caveats need to
be considered in future hydrological or paleoclimate investigations wherever precipitation (or more generally,
meteoric water) d-excess data are used.

We introduce a few cutting-edge techniques that may play a key role in advancing the research agenda. First,
specialized instrumentations such as in situ or satellite isotopic measurements of water vapor may assist in
disentangling these complex dynamics in d-excess (Aemisegger et al., 2014; Akers et al., 2020; Bastrikov
et al., 2014; Graf et al., 2019; Worden et al., 2007). It is worth noting that water vapor measurements are transient
in nature and many data are not directly related to precipitation events (Frankenberg et al., 2009). Second, the
currently growing database of novel precipitation A’'70O measurements provides a new lens for tracking kinetic
fractionations in the water cycle (Aron et al., 2021; Landais et al., 2010; Li et al., 2015; Luz & Barkan, 2010), but
there is a lack of research investigating how to leverage the paired d-excess and A’'7O data for fingerprinting water
cycle processes. Finally, isotope-enabled GCMs are powerful, albeit expensive, tools to investigate the isotopic
variability of precipitation and water vapor during instrumental periods and in past climates (Schoenemann
et al., 2014; Steen-Larsen et al., 2017; Vuille et al., 2003). The isotope-enabled GCMs do have the potential
to tease apart the respective contribution of multiple processes to the variability in d-excess, as shown in a few
previous studies (Jouzel et al., 2013; Lewis et al., 2013; Risi et al., 2013). This study also means that an accurate
representation of d-excess values and seasonal variations is desired for the future development and calibration of
isotope-enabled GCMs.

Data Availability Statement

The USNIP program data (spanning 1989-2001) used in this study, including raw weekly data (§'80 and d-excess)
and 12-monthly means for each station (both RP and CV values), are provided in Data Set S1. Because JMW has
dedicated decades to collecting and compiling this data set for the benefit of the community, collaborative data
use in future research projects with JMW would be appropriate; especially those whereby a publishable prod-
uct, manuscript, maps, or visualizations are not possible without the use and application of this data set. The R
script for running the seasonal water storage model with variable water storage sizes is provided in Data Set S2.
Additionally, the GNIP program data (IAEA/WMO, 2021) can be accessed from https://www.iaea.org/services/
networks/gnip. The ERAS reanalysis data (C3S, 2021) can be accessed from https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5.
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