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1. Terminology
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Isotopologues: molecules differing in isotopic composition, e.g., H2O 
versus HDO. These have slightly different physical properties, including 
molecular weight (18 versus 19) and vapor pressure.  

Water has several stable isotopologues, most abundant H2O, HDO, H2
18O. 

Standard Mean Ocean Water (SMOW) has the isotopic ratio 
(HDO/H2O)SMOW = 3.115x10-4. 

Delta notation: dDsample = [(HDO/H2O)sample/(HDO/H2O)SMOW - 1]*103

(per mil or ‰).

Stable isotope terminology
Multi-Spectra Multi-Species team
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2. Scientific Motivation
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Figure 1. Cartoon illustrating key processes governing the isotopic composition of atmospheric water vapor. Blue
arrows indicate processes that tend to isotopically deplete water vapor, and red arrows indicate processes that tend to
isotopically enrich water vapor. The paleoclimate archives in glacial ice and in speleothems are also influenced by these
processes, which are discussed in detail in section 6.

interpretations of the governing hydrological processes and can also help diagnose deficiencies within the
models themselves.

The earliest studies of water vapor isotopic composition relied on cryogenic and mass spectrometric
techniques, which dominated the field until the mid-1990s, when the first space-based measurements were
obtained with the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument which flew aboard the
space shuttle in 1994 [Gunson et al., 1996]. This was followed by the advent of laser absorption spectro-
scopic techniques [e.g., Scherer et al., 1997] in the 1990s. General circulation models with isotope-enabled
microphysics schemes first became available in the 1980s, with more widespread use beginning in the 1990s
[e.g., Joussaume et al., 1984; Hoffmann et al., 1998].

Many of the major advances in the field have occurred within the last decade, which is part of the motiva-
tion for the present review. In the mid-2000s, relatively low-cost commercial laser absorption spectrometers
became available [e.g., Baer et al., 2002; Crosson et al., 2002], along with nearly global satellite measurements
of water vapor isotopic composition [e.g., Worden et al., 2006; Frankenberg et al., 2009] and ground-based
remote sensing data using spectra measured within global networks [Schneider et al., 2012; Rokotyan et al.,
2014]. The increased capacity to measure water vapor isotopic composition has spawned dozens of observa-
tional studies, many of which are discussed below, [e.g., Worden et al., 2007; Noone et al., 2011; Steen-Larsen
et al., 2013; Galewsky et al., 2011; González et al., 2016]. Concurrently, there have been significant advances in
the numerical modeling of stable water isotopologues through increased use of isotope-enabled general cir-
culation [e.g., Schmidt et al., 2005; Risi et al., 2012a; Sturm et al., 2010] and limited-area [Sturm et al., 2005; Smith
et al., 2006; Blossey et al., 2010] models.

To date, review papers of stable isotopes in hydrology have focused primarily on precipitation and were
written before the recent expansion of studies in water vapor isotopic composition [e.g., Gat, 1996];
furthermore, studies of stable isotopes in atmospheric water vapor have remained mostly separate from work
on, for example, the distribution [Pierrehumbert et al., 2006] or role [Held and Soden, 2000; Schneider et al.,
2010] of water vapor itself in the climate system. The goal of this review paper is thus to collect and synthe-
size the state-of-the-art in our understanding of atmospheric water vapor isotopic composition, including
measurement methods, modeling techniques, interpretive frameworks, and applications to the atmospheric
hydrologic cycle.

The paper is organized as follows: Section 2 provides background material on stable isotopologues of water,
including isotopic fractionation, Rayleigh distillation, mixing, and techniques for visualizing water vapor
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How water vapor isotopologues help evaluate hydrological processes
(Galewsky et al., Rev Geo., 2015)

Red arrows describe 
”enriching” process

Blue arrows describe 
“depleting” process

Lighter isotopologues of 
water preferentially 
evaporate. Heavier 
isotopologues (HDO) 
preferentially condense. 
Different moisture 
sources have different 
isotopic composition

Tropical Transpiration ~-65 to  0 ‰ 
Tropical Ocean Source ~-65 to -120 ‰ 
Tropical bare soil         ~ -240 to -180 ‰ 

1) Quantifying rainfall evaporation in tropical 
monsoons (Worden et al., Nature 2007)

2) Partitioning transpiration and river run-off 
(Good et al., Science 2015)

3) Amazon transpiration initiates rainy season 
(Wright et al., PNAS 2017)
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3. HDO/H2O Retrieval
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• These retrievals use the AIRS single footprint IR geolocated 
and calibrated radiance data (Aumann et al., 2003). 

• The Retrieval Framework is an Optimal Estimation retrieval 
algorithm (TES heritage) in which HDO is retrieved from 
AIRS.

• AIRS and TES show a small bias for the HDO/H2O ratio of 
0.32±2.3 per mil. 

Multi-Spectra Multi-Species team

J. Worden et al., Atmos. Meas. Techniques (2019)*
HDO Retrieval

*Worden, J. R., Kulawik, S. S., Fu, D., Payne, V. H., Lipton, A. E., Polonsky, I., He, Y., Cady-Pereira, K., Moncet, J.-L., 
Herman, R. L., Irion, F. W., and Bowman, K. W.: Characterization and evaluation of AIRS-based estimates of the deuterium 
content of water vapor, Atmos. Meas. Tech., 12, 2331-2339, https://doi.org/10.5194/amt-12-2331-2019, 2019.
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AIRS HDO/H2O retrievals
Radiance and Jacobians near 1240 cm-1

Multi-Spectra Multi-Species team
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AIRS HDO
Averaging Kernel traces

Multi-Spectra Multi-Species team
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4. HDO/H2O Comparisons, 
AIRS vs aircraft, from:

Herman, R. L., Worden, J., Noone, D., Henze, D., Bowman, K., Cady-
Pereira, K., Payne, V. H., Kulawik, S., and Fu, D.: Comparison of 
Optimal Estimation HDO/H2O Retrievals from AIRS with ORACLES 
measurements, Atmos. Meas. Tech. Discuss., 
https://doi.org/10.5194/amt-2019-195, in review, 2019. 
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Multi-Spectra Multi-Species team

ObseRvations of Aerosols above CLouds and their intEractionS
ORACLES

• A 5-year EVS-2 investigation to study key processes that 
determine the climate impacts of African biomass burning aerosols. 

• ORACLES provides multi-year airborne observations (2016-2018) 
over the complete vertical column of the key parameters that drive 
aerosol-cloud interactions in the SE Atlantic, an area with some of 
the largest inter-model differences in aerosol forcing assessments 
on the planet.

• Science question relevant to AIRS: How do biomass burning 
aerosols affect cloud droplet size distributions, precipitation and 
the persistence of clouds over the SE Atlantic?

• Water Isotopologue measurements from the WISPER instrument 
on the P-3 aircraft (Noone’s OSU group).

September 27, 2019 Sounder Science Team Meeting
Hyattsville, MD
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Multi-Spectra Multi-Species team

AIRS (left) and WISPER in-situ (right) average 825-562 hPa.
Delta D over Southeast Atlantic Ocean
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Multi-Spectra Multi-Species team

AIRS (left) and WISPER in-situ (right)
Delta D Curtain Plots

Courtesy D. Noone (OSU)
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Multi-Spectra Multi-Species team

Southeast Atlantic Ocean, 31 Aug 2016
AIRS HDO/H2O retrievals

AIRS tropical HDO/H2O estimates 
have ~1.5 Degrees of Freedom for 
Signal (DOFS).
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Multi-Spectra Multi-Species team

446 pairs (black), mean (red solid) and rms (red dash dot)
Statistics of AIRS minus WISPER Delta D
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• AIRS HDO/H2O retrievals are very well characterized with 
~1.5 DOFS.

• AIRS bias relative to the aircraft is -8.0‰ in the lower 
troposphere and -4.6‰ in the middle troposphere.

• AIRS RMS (in Delta D notation) is about 25 – 30 per mil.

• This is consistent with aircraft RMS. 

*Herman et al., Atmos. Meas. Tech. Discuss., 
https://doi.org/10.5194/amt-2019-195, in review, 2019. 

AIRS versus aircraft Summary:
Herman et al., AMTD (2019)*
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5.  HDO/H2O Comparisons, 
AIRS vs model
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Multi-Spectra Multi-Species team

Isotope Community Atmosphere Model
ICAM

• Water isotope version of CAM developed by David Noone group 
(Nusbaumer et al., 2017).

• 30 levels (3.6 hPa to surface), including ~ 20 levels in the 
troposphere.

• Objective is to use the ORACLES observations to benchmark the 
model, and to compare variability between AIRS, ORACLES and 
model. 

Nusbaumer, J., T. E. Wong, C. Bardeen, and D. Noone (2017), Evaluating hydrological processes in the Community 
Atmosphere Model Version 5 (CAM5) using stable isotope ratios of water, J. Adv. Model. Earth Syst., 9, 949–977, 
doi:10.1002/2016MS000839.

September 27, 2019 Sounder Science Team Meeting
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Multi-Spectra Multi-Species team

Southeast Atlantic, 31 Aug 2016
AIRS and ICAM Delta D

Color scale: mid-
tropospheric AIRS 
delta-D.
Clouds: MODIS.
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Multi-Spectra Multi-Species team

WISPER In-situ (left) and ICAM Model (right)
September Monthly Mean Delta D

ORACLES ICAM5
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6. CrIS Delta-D
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Multi-Spectra Multi-Species team

Fire Influence on Regional to global environments EXperiment - Air Quality
FIREX-AQ

The overarching objective of FIREX-AQ is to provide measurements 
of trace gas and aerosol emissions for wildfires and prescribed fires 
in great detail to:

• relate them to fuel and fire conditions at the point of emission,

• characterize the conditions relating to plume rise, 

• follow plumes downwind to understand chemical transformation 
and air quality impacts, and 

• assess the efficacy of satellite detections for estimating the 
emissions from sampled fires.

Here FIREX-AQ meteorology over the CONUS is compared with 
preliminary CrIS Delta D retrievals.

September 27, 2019 Sounder Science Team Meeting
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Multi-Spectra Multi-Species team

Courtesy of FIREX-AQ Forecasting Team
Synoptic/Upper-Level Conditions, 7-22-2019

24

H

Mid-Level
Moisture Transport

LL Building
Ridge
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Multi-Spectra Multi-Species team

Delta-D (left) and H2O (right)
CrIS Delta D (left) and H2O (right), 7-22-2019
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AIRS HDO/H2O retrievals are very well characterized ~1.5 DOFS.

The small bias and consistent RMS suggests that the AIRS 
HDO/H2O retrieval provides well characterized measurements. 
This level of uncertainty is good enough to address science 
questions.

Preliminary CrIS HDO/H2O retrievals are encouraging.

Summary:
AIRS and CrIS Delta D

Multi-Spectra Multi-Species team
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AIRS
backup slides



Example Comparison of AIRS delta-D (blk diamonds) and 
P-3 with AK (thick red line)

Location is 19.46 °S, 9.65 °E for coincident retrievals on 31 Aug 2016.



Summary: importance of water 
isotopologues

Water isotopes provide useful information about the hydrological 
cycle, including:

• The overall intensity of the hydrological cycle.
• Transport and mixing processes in the atmosphere.
• Moisture sources (e.g. local vs distant, convection vs

evapotranspiration).

Spaceborne instruments that measure isotopologues of water vapor, 
such as TES, IASI and AIRS, provide regional constraints on the 
hydrological cycle. The isotopic abundance in tropospheric water 
vapor is significantly different from the isotopic abundance in 
precipitation, so remote sensing provides a unique tool. 



ORACLES (ObseRvations of Aerosols above CLouds and their 
intEractionS) 

• A 5-year EVS-2 investigation to study key processes that 
determine the climate impacts of African biomass burning aerosols. 

• ORACLES provides multi-year airborne observations (2016-2018) 
over the complete vertical column of the key parameters that drive 
aerosol-cloud interactions in the SE Atlantic, an area with some of 
the largest inter-model differences in aerosol forcing assessments 
on the planet.

• Science question relevant to AIRS: How do biomass burning 
aerosols affect cloud droplet size distributions, precipitation and 
the persistence of clouds over the SE Atlantic?

• Water Isotopologue measurements from the WISPER instrument 
on the P-3 aircraft (Noone’s OSU group).


