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Abstract Modeling tritium content in water presents a meaningful way to evaluate the representation of the
water cycle in climate models as it traces fluxes within and between the reservoirs involved in the water cycle
(stratosphere, troposphere, and ocean). In this study, we present the implementation of natural tritium in water in
the atmospheric general circulation model (AGCM) MIROCS5-iso and its simulation for the period 1979-2018.
Owing to recently published tritium production calculations, we were able to investigate, for the first time, the
influence of natural tritium production related to the 11-yr solar cycle on tritium in precipitation. MIROC5-iso
correctly simulates continental, latitudinal, and altitude effects on tritium in precipitation. The seasonal tritium
content peaks, linked to stratosphere-troposphere exchanges, are accurately simulated in terms of timing, even
though MIROCS5-iso underestimates the amplitude of the changes. Decadal tritium concentration variations in
precipitation owing to the 11-yr solar cycle are well simulated in MIROC5-iso, in agreement with the
observations at Vostok in Antarctica for example, Finally, our simulations revealed that the internal climate
variability plays an important role in tritium in polar precipitation. Owing to its influence on the south polar
vortex, the Southern Annular Mode enhances the effect of the production component on tritium in East
Antarctic precipitation. In Greenland, we found an east-west contrast in the detection of the 11-yr solar cycle in
tritium in precipitation owing to the influence of the North Atlantic Oscillation on humidity conditions.

Plain Language Summary Models used to simulate the future of our climate are still struggling to
represent the water cycle adequately. To address this challenge, we have added the capability to simulate tritium
in water into the atmospheric model MIROCS5-iso. Tritium is a naturally occurring radioactive isotope produced
by interactions of cosmic rays in the atmosphere. Because it decays away with a half-life of 12.32 years, it is a
very powerful tracer of water exchanges within and between water cycle reservoirs, such as the stratosphere, the
troposphere, and the ocean. We were also able to investigate the influence of the 11-year solar cycle on tritium in
precipitation, as well as the impact of natural atmospheric circulation variations on an interannual time scale.
MIROCS5-iso can simulate decadal variations in tritium in precipitation related to solar cycles. The presence or
absence of this cycle in our modeled tritium for polar regions is influenced by interannual variations in the
atmospheric circulation, especially related to precipitation amount variations. Conclusively, we show that
tritium is reliable complementary tracer for better constraining the water cycle representation in climate models.

1. Introduction

A primary challenge for the climate research community is to improve the hydrological cycle representation in
general circulation models (GCMs). These models are used to study the Earth's climate system and project future
changes. Water isotopologues simulation is a useful way to evaluate the performance of these models. Stable
water isotopologues, such as H,'®0, H,'®0, and H*H'®0, are widely used in atmospheric GCMs (AGCMs) as
tracers of past and present-day climate processes recorded in the hydrological cycle (Cauquoin & Werner, 2021;
Joussaume et al., 1984; Jouzel et al., 1987; Lee et al., 2007; Noone & Simmonds, 2002; Nusbaumer et al., 2017;
Okazaki & Yoshimura, 2019; Risi et al., 2010; Werner et al., 2011; Yoshimura et al., 2008).

Once produced in the atmosphere, tritium (7) atoms enter the hydrological cycle in the form of tritiated water
(HTO) for a vast majority (Gat et al., 2001), presenting another useful water isotopologue with different char-
acteristics. As stable water isotopologues, HTO is thus influenced by the same fractionation effects during water
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phase changes (Cauquoin et al., 2015), and is transported in the same way through the water cycle. Therefore, they
are both influenced by the isotopic content of the source of precipitation through horizontal (e.g., from the ocean)
and vertical (e.g., downward motion) transport, which are dynamical atmospheric processes. However, in the case
of tritium, the fractionation effects are attenuated or even masked by its other characteristics such as cosmogenic
production and radioactive decay.

According to Poluianov et al. (2020), natural tritium is mainly produced by the interaction of galactic cosmic rays
(GCRs, which are high-energy charged particles and their secondary products) with nitrogen atoms of the upper
atmosphere at an average rate of 0.345 atoms/(s m?), close to previous estimates (Craig & Lal, 1961; Masarik &
Beer, 2009). Tritium has a radioactive half-life of 12.32 £ 0.02 years (Lucas & Unterweger, 2000). Because of the
higher tritium production at the top of the atmosphere and dryer air at higher altitudes, the tritium level in surface
water vapor and in precipitation is only a few tritium units (TU; 1 TU corresponds to a T/H ratio of 107'%)
(IAEA, 2023; Terzer-Wassmuth et al., 2022a) whereas it reaches more than 10° TU in the stratosphere (Cauquoin
etal., 2015; Ehhalt et al., 2002; Fourré et al., 2006). Because of these characteristics, which cause tritium in water
vapor to vary by orders of magnitude in the different components involved in the water cycle (e.g., troposphere,
stratosphere, and ocean), HTO represents an extremely valuable marker to evaluate fluxes between these res-
ervoirs. The large stratospheric reservoir makes HTO a very good tracer of stratospheric air intrusions in the
troposphere (Cauquoin et al., 2015; Fourré et al., 2006; Jouzel et al., 1979, 1982).

Large amounts of anthropogenic tritium from nuclear tests were injected into the atmosphere mainly during the
1950-1960s. These injections led to a substantial increase in the global inventory of tritium, by approximately two
orders of magnitude (520-550 kg (Michel, 1976; UNSCEAR, 2000) compared with 3.6 kg natural tritium (Fourré
et al., 2006)). These tests have caused a “tritium peak” measured in the precipitation of 1963-1964 that was
several orders of magnitude higher than the natural level (IAEA, 2023). Since the Nuclear Test Ban Treaty in
1963, the tritium level in precipitation has continuously decreased owing to radioactive decay and mixing with
tritium-free ocean water. Consequently, tritium content in precipitation has reached a level close to that of the pre-
bomb period (Terzer-Wassmuth et al., 2022a), enabling the use of the natural tritium variability to study water
vapor transport linked to climate processes, stratospheric moisture inputs in Antarctica, or past changes in solar
activity (Cauquoin et al., 2015; Fourré et al., 2018; Juhlke et al., 2020; Palcsu et al., 2018).

Since the pioneering work of Koster et al. (1989), the natural and anthropogenic components of HTO have been
implemented in the isotope-enabled AGCM LMDZ-iso (Cauquoin et al., 2015, 2016). It was the first time that this
tracer was implemented in a state-of-the-art AGCM. Before reaching the Earth's atmosphere, GCRs are modu-
lated by the magnetic shields of the Sun (heliomagnetic field or solar activity) and the Earth (geomagnetic field).
In other words, the higher the solar activity or the geomagnetic shielding, the more GCR particles are deflected,
and less tritium is produced. Cauquoin et al. (2015) used constant tritium production rates over time from Masarik
and Beer (2009) for the long-term average value of the solar activity and the present-day value of the geomagnetic
field strength. Poluianov et al. (2020) provided a new model of cosmogenic (i.e., natural) tritium production in the
atmosphere, called CRAC:3H. Compared with Masarik and Beer (2009), CRAC:3H can compute tritium pro-
duction at any location and time, for any given energy spectrum of the primary incident cosmic ray particles,
explicitly treating particles heavier than protons. Therefore, the effects of past variations in solar activity and
geomagnetic field on tritium in precipitation, which have not been considered in previous studies using modeled
tritium outputs (Cauquoin et al., 2015, 2016; Fourré et al., 2018), can now be investigated. Finally, several
reanalysis datasets have been produced in recent years, such as the Japanese 55-year Reanalysis, known as JRA-
55 (Harada et al., 2016; Kobayashi et al., 2015). These reanalyses boast improved quality owing to advances in
operational data assimilation and the incorporation of extensive observational data over an extended period. Such
reanalysis improvements are expected to improve the weather conditions modeling in nudged AGCM simula-
tions. As tritium in precipitation is also influenced by climatic effects on the water cycle (Fourré et al., 2018), it
provides an opportunity to investigate in more details how internal climate variability and natural tritium pro-
duction control the levels of tritium in precipitation.

In this study, we present, for the first time, the HTO modeling in an isotope-enabled AGCM (MIROCS5-iso, see
Section 2.1) by considering cosmogenic tritium production changes due to solar activity variations for the
period of 1979-2018. This represents a clear step forward compared with previous tritium modeling studies
(Cauquoin et al., 2015, 2016; Fourré et al., 2018). As we focus here on the natural variations in HTO related
to cosmogenic production changes, moisture transport between the stratosphere and the troposphere, and
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interannual climate variability, no bomb-tritium inputs were added in this modeling exercise. The remainder of
this paper is organized as follows. In Section 2, we briefly describe the model used, the HTO implementation,
and datasets used for model evaluation. In Section 3, we evaluate the spatial distribution and temporal vari-
ability of the modeled HTO in precipitation and water vapor. In Section 4, we investigate the factors controlling
tritium content variations in precipitation, particularly in polar regions where past changes in tritium can be
measured in snow pits. Finally, we conclude the paper with a summary of our findings and future perspectives
in Section 5.

2. Model Simulations and Datasets
2.1. MIROCS5-Iso

MIROCS5-iso (Okazaki & Yoshimura, 2019) is the atmospheric-land component of the fifth version of Model for
Interdisciplinary Research on Climate, Earth System Model (MIROCS) (Watanabe et al., 2010), equipped with
stable water isotopes. The model uses the Chikira-Sugiyama cumulus scheme (Chikira & Sugiyama, 2010), which
is an entraining plume model, for convective parameterization, a semi-Lagrangian scheme for the advection of
tracers including the water in its vapor and condensed states (Lin & Rood, 1996), and an orographic gravity wave
drag parameterization from McFarlane (1987). A large-scale condensation scheme from Watanabe et al. (2009)
and a bulk microphysical scheme (Wilson & Ballard, 1999) are used for the representation of clouds and cloud-
radiative feedback. On the surface, the land component of MIROCS, called Minimal Advanced Treatments of
Surface Interaction and RunOff (MATSIRO), is used (Nitta et al., 2014; Takata et al., 2003). The implementation
of stable water isotopes in this component to model, for example, soil surface evaporation, vegetation transpi-
ration, and evaporation from the canopy-intercepted reservoir, has been previously described by Yoshimura
et al. (2006).

HTO differs from other water isotopologues in terms of cosmogenic production and radioactivity. In contrast,
similar to what was done for LMDZ-iso (Cauquoin et al., 2015), the physical and dynamical descriptions of the
HTO molecule are the same as those for the other water isotopologues in MIROCS5-iso. Similar to the heavier
isotopologues ngo and H?H'®0, HTO is subject to fractionation processes at each phase change due to dif-
ferences in mass and symmetry. Most fractionations in phase transitions are assumed to occur at thermodynamic
equilibrium. The temperature-dependent coefficients for the equilibrium fractionation (e.,) between vapor and
liquid water or ice for HTO were obtained from Koster et al. (1989). At a temperature of 10°C, the coefficient for
liquid/vapor fractionation is 1.2373 for HTO/H%GO fractionation, which is higher than the value for HéSO/HfO
fractionation (aq = 1.0107). Similar to stable isotopologues, Kinetic isotopic fractionation (e, coefficient) of
HTO occurs during surface evaporation from open water, following Merlivat and Jouzel (1979). Evaporation and
isotopic exchange from falling droplets into unsaturated air were implemented according to the methods of
Stewart (1975) and Yoshimura et al. (2008). Air supersaturation, with respect to ice when vapor condenses in the
frozen form, is assumed to occur at temperatures below 7= —20°C. The effective fractionation (a) is expressed
as a function of a., between vapor and ice, molecular diffusivities, and supersaturation over ice S = 1 — 0.003 T
based on Jouzel et al. (1987). The effective fractionation, g, was obtained from Jouzel and Merlivat (1984) as
follows:

S
et = Feq [1 + ag(S — 1)0/0'] o

where D and D’ are the molecular diffusivities in air of H;f’O and the heavier isotopologue, respectively. The
diffusivity of HTO was derived from Merlivat (1978) as 0.968 times that of HA°O.

2.2. Natural Tritium Production Implementation

As GCRs are modulated by the magnetic shields of the Sun and Earth before reaching the atmosphere, natural
tritium production is inversely related to solar activity and the geomagnetic field. Cosmogenic tritium production
has a strong latitudinal dependence caused by the geomagnetic modulation with a stronger shielding effect at the
geomagnetic equator (Lal & Peters, 1967; Masarik & Beer, 2009; Poluianov et al., 2020). The dependency of
tritium production on altitude is expressed by the trade-off between the energy of the secondary particles
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produced by the GCR (decreasing with atmospheric pressure owing to spallation reactions and geomagnetic
rigidity) and their numbers (increasing with atmospheric pressure).

In this study, we used the production rates of Poluianov et al. (2020) and Masarik and Beer (2009), hereafter
referred to as CRAC:3H and MB2009, respectively. For simulations with constant tritium production rates over
time (i.e., with no change in solar activity), we used the long-term average values for the modern period rec-
ommended by the authors of each of these publications. For MB2009, a solar modulation parameter ¢ = 550 MV
(local interstellar spectrum from Castagnoli and Lal (1980)) and a relative geomagnetic field intensity B = 1 were
set, as per Cauquoin et al. (2015). For CRAC:3H, the production rate values for ¢ = 650 MV (local interstellar
spectrum from Vos and Potgieter (2015)) and geomagnetic cutoff rigidities from the International Geomagnetic
Reference Field (IGRF (Thébault et al., 2015),) for the epoch 2015 were used. Finally, because the CRAC:3H
model can compute cosmogenic tritium production at any location and time, considering changes in the modu-
lation of incident GCR particles, we also used monthly mean production rates from January 1979 to December
2018, with varying solar modulation potentials from Usoskin et al. (2017) and geomagnetic cutoff rigidity from
the IGRF-13 model (Alken et al., 2021). Variations in the geomagnetic cutoff rigidity occur over a considerable
period of time compared to variations in the solar modulation potential. Similar to Cauquoin et al. (2015), we
assume that one tritium atom produced corresponds to one HTO molecule.

2.3. Simulations

To evaluate the effects of the transition from MB2009 to CRAC:3H production rates and the impact of solar
activity changes over the period of 1979-2018 on the modeled HTO by MIROCS5-iso, we performed three
simulations: (a) MB2009_3H_cte: with constant long-term average production rate values over time from
MB2009; (b) CRAC_3H_cte: with constant long-term average production rate values over time from CRAC:3H
model; (c) CRAC_3H_solar: with monthly mean tritium production rate variations from CRAC:3H model due to
modulation of GCR by heliomagnetic and geomagnetic fields over time.

All MIROCS5-iso simulations were performed at T42L.40 spatial resolution (approximately 2.8° horizontal res-
olution and 40 vertical levels up to 3 hPa). MIROC5-iso simulations were nudged to the U and V components of
winds from JRA-55 reanalyses (Harada et al., 2016; Kobayashi et al., 2015) every six hours for the period of
1979-2018. Compared with JRA-55, the 20CR reanalyses (Compo et al., 2011) used by Cauquoin et al. (2015,
2016) with LMDZ-iso were created by assimilating a limited set of observations, that is, only surface pressure.
JRA-55 uses an advanced data assimilation scheme, increased model resolution (approximately 40 km horizontal
resolution and 60 vertical levels), a new variational bias correction for satellite data, and several additional
observational data sources (Kobayashi et al., 2015). A spin-up was performed at the start of all simulations by
modeling the weather conditions of 1979 for 30 consecutive model years. Orbital parameters and greenhouse
gases concentrations were set to the values of the corresponding model years following the Coupled Model
Intercomparison Project Phase 6 protocol (CMIP6 (Eyring et al., 2016)). The six-hourly mean sea surface
temperature (SST) and sea ice area fraction fields from the JRA-55 reanalyses were applied as sea surface
boundary conditions. For the §'%0 (HI2O/HIO ratio expressed relative to V-SMOW standard) sea surface
boundary conditions, we assumed a constant value over time of 0 %e. For tritium sea surface boundary con-
centrations, we assumed constant values over time using the map reconstructed by Cauquoin et al. (2016) from
available tritium data for the year 2004, which is the most recent year available in this reconstruction, when the
global tritium content nearly reached natural pre-bomb level (see Figure S1 in Supporting Information S1). These
values are probably slightly higher than the 2008-2018 averaged ones, especially in the Atlantic Ocean,
potentially contributing to a positive bias in tritium levels in coastal sites. However, we do not expect large biases
for inland sites, as shown by Cauquoin et al. (2016) who used spatially constant sea surface concentration of 0.2
TU for one of their sensitivity simulations.

2.4. Observational Data

To analyze the results of our simulations, tritium data that are as unpolluted as possible by the anthropogenic
signal from nuclear bomb testing were used. To evaluate the mean spatial distribution of natural tritium in
precipitation modeled by MIROCS5-iso, we used the pre-bomb tritium data compiled by Cauquoin et al. (2015).
These data were obtained from rainwater, freshwater reservoirs, and ice cores. We excluded the extrapolated data
from the Global Network of Isotopes in Precipitation series (GNIP; database available through the International
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Atomic Energy Agency (IAEA, 2023)). Because only a few data points were available, we also used the dataset of
contemporary tritium in precipitation data from Terzer-Wassmuth et al. (2022a). They compiled these “post-
bomb” data from the GNIP dataset and other published data (see their Supplementary Material in Supporting
Information S1) for the period of 2008—2018, considering an impact as low as possible of the anthropogenic signal
on tritium content in precipitation and data availability. To evaluate the modeled seasonal variations in tritium, we
selected five GNIP stations (IAEA, 2023) with well-resolved monthly mean tritium observations in precipitation,
also for the period 2008-2018: Vienna (inland Europe), Valentia (coastal Europe), Ottawa (North America),
Kaitoke (South Pacific), and Halley Bay (Antarctica). Finally, we used snow pits tritium content measurements
from Vostok, East Antarctica (Fourré et al., 2018) to investigate the impact of solar activity and the internal modes
of atmospheric circulation on tritium in precipitation from Central Antarctica.

3. Evaluation of MIROCS5-Iso Modeled Tritium Distribution
3.1. Global Spatial Distribution of Tritium in Water Vapor and Precipitation
3.1.1. Vertical Profile of Tritium in Water Vapor

Here, we evaluate the mean spatial distribution of tritium content in water vapor for the same period as
contemporary tritium data (Terzer-Wassmuth et al., 2022a) that is, 2008-2018. The tritium level in water vapor
near the surface is only a few TU, whereas it reaches more than 10° TU in the highest vertical layers of MIROC5-
iso (Figure 1a, CRAC_3H_cte simulation). The mean tritium content at pressure levels +200 hPa level (i.e., in
the stratosphere) varies between 5.28 x 10° and 5.73 x 10° TU in our different simulations, slightly higher than
that in the modeling study of Cauquoin et al. (2015) and similar to observations (Ehhalt et al., 2002; Fourré
et al., 2006). Similar to Cauquoin et al. (2015), latitudinal variations in tritium content in water vapor are
modeled by MIROCS5-iso, with higher and lower values at the poles and the equatorial region, respectively,
owing to the strong latitudinal dependency of cosmogenic tritium production (Masarik & Beer, 2009; Poluianov
et al., 2020). We find similar spatial patterns and orders of magnitude in the tritium levels for the three
simulations. The use of CRAC:3H production rates instead of the calculations from Masarik and Beer (2009) for
natural tritium production input increases the tropospheric tritium concentration in the middle to high latitudes by
a factor of 1.45 (Figure 1b). In contrast, it slightly decreases the tritium contents in the equatorial tropopause
and at altitude above the 100 hPa level. These differences could be attributable particles heavier than protons
for tritium production in CRAC:3H, uncertainties in the cross-sections of nuclear reactions, or details in the
cosmic-ray-induced atmospheric cascade (Poluianov et al., 2020). Moreover, the long-term present-day
conditions for tritium production are not exactly the same in the CRAC:3H and MB2009 calculations
(Section 2.2).

3.1.2. Spatial Distribution of Tritium in Precipitation

The mean spatial distribution of the modeled tritium content of precipitation from the three simulations for the
period 2008-2018, with pre-bomb and contemporary data, is evaluated on Figure 2. A clear ocean-land contrast is
visible in both the observations and model results, with lower and higher TU values in the ocean and land,
respectively (Figure 2a-2g). This continental effect is due to tritium production incorporated into precipitation
and continental water mass evaporation, whereas tritium in marine re-evaporation remains low because of the
strong influence of tritium-free ocean water. An increasing trend from the Atlantic Ocean (1-2 TU) to Eurasia
(4.5-6 TU) is modeled by MIROCS5-iso (Figures 2b—2h), lower than the observed gradient (>10 TU in Eurasia).
The continental gradient of MIROCS5-iso is also lower than that of the pre-bomb data but to a lesser extent
(Figure 2c-21i). This could indicate the presence of residual bomb-tritium in contemporary data. Moreover, a bias
in the modeled land surface evapotranspiration could also partly explain the underestimation of MIROC5-iso
regarding the continental effect. Furthermore, Cauquoin et al. (2015) demonstrated that fractionation during
water phase changes amplifies the tritium signal in the upper troposphere (due to fractionation effects during the
condensation of vapor into precipitation), thus increasing the continental effect. In our case, this means that an
increase in the already quite high fractionation coefficient of Koster et al. (1989) would be necessary, which
seems to be an unlikely explanation for our underestimated continental gradient. The latitudinal variation in the
tritium content in precipitation, due to the latitudinal dependency of cosmogenic tritium production, is also well
reproduced by MIROCS5-iso. Latitudinal variation is primarily observed over ocean-covered areas where there are
no superimposed continental or altitudinal effects, explaining the large difference in tritium in precipitation
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Figure 1. (a) Mean vertical zonal profile of tritium content in water vapor in the CRAC_3H_cte simulation for the period of
2008-2018. (b) Same as (a), but relative to the modeled tritium values in MB2009_3H_cte.

between the northern and southern mid-latitudes. In particular, higher values are found in Antarctica (between 20
and 40 TU according to the MIROC5-iso simulations and up to 60 TU according to the pre-bomb observations),
with an increasing continental trend due to seasonal stratospheric air inputs (Roscoe, 2004), higher altitude
(higher production), and very dry conditions on the East Antarctic plateau, which attenuate the local dilution of
stratospheric moisture inputs in the troposphere. Higher tritium levels are also observed (8—12 TU) and modeled
(4-9 TU) in Greenland, but to a lesser extent because there is a greater influence of oceanic water vapor, more
humid air, and no polar vortex over this area, such as Antarctica.

Using the CRAC:3H production rate instead of MB2009 increases the model-data slope from 0.37 to 0.51
(Figure 2c and 2f, respectively) and reduces the root mean square error (RMSE) from 5.51 to 4.55 TU. Conti-
nental and latitudinal effects are enhanced in the CRAC_3H_solar simulation (Figure 2g and 2h), that is, when
using the CRAC:3H production rate and considering changes in solar activity during the period 2008-2018. A
better agreement in both contemporary and pre-bomb observations is found using this configuration (model-data
slope equal to 0.55 and RMSE = 4.24 TU, Figure 2i).
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Figure 2. Annual mean tritium content of precipitation for the period of 2008—2018 from our simulations with contemporary (squares) and pre-bomb tritium data (large
and small circles for the higher and lower limits, respectively). (a) Global map with MB2009_3H_cte results; (b) MB2009_3H_cte results for the Eurasian region;
(c) model-data scatter plot with MB2009_3H_cte results. The gradients of the linear regressions and the root mean square error (RMSE) values are given in the legend
for the contemporary data (red), the pre-bomb observations (blue), and collective data (black). The 1:1 black line indicates a perfect model fit. (d), (e) and (f) as (a),
(b) and (c) but for the CRAC_3H_cte simulation. (g), (h) and (i) as (a), (b) and (c) but for the CRAC_3H_solar simulation.

3.2. Temporal Variations of Tritium in Precipitation
3.2.1. Seasonal Variability

The tritium in precipitation experiences a seasonal cycle due to the mixing of air masses from the stratosphere to
the troposphere, with a maximum in spring (Gat et al., 2001). In the Northern Hemisphere, MIROC5-iso (colored
curves in Figure 3) reproduces the timing of the observed seasonal tritium signals well (black curves in Figure 3
for the Vienna, Valentia, and Ottawa stations), with a peak between May and August. This is a clear improvement
compared to the modeled results of LMDZ-iso, where unobserved winter peaks were simulated, probably because
of the excessive occurrence of rapidly descending air from the stratosphere in wintertime (Cauquoin et al., 2015).
MIROCS-iso simulates lower seasonal amplitudes at coastal sites (Valentia) compared to inland sites (Vienna)
owing to the influence of marine water vapor, in agreement with observations. In contrast, our model un-
derestimates the amplitude of seasonal changes in the tritium of precipitation. For example, tritium levels between
6 and 12 TU were measured in precipitation of Vienna, whereas variations between 3 and 6 TU only were
modeled by MIROCS5-iso, only. This finding could be attributable to the presence of remaining “post-bomb”
tritium in the data or the under-estimation of modeled continental effect on tritium due to too coarse spatial
resolution. The decline by a factor of two in tritium in precipitation from July to November can be explained by

CAUQUOIN ET AL. 7 of 17

85UB017 SUOWILIOD SA1TE81D) 8|qeoldde auyy Aq peusenob ake il VO ‘9SN Jo Sa|nJ 10} ARIgITaUIIUO AB]IA UO (SUONIPUOD-PUE-SWIBIALIOY A8 I ARe1q 1 pUTIUO//SANY) SUONIPUOD PUe SWLB | 8U} 89S [7202/c0/70] U0 Akeiqiaulluo A8|IM ‘oueld sUeIy0D Aq Sv/6E0ArEZ0Z/620T OT/I0P/W0D A8 1M Aziqjputuo'sgndnfe//sdny wouy pepeojumod ' ‘vZ0g ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD039745

Vienna Valentia Ottawa Kaitoke Halley Bay
12 A / 4 A 18 A FaN 3.5 171 .
/ /7 \ L / \ I\
/ /"~ \ \\ / \ ~ ! \\
94 7 31 J \ 131 N\ _/ \ 2.5 SNl | 124 /
,/ /’ N = (TN M 7/ N

Feb May Aug Nov

Tritium of precipitation (TU)
w o
>
I

Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov

== GNIP — MB2009_3H_cte CRAC_3H_cte = — CRAC_3H_solar

Figure 3. From left to right, mean seasonal variations in tritium content in precipitation for the period of 2008-2018 at Vienna, Valentia, Ottawa, Kaitoke and Halley Bay
stations. The dashed black, plain blue, plain orange, and plain purple curves represent the values from GNIP dataset, MB2009_3H_cte, CRAC_3H_cte, and
CRAC_3H_solar simulations, respectively.

the stronger incursion of oceanic water (relatively free of tritium) in the European continent, especially from June
to September (Figure S2 in Supporting Information S1). In the Southern Hemisphere, the tritium seasonal peak
occurring in austral winter and spring (i.e., between July and October) is also well modeled by MIROC5-iso
(Kaitoke and Halley Bay stations in Figure 3). The stronger seasonal amplitude observed in both data and
simulations at Halley Bay station is due to the presence of a polar vortex above Antarctica during the austral
winter, which isolates the continent from marine air masses and enhances the descent of stratospheric moisture
rich in tritium. Again, MIROCS5-iso simulates too low seasonal amplitudes, probably because of the too strong
influence of marine water vapor on these coastal sites. However, our model-data agreement exceeds that of
Cauquoin et al. (2015) with the LMDZ-iso model, in which the seasonal amplitude was too strong by a factor of
greater than two with the seasonal peak too early by 2 months at Halley Bay. Finally, we find better model-data
agreement for all considered sites with the CRAC_3H_solar simulation (orange curves in Figure 3). In contrast,
the tritium levels of the MB2009_3H_cte simulation (blue curves in Figure 3) are lower than those of the other
two simulations using the CRAC:3H production model, resulting poorer agreement with the observations.

3.2.2. Interannual Variability Due To Solar Activity Changes

Based on CRAC:3H production calculations, we investigated how solar activity changes impact our modeled
tritium in precipitation on an interannual time scale (Figure 4). The cosmogenic HTO production from the
CRAC_3H_solar simulation (blue curve in Figure 4b) is inversely correlated with the CMIP6 total solar irra-
diance (TSI), which is used as radiative forcing for MIROC5-iso (Figure 4a). A correlation coefficient of —0.76 is
found, agreeing with Lockwood (2002) who reported negative correlations ranging from —0.63 to —0.93 between
the records of total solar irradiance and measured cosmic ray fluxes. The 11-year solar cycles are visible in the
modeled HTO production and in the tritium of precipitation from the CRAC_3H_solar simulation (blue curves in
Figure 4b and 4c, respectively). Significant changes in cosmogenic tritium production changes occur not only in
the stratosphere but also in the mid-to high-troposphere (Figure S3 in Supporting Information S1). As a result,
solar cycle-related changes in the tritium of tropospheric water vapor are clearly visible (Figures S4b and c in
Supporting Information S1), explaining the presence of the 11-year solar cycle in tritium in precipitation.
Temporal variations of tritium in stratospheric water vapor linked to solar cycles are also present even if they are
slightly smoothed (Figures S4d and e in Supporting Information S1). At the global scale (i.e., land and ocean),
modeled annual mean tritium of precipitation varies between 2.15 and 2.7 TU (blue curve in Figure 4c). Without
such solar forcing for tritium production, the modeled tritium in precipitation is rather constant at the interannual
time scale (CRAC_3H_cte simulation, orange curve in Figure 4c). The modeled tritium content in precipitation at
Vostok from the CRAC_3H_solar simulation is in reasonably good agreement with the average data from the
three snow pits after bomb contribution removal (Figure 4d). The time lags of approximately 2 years for some
tritium peaks are within the range of uncertainty of the Vostok snow pit timescale. For the seasonal signals,
MIROCS5-iso underestimates the amplitude of interannual changes at Vostok (30-70 TU against 20 to 110 TU for
the modeled and observed variations, respectively).

Depending on the location, tritium in precipitation is not similarly influenced by changes in HTO production
owing to solar activity variations. Figure 5 shows the correlation and the slope of the linear regression between 1-
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Figure 4. (a) CMIP6 total solar irradiance (TSI) used as radiative forcing for MIROCS5-iso, (b) global mean modeled
cosmogenic HTO production (expressed in kg of HTO per kg of air per second) depending on the tritium production rate
function provided as input for MIROCS5-iso, (c) global annual mean modeled tritium content of precipitation, and

(d) comparison of 1-yr running mean values of modeled tritium in precipitation at Vostok from CRAC_3H_solar simulation
with observations detrended from the bomb signal (Fourré et al., 2018). The black, orange, and blue curves correspond to the
data (TSI and tritium at Vostok), and the modeled values from the simulations CRAC_3H_cte and CRAC_3H_solar,
respectively.

year running mean tritium in precipitation and global HTO production from the CRAC_3H_solar simulation
(Figure 4b) for each grid cell. Stronger correlations (i.e., >0.6) are found in the oceanic areas of the Southern
Hemisphere, Atlantic Ocean, much of Antarctica, Europe, and Asia above 30° N (Figure 5a). Weaker modeled
correlations in northeastern Greenland, tropical Pacific Ocean, and southern Asia could be due to the strong
influence of moisture transport on the distribution of tritium in precipitation. Excessively dry conditions in far
eastern Antarctica or parts of Africa could also partly explain the lower correlation between tritium content in
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Figure 5. Correlation coefficients r (a) and slopes (b) of the linear regressions between 1-yr running mean tritium in precipitation and global HTO production from
CRAC_3H_solar simulation for the period of 1979-2018. Only values that are significant at least at the 95% level are shown (i.e., p-value <0.05).

precipitation and global HTO production (i.e., no record of production changes if there is no precipitation). The
spatial distribution of linear regression coefficients between tritium in precipitation and HTO production
(expressed relatively to the annual mean values of tritium in precipitation in each grid cell, Figure 5b) exhibits an
ocean-land contrast in the Northern Hemisphere. Weaker values are simulated in low-to-mid ocean latitudes,
while high values are located south of 50° S and in Northern Hemisphere land areas. In other words, the relatively
strong correlation between tritium content in precipitation and tritium production rates in low-to mid-latitude
ocean areas does not lead to significant changes in temporal tritium level variations.

4. Discussion: Solar Activity and Internal Climate Variability Influence on Tritium in
Polar Precipitation

The link between tritium in precipitation and solar activity variations is not the same everywhere. For example,
MIROCS-iso shows a clear contrast between the southern and northern polar regions. After tritium enters the
hydrological cycle in the form of HTO directly after its production, tritium levels in precipitation are influenced
by internal climate variability. For example, Fourré et al. (2018) suggested the influence of the Southern Annular
Mode (SAM) on the tritium signal measured in the snow pits at Vostok. However, their analyses were limited by
the fact that the tritium in precipitation modeled in LMDZ-iso did not depend on solar activity variations. Owing
to the incorporation of the dependence of tritium production on past solar activity variations in MIROC5-iso, in
this section, we investigate how internal climate variability modes can enhance or dampen the production
component (i.e., related to solar activity changes) recorded in tritium of precipitation.

4.1. Effects of Southern Annular Mode on Tritium Levels in Antarctic Precipitation

The SAM defines how the southern westerly winds around the Antarctic continent contract or expand. In this
study, we used the Marshall SAM index (Marshall, 2003) that is calculated as the difference in sea-level pressure
between the latitudes of 40° S and 65° S (Figure 6b). During the positive phase of SAM (SAM+), the southern
westerly winds contract, strengthening the circumpolar vortex and cooling most of Antarctica, except for the
peninsula where warming occurs. This positive phase makes the East Antarctic plateau more isolated from
oceanic moisture sources. For these reasons, variations in tritium in precipitation are positively correlated with
changes in SAM in almost all of Antarctica, especially in the East Antarctic plateau (Figure 6¢). In contrast,
variations in the §'30 of precipitation (5 18Op) are inversely correlated with SAM changes because of the stronger
cooling in the Antarctic inland during the SAM + phases (Figure 6d). For example, correlation values r of 0.28
and —0.20 are simulated for tritium in precipitation (CRAC_3H_solar simulation) and 6180p at Vostok with
SAM, respectively. We find a similar correlation between SAM changes and tritium in precipitation from the
CRAC_3H_cte simulation (r = 0.27).

Tritium in precipitation signals at Vostok from the CRAC_3H_cte and CRAC_3H_solar simulations reveal
common rapid interannual variations (i.e., two to 4 years, see orange and blue curves in Figure 6a, respectively)
that may be linked to changes in the SAM (Figure 6b), similar to the local minimum in 1991 or the local maxima
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Figure 6. Impact of SAM on tritium in precipitation in Antarctica. (a) One-yr running mean tritium in precipitation at Vostok according to CRAC_3H_cte and
CRAC_3H_solar simulations (orange and blue curves, respectively). (b) SAM index modeled by MIROCS5-iso. For (a) and (b) plots, blue and red background colors
correspond to periods with high and low production of natural HTO (defined as normalized global HTO production higher than 0.5 and lower than —0.5, respectively).
(c) Correlation coefficients of the linear regressions between monthly anomalies in tritium of precipitation from CRAC_3H_solar simulation and MIROC5-iso SAM
index. (d) Same as (c) but for monthly anomalies in 5180p. Only values that are significant at least at the 95% level are shown (i.e., p-value <0.05). The black cross
indicates Vostok location. Monthly anomalies are calculated by subtracting from each monthly mean value the 1979-2018 mean value of the corresponding month (e.g.,
long-term January mean value subtracted from the January values).

in 1996-1999 and 2008-2011 periods. The decadal variations in the modeled tritium in precipitation from
CRAC_3H_solar are due to variations in tritium production modulated by the 11-year solar cycles (blue curve in
Figure 6a), as shown by the difference in tritium levels between the CRAC_3H_solar and CRAC_3H_cte
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and reinforced storm track activity. As a result, Greenland tends to be colder,
with drier and wetter conditions in the western and eastern regions, respec-
tively. In contrast, a negative NAO index (NAO—-) indicates a weaker than

precipitation at Vostok from CRAC_3H_solar (a) and CRAC_3H_cte usual pressure difference, with a latitudinal shift in the moisture source of

(b) simulations, and global cosmogenic HTO production from
CRAC_3H_solar simulation (c). The colorbars indicate the wavelet power
spectrum, expressed in o° (i.e., time series variance). The red dashed lines
represent the 11-yr period. The 5% significance level against red noise is
shown as thick black contour. The wavelet analyses were performed with the
MATLAB package from Grinsted et al. (2004).

Greenland precipitation towards the south, where warmer conditions occur. In
our study, the NAO index (Figure 8c) is defined as the principal component
time series of the leading empirical orthogonal function of the sea level
pressure anomalies over the Atlantic sector (20°-80° N, 90° W-40° E)
(Hurrell & Deser, 2009). An east-west contrast for the correlation of both
tritium in precipitation and 5180p with the NAO is modeled using MIROC5-
iso (Figure 8d and 8e). Tritium in precipitation is positively correlated with NAO changes in western Greenland
(drier in NAO+ phase), and negatively correlated with NAO in East Greenland (wetter in NAO+ phase). In
contrast, 6180p is inversely correlated with the NAO index in West Greenland because of changes in the location
and temperature of source moisture of precipitation (Sodemann et al., 2008). The positive correlation between
6'80p and NAO in East Greenland is due to increased precipitation coming from the south coast during the
NAO+ phase.

To investigate the east-west contrast response of tritium in precipitation to the NAO and its influence on the
recording of solar cycles, we selected two Greenland stations: Camp Century in the west ([77.17° N; 61.13° W],
r = 0.27) and Danmarkshavn in the east ([76.77° N; 18.67° W], r = —0.26). The difference between the tritium
time series from the CRAC_3H_solar and CRAC_3H_cte simulations for these two sites (blue and orange curves
in Figure 8a and 8b) shows well the presence of an 11-year solar cycle in tritium in local precipitation (Figures
S5d and S5f in Supporting Information S1). However, the NAO has an important impact on the detection of 11-
year solar cycles in Greenland precipitation tritium content. The NAO index values are more often of the opposite
sign to variations in normalized tritium production (40.2% of the period of 1979-2018) than of the same sign
(28.5% of the period). For example, strong NAO + phases and lower tritium production rates are concomitant for
the periods of 1982-1984 and 1989-1992, and strong NAO— phases with higher tritium production rates are
concomitant for the periods of 1995-1998 and 2008-2011 (Figure 8c). Therefore, tritium in precipitation in
western Greenland is mainly influenced by two counteracting processes (e.g., the NAO + phase, which increases
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Figure 8. NAO impact on tritium in precipitation in the Arctic area. (a) One-yr running mean tritium in precipitation at Camp Century according to CRAC_3H_cte and
CRAC_3H_solar simulations (orange and blue curves, respectively). (b) As (a) but for Danmarkshavn station. (¢) NAO index modeled by MIROCS5-iso. For (a), (b), and
(c) plots, blue and red background colors correspond to periods with high and low production of natural HTO, respectively. (d) Correlation coefficients of the linear
regressions between monthly anomalies in tritium of precipitation (CRAC_3H_solar simulation) and MIROCS5-iso NAO index. (¢) Same as (d) but for monthly
anomalies in 5180p. Only values that are significant at least at the 95% level are shown (i.e., p-value <0.05). The black crosses indicate the locations of Camp Century
(western Greenland) and Danmarkshavn (eastern Greenland) stations.

tritium levels, and the lower tritium production, which decreases tritium levels in 1989-1992; Figure 8a), whereas
the NAO influence on tritium in precipitation east of Greenland eases tritium production changes detection
(Figure 8b). Thus, because of the NAO, an east-west contrast in the response of tritium in precipitation to solar
cycles is modeled in MIROCS5-iso, with a strong 11-year cycle at Danmarkshavn (Figure 9c) and the quasi-
absence of such a cycle at Camp Century (Figure 9a). Again, the same tritium time series from the
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Figure 9. Wavelet analyses of monthly anomalies of modeled tritium in precipitation at Camp Century (from the simulations (a) CRAC_3H_solar and

(b) CRAC_3H_cte) and Danmarkshavn (from the simulations (c) CRAC_3H_solar and (d) CRAC_3H_cte), and global cosmogenic HTO production from the
CRAC_3H_solar simulation (e). The colorbars indicate the wavelet power spectrum, expressed in & (i.e., the time series variance). The red dashed lines represent the
11-yr period. The 5% significance level against red noise is shown as thick black contour. The wavelet analyses were performed with the MATLAB package from

Grinsted et al. (2004).

CRAC_3H_cte simulation (orange curves in Figure 8a and 8b) do not show this 11-year solar cycle (Figure 9b and
9d). To our knowledge, there are no tritium observations in Greenland with sufficient temporal resolution over the
post-bomb period (IAEA, 2023) or measurements with an instrument capable of detecting pre-bomb tritium levels
in water samples (Qiao et al. (2021) were unable to measure tritium content below approximately 33 TU, which is
not low enough), to confirm or refute our findings.

5. Conclusions and Perspectives

Natural tritium of water was implemented in the AGCM MIROCS5-iso. In this study, the effects of solar activity on
natural tritium production were considered for the first time. The effect of altitude on tritium content in water
vapor, due to increased production and dry conditions as one ascends into the atmosphere, is well reproduced by
MIROCS5-iso, and agree well with previous observational and modeling studies. MIROC5-iso correctly re-
produces the latitudinal and continental effects on tritium in precipitation, but with an underestimation compared
to the observations. Seasonal variations in tritium in precipitation, linked to the stratosphere-troposphere mixing
of water vapor, are very well modeled by MIROC5-iso in terms of timing despite the low amplitude of variations
compared with observations. Possible reasons for this underestimation include a bias in the evaporation of
tritiated water from the soil, or a too strong contribution from tritium-free ocean water. Finally, 11-year cycles
linked to the influence of variations in solar activity on natural tritium production are well detected in our modeled
tritium in precipitation. Adding this component to control tritium levels in water improves the agreement with
contemporary tritium observations.
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Because the tritium levels have nearly reached the pre-bomb levels, it is nowadays possible to investigate the
influence of other factors on tritium in precipitation related to natural production variations and internal climate
variability. Moreover, the use of state-of-the-art JRA-55 reanalyses to nudge MIROCS5-iso simulations provided a
good opportunity to reproduce weather conditions during our study period with higher accuracy. We focused our
analyses on polar regions because tritium measurements in snow pits are very valuable for retrieving past var-
iations of tritium in precipitation, in addition to other proxy tracers such as stable water isotopes. In addition, the
Greenland and Antarctic regions differ in terms of the influence of moisture transport and stratosphere-
troposphere transport on tritium in precipitation. The Greenland region is influenced by moisture transport
from the Arctic and Atlantic oceans, whereas the Antarctic continent can be isolated by a strong polar vortex. Our
modeled tritium in precipitation in East Antarctica is positively correlated with SAM variations, in agreement
with Fourré et al. (2018). Colder conditions (especially in winter) and stronger polar vortex during SAM + phases
increase tritium in precipitation in this area. As a result, SAM facilitates solar cycle-related production effect
detection of tritium content in precipitation. The response of tritium in Greenland precipitation to the NAO is
complex. We found an east-west contrast related to wet or dry conditions in the interior of Greenland and to the
origin of the moisture source of precipitation. The positive correlation with the NAO in West Greenland hides the
influence of tritium production variations, whereas the negative correlation of tritium in precipitation with the
NAO in East Greenland reinforces this influence.

Tritium and 5180p in precipitation generally respond oppositely to NAO and SAM (e.g., tritium in precipitation is
correlated to SAM + at Vostok while 5180p is anti-correlated to SAM+). While HTO and the stable isotopologues
of water are both tracers of the water cycle, the impact of fractionation effects is lessened for the former because of
its radioactive production and decay properties, resulting in substantially different concentrations in the different
compartments of the water cycle (the stratosphere, soil, and ocean). For these reasons and as shown in this study,
tritium and stable water isotopes can be considered complementary tracers, one being generally more a marker of
the pathway between these reservoirs and the others efficiently tracing hydrological processes throughout the
water cycle, such as evaporation and condensation. In this respect, the use of a fully coupled atmosphere-ocean
model would make it possible to model tritium concentration in both the atmosphere and the ocean, the dynamics
of exchanges within and between these water cycle reservoirs, and to dispense with the prescription of uncertain
tritium boundary conditions at the sea surface.

Modeling tritium in an AGCM provides constraints on the transport and mixing of air masses between the
stratosphere and troposphere. The use of the transient bomb peak forcing in climate simulations, which is large
compared to changes in natural tritium production forcing, is one good way to evaluate the residence time of
tritium in the stratosphere. For example, Cauquoin et al. (2016) found a decay time of approximately 4 years,
which is lower than the estimation of 7.7 £ 2.0 years by Ehhalt et al. (2002). Moreover, considering the rather long
residence time of tritiated water in the stratosphere, the mechanisms underlying the rapid response of tritium in
precipitation to solar cycle-related production changes are still debated (Palcsu et al., 2018). According to our
results in MIROCS5-iso, we posit that significant changes in cosmogenic tritium production changes occur not
only in the stratosphere but also in the mid-to high-troposphere. However, the temporal variations of tritium in
stratospheric water vapor linked to solar cycles are present too, even if they are slightly smoothed. In a forth-
coming study, we will simulate the tritium decay from bomb tests in MIROCS5-iso, which has a more advanced
advection scheme (Lin & Rood, 1996) than LMDZ-iso, using various state-of-the-art nudging reanalyses to more
accurately assess the stratosphere-troposphere transport of tritiated water vapor.

Data Availability Statement

The GNIP data are available at https://nucleus.iaea.org/wiser (IAEA, 2023). Pre-bomb data are from Table S1 in
Supporting Information S1 of Cauquoin et al. (2015). Contemporary tritium data were published by Terzer-
Wassmuth et al. (2022a) and are openly available at https://nucleus.iaea.org/sites/ihn/Pages/RCWIP.aspx
(Terzer-Wassmuth et al., 2022b). Tritium production rates from the CRAC:3H model are available in the sup-
porting information of Poluianov et al. (2020) and the solar modulation potential from Usoskin et al. (2017) is
freely accessible at https://cosmicrays.oulu.fi/phi/phi.html (Usoskin, 2022). The code for the isotopic version
MIROCS5-iso, including the tritium branch, is available upon request from the private GitHub repository (https://
github.com/yoshimura-laboratory/MIROCS5-iso, Okazaki and Yoshimura (2019)). The MIROCS5-iso outputs used
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