JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, D22113, doi:10.1029/2011JD015773, 2011

Properties of air mass mixing and humidity in the subtropics
from measurements of the D/H isotope ratio of water vapor
at the Mauna Loa Observatory

David Noone,'* Joseph Galewsky,3 Zachary D. Sharp,3 John Worden,* John Barnes,’
Doug Baer,® Adriana Bailey,l’2 Derek P. Brown,'? Lance Christensen,* Eric Crosson,’
Feng Dong,® John V. Hurley,® Leah R. Johnson,> Mel Strong,® Darin Toohey,'

Aaron Van Pelt,” and Jonathon S. Wright®

Received 3 February 2011; revised 7 September 2011; accepted 9 September 2011; published 23 November 2011.

[1] Water vapor in the subtropical troposphere plays an important role in the radiative
balance, the distribution of precipitation, and the chemistry of the Earth’s atmosphere.
Measurements of the water vapor mixing ratio paired with stable isotope ratios provide
unique information on transport processes and moisture sources that is not available with
mixing ratio data alone. Measurements of the D/H isotope ratio of water vapor from
Mauna Loa Observatory over 4 weeks in October—November 2008 were used to identify
components of the regional hydrological cycle. A mixing model exploits the isotope
information to identify water fluxes from time series data. Mixing is associated with
exchange between marine boundary layer air and tropospheric air on diurnal time scales and
between different tropospheric air masses with characteristics that evolve on the synoptic
time scale. Diurnal variations are associated with upslope flow and the transition from
nighttime air above the marine trade inversion to marine boundary layer air during daytime.
During easterly trade wind conditions, growth and decay of the boundary layer are largely
conservative in a regional context but contribute ~12% of the nighttime water vapor at
Mauna Loa. Tropospheric moisture is associated with convective outflow and exchange with
drier air originating from higher latitude or higher altitude. During the passage of a moist

filament, boundary layer exchange is enhanced. Isotopic data reflect the combination
of processes that control the water balance, which highlights the utility for baseline
measurements of water vapor isotopologues in monitoring the response of the hydrological

cycle to climate change.
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1. Introduction

[2] Water vapor and clouds are important for radia-
tive balance and the distribution of precipitation. Their
influence largely determines the strength of the greenhouse
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effect [Arrhenius, 1896; Manabe and Wetherald, 1975;
Pierrehumbert, 1995] and the sensitivity of the climate sys-
tem response to anthropogenic forcings [Bony et al., 2006;
Held and Soden, 2006; Schmidt et al., 2010]. The atmo-
spheric water cycle can be conceptualized as the balance
between sources at the earth surface, sinks associated with
condensation and transport processes associated with moist
convection, turbulence, and large-scale atmospheric motion
[Schneider et al., 2010b; Sherwood et al., 2010]. Under-
standing the processes that control the subtropical water
budget is of particular importance because of the dispropor-
tionate role subtropical water vapor plays in determining the
Earth’s radiative balance and because of anticipated changes
to the subtropics with climate change [Seidel et al., 2008].
The isotopic composition of water captures the history of
phase changes [Jouzel, 1986; Gat, 2000], and therefore
measurements of the hydrogen isotope ratios in water vapor
can be used to help identify the frequency and prevalence of
the water vapor fluxes at daily and synoptic time scales.
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Figure 1. Schematic depiction of the water balance showing
the location of the Mauna Loa Observatory. Water from the
marine boundary layer can be exported through turbulent
mixing at the MBL top, detrainment from shallow marine
cumulus, or detrainment from deep, penetrative cumulus.
Detrained ice crystals and cirrus clouds can ablate during their
fall. Diabatic cooling drives large-scale descent, while latent
heating causes slightly nonisentropic motion associated with
eddies. Evaporation from the surrounding ocean ensures
vapor within the MBL remains close to isotopic equilibrium
with ocean water during trade conditions.

[3] Figure 1 is a schematic view of the water budget of the
subtropical troposphere near Hawaii. The water vapor con-
centration above the subtropical boundary layer is low, and
the relative humidity is typically less than 30%. The water
vapor content of subtropical tropospheric air is well described
if it is assumed that the vapor pressure of each member of
the ensemble of parcels that compose the time mean is equal
to the saturation vapor pressure experienced by that parcel
the last time it encountered saturation along a backward
Lagrangian path [Sherwood, 1996a; Pierrehumbert et al.,
2007]. Modeling studies have shown that the driest air is
associated with approximately isentropic advective intrusions
from higher latitudes where previous condensation at colder
temperature has dried the air [Salathé and Hartmann, 1997;
Pierrehumbert and Roca, 1998; Minschwaner and Dessler,
2004; Galewsky et al., 2005; Cau et al., 2007; Galewsky
and Hurley, 2010], although dehydration associated with
subsidence in the region of clouds in the tropics can also
explain the distribution of relative humidity [Sherwood,
1996b; Ryoo et al., 2009]. Opposing the dry air, moist fila-
ments of equatorial origin are clearly visible in meteorolog-
ical satellite images [McGuirk and Ulsh, 1990; Newell et al.,
1992; Pierrehumbert and Yang, 1993; Zhu and Newell,
1994]. These are associated with midlatitude cyclones that
dominate moisture transport through the subtropics [Couhert
et al., 2010]. In Hawaii, these high-humidity filaments are
associated with the frontal zone of cyclones and have been
linked to the Kona Low and local high precipitation events
[Morrison and Businger, 2001]. While the water vapor fluxes
associated with large-scale and local transport phenomenon
act intermittently, the balance that emerges in time-mean
statistics describes the mean atmospheric hydrology of the
region.

[4] Exchange of moisture between the marine boundary
layer (MBL) and the free troposphere is limited in the sub-
tropics because of the strong temperature inversion associated

NOONE ET AL.: WATER AND ISOTOPE MIXING AT MAUNA LOA

D22113

with the trade winds [Albrecht, 1989; Chen and Feng, 2001].
Modeling studies show that exchange in subtropical regions
is likely associated with detrainment from shallow convection
rather than dry turbulent exchange [Bretherton et al., 1995;
Medeiros et al., 2005]. Near the Big Island of Hawaii, topo-
graphic effects induce strong diurnal variations in the local
trade inversion, and these are known to influence trace gas
measurements and aerosols [Goldman, 1974; Weber and
McMurry, 1996; Cao et al., 2007]. However, the impor-
tance of the diurnal cycle in pumping MBL water across the
inversion to the free troposphere is poorly understood.

[5] The hydrogen isotope ratios in water vapor are a
function of equilibrium fractionation between vapor and
condensed water, and kinetic fractionation associated with
diffusion during condensation and evaporation [Bigeleisen,
1961; Merlivat and Jouzel, 1979]. In reference to Figure 1,
isotopically different signatures emerge from the different
hydrological history of air that has undergone dehydration at
high latitudes, are associated with detrainment from clouds,
or are dominated by evaporation from the ocean surface
[Dansgaard, 1953; Jouzel, 1986; Gat, 1996]. Measurements
of the isotope ratios of water vapor in the subtropical tropo-
sphere can therefore be used to help identify the mechanisms
that control the subtropical humidity budget. Once air masses
associated with the different processes are identified, statis-
tics on their frequency can be used to provide new insight into
the time-mean hydrological balance.

[s] The isotopic composition of precipitation has been used
extensively for water cycle studies [e.g., Dansgaard, 1953;
Gat, 1996; Coplen et al., 2008], yet there are fewer that have
utilized in situ measurements of the isotopic composition
of vapor above the boundary layer. The technical challenges
of aircraft-based measurements using cryogenic trapping
[Ehhalt, 1974; Rozanski and Sonntag, 1982; He and Smith,
1999; Ehhalt et al., 2005] or the need for specialized opti-
cal research instruments [Webster and Heymsfield, 2003;
Kerstel et al., 2006; Iannone et al., 2010; Sayres et al., 2010]
have limited the availability of such data. Making reliable
water vapor isotope estimates using high spectral resolution
remote sensing from satellite-based [Worden et al., 2006;
Payne et al., 2007; Worden et al., 2007; Frankenberg et al.,
2009; Herbin et al., 2009] and ground-based [Schneider
et al., 2010a] platforms has allowed much greater spatial
and temporal coverage, albeit at limited precision and accu-
racy. With the advent of commercial water vapor isotopic
analyzers using cavity-enhanced spectroscopic methods [Lis
et al., 2008; Gupta et al., 2009], continuous time series data
can be obtained and now places water vapor isotopologue
composition into a meteorological context.

[7] Continuous measurements of isotopologues of water
at Mauna Loa Observatory (MLO), Hawaii, were made for a
4 week period in October and November 2008 using cavity-
enhanced spectroscopic methods. It is proposed that the
subtropical measurements can be described as a sequence
of mixing between distinct air masses that evolve with the
synoptic conditions. The analysis seeks to (1) explain the
isotope variations associated with the diurnal transitions
between boundary layer and free tropospheric air, (2) explain
the variations in the nighttime (free tropospheric) obser-
vations on the basis of the large-scale meteorology, and
(3) demonstrate the unique information that can be discerned
from isotope ratio measurements. The synoptic-scale flow is
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