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To my wife, Fatima.



5 The sun also ariseth, and the sun goeth down

and hasteth to his place where he arose.

6 The wind goeth toward the south, and turneth about unto the north;

it whirleth about continually, and the wind returneth again according to his circuits.

7 All the rivers run into the sea; yet the sea is not full;

unto the place from whence the rivers come, thither they return again.

8 All things are full of labour; man cannot utter it:

the eye is not satisfied with seeing, nor the ear filled with hearing.

9 The thing that hath been, it is that which shall be;

and that which is done is that which shall be done: and there is no new thing under the sun.

— The Preacher
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ABSTRACT

The Tropical Tropopause Layer (TTL) and the Asian Monsoon (AM) are important regions

for current and future climate. They are the main pathways by which tropospheric air

ascends into the stratosphere, and the TTL is the coldest region of the lower atmosphere

(at times T < 185 K). Air ascending through the TTL is dehydrated by formation of

high-altitude cirrus, which are radiatively important, producing a total radiative forcing of

4 W /m2 over the tropics. The link between deep convection and high-altitude cirrus is an

important potential positive feedback in a changing climate. A warmer world may experience

more frequent and vigorous deep convection, resulting in more high-altitude cirrus clouds

that contribute to warming.

In-situ measurements of water isotopologues can help reveal how convective detrainment

of water vapor contributes to later cirrus formation. Convectively lofted ice is isotopically

heavier than surrounding vapor since the heavier isotopologues (e.g. HDO and H18
2 O) pref-

erentially partition into the condensed phases. As this lofted ice sublimates, its isotopic

signature is imprinted on the TTL. Both remote sensing and in-situ instruments have mea-

sured isotopic profiles that show an increase with altitude in the TTL, likely due to the

sublimation of lofted ice. These profiles provide information about the importance of con-

vective detrainment of vapor and ice relative to other sources and sinks in the overall water

budget.

The AM is an especially interesting area for TTL water isotopologue measurements. The

AM may contribute up to 75% of the upward water vapor flux to the tropopause in Northern

Hemisphere summer. Recent analysis of ACE-FTS satellite data shows significant differences

in water vapor isotopic enhancement between the North American and Asian monsoons,

suggesting differences in water transport processes, but no in-situ water isotopologue mea-

surements in the AM have yet verified this observation. High-altitude measurements of the

AM are extremely limited in general, and StratoClim will provide a valuable new perspective

on this important region.

xv



Here I describe the motivation, design, construction, and performance of an Integrated

Cavity Output Spectrometer (ICOS), designed to make the first measurements of the HDO/H2O

ratio in the Asian Summer Monsoon. In addition, I discuss the context motivating the con-

struction of this instrument, and describe the results of an investigation into the metastable

forms of ice that resulted from previous cloud chamber studies. In the following, Chap-

ter 1 reviews the properties of water and introduces the scientific motivation for studying

cirrus clouds and the isotopic composition of atmospheric water vapor; Chapter 2 reviews

the principles underlying measurements by absorption spectroscopy; Chapter 3 describes

results from an experimental campaign at the AIDA cloud and aerosol chamber using the

custom-built Chicago Water Isotope Spectrometer (ChiWIS); Chapter 4 describes the design

of a new version of ChiWIS for use on high-altitude aircraft that relies on Integrated Cavity

Output Spectroscopy (ICOS); and Chapter 5 describes a new optical element designed to

mitigate poor light collection efficiency in ICOS instruments. The non-axially symmetric

optical component described here increases the light collection efficiency of the instrument

by a factor of 6. ChiWIS flew aboard a high-altitude aircraft in the 2017 StratoClim science

campaign out of Kathmandu, Nepal, and Chapter 6 reviews the measurements and field

performance of the instrument during this campaign.
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CHAPTER 1

INTRODUCTION

This chapter provides brief introductions to some important concepts found throughout

this manuscript. Section 1.1 gives overview of the properties of water, including its impor-

tance to the broader climate, the range of concentrations found throughout the atmosphere,

metastable forms of ice that may be found in the coldest parts of the atmosphere, and the

relative concentrations of the 9 stable isotopologues of water. Following that is a review of

stable isotope physics and a brief explanation of how it is applied to understand processes in

the atmosphere. Section 1.3 gives a brief introduction to monsoons in general and the Asian

Summer monsoon in particular, and is followed by a brief discussion of the importance of

field campaigns. Last is an overview of the structure of this thesis.

1.1 Properties of Water

Water is a unique substance for a variety of reasons, not least of which is that it simultane-

ously exists in three phases on Earth’s surface and in its atmosphere. Each of these phases

has numerous and profound impacts on the planet: water vapor is the main greenhouse gas

on Earth, accounting for about 60% of the greenhouse effect [Kiehl and Trenberth, 1997];

liquid water covers about 70% of Earth’s surface; ice covers ≈ 10% of Earth’s surface, and its

high albedo reflects about 2% of the sun’s energy back into space annually. Water also has

an unusually high latent heat, which means that its phase changes absorb and release signif-

icant energy, and that advection and convection of liquid and solid cloud particles serve as

a primary pathway of transporting energy throughout Earth’s atmosphere. Indeed, Earth’s

energy budget and energy balance cannot be understood without including the phase changes

of water [Pierrehumbert, 2002].

While chemically similar, the isotopologues of water differentiate under phase transitions,

with the heavier isotopologues preferring to be in the condensed phase. So during the growth
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of an ice cloud, for example, the vapor will become depleted in heavier isotopologues and

the ice enriched. This effect allows the HDO/H2O ratio, for example, to be used as a tracer

of both microphysical and large scale processes. Although H2O is the most common form

of water, the singly-substituted isotopologues H2
17O, H2

18O, and HDO are all abundant

enough to measure through mass and absorption spectroscopies.

1.1.1 The Clausius-Clapeyron relation

The Clausius-Clapeyron relation is derived from the fact that along a phase boundary, the

Gibbs free energy must be the same regardless of the phase of the material. From this, the

slope of the phase boundary line is found to be (e.g. Schroeder [1999]):

dP

dT
=
S2 − S1

V2 − V1
(1.1)

Here S1,2 and V1,2 are the entropies and volumes associated with the two phases in question.

Recognizing that the entropy difference between the phases is equal to L/T , the latent heat

of the phase transition over the temperature, and writing ∆V = V2 − V1, we can write the

Clausius-Clapeyron relation:

dP

dT
=

L

T∆V
(1.2)

In Earth’s atmosphere the ideal gas law is a reasonable approximation, and in the case

of water’s liquid-gas and solid-gas phase transformations, Vg � Vl, so equation 1.2 can be

rewritten as

des
dT

=
Les
RvT 2

(1.3)

In this equation Rv is the gas constant of water, and es is the saturation vapor pressure

over the condensed phase. Latent heat is not a strong function of temperature, and for

most applications it is acceptable to treat it as a constant. Integrating equation 1.3 yield an
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expression for the saturation vapor pressure of water over liquid or ice

es (T ) = es0e
L
Rv

(
1
T0
− 1

T

)
= Ae−B/T (1.4)

Here es0 = 6.11 hPa is the experimentally determined saturation vapor pressure at T0 =

273.15 K, and is the same to 3 significant figures for water and ice. For water A =

2.53×109 hPa and B = 5.42×103 K, and for ice A = 3.41×1010 hPa and B = 6.13×103 K

[Rogers and Yau, 1989]. The saturation vapor pressure sets the range of water vapor con-

centrations found in Earth’s atmosphere, and varies nearly exponentially as a function of

temperature. This large range is set by the saturation vapor pressure of water, which varies

nearly exponentially as a function of temperature. From the coldest parts of the Tropical

Tropopause Layer (T ≈ 190 K) to the warmest and wettest parts of the tropics, water vapor

concentrations span nearly 4 orders of magnitude.

1.1.2 Metastable forms of ice

The phase diagram of solid H2O is extremely complicated [Hobbs, 1974], with at least 17

different ice structures known. These structures are typically probed using x-ray, electron,

or neutron diffraction, which give detailed information about the crystal structure of the

water molecules. These crystals can be formed through a variety of methods including

deposition, compression, and annealing. In the conditions found in Earth’s atmosphere, ice

forms sheets of puckered, hexagonal rings, which can either be layered as mirror images or

shifted by half a ring width (Figure 1.1). The former is the familiar hexagonal ice (Ih), and

the latter is the hypothesized cubic ice (Ic). Hexagonal ice is the stabler of the two crystal

structures, although there is evidence [Takahashi, 1982] that when ice nucleates from the

liquid it forms embryonic cubic ice structures which subsequently anneal to hexagonal ice.

Since Ic is metastable with respect to Ih, and should therefore have a higher vapor pressure,

it has been proposed as the cause of so-called anomalous supersaturation [Peter et al., 2006],
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where relative humidities well in excess of 100% are observed even in the presence of ice

clouds. However, pure cubic ice has never been observed in Earth’s atmosphere.

This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 60--76 | 61

In the mid 1980s Kuhs et al.14 were the first to appreciate
that their samples of ice I, which they referred to as ice Ic,
contained appreciable amounts of stacking faults. Specifically,
they suggested that features in their neutron diffraction patterns
were due to a small probability of finding hexagonal sequences
in a structure dominated by cubic sequences. These hexagonal
sequences were thought of as stacking faults in a cubic structure,
but this early study lacked any quantitative analysis of the
density of these stacking faults. At the time, Elarby-Aouizerat
et al.38 suggested that while stacking faults could account
for some non-cubic features, they could not account for the

all the non-cubic features in the diffraction patterns. With the
development of a detailed stacking fault model of ice, Hansen
et al.12,13 were able to quantitatively show that all the non-cubic
features in ice I formed from ice V and ice IX could be accounted for
with stacking disorder. They also showed that correlations between
stacking faults was different dependent on the route of formation.
Morishige and Uematsu16 also showed through modelling diffrac-
tion patterns that ice in mesopores contained significant stacking
disorder. After posing the question of ‘is it cubic?’, Moore and
Molinero39 arrived at the conclusion that metastable ice I contains
comparable fractions of cubic and hexagonal layers. Subsequently,
Malkin et al.30 showed that ice resulting from the homogeneous
freezing of water droplets at around !40 1C was made up of a fully
randomised mixture of 50% cubic and hexagonal sequences. More
recently, Kuhs, et al.9 showed that ices generated in multiple ways,
including through vapour deposition and recrystallization of gas
hydrates, all contains stacking disorder to varying degrees and
possesses a trigonal, rather than cubic, space group. In summary,
there is compelling evidence that ice I has a propensity to be
stacking disordered.

In this perspectives article we initially review the diffraction
data in the literature, which shows that the non-cubic features
of the diffraction patterns associated with stacking disorder are
ubiquitous to all metastable ice I that we are aware of. The data
also suggests that there are strong differences in the nature of the
stacking disorder observed depending on method of generation.
We discuss computational studies of formation of stacking
disorder during the nucleation and growth of ice, including
recent results on stacking disorder in ice nucleated hetero-
geneously.30,39–58 We present new experimental data for ice
formed from water droplets in which freezing was initiated
heterogeneously. In order to do this we built on our knowledge
of heterogeneous ice nucleation,59–63 in order to select materials
which nucleate ice over a range of temperatures between 237 and
263 K. These results are unique in that they allow us to system-
atically probe the evolution of ice structure as a function of ice
nucleation temperature. In addition we also present new data for
ice Isd formed via the recrystallization of ice II. We then model
this diffraction data to quantify the number density and nature
of cubic and hexagonal stacking sequences, and summarise this
information on a so-called ‘‘stackogram’’. This new type of plot
helps to visualise the differences in the nature of stacking
disorder in ice Isd made through different routes.

The ubiquity of stacking disorder:
evidence from diffraction patterns
Diffraction patterns provide information on long range order
(and disorder) in crystal structures. A diffraction pattern of a well-
defined crystalline material contains sharp Bragg peaks, the posi-
tion of which can be related to distance between adjacent planes in
a crystal structure known as d-spacings. The Bragg condition is met
in an ordered crystal where the long range order leads to con-
structive interference satisfying Bragg’s law and giving rise to sharp
diffraction peaks. If for some reason, such as the introduction

Fig. 1 Stacking of layers in hexagonal (A) and cubic (B) ice. The vertical is
normal to the (0001) basal surface of hexagonal ice, and the (111) surface of
cubic ice. Only oxygen atoms are shown, connected by hydrogen bonds.

Fig. 2 Possible stacking sequence in stacking disordered ice (ice Isd). Only
oxygen atoms are shown which are connected by hydrogen bonds.
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Figure 1.1: Ice I is composed of sheets of puckered, hexagonal rings of water molecules,
and has two subtypes: hexagonal ice (Ih) and cubic ice (Ic). In Ih the sheets are arranged
as mirror images (left), and in Ic they are shifted by half a ring width with respect to the
previous layer. Figure from Malkin et al. [2015b].

Ice deposited in the coldest parts of Earth’s atmosphere appears to sometimes form a

stacking-disordered phase (Isd), which consists of randomly alternating layers of Ih and Ic

orientations. Isd is primarily characterized by a cubicity value χ, which is the proportion of

layers that have cubic orientation with respect to the previous layers. The stacking disordered

structure does not appear to be significantly less stable than that of Ih, but such crystals

often contain large numbers of faults and defects which do make significant contributions to

the free energy of stacking disordered crystals which may result in elevated vapor pressures[].

Chapter 3 will discuss the results of an investigation into metastable forms of ice at the

AIDA cloud chamber at the Karlsruhe Institute of Technology (KIT).

1.1.3 Isotopologues of Water

The water molecule is composed of two hydrogen atoms and one oxygen atom. There are

two stable forms of hydrogen (1H and 2H = D), and three stable forms of oxygen (16O,

17O, and 18O), which form 9 different isotopologues of water. The 7 most abundant of these
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isotopologues are listed in Table 1.1, along with their natural abundances [Biévre et al.,

1984]. The term isotopologue refers only to molecules with a different number of isotopes,

whereas isotopomer refers to isotopologues with different arrangements within a molecule.

For example, 14N -15N -16O and 15N -14N -16O are different isotopomers of nitrous oxide, but

both have the same number of each component isotope and are considered to be the same

isotopologue. Here I will generally use the word ‘isotope’ to describe the methods and theory,

but ‘isotopologue’ to refer to specific isotopologues of water.

Table 1.1: Natural abundances of water isotopologues
Isotopologue Abundance

H2
16O 0.997317

H2
18O 0.00200

H2
17O 3.718840e-04

HD16O 3.106930e-04

HD18O 6.230030e-07

HD17O 1.158530e-07

D2
16O 2.419700e-08

These isotopologues have slightly different physical properties, such as density, vapor

pressure, and absorption spectra. These differences can be exploited to infer information

about mixing, condensation and evaporation, and transport processes in Earth’s atmosphere,

and will be covered in more detail in section 1.2.5.

1.2 Review of Stable Isotope Physics

Stable isotope physics is a powerful tool which draws on and contributes to many different

fields. When applied to observations of the distribution of water vapor isotopologues, isotopic

measurements can provide information about large scale transport in the atmosphere, the

temperature at which ice in Greenland and Antarctica was formed, and detailed information

about the microphysics of growing ice crystals. I briefly review here the important concepts

necessary to understand the distribution of water vapor isotopologues in the atmosphere.

This section follows the outline of the much more detailed work of [Criss, 1999].
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1.2.1 Background

Isotopes are nuclides that have the same number of protons, but differing numbers of neu-

trons. The number of protons is commonly called the atomic number and is denoted Z, and

the number of neutrons is denoted by N . The mass number of a nuclide is given by

A = Z +N (1.5)

Nuclides with the same atomic number are electronically similar since they have the same

number of protons and electrons, and consequently behave quite similarly chemically, tend to

be in the same phase under the same conditions, etc. The differing masses of isotopes gives

rise to slight but noticeable differences. Here we focus on fractionation, which is the differ-

ential partitioning of isotopes between the phases during a phase transition. Fractionation

falls into two broad categories: equilibrium fraction which is a mass-dependent, quantum

mechanical effect, and non-equilibrium fractionation which is typically due to processes that

are fast, irreversible, or one-directional.

The amount of an isotope present is often expressed as a ratio of the heavier isotope to

the lighter one. Various standards exist for which the ratios of common isotopes are very

well known. For example, the D/H ratio of Vienna Standard Mean Ocean Water (VSMOW)

is very well known (RV SMOW,D/H = D/H = 155.95 × 10−6), as is the 18O/16O ratio

(RV SMOW,18O/16O =18 O/16O = 2005.2 × 10−6) [Araguás-Araguás et al., 2000]. Isotopic

ratios are often expressed relative to a standard in δ notation, which allows for much easier

comparison of results between instruments and measurement methods. For example, the

deuterium concentration in a water sample can be expressed in per mille (h) as:

δD =
Rsamp −RV SMOW,D/H

RV SMOW,D/H
× 1000 (1.6)

δD values can range from -1000h to∞, which correspond to a sample with none of the heavy
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isotope and one with only the heavy isotope, respectively. Samples with more negative values

are ‘depleted’, and those with more positive values are ‘enriched’. Typically δ values are very

small, but for the hydrogen isotopes of water they can be quite large. For example, in the

stratosphere typically δD ≈ −600h [Randel et al., 2012].

1.2.2 Fractionation

Isotopic abundances vary from sample to sample, and the processes controlling that variation

give insight into the natural world. When some effect causes variation in the distribution of

isotopes or isotopologues, it is referred to as fractionation. The value of isotopic measure-

ments of water mainly stems from an understanding of the effects of mixing and fractionation

on observations. This section will focus solely on fractionation, but treatments of the effects

of mixing on isotopic measurements can be found in Galewsky and Hurley [2010], Criss [1999].

These processes can be broadly divided into equilibrium and non-equilibrium processes. In

the following subsections reference will often be made to water, but in principle the ideas

introduced are applicable to any system containing two or more species which undergoes a

phase transition.

If some process results in fractionation it can be associated with a fractionation factor:

α =
Rb
Ra

, (1.7)

which represents the ratio of isotopologues in one phase or part of a reaction to the ratio in

the other. Here the ratios are defined as Ri = Nb,i/Na,i, where the subscript i represents

the phase or part of the system, and a and b represent two isotopologues. Typically b is the

heavier isotopologue and a is the lighter one. Equation 1.7 can be rewritten as a differential

equation that describes the changes in bulk composition as material is added or removed:

α =
d lnNb
d lnNa

, (1.8)
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This formulation is quite useful for understanding the distribution of water vapor iso-

topologues in Earth’s atmosphere (Section 1.2.5).

Equilibrium Fractionation

Equilibrium fractionation is the partitioning of isotopologues in chemical equilibrium, and

occur during chemical reaction, phase changes, and as a result of gravitational settling, to

name a few examples. Here I focus on the fractionation due to phase changes, specifically

from gaseous to a condensed phase. Phase changes are mass dependent processes, in that

heavier isotopologues tend to be more strongly bound to their neighbors in the condensed

phases and slower to propagate through diffusion in the vapor. This tighter binding manifests

as a lower vapor pressure for heavier isotopologues, first observed by Wahl and Urey [1935]

in their study of heavy water. In practice, this difference in vapor pressure typically results

in the heavier isotopologues being more abundant in the condensed phases. Numerous works

have investigated the VPIE, and a detailed derivation can be found in [Hopfner, 1969].

Equilibrium fractionation across a phase boundary is intimately related to the fundamen-

tal spectroscopy of a molecule or atom, as both rely on a detailed accounting of the quantum

energy levels of the species in question. Urey’s statistical mechanical theory of fractionation

[Urey, 1947] shows that fractionation of gaseous diatomic molecules is strongly dependent

on the ratios of the partition function of the isotopologues. He derived a simplified ratio of

partition functions for a molecule (a) and its isotopologue (b):

Qb
Qa

=
σaUb
σbUa

· e
−Ub/2

e−Ua/2
· 1− e−Ua

1− e−Ub
(1.9)

Here U is the spacing of the vibrational energy levels, hν/kT , and the σ’s represent the

symmetry of the molecule. The first factor on the right is due to the rotation of the molecule,

the second is due to the zero-point energy, and the third is due to the vibrational energy

level spacings. The zero-point energy contribution and the vibrational spacings are typically
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the most important in this ratio. Similar formulas hold for non-linear polyatomic molecules

possessing more vibrational and rotational degrees of freedom.

The fractionation factor can be related to the ratio of partition functions given above

through the equilibrium constant of the ‘reaction’ [Ferronsky, 1982], which is given by:

α =

(
K

K∞

)1/ac

, (1.10)

where ac is equal to the number of atoms exchanged in the isotopic reaction, and K∞ is the

equilibrium constant at very high temperatures. Depending on the molecule and temperature

range in question, the equilibrium fractionation factor may have a temperature dependence

proportional to 1/T or 1/T 2. In some cases, the temperature dependence may be more

complicated, and a more general form is used [Criss, 1999]:

lnα = C0 + C1/T + C2/T
2 (1.11)

Table 1.2: Fractionation Parameters for 18O and D
Atom Phase C0 C1 C2 Citation

D Liquid-Gas 5.2612e-02 -76.248 24844 Majoube, Michel [1971]
D Ice-Gas -0.0934 0 16288 Majoube, Michel [1971]

18O Liquid-Gas -2.0667e-03 -0.4156 1137 Majoube, Michel [1971]
18O Ice-Gas -0.028224 0 11.839 Merlivat and Nief [1967]

Liquid-gas and ice-gas fractionation factors for D and 18O are presented in Table 1.2.

Numerous other works have investigated these fractionation factors for both solids and liquids

including Matsuo et al. [1964], Johansson and Holmberg [1969], Pupezin et al. [1972], Ellehøj

et al. [2013], Lamb et al. [2017].

1.2.3 Non-equilibrium Fractionation

Non-equilibrium fractionation effects associated with water are often due to diffusional ef-

fects, and are typically associated with growth/evaporation in super- or subsaturated con-
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ditions. These effects are typically expressed as a correction factor on the equilibrium frac-

tionation value.

The equipartition theorem states that on average a system’s energy should be evenly

divided amongst its degrees of freedom. In the case of an ideal gas, this means that on

average the all molecules making up the gas will have the same average kinetic energy.

Since gases are typically composed of many different species, some with different masses,

this means that each species will have its own typical velocity, and consequently, its own

characteristic rate of diffusion. This observation gives rise to Graham’s law of diffusion:

v1

v2
=

√
m2

m1
, (1.12)

which provides a starting point for understanding these types of non-equilibrium effects.

Here the vi’s are the average velocity for each molecule, and this ratio represents the ratio

of the diffusion rates. This theory is not exact, however, and typically diffusivity ratios have

to be measured. Diffusivity ratios between H2O and its heavier isotopologues have been

measured by [Ehhalt and Knott, 1965, Merlivat, 1978, Cappa et al., 2003, Luz et al., 2009].

Evaporation

A theory of fractionation due to evaporation from liquid can be developed from the recogni-

tion of the fact that evaporation is the result of two competing processes: molecules leaving

the liquid reservoir and going into the vapor, and water vapor molecules striking the liquid

and becoming attached to it. The rate of molecules leaving is proportional to the activity of

the water, and the rate of molecules entering the water is proportional to the partial pressure

of the water vapor [Criss, 1999]. From these assumptions one can derive a non-equilibrium

evaporation fractionation factor that depends on the properties of the carrier gas into which

the evaporation is occurring:

RE =
Rw − αeqhRv
α0
evap (1− h)

, (1.13)
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where h is the relative humidity of the carrier gas, Rv is the isotopic ratio of the carrier gas,

Rw is the isotopic ratio of the water, RE is the isotopic ratio of the evaporate, αeq is the

equilibrium fractionation factor, and α0
evap is the non-equilibrium fractionation between the

water and the component lost under zero humidity.

Evaporation from ice into subsaturated air is thought to simply strip off the layers exposed

to the vapor, preserving the isotopic composition of the ice.

Condensation

Similarly, the supersaturated conditions in which condensation often occurs result in non-

equilibrium corrections to the fractionation factor. The effects are due to the fact that the

heavier water isotopologues diffuse more slowly through air, and can become depleted in the

near-field of a growing ice crystal, as the heavy isotopologues diffuse too slowly to replace

those that attach to the crystal. The result of this is that the vapor remains isotopically

heavier than it otherwise would.

Jouzel and Merlivat [1984] investigated these effects and derived a kinetic correction to

the equilibrium fractionation factor in supersaturated conditions:

αkin =
S

αeqD/D′ (S − 1) + 1
, (1.14)

where S is the saturation, D/D′ is the ratio of diffusivities between H2O and the heavier

isotopologue, respectively, and αeq is the equilibrium fractionation factor. This relationship

is, of course, subject to further corrections from effects like ventilation, for example.

Having considered fractionation factors, I now consider how isotopic ratios evolve in

systems undergoing condensation or evaporation.
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1.2.4 Rayleigh Fractionation

The Rayleigh distillation occurs when one component of a system with multiple phases is

continually removed. This process is a good approximation to the formation of precipitation

in the presence of water isotopologues, since the precipitation continually falls out of the air

parcel it forms in. If a vapor sample has isotopic ratio R = Nb/Na and the total number

of molecules is N = Na + Nb, where Nb is the rare isotope, then as vapor condenses at

equilibrium, mass balance demands that:

NR

1 +R
=

(N + dN) (R + dR)

1 +R + dR
− αR

1 + αR
dN (1.15)

Given the typical abundances of water vapor isotopologues on Earth (Table 1.1), the value

of R is much less than one and the denominators of each term above can be approximated

as one. In that case, the equation reduces to:

NR = (N + dN) (R + dR)− αRdN (1.16)

Rearranging and dropping the second order terms yields the differential equation:

dR

R
= (α− 1)

dN

N
. (1.17)

Assuming α is constant and with initial conditions N0 and R0 yields the Rayleigh equation

[Rayleigh, 1902]:

R = R0f
α−1, (1.18)

where f = N/N0 is the fraction of the original material left in the vapor phase, and R

represents the isotopic ratio of the vapor.
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1.2.5 Application to Water in Earth’s Atmosphere

Since the advent of mass spectrometers sensitive enough to make the necessary measurements

[Nier, 1947, McKinney et al., 1950], the global distribution of water vapor isotopologues in

Earth’s hydrosphere and atmosphere have been shown to be reasonably well described by

the isotopic physicos described in previous sections. Dansgaard [1953] found a relationship

between the condensation temperature of precipitation and 18O abundance, and Craig [1961],

Dansgaard [1964], Craig and Gordon [1965] explained the observed abundances in ocean

water, polar ice, and precipitation. Craig [1961] postulated the ‘meteoritic water line’ which

relates the measured deuterium and 18O values in precipitation found all over the world:

δD = 8 δ18O + 10. (1.19)

Beyond providing a first-order understanding of the global distribution of water vapor

isotopologues, these tools also provide understanding into other important atmospheric phe-

nomena. The relationships between temperature and isotopic abundance can be used to

estimate temperature profiles from ice cores [Dansgaard et al., 1969], which have been used

to infer past climate [Legrand and Mayewski, 1997]. Remote sensing and in-situ measure-

ments [Moyer et al., 1996, Hanisco et al., 2007, Sayres et al., 2010, Kuang et al., 2003] of

the δD values in the Upper Troposphere/Lower Stratosphere (UT/LS), provide insight into

stratosphere-troposphere exchange. Rayleigh fractionation does a good job explaining the

observed depletions up to the upper troposphere at which point convectively detrained ice

becomes an important factor. Its presence can be inferred by the isotopic enhancement

associated with the complete evaporation of ice into the dry air at these altitudes. This

exchange helps to set the water vapor concentration of the stratosphere and is thus essen-

tial to understanding its radiative properties and ozone chemistry [de F. Forster and Shine,

1999, Kirk-Davidoff et al., 1999]. The stable isotopologues of water have also been used

to study water vapor transport and mixing in the free troposphere [Galewsky et al., 2007,
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2011, Hurley et al., 2012, Dyroff et al., 2015], which is necessary for a better understanding

of the water vapor feedback, an important element in global warming induced changes in

subtropical humidity.

In general the observed water vapor isotopologue abundances in the boundary layer are

difficult to interpret as they reflect many different processes [Wen et al., 2010], including

in-mixing from the free troposphere [Welp et al., 2012], exchange with precipitation [Lai

and Ehleringer, 2011], evaporation from soil or sea surface [Merlivat and Jouzel, 1979], and

transpiration from plants [Moreira et al., 1997, Yepez et al., 2003, Williams et al., 2004].

1.3 The Asian Summer Monsoon

Because this thesis involves measurements made oven the Asian Monsoon, I review monsoon

systems, then focus on the Asian Summer Monsoon, and finally turn to how isotopologues

can be used to understand them.

Monsoons are weather systems with a wet phase and a dry phase. The wet phases are

typically associated with ‘sea breezes’ onto land from the cooler seas, and the dry phases

are associated with ‘land breezes’ from the cold winter continents out to sea. The strongest

monsoon systems also show marked changes in wind patterns. The two most organized

monsoon systems are the North American Monsoon (NAM) and the Asian Monsoon (AM),

and the latter is the greater of the two. Historically the AM was known for two things: the

monsoon rains, which water the crops of South Asia, and the the reversal of the trade winds

from northeast to southwest, which set the clock on trade with other parts of the world.

The Asian Summer monsoon is the largest and most organized on Earth. In the broadest

terms, it is driven by three processes. As the sun moves higher in the sky during northern

hemisphere summer, the southern hemisphere has a net radiative loss, and the northern

hemisphere has a net radiative gain. These differences in net radiative heating result in large

scale flows that attempt to redistribute the heat. Locally, differences in heating can greatly

amplify these large scale effects, and the contrast between land and sea is one of the strongest
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examples of this for two reasons. The first is that the specific heat of water is about twice

that of dry land, so for each unit of heat added, the temperature increase of the land surface

is twice that of water. The second is that the sea’s effective heat capacity is much greater

than that of land, due mainly to the sea surface mixing with the cooler layers below. This

land/sea difference is the first ingredient necessary for the AM, and it creates surface level

pressure gradients shown in Figure 1.2 that drive moist air from the sea to the land.

Figure 1.2: Monsoon winds are driven by differential heating of land and sea. Low pressure
forms over the hotter land, driving moist air from the sea to land. This moist air convects
over land, and the resulting condensation intensifies the monsoon through the release of
latent heat. At high altitudes the pressure pattern is reversed, and air generally flows from
land out to sea.

Once this moist air is over land, it undergoes convection. As the air rises and cools,

condensation occurs, which greatly intensifies the monsoon through the release of latent

heat. In effect, this condensation results in the solar energy put into evaporating liquid

water in the tropical oceans being concentrated and released over land. This condensation

is also responsible for the annual monsoon rains upon which hundreds of millions of people

depend for their crops and ultimately their food. The intense and sustained uplift of air

again creates a pressure gradient between land and sea, but this time with high pressure

over land.
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The final ingredient in the swirl introduced into its winds by Earth’s rotation, which

is most apparent at high altitudes. This swirl is one of the largest features in Earth’s

atmosphere and stretches from the Mediterranean ocean to the Sea of Japan east to west,

and from Russia to the Equator north to south (Figure 1.3). This anticyclone has two main

effects. The first is that its core is relatively isolated from the surrounding regions, and the

second is that it mixes tropical and extratropical airmasses around its perimeter. Numerous

other effects and feedbacks both positive and negative modulate the monsoon as it evolves

throughout the late summer.

Figure 1.3: Average JJA winds at 100 hPa in the monsoon region. Regions outlined in
red correspond to the areas with the least outgoing longwave radiation (OLR), which are
generally taken to be the cold anvil tops of intense convective cells. The winds and maximum
OLR regions are generated from NCEP reanalysis data.

Since the AM is so strongly associated with deep convection, it is thought to be one

of the main pathways by which moisture enters the stratosphere. It may contribute up

to 75% of the upward water vapor flux to the tropopause in northern hemisphere (NH)

summer [Gettelman et al., 2004], and Kremser et al. [2009] claim it is the single largest
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contributor to stratospheric water vapor. Figure 1.4 shows the relative contribution to

stratospheric water vapor if 10× 5◦ grid boxes during NH winter and NH summer. During

summer the largest contributions is associated with monsoon convection. Understanding the

extent and mechanism of this contribution is necessary because water vapor and cirrus are

both important terms in Earth’s radiation budget, and because the mechanism of transport

affects the chemical mix of air reaching the stratosphere. Convection brings polluted air to

altitude on a timescale of hours, whereas slow circulation upward in clear air takes days to

weeks. Making in-situ measurements and profiles of water vapor isotopologues can help us

understand convection and its importance in this region.

Figure 1.4: Water vapor concentrations to the stratosphere per 10× 5◦ grid box during NH
winter (top) and NH summer (bottom). Figure from Kremser et al. [2009]

Isotopic profiles in the atmosphere can be used to diagnose moisture fluxes. Figure 1.5

shows an isotopic profile plotted as potential temperature vs δD. The black dashed line

represents the expected isotopic profile assuming Rayleigh fractionation occurs – as a parcel

rises and cools all the water vapor that condenses precipitates out. This curve describes the

average atmosphere reasonably well up to the TTL at about 350 K.

At this pont both tropical average profiles from the ATMOS satellite and in-situ mea-

surements from the NAM over Costa Rica show deviations from Rayleigh fractionation. One

reason for this is that in stratospheric air oxidation of CH4 becomes a significant contribu-
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[40] Observations of water isotopologues in the TTL are
available from remote sensing instruments as well as from
in situ instruments on high flying aircraft. Most of the
measurements that have been made are of HDO, and we
will focus on that isotopologue here.
[41] Measurements of HDO in the midstratosphere allow

the deduction of the annual mean HDO content of air at
entry into the stratosphere dDe by subtracting the contribu-
tions from methane oxidation. Fundamentally, dD is a
measure of the abundance of HDO relative to that of
H2O, normalized by the ratio observed in sea water: dD !
D=Hð Þsample

D=Hð Þstd
$ 1000 where the standard refers to ‘‘standard

mean ocean water.’’ A value of 0% means that the ratio is
equal to that of sea water, while %500% means that the
ratio in the sample is only half that of the ratio in sea water,
and a value of %1000% means that the sample contains no
HDO. Measurements yield dDe = %670 ± 80% [Moyer et
al., 1996], dDe = %679 ± 20% [Johnson et al., 2001], and
dDe = %653 + 24/ % 25% [McCarthy et al., 2004].
[42] Kuang et al. [2003] show tropical profiles of HDO

from Atmospheric Trace Molecule Spectroscopy (ATMOS)
measurements [Gunson et al., 1996] that show fairly con-
stant values of dD & %650% from '11 km upward and
hence virtually no correlation with water vapor concentra-
tion. Webster and Heymsfield [2003] show in situ measure-
ments of dD obtained in the boreal summer subtropics that
have much larger variability below the tropopause than the
ATMOS data. Newer in situ measurements (T. Hanisco et
al., personal communication, 2007) show less scatter than
the data of Webster and Heymsfield but reveal more
structure in the vertical than the ATMOS profiles. Solar

occultation Fourier transform infrared measurements from
the Mark IV balloon (J. Notholt et al., Transport of water
through the tropopause studied from its isotopic composition,
submitted to Nature Geoscience, 2009) show a correlation of
dDe with water entry mixing ratio with a slope in agreement
with expectations based on temperature-dependent Rayleigh
fractionation (a theoretical limit derived by assuming that
condensation occurs under thermodynamic equilibrium con-
ditions and that the condensate thus formed is instanta-
neously removed).
[43] Figure 10 shows the ATMOS profiles and the in situ

measurements by the Integrated Cavity Output Spectrosco-
py (ICOS) instrument from three descents into San Jose
(Costa Rica) during February 2006. These observations
show a minimum in dD at '355 K, i.e., at the base of the
TTL, and less depletion in the stratosphere. ICOS measure-
ments from other flights show less isotopic depletion around
355 K than those shown in Figure 10 (T. Hanisco, personal
communication, 2007), which may be related to convection
(see section 3.6). Figure 10 also shows dD predicted by a
Rayleigh fractionation process along a typical tropical
temperature profile. While the differences in dD measure-
ments between instruments need to be resolved in order to
allow interpretation, it is clear that all measurements show
substantially more HDO in the stratosphere than expected
from Rayleigh fractionation. Implications of the dD obser-
vations for the water vapor budget of the TTL will be
discussed in section 3.6.

2.7. Other Trace Constituents

2.7.1. Carbon Monoxide
[44] The dominant source of CO to the TTL is transport

from the troposphere (local photochemical steady state
concentrations from methane oxidation would be an order
of magnitude smaller than observed). Because the chemical
lifetime of CO is comparable with dynamical time scales in
the TTL, it has often been used to help quantify convective
transport in the TTL (see section 3.4).
[45] Measurements of CO on the 147 and 100 hPa

surfaces have recently become available from the Aura
Microwave Limb Sounder [Filipiak et al., 2005]. These
measurements demonstrate that CO concentrations exhibit
substantial geographic variability and have a seasonal
cycle in the TTL and lower stratosphere. This cycle is
probably due to some combination of seasonal variations
in biomass burning, convective outflow, and upwelling
[Schoeberl et al., 2006; Folkins et al., 2006; Randel et al.,
2007]. Figure 11a shows a tropical annual mean CO
profile generated from solar occultation measurements by
the Atmospheric Chemistry Experiment–Fourier Trans-
form Spectrometer [Bernath et al., 2005]. The observed
CO mixing ratio is '80 ppbv throughout the upper
troposphere but sharply decreases starting at the bottom
of the TTL to '40 ppbv at tropopause level (17 km) and
even lower values in the stratosphere.
2.7.2. Nitrogen Species
[46] The concentration of nitrogen oxides is of interest

because of its important role in atmospheric chemistry,

Figure 10. Measurements of dD in the TTL. Atmospheric
Trace Molecule Spectroscopy (ATMOS) (11 profiles,
November 1994, data courtesy Kuang et al. [2003], tangent
point height converted to potential temperatures based on
UK Met Office analysis data). Harvard in situ measure-
ments by integrated cavity output spectroscopy (Integrated
Cavity Output Spectroscopy (ICOS), data from three
descents into San Jose/Costa Rice in February 2006, data
courtesy T. Hanisco). Rayleigh fractionation curve based on
typical tropical temperature profile, initialized in boundary
layer.
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Figure 1.5: Isotopic profiles in the tropical UT/LS plotted as potential temperature vs δD.
ATMOS satellite measurements are tropical averages, and in-situ measurements from the
NAM come from the CR-AVE campaign. The black dashed line is the Rayleigh fractionation
line which explains average profiles in the atmosphere reasonably well until about 350 K.
Figure from Fueglistaler et al. [2009].

tion to the water vapor budget, and that process has its own isotopic signature. The other

reason is that if ice lofted by deep convection is detrained into the dry stratosphere, it will

evaporate and leave behind its signature by enhancing the isotopic ratio of the vapor, which

can be seen in the CR-AVE data. The slope of this increase yields information about how

important lofted ice, and by extension convection, is to the water budget of the UT/LS.

1.4 Role of Field Campaigns

Field campaigns provide a necessary check on theory and satellite measurements. Satellite

measurements typically have far greater spatial and temporal coverage than in-situ mea-

surements, but in-situ measurements can be performed at much higher resolution. Satellite

retrievals are highly dependent on the factors such as the viewing geometry and assumptions

about the measurement and retrieval algorithms, and as such are susceptible to biases. Field

campaigns typically try to incorporate a set of measurements that overlap with a satellite

retrieval, which provides a way to check retrieval bias and validate its uncertainties.
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In-situ measurements can also easily be co-located with other types of measurements to

construct a full and detailed picture of the properties of a particular airmass. Acquiring a full

suite of simultaneous measurements including temperature, humidity, isotopic composition,

trace gasses, particle size, and particle number can greatly increase the total value of all the

measurements when taken together.

1.5 Outline of Thesis

Chapter 2 provides a review of the fundamental physics behind molecular absorption spec-

troscopy, and a brief treatment of 3 spectroscopic techniques used in this work to increase

signal-to-noise ratio through longer pathlengths. In Chapter 3 results from cloud chamber

studies in the AIDA cloud chamber at the Karlsruhe Institute of Technology showing no

evidence of anomalous supersaturation and metastable ice are presented. This measurement

campaign paved the way for the development and construction of the airborne version of

the Chicago Water Isotope Spectrometer (ChiWIS), which is discussed in Chapter 4. An

in depth treatment of the non-axially symmetric optics used to increase output collection

efficiency is given in Chapter 5. Chapter 6 gives an overview of the Stratoclim campaign

and its science goals, then discusses the AM field campaign, and finally describes the other

water vapor instruments in the science payload.
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CHAPTER 2

REVIEW OF MEASUREMENT TECHNIQUES

Absorption spectroscopy encompasses any experimental method which results in an absorp-

tion profile as a function of wavelength. The goal of such spectroscopy is often to extract

the concentrations of one or more trace gasses in a gaseous sample [Hodgkinson and Tatam,

2013] or the temperature of the sample itself, e.g. [Farooq et al., 2008], but other fundamen-

tal quantities of a species such as line position and broadening widths are also of interest, e.g.

[Toth and Brault, 1983]. Absorption profiles can be acquired with a broadband source and

a monochromator that selects the detected wavelength, or more commonly with a tunable

source of narrow frequency range. The advent of Tunable Diode Lasers (TDLs) with nar-

row line widths and high power densities has made the latter method much more common.

Section 2.1 reviews the fundamentals of absorption spectroscopy and TDL sources, mainly

following the works of Ebert and Wolfrum [2001] and Tittel et al. [2003].

In a situation where one wishes to measure an extremely scarce trace gas, such as water

vapor at low temperatures, the most straightforward way to increase the measured absorption

and maintain a high data acquisition rate is to increase the beam’s path length within the

instrument. Various methods exist to increase the path length, and can broadly be divided

into open-path methods and cavity-enhanced methods. Three such methods used in the

course of this research are described in section 2.2.

2.1 Tunable diode laser absorption spectroscopy

Tunable Diode Laser Absorption Spectroscopy (TDLAS) allows the retrieval of concentra-

tions of one or more absorbing species from a gas sample. As a laser’s emission frequency

is tuned over a proscribed range, its light interacts more or less strongly with the absorbing

species depending on its proximity to the absorber’s spectral lines. These lines correspond

to quantum mechanical transitions between energy levels of the molecule, and photons that
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are close to the energy of a particular transition are more likely to be absorbed. If the sam-

ple’s pressure, temperature, certain fundamental properties of the absorber, and laser beam

path length are known, then a concentration can be extracted from the measured absorption

profile of a spectral feature.

2.1.1 Molecular absorption spectra

Molecular absorption spectra are the result of quantum mechanical transitions of electrons

between a molecule’s energy levels. The spectra of molecules are significantly more com-

plicated than those of atoms due to extra degrees of freedom introduced by the vibrations

between constituent atoms and rotations. Typically electronic transitions are in the ultra-

violet and visible range, vibrational transitions are in the near- to mid-infrared range, and

rotational transitions are in the far-infrared range. In practice, rotational and vibrational

transitions are coupled to each other because the vibration of a molecule changes its bond

length which affects its moment of inertia[Svanberg, 2004]. Vibrational transitions are much

more energetic than rotational ones, and observationally rotational transitions add ‘fine

structure’ to vibrational transitions. The combinations of these transitions are referred to as

ro-vibrational bands, and their obeservation is often called to as ro-vibrational spectroscopy.

This section will briefly discuss the origin of the rotational and vibrational energy levels typ-

ically encountered in near- and mid-IR spectroscopy in the context of diatomic molecules,

then discuss the extension of these ideas to the more complicated case of water.

Vibrational Transitions

Predicting the absorption spectra of a particular molecule requires a quantum mechanical

treatment to find its energy eigenstates. For individual atoms and simple molecules, the en-

ergy states can be written out analytically, but more complicated molecules require numerical

simulations in order to be comparable to obeservations. Figure 2.1 shows a schematic of the

energy levels for molecules and the typical energy level spacings for electronic, vibrational,
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and rotational transitions. Electronic transitions are typically found in the UV and are not

discussed here.

Figure 2.1: Schematic of the energy level structure of a molecule. Rotational energy levels
are typically separated by about 0.001 meV, and vibrational energy levels by about 0.1 eV.
Figure from Svanberg [2004].

A diatomic molecule’s potential energy can be described in a variety of ways, but the

Morse potential is one common method:

V (r) = D
(

1− e−α(r−r0)
)2

(2.1)

Here D is the dissociation energy and r0 is the equilibrium separation of the atoms in

the molecule. Although an exact quantum mechanical solution for the allowed energy levels

of this potential is available [Morse, 1929], for most applications it is sufficient to Taylor
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expand the potential around r = r0, which yields

V (r) ≈ Dα2 (r − r0)2 . (2.2)

This is the form of the familiar harmonic oscillator and can be easily treated within the

framework of quantum mechanics to give an approximation to vibrational energy levels close

to equilibrium. It can deviate significantly from the better approximation given by the Morse

potential at higher energy levels and does not capture the dissociation energy of molecules.

Figure 2.2: Comparison of Morse and harmonic potential energy levels. Here α = 1, ~ = 1,
and D = 4. The spacing between Morse potential energy levels decreases as the quantum
number increases, but stays constant for the harmonic potential.

Working in the harmonic oscillator approximation, the interatomic force is approximated

by F (r) = −k (r − r0), and the frequency of the oscillator is given by ω =
√
k/m =√

2Dα2/µ, where µ is the reduced mass of the atoms and k is the force constant. The

allowed vibrational energy levels are

Eν = ~ω
(
ν +

1

2

)
, ν = 0, 1, 2, ... (2.3)
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The transition from ν = 0 to ν = 1 is called the fundamental transition, and all transitions

from the ground state to higher levels are called overtones. Anharmonic terms can be

included as necessary to better approximate the observed energy levels of a molecule, and in

that case the observed energy levels take the form

Eν = hcωe

[(
ν +

1

2

)
− xe

(
ν +

1

2

)2

+ ye

(
ν +

1

2

)2

+ ...

]
. (2.4)

Here ωe = ω/ (2πc) and is given in units of wavenumbers. The anharmonicity coefficients

xe and ye are dimensionless constants and can be found in the literature along with ωe. A

schematic example is given in Figure 2.2 of the typical differences in energy levels between

the harmonic potential and an anharmonic one, in this case the Morse potential. Deviations

from the harmonic energy levels are typically small for low values of the quantum number.

For polyatomic molecules of the form AX2 like water, there are three fundamental vi-

brational modes, the symmetric stretch, bend, and asymmetric stretch, which are denoted

by the independent quantum numbers ν1, ν2, and ν3. In the case of water, the fundamen-

tal transition energies are 3657 cm−1, 1595 cm−1, and 3756 cm−1, respectively. The two

stretching modes have nearly the same transition energies, the result of which is that their

associated ro-vibrational spectra significantly overlap.

Figure 2.2: The fundamental vibrational modes of the water molecule. Diagram is from (Skrotzki, 2012).

isotopologue produces its own independent spectrum, with the relative intensity of the spec-

tra of two molecular species being in proportion to the relative abundances of the isotopic

species. Several different effects combine to give a different molecular spectrum for each

Figure 2.3: Line strength parameter scaled by assumed natural abundance of the three principal isotopologues
of water in the mid-IR. The line strengths (cm/molecule) plotted here are for a reference temperature of
296 K and are taken from the HITRAN 2008 database(Rothman et al., 2009). Differences in absorption
line-strength between the isotopologues are due to the relative natural abundance of each isotopologue.
Wavenumbers are plotted in decreasing order, as lower wave numbers correspond to longer wavelengths.
The Chi-WIS instrument is designed to operate in the mid-IR, at 3784-3789 cm�1, which corresponds to
transitions between the ground vibrational state and the ⌫3 mode of HDO and the ground vibrational state
and the ⌫1 vibrational mode of H2O.

isotopologue. Slightly different electronic energy levels are due to two different effects, the

mass and the volume effect, which are commonly referred to together as the isotopic shift

(Svanberg, 2004). The mass effect is due to the motion of the atomic nucleus, which is

not infinitely heavy. Differences between transitions decrease as �⌫ / M�2 for increasing

nuclear mass; the normal mass shift is larger than the fine structure in the case of hydrogen

13

Figure 2.3: The water molecule has three fundamental vibrational modes, the symmetric
stretch (ν1), the bend (ν2), and the asymmetric stretch (ν3). Transition energies for H2O
and HDO are given in Table 2.1. Figure from Skrotzki [2012a].

Each atom in a molecule has 3 degrees of freedom due to the 3 coordinates necessary

to describe its position, so a molecule with N atoms has 3N total degrees of freedom. Of
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Table 2.1: Energies for the fundamental transitions of H2O and HDO. Energies are given in
wavenumbers (cm−1). Values from Tennyson et al. [2009, 2010, 2013].

Isotopologue ν1 ν2 ν2

H2O 3657.1 1594.7 3755.9
HDO 2723.7 1403.5 3707.5

these, three correspond to rotation about the inertial axes of the molecule, and another

three describe the translational motion of the atoms, so in general a molecule has 3N − 6

vibrational degrees of freedom, unless it is a linear molecule, in which case it has 3N − 5

degrees of freedom since there are only two independent rotational axes.

Rotational Transitions

Diatomic molecules can be modeled as elastic rotors, where the molecules moment of inertia

increases in the higher rotational states, decreasing the energy slightly from that found for a

rigid rotor. If a rotating molecule is composed of atoms with masses m1 and m2, which are

distances r1 and r2 from the center of mass, respectively, then its moment of inertia can be

written as I = µr2, where µ is the reduced mass and r is the distance between the atoms.

Classically the angular momentum L = Iω/~ is related to the energy by

E =
L2~2

2I
, (2.5)

where ω is the angular frequency. In quantum mechanics, the L operator is given by

|L| =
√
J (J + 1), J = 0, 1, 2, ... (2.6)

and therefore the quantized energy states of a rigid rotor are given by

EJ =
~2

2I
J (J + 1) = BJ (J + 1) (2.7)
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Elasticity of the atomic bonds under rotation can be accounted for in the rotor’s energy by

EJ = BJ (J + 1)−DJ2 (J + 1)2 (2.8)

Here D is a positive constant that is very small compared to B. Referring back to equation

2.7 shows that for a given quantum number, increasing the moment of inertia must decrease

the energy of the rotor.

The coupling between the rotational and vibrational modes occurs because higher vibra-

tional modes increase the moment of inertia of the rotating molecule. This can be accounted

for by writing

B = Be + αe

(
ν +

1

2

)
, (2.9)

where Be and αe are both constants particular to the molecule in question. Combining

equations 2.9 and 2.8 yields the full expression for the rotational energy levels:

Ej (ν) =

[
Be + αe

(
ν +

1

2

)]
J (J + 1)−DJ2 (J + 1)2 . (2.10)

The constants Be, αe, and D are available for many molecules in the literature.

As for the vibration modes, each rotational degree of freedom is associated with a quan-

tum number. The quantum number J still refers to the total angular momentum, but

the other two rotational quantum number generally cannot be expressed in closed form for

asymmetric rotors like the water molecule.

Ro-vibrational bands of water

The ro-vibrational band structure is very complex, and covers a broad range of wavelengths,

from millimeters to hundreds of nanometers. This complexity arises from the polyatomic na-

ture and permanent dipole of the water molecule, combination bands, and Fermi resonances,

to name a few. Figure 2.4 shows the ro-vibrational bands of the 5 most common water iso-
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topologues. The High Resolution Transmission database for spectroscopy (HITRAN) [Gor-

don et al., 2017] linestrengths in units of cm−1/
(
molecule · cm−2

)
of lines between 1000 and

10000 cm−1 are plotted against the linecenter wavenumber. The energies of stable electronic

excited states are higher than the dissociation energy of the molecule, so absorption occurs

in the ground electronic state [Barber et al., 2006].

The complexity of water’s ro-vibrational spectra is not just due to its being an asymmetric

rotor, but also to its own peculiarities as a molecule. The low mass of hydrogen implies small

moments of inertia about the rotational axes, and large rotational constants (cf. equation

2.7). The rotational energy level spacings for a rigid rotor are twice the rotation constant,

which explains the very broad rotational features of water’s absorption spectrum.

Similarly, the hydrogen atoms often vibrate far from equilibrium, making the anharmonic

contributions to the molecule’s vibrational spectrum important, and allowing quantum tran-

sitions in which more than one quantum number changes.

Figure 2.4: Ro-vibrational water bands in the near-and mid-IR for the 5 most common
water isotopologues. HITRAN linestrengths (cm−1/

(
molecule · cm−2

)
) are plotted against

the line center wavenumbers. Linestrengths are scaled by the natural abundance of the iso-
topologue. Higher wavenumber (shorter wavelength) bands are overtones and combinations.
ChiWIS operates at around 3777 cm−1 to access the strong HDO lines in that region.
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2.1.2 Linewidth broadening

The absorption of photons associated with a particular energy transition typically happens

over a range of wavelengths. This linewidth broadening is the result of several processes.

Natural broadening is due to the finite lifetimes of energy transitions, and is therefore in-

trinsic to the molecules. Doppler and collisional broadening depend on characteristics of the

molecules environment such as temperature, pressure, and the presence of other molecules.

The following subsections discuss common broadening mechanisms and their application to

observable line profiles.

Natural Broadening

A transition’s natural linewidth is a consequence of the Heisenberg uncertainty principle,

∆E · ∆t ≈ ~. The value of ∆t corresponds to the natural lifetimes of the upper and

lower states involved in the transition, and results in a Lorentzian lineshape with natural

linewidth[Graybeal, 1993]

γnat =
1

π

(
1

τu
+

1

τl

)
(2.11)

where τu and τl are the lifetimes of the upper and lower states. In the mid-infrared lifetimes

are comparatively long and the natural linewitdths are several orders of magnitude smaller

than the Doppler widths. Typically on the upper state lifetime is considered.

Doppler Broadening

Doppler broadening is due to the random thermal motions of molecules in a gas sample.

Molecules moving towards the source of the laser beam absorb at a slightly higher fre-

quency and those moving away at a slightly lower frequency. If a sample of gas is in ther-

mal equilibrium at a temperature T , the thermal motion of its molecules is given by the

Maxwell-Boltzmann distribution. The Doppler shifts resulting from this motion results in
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an absorption profile with Gaussian shape and its width is given by:

γD =
(ν0

c

)
vp
√

ln 2 =
(ν0

c

)√2kT ln 2

m
(2.12)

where vp =
√

2kT/m is the most probable velocity, m is the mass of the molecule, k is

Boltzmann’s constant, c is the speed of light, and ν0 is the line center frequency.

Collisional Broadening

Collisions between molecules during photon absorption can affect the lifetimes of excited

states, and therefore also the observed energy of the transition. This results in line broad-

ening with a Lorentzian shape, in the same manner as natural broadening. Collisional

broadening is highly dependent on the species involved, the quantum states of both the per-

turber and absorber, and the the pressure of the sample, but for the purposes of spectroscopy

can usually be divided into Lorentz broadening (the result of collisions between the target

species and another molecule), and Holtsmark broadening (the result of a collision between

two molecules of the target species)[Svanberg, 2004]. Lorentz and Holtsmark broadening are

often commonly called foreign and self-broadening, respectively. The broadening coefficient

is given by:

γC =

(
γC0self ·

pself
p0

+ γC0foreign ·
pforeign
p0

)(
T0

T

)s
(2.13)

Here p0 and T0 are typically standard pressure and temperature, the γC0’s are the self-

and foreign broadening coefficients at STP, and pself and pforeign are the partial pressures

of the target species and another species, respectively. The self-broadening coefficient is

typically larger than the foreign broadening coefficient, but can often be neglected in trace

gas measurements due to the very low partial pressures of the target species. The exponent

s describes the temperature evolution of the broadening coefficients.
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Mixed Line Shapes

In many applications in Earth’s atmosphere, neither Doppler nor collisional broadening

completely dominates the lineshape, and the observed absorption profile is a mix of both

effects. This is true in the measurements taken during the StratoClim Campaign, in which

typical doppler broadenings are about 0.005 cm−1, and typical collisional broadenings are

about 0.004 cm−1. The most straightforward treatment of this mixing is to assume that

the lineshape is given by a Voigt function, which is the convolution of the Gaussian and

Lorentzian functions. This function does not have an analytical form, although it is well

tabulated and studied[Faddeyeva and Terentev, 1961, Armstrong, 1967], and can be well-

approximated computationally[Humĺıček, 1982].

The Voigt line shape is typically given by:

gV =

∫ +∞

−∞
gD
(
ν′
)
gC
(
ν − ν0 − ν′

)
dν′ (2.14)

Although this shape has no explicit representation, it can be approximated by[Whiting, 1968]

gV
lgV

=

(
1− γC

γV

)
exp−2.722

(
ν − ν0

2γV

)2

+
γCγV

γ2
V + (ν − ν0)2

+0.016
γC
γV

(
1− γC

γV

)(
exp−0.4

( |ν − ν0|
2γV

)2.25

− 10

10 + (|ν − ν0| / (2γV ))2.25

) (2.15)

where

lgV =
1

2γV

(
1.065 + 0.477γC/γV + 0.058 (γC/γV )2

) (2.16)

The Voigt width at half-width half-max is given by[Olivero and Longbothum, 1977]

γV = 0.5346γC +
√

0.2166γ2
C + γ2

D (2.17)

These equations are generally not suitable for extracting concentrations for observed spec-
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tra, but are computationally very fast compared to other methods used to generate sample

spectra, and therefore are useful tools for quickly exploring unfamiliar spectral regions.

Although this relatively straightforward treatment of lineshape mixing is generally suf-

ficient for atmospherics measurements, it can be extended to take into other effects and

generate a more accurate lineshape. In ChiWIS’s StratoClim measurements, typical Voigt

broadenings are about 0.008 cm−1.

2.1.3 Beer-Lambert Law

The extinction of light passing through an absorbing medium is given by the Beer-Lambert

law

I (ν, x) = I0e
−k(ν)·x, (2.18)

where I0 is the intensity of the light before it enters the absorbing medium, k (ν) is the

linear absorption coefficient, and x is the distance traveled through the medium. The linear

absorption coefficient is related to the absorption cross section by k (ν) = σ (ν) c, where σ (ν)

is the absorption cross section and c is the absorber concentration in number per unit volume.

Absorption depends on the presence of absorbers in the lower energy level of the transition.

In cases where there are not many absorbers in that state, or the state becomes depleted, the

absorption coefficient may no longer be linear. That can occur at long wavelength where the

lifetime of the excited state is long, or when intense radiation depopulates the lower state.

Concentrations can be extracted from absorption profiles by recognizing that the optical

depth of the absorption medium is bound by the following relationships:

− ln

[
I (ν, x)

I0 (ν)

]
= k (ν)x = S (T ) · g (ν − ν0) · x · n, (2.19)

where S (T ) is the line strength, g (ν − ν0) is the normalized absorption profile, and n is

the absorber concentration. Once the optical depth as a function of wavelength has been

measured, it can be integrated to remove the lineshape (which is normalized to one) and
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wavelength dependence, which yields the absorber concentration:

− 1

S (T )x

∫ +∞

−∞
ln

[
I (ν, x)

I0 (ν)

]
dν = n (2.20)

This equation implies the need for several pieces of information beyond just an absorption

profile. The first is a tuning curve, which relates measurement time of a sample to the

laser frequency at that time. This is typically accomplished by incorporating an etalon of

known free spectral range into an instrument on a reference channel, then extracting ν (t)

from that (see Section 4.2.8). In practice the limits of integration obviously do not extend

to infinity, and usually only extend far enough to allow a good estimate of the baseline

necessary to extract the optical depth from the absorption profile. In theory, full knowledge

of the spectral features present and the reference power, I0 (ν), should suffice, but in practice

many effects can confound an accurate estimate of the baseline. In open-path measurements

(cf. Sections 2.2.1 and 2.2.2), the measured spectra can often be divided by power reference

to remove unwanted curvature, correlated features, and certain types of noise from the data.

From this divided data, a fit routine can estimate the baseline. In cavity enhanced methods

such as ICOS (Section 2.2.3), the situation is somewhat more complicated, and the baseline

must be estimated through software. This estimation proceeds best in spectra taken at lower

pressures, where the absorption lines tend to be narrower, since this leaves more space with

little or no absorption between the features. If it is present, optical fringing comparable to

or greater than the width of the spectral features is also a major source of uncertainty in

finding the correct baseline.

2.1.4 Tunable Diode Lasers

High quality laser sources have revolutionized trace gas measurements of isotopes and iso-

topolgues. In the broadest possible terms, every laser consists of some cavity filled with a

gain medium, which amplifies input power by stimulated emission. For trace gas measure-
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ments, the most important characteristics of a laser are its monochromicity and its tunability.

Although no laser can be truly monochromatic, it is important that the spectral linewidth

be significantly narrower than the spectral features to be measured. Tunability is necessary

in order to sweep over the spectral features and build up a full absorption profile.

Figure 2.5: Schematic diagram of a diode laser junction. Current flows through the active
region of the pn junction, generating electron-hole pairs. These radiatively recombine, and
beyond a threshold current result in positive feedback. Power buildup is promoted by the
high reflectivity off the two polished faces of the junction. Figure from Milonni and Eberly
[2010].

Diode lasers are biased pn junctions in which the radiative recombination of electrons

and holes stimulates the recombination of more electron-hole pairs. These devices are closely

related to light-emitting diodes (LEDs). An injection current through the junction results in

enough electron-hole pairs to produce gain, which is emitted through the polished sides of the

semiconductor. (The other sides are left rough to discourage buildup of power along those

axes.) Reflection back through the gain medium is accomplished through Fresnel reflection

at the semiconductor-air boundaries on the polished faces, which relies on the large index of

refraction typical of semiconductors.

Distributed Feedback Diode Lasers

Distributed Feedback (DFB) diode lasers are fabricated to have a periodic feature running
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along their active layer, which acts a a grating. Feedback and reflection occur throughout the

gain medium in this method, and the spatial period of the grating selects the wavelength of

the light to be emitted. These types of lasers are easily tunable using the diode temperature

and injection current, and have excellent wavelength stability.

Figure 2.6: A scanning electron microscope image (SEM) of a DFB laser fabricated by the
Microdevices Laboratory (MDL) at the jet propulsions laboratory. After fabrication, the
lateral grating is written into the surface using electron-beam lithography. Image courtesy
of Mathieu Fradet and the MDL.

2.1.5 Comparison to other methods

Until the advent of high quality laser sources, mass spectrometry was the main source of

high quality measurements of isotopic abundances. Isotope Ratio Mass Spectroscopy (IRMS)

works by generating and accelerating ions into a magnetic field, which bends their trajectories

along paths of radii r =
√

2V m/B2q, where V is the accelerating voltage, B is the magnetic

field, m is the mass of the ion, and q is its charge. Upon leaving the magnetic field the

ions have be separated by their momenta, and can be observed individually by adjusting the

position of a collector.

High-quality mass spectrometry can provide measurements of D/H ratio with sensitivity

of roughly 100 ppt, which is more than two orders of magnitude better than spectroscopic
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methods. However, mass spectrometers are typically large and heavy, preventing easy use

in the field. Thus samples are typically collected in the field and brought back to the

spectrometer, which prevents a high data acquisition rate. Furthermore, measurements of

gas samples are for the most part infeasible using IRMS.

2.2 Long-path optical cells

This section provides brief description of the spectroscopic techniques used in the course of

this research. Each of these methods uses carefully placed mirrors to increase the pathlength

of light through a gas. White cells and Herriott cells are open path techniques, and ICOS is

a cavity-enhanced technique.

2.2.1 White Cells

The White cell[White, 1942] is a method of increasing the path length of light through

an absorbing medium using a set of three concave, spherical mirrors with the same focal

length. These mirrors are arranged as in Figure 2.7 so that the centers of curvature of the

far mirrors (A and A′) are on the surface of the field mirror (B), and the center of curvature

of the field mirror is halfway between the far mirrors. This configuration exploits the fact

that if an object is placed close to the center of curvature of of a mirror, its image will appear

equidistant to the center, but on the opposite side. For example, in Figure 2.7 point 1 is the

same distance from the center of mirror A as the source is, and point 2 is the same distance

from the center of mirror A′ as point 1 is. The result is that the source will be continually

imaged onto the field mirror until it ‘walks’ off the mirror at a proscribed location and into

the detector, denoted by point 4 in Figure 2.7.

Since the two far mirrors are placed equidistant from the center of the field mirror, it will

continually alternate forming images on them, regardless of where their centers of curvature

are on the field mirror. The only requirement is that the source is correctly pointed at the
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Figure 2.7: Schematic of a White cell showing the field mirror and two far mirrors. Figure
adapted from White [1942]. The beam traces its path through the cell in the following order:
red-orange-yellow-light green-dark green-light blue-dark blue-purple. The dot with a circle
on the left is the center of mirror B, and the dot with circles on the right are the centers of
mirrors A and A′.

first far mirror. The number of passes through the cell can easily be controlled by changing

the orientation of the far mirrors, which changes the positions of their centers of curvature

on the field mirror. This is a great strength of White cells, that their path length can be

changed in a matter of minutes, which can be very useful in situations where a large range

of concentrations are to be measured. This method of achieving longer optical path lengths

is also very robust against small misalignments and can accept beams of high numerical

aperture.

White cells are usually intentionally slightly misaligned in the vertical direction. This

causes successive images on the field mirror to be raised and lowered with respect to their

original positioning. This misalignment allows for more images to be packed onto the field

mirror and longer path lengths to be achieved. With an appropriately placed set of diagonal

mirrors, the number of passes through the cell can be increased by about a factor of 2 [White,

1976]. The mirrors are placed so that the spot pattern walks back across the field mirror,

making a rectangular array of spots with 4 rows. This arrangement also place the exit beam

near the entrance, which can be useful in the design of compact instruments.
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2.2.2 Herriott Cells

Herriott cells[Herriott et al., 1964] use two spherical, concave mirrors with identical focal

lengths to achieve long optical path lengths. These mirrors are placed on the same optical

axis at opposite ends of an absorption cell. For paraxial rays, the equations governing

reflections off of concave mirrors take the same form as the thin lens equation, so the cell can

be analyzed as a series of co-axial thin lenses with the same focal length as the mirrors. With

this approximation, Herriott derived the reentrant conditions on the position and angle of a

beam entering the cavity through a hole in one of the mirrors that ensure the beam leaves

the cell through the same hole after some number of passes through the cell.

The reentrant conditions are defined by the Herriot cell’s geometry, and the three relevant

parameters are A, the spot pattern radius; d the separation between the mirrors; and f the

focal length of the mirrors. In Cartesian coordinates, the reentrant conditions are:

~x =

(
A

√
d

4f
, A

√
1− d

4f
, 0

)
(2.21)

and

~x′ =
1√

1 + A2

fd

( −A√
fd
, 0, 1

)
(2.22)

Note that equation 2.22 differs from the condition given in Herriott et al. [1964] in that

it has been normalized to be a unit vector. After each pass through the cell, the beam has

rotated through an angle θ given by:

cos θ = 1− d

2f
(2.23)

A given Herriott geometry, defined by its ratio u = f/d, corresponds to a particular

number of passes through the cell before the reentrant condition is met. The number of
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passes is given by:

2θν = 2πµ (2.24)

where µ, ν ∈ Z and µ 6= ν. ν corresponds to the number of spots per mirror before one

complete rotation through 2π radians is achieved, and µ is the number of complete cycles

through 2π radians before the reentrant condition is achieved. So, for a given Herriott

geometry, the number of passes before the reentrant condition is given by N = 2νµ. In

theory each geometry u has a unique number of passes associated with it, but in practice N

is limited by the size of the reentrant hole necessary to accommodate the beam.
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Fig. 2. Projections of intersection points (Xn, y,,) lying on circle.

For the y coordinate one obtains similarly
yn = Bsin (no + Al). (7)

Imagine, now, all intersection points (x, y,,) for a
given ray projected into an x-y plane. We can see
from Eqs. (4) and (7) that these projections will, in
general, lie on an ellipse. In special cases they will
be on a circle, namely, when

A = B (8)
and

aY = (4 : (or tana -tang3 = -1) (9)2

A is, of course, the radius of the circle.
Equations (8) and (9) impose certain conditions on

the initial values x, yo, o', and yo'. If we postulate,
for instance, that yo' = 0 and prescribe x, then y, the
radius A, and the slope xo' are determined via Eqs.
(4) and (5):

Yo2= X02(- ) (10)(d )(10d
2 = xo + O2=4 o2 211

XeI = -- = _- .d Alfd (12)

This last relation tells us with what slope the ray has
to be injected to produce a desired circle of radius A.

In Fig. 2 the projections of the intersection points
(x,, yn) on an x-y plane are shown for the case where

z they lie on a circle. Under this condition the polar
angle So corresponding to the point (, yn) is

v = n + ae. (13)
The difference in polar angle between this point and
its neighbors (n+l, Yni+) is therefore equal to the angle
0 which was defined in Eq. (2) for mere analytical
reasons.

We can use the above findings to understand the way
in which a ray is reflected back and forth between the
two concave mirrors of a resonator. The even-num-
bered intersection points will be the points where the
ray strikes the one mirror, and the odd-numbered
points will correspond to the points of impact on the
other mirror.

If the ray is injected at the angle given by Eq. (12),
the points of impact on each mirror will lie on a circle,
and the difference in polar angle between neighboring
points on one particular mirror will amount to 20.
While it is reflected back and forth between the two
mirrors, the ray stays on the surface of a rotational
hyperboloid. This fact can be used in designing a
maser amplifier, where the rays use the volume of a
concentric cylindrical shell.

In particular, it has been found that the gain and
power output of an optical maser, employing a gas as
the active medium, depends critically on the distance
between the light rays and the walls containing the
gas. The proposed system of rays enables one to con-
struct an annular container having walls sufficiently
close to all the rays and having, because of its cylindri-
cal geometry, sufficient mechanical strength to with-
stand the pressure difference between the gas and the
atmosphere.

The mirror system has, of course, all the refocusing
properties of a periodic sequence of lenses. To keep
all spots as small as possible it is necessary to image
the beam so that the wavefront has the same curvature
as the illuminated mirror surface and to limit its aper-
ture to the diameter of the fundamental cavity mode
at the surface of the mirror.

Photographs of the distribution of spots on one of
the mirror surfaces were taken when the spherical sur-
face cavity was illuminated with the beam from a He-
Ne maser.

The mirrors used in the cavity were slightly trans-
parent, so a field lens was placed just beyond the mir-
ror to collect the transmitted light into a camera lens
which was used to image the spots onto polaroid
photographic film. The mirrors were changed to ob-
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Figure 2.8: This figure, adapted from Herriott et al. [1964], shows the projection of subse-
quent spots in a Herriott cell onto a plane perpendicular to the optical axis. Subsequent
spots are separated by an angle θ, which is determined by the relationship cos θ = 1− d/2f .
A is the radius of the circular Herriott spot pattern, and φn is the angle of the nth spot from
the x-axis.

In the Herriott geometry the mirror distance must be less than four times the mirror

focal length to ensure a stable beam pattern. Beyond this threshhold the configuration is

unstable and the beam will eventually walk off the mirror. The reentrant conditions given

in equations 2.21 and 2.22 are based on the thin lens approximation, and should be treated
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with care, especially for mirrors with shorter focal lengths or especially wide spot patterns.

Varying the radius of a circular spot pattern changes the effective distance between the

mirrors, and the effective focal length due to spherical abberation. Engel and Moyer [2007]

take into account these deviations into account to derive exact equations for the Herriott

cell geometry.

The path length inside a Herriott cell can be increased by a variety of methods, but using

spherical mirrors with a degree of astigmatism [Herriott and Schulte, 1965] is one of the most

common. Herriott cells often have path lengths in the range of tens to hundreds of meters,

but path lengths are limited in two main ways. The first is by the minimum achievable

spot size on the cell mirrors. The mirror’s beam hole should be large enough to easily pass

the beam without clipping, and small enough so that radiation from adjacent spots is at a

minimum, as this unwanted light can cause fringing. The second limitation is due to the

stability of the cell. Although Herriot cells are more stable than White cells, after many

passes through the cell the instability due to vibrations can result in large variations in the

spot position. This can become a problem for cells with long path lengths and many mirror

reflections. Equation 2.23 can be used to estimate a Herriott cell’s sensitivity to variations

in length due to vibration. Assuming the length variation is the same for all reflections (a

safe assumption for thermal variations, situationally dependent for vibrational variations),

the variation in θ for variations in mirror separation d is given by

δθ = − δd/d√
1− 4f/d

(2.25)

This equation indicates that the nth spot has moved a distance of roughly

δs = −nA
(

δd/d√
1− 4f/d

)
(2.26)

from its original position. For a Herriot cell like the one described in Lamb [2015] with

d = 1.00 m, f = 0.84 m, A = 45.5 mm, and 86 spots per mirror, a length variation of 1 part
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in 1000 results in about 5 mm of motion in the beam by the time it is exiting the cell, which

is enough for the beam to miss the entrance/exit aperture. For cell with an aluminum tube,

such a variation could be caused by a ≈ 40◦ C change in temperature, with an invar cell the

same deviation would require a nearly ≈ 830◦ C change in temperature.

2.2.3 Integrated Cavity Output Spectroscopy

ICOS cells have the same geometry and alignment as Herriott cells, but do not have an

entrance/exit aperture for the beam. This configuration is inherently low power since laser

light must be injected through the cell mirrors (typically R ∼ 99.98%), and consequently

most of it is reflected away. However, the light that does enter the cell can have extremely

long effective path length 5000 to 10000 times the length of the cell. This section will briefly

summarize the principle of this measurement technique.

ICOS is a type of Cavity Ringdown Spectroscopy (CRDS), and can be aligned to operate

as such. The technique was developed independently by Engeln et al. [1998] and O’Keefe

[1998], and has since been applied to trace gas measurements from ground level up to the

stratosphere [Hodgkinson and Tatam, 2013]. The Herriott cell alignment of the cavities

means that many passes through the cell occur before the reentrant condition is met, and

the optical properties are similar to Fabry-Perot interferometer with length 2nL [Paul et al.,

2001], where n is the number of mirror spots before the reentrant condition is met and L

is its length. This analogy provides an avenue by which to understand the behavior of an

ICOS cavity.

The long path length in the cell before the reentrant condition means that the cavity has

an extremely short free spectral range (FSR). The FSR of an optical cavity is the distance

in frequency space between its transmission modes. For example, a 90 cm cavity with 312

passes before the reentrant condition is met has an FSR of ∼ 500 kHz. If the linewidth

of the laser is wider than the cavity FSR, then the laser excites several cavity modes at

the same time. The effect of this is that the cavity transmits power through several modes
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simultaneously, averaging the laser power. Provided the cavity FSR and laser linewidth are

both much less than the width of any absorption features to be measured, then distortion of

an absorption feature’s line shape from either of these will be negligable.

the mechanism are effectively random in that they
are uncorrelated with the laser. Thus the noise ap-
pears identical to white noise trimmed by the low-
pass filter formed by the optical cavity. Here we refer
to these spurious couplings as “noise” or “optical
noise” to indicate that they are sources of fluctuation
obscuring the true signal. There is a true random
component to the noise due to the phase jitter of the
laser, but the basal pattern is not truly random.

Observing the spurious couplings to the signal
is extremely simple if an on-axis configuration is
adopted. Figure 2 demonstrates three different cavity
alignments showing vastly different levels of noise due
to the spurious couplings. The dramatic differences
between the different alignments arise from the ex-
treme sensitivity to the time of the coupling. If cou-
pling events have a lifetime of even a microsecond, the
resulting loss of sensitivity is disastrous for the ICOS
technique because the resonant power is roughly
1!"1 ! R# times higher (neglecting mirror losses)
than the nonresonant power.9 In this work we imple-
ment an off-axis approach to dealing with the optical
noise as described by Meijer et al.10 and Paul et al.3
By aligning the input beam off axis, or away from the
central axis of the optical cavity, we can cause the
beam to have a longer path length before it reaches
its reentrant condition and begins to overlap with
itself, thereby reducing the coupling to the cavity
resonances and the optical noise. As shown in Fig. 3,
the mode spectrum changes dramatically as the
cavity is aligned off axis allowing many modes to
be excited simultaneously. Further, we find that by
choosing a cavity configuration such that the d!f
value produces a Herriott cell pattern that does not
meet the reentrant condition and that produces near-
est neighbor spots that differ from one another by
many passes through the cavity, we can further re-
duce the spurious coupling to cavity resonances.

Calculating the optimal pattern requires that the
beam spots be sufficiently distant from one another
on the mirror and sufficiently distant from the edge of
the mirror. To maintain losses significantly less than
the 100 parts per million (ppm) lost per pass because
of the mirror itself, the beams should typically be
separated from the mirror edge by at least 3–4 beam
widths based on the stable beam size supported by
the cavity. The precise behavior of the transverse
modes supported by the cavity is discussed in more
detail by Lehmann and Romanini.9 In practice we
have found that 2 in. mirrors are optimal near
1500 nm and that the optimal mirror size scales with
the square root of the wavelength.

A. Modelling the Spurious Couplings

The final theoretical test of our understanding of the
spurious couplings is to model the phenomenon and
test it against the results we see in the laboratory. To
model the coupling to the cavity, we need an appro-
priate model for the laser, an appropriate model for
the cavity, and a mechanism to couple the two to-
gether. Remarkably, the last step proves to be the
most difficult as discrete descriptions of the cancella-
tions resulting from the interference of many beams
is extremely difficult to model.

The basic structure for our model was taken from
Morville et al.,11 but the model was expanded in scope
and in complexity to account for a continuously scan-
ning laser with multiple output beams mixing inco-
herently on the detector.

1. Modeling the Laser
The model for the laser relies on the phase of a laser
with a finite linewidth being well represented by a

Fig. 2. (Color online) Traces demonstrating three different levels
of the noise resulting from spurious coupling to optical resonances
within the cavity. The lower trace results from a nearly on-axis
alignment and is displayed at 1!1000 of the scale of the other two
traces. The middle trace is an off-axis alignment that is far from
ideal, but the signal previously obscured by the spurious couplings
now becomes clear. The top trace is a nearly ideal off-axis align-
ment that still shows some optical noise, but yields a clear absorp-
tion signal.

Fig. 3. (Color online) Mode spectra shown here contrast the on-
axis mode structure with the off-axis mode structure showing how
the free spectral range effectively collapses, thereby lowering the
finesse while maintaining the same cavity time constant by effec-
tively enlarging the cavity length. The lower panels illustrate the
resultant signals from each alignment. In a successful off-axis
alignment, many cavity modes should exist underneath every mo-
lecular transition, and the laser line width should be broad with
regard to the free spectral range of the cavity but narrow with
regard to the molecular line.

20 December 2006 ! Vol. 45, No. 36 ! APPLIED OPTICS 9223

Figure 2.9: This figure, adapted from Engel et al. [2006], shows the effective transmission
across an absorption feature of a cavity for an instrument aligned on-axis (left) and off-
axis (right). The dense cavity-mode structure of an off-axis ICOS instrument means that
absorption features can be observed continuously and without distortion provided the laser
linewidth is much narrower than the absorption feature.

Cavities with high reflectivities can have effective path lengths of as much as ten kilome-

ters, and in-cavity light residence times longer than 20 microseconds. The amount of time

that light spends in the cavity on average is given by the cavity time constant

τ =
L

c (1−R)
. (2.27)
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If an absorber is present in the cavity, then the time constant becomes

τ =
L

[1−R + α (ν)]
(2.28)

and the cavity time constant decreases.

Unlike CRDS, in which measurements of τ at a series of wavelengths are used to construct

absorption spectra, in ICOS a laser is frequency-tuned across the absorption features of

interest, which results in a continuous absorption spectrum at the detector. However, the

observed absorption spectrum at the detector is complicated by the fact that the light that

bleeds out at each mirror reflection has a different path length and intensity. After i reflection

on the output mirror, the intensity of the beam transmitted through the output mirror is

Iout,j (t) = I
(
t−∆tj

)
R2jT 2e(−(2j+1)L·S·n·gV (ν(t−∆tj))) (2.29)

Here S is the temperature dependent linestrength, n is the absorber concentration, gV is the

normalized Voigt line profile as a function of frequency, ∆tj = (2j + 1)L/c, t is the time of

observation, R is the mirror reflectivity, and T is the mirror transmission. Both the power

and the frequency at the time of the laser light’s emission have an effect on the observed

power after (2j + 1) passes through the cell. ν (t) is the tuning curve of the laser. It should

be noted that in general 1 +R 6= T due to the effects of mirror absorption and scatter.

The total power observed at the detector at time t is the sum of all the light bleeding

out of the cavity mirror

Iobs (t) =
T 2

R

∞∑
j=0

R2j+1I
(
t−∆tj

)
e−(2j+1)L·S·n·gV (ν(t−∆tj)) (2.30)

The relationships between cavity characteristics, the laser ramp, absorption, and observed

power are not simple, but are computationally tractable [Sayres et al., 2009]. In order

to extract the absorber concentration in the cavity, the experimenter must also supply a
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tuning curve for the laser ramp and the mirror reflectivity. The former can be acquired by

periodically introducing an optical fringe of known FSR onto the reference detector 4.4.2,

and the latter can be acquired by taking ringdown spectra 4.4.3.

The tuning curve can have a profound effect on the shape of the observed spectra and the

noise characteristics of an ICOS instrument [Moyer et al., 2008]. In the case that the laser

frequency scans over spectral features much more slowly than the cavity ringdown time, the

shape of the spectral features is very similar to that of the direct absorption case. However,

if the scan rate is comparable to or faster than the cavity ringdown time the features can

become significantly skewed. The skewness arises from the fact that for faster scan rates the

detector sees a wider range of wavelengths at the same time. Absorber concentrations can

still be extracted from skewed spectra with appropriate software.

One benefit of scanning quickly over the target frequency range is decreased optical

noise. In this context, optical noise refers to rapid changes in the number of cavity modes

the laser is coupled to, or the efficiency of those couplings. Fluctuations in either can cause

rapid changes in observed power. Since scanning the laser faster increases the range of

wavelengths observed, it also increases the average number of cavity modes accessed at that

moment.

Figure 2.10 shows part of the spectral region used in the StratoClim campaigns simulated

with different tuning rates. The black curve represents an open path measurement with

path length equal to the effective path length of the ICOS measurements, Leff = 6km.

The features are simulated assuming 50 ppm water vapor, 40 mb cell pressure, and cell

temperature of 296 K. The features here are an HDO line at 3776.9 cm−1 and a cluster of

H18
2 O lines and others between 3770 and 3777.1 cm−1. Increasing the tuning rates ‘smears’

out the spectral features, giving them a skewed shape, and also makes them broader and

shallower.

Although faster scan rates can reduce optical noise, there are other effects that limit the

gains to be had. The first is that spectral features that are close to each other can become
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Figure 2.10: Simulated ICOS spectra at different tuning speeds. The reflectivity used in these
calculations is R = 0.99985 and the cavity length is 90 cm. The effective path length of the
cavity is 6 km, and the black curve is a simulated spectrum for an open path measurement
with path length 6 km. Increasing the tuning rate makes the spectral features skewed, and
they become broader and shallower as well. The features are simulated assuming 50 ppm
water vapor, 40 mb cell pressure, and cell temperature of 296 K. The features here are an
HDO line at 3776.9 cm−1 and a cluster of H18

2 O lines and others between 3770 and 3777.1

cm−1.

skewed together to the point of indistinguishability, as is the case with the cluster of H18
2 O at

the highest tuning rates. Fitting routines have a very difficult time extracting concentrations

from heavily overlapping spectral features. The second problem is that it is harder to specify

a baseline for broad spectral features. Fitting routines assume a baseline, and the baseline

is much more constrained if the spectral feature to be fit is surrounded by ranges with little

or no absorption. Increasing the ramp rate broadens the spectral features and decreases the

range of low-absorption baseline to be used in the calculations. This is especially difficult

for instruments that have large baseline power fluctuations or broad optical fringes.
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CHAPTER 3

WATER VAPOR MEASUREMENTS AT AIDA

This chapter will discuss results of a campaign at Aerosol Interactions and Dynamics in the

Atmosphere (AIDA) made with a custom-built mid-infrared TDL absorption spectrometer,

operated in the AIDA facility’t open-path White cell. This instrument was also called

ChiWIS, but is separate from the aircraft instrument discuss in the next chapter. This

instrument also measured HDO and H2O, but only the H2O measurements will be discussed

in this chapter.

3.1 Abstract

High-altitude cirrus clouds are climatically important: their formation freeze-dries air as-

cending to the stratosphere to its final value, and their radiative impact is disproportion-

ately large. However, their formation and evolution are not fully understood, as multiple

in-situ aircraft observations have suggested that ultracold cirrus (T < 205 K) are frequently

associated with anomalous supersaturation (water vapor up to 170% of saturation even in

the presence of ice particles.) A variety of explanations for these observations have been put

forth, including that ultracold cirrus are dominated by metastable ice which has a vapor

pressure that exceeds that of hexagonal ice.

The 2013 Isotopic fractionation in Clouds (IsoCloud) campaign at the AIDA cloud cham-

ber allowed explicit testing of the dynamics of cirrus formation at these low temperatures.

IsoCloud data allow robust estimation of the saturation vapor pressure over ice in a series of

28 experiments with initial temperatures between 189 and 235 K with a variety of aerosols

and ice nuclei. We show that over the entire temperature range, saturation vapor pressures

are fully consistent with expected values for hexagonal ice and inconsistent the highest values

postulated for metastable ice. The rapid nature of these experiments (≈ 10 minutes) means

that if formed, metastable ice would not have a chance to anneal to hexagonal ice, a process
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which takes hours or longer over the whole experimental temperature range.

3.2 Introduction

Anomalous supersaturation within ice clouds has been measured by several in-situ measure-

ment campaigns working in the upper troposphere and lower stratosphere (UT/LS). These

supersaturations are most common in ice clouds at or below 205 K [Krämer et al., 2009].

Numerous explanations have been proposed for this phenomenon, including low particle

numbers [Krämer et al., 2009], organic coatings on ice crystals [Cziczo et al., 2004a,b], glassy

states [Zobrist et al., 2008, Kärcher and Haag, 2004], surface uptake interference due to

ice binding with HNO3 [Gao et al., 2004], metastable forms of ice [Peter et al., 2006], and

instrumental error [Fahey et al., 2014]. During the recent ATTREX campaigns supersatura-

tions of up to 70% were observed in low-concentration clouds (< 100 L−1), but not observed

in cirrus with high concentrations up to 10000 L−1 [Jensen et al., 2013], suggesting that

anomalous supersaturation may be attributable to slow vapor uptake is low density cirrus.

Here we report vapor pressure measurement made in the presence of dense cirrus which show

no evidence of anomalous supersaturation.

The coldest regions of the UT/LS play a strong role in setting the water vapor concentra-

tion of the stratosphere as a whole. The majority of stratospheric water vapor is transported

across the TTL, and is dehydrated as it crosses this cold region in the atmosphere [Kremser

et al., 2009]. Incomplete dehydration due to persistent supersaturation as ice crosses the TTL

could result in misrepresentations of stratospheric water in chemistry models and radiative

forcing calculations. Laboratory measurements have shown metastable ices with saturation

vapor pressures as much as 10.5% higher than hexagonal ice at temperatures below 200 K

[Shilling et al., 2006]. At 190 K, this corresponds to a difference of about 0.5 ppm H2O.

Surface radiative forcing of stratospheric water vapor has been estimated at about 0.2 W

m-2 for a stratospherically uniform increase in water vapor of 0.7 ppm [de F. Forster and

Shine, 1999]. In addition, metastable forms of ice are thought to have different radiative
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properties than hexagonal ice, which may further affect Earth’s radiation budget [Murray

et al., 2015].

Electron diffraction [Blackman and Lisgarten, 1958, Honjo and Shimaoka, 1957], x-ray

diffraction [Shallcross and Carpenter, 1957, Murray and Bertram, 2006, Malkin et al., 2012],

and neutron diffraction [Steytler et al., 1983, Kuhs et al., 1987, 2012] measurements provide

a way to probe the crystal structure of ice, which determines its thermodynamic stability,

crystal habit, and vapor pressure. In Earth’s atmosphere, ice forms layers of puckered

hexagonal rings referred to as Ice I [Hobbs, 1974]. Two adjacent layers can either be mirror

images (hexagonal ice, Ih) or shifted by half the ring width (cubic ice, Ic). Ice crystals can

be characterized by their cubicity, χ, defined as the fraction of cubic stacking sequences in

a sample. Diffraction measurements distinguish three forms of Ice I: Ih with a cubicity of

zero, Ic with a cubicity of one, and Isd in between (Malkin and/or Hansen).

Measurements by Murray et al. [2005], Murray and Bertram [2006], Murray [2008], and

Malkin et al. [2012] have observed homogeneous nucleation of Isd from micron-sized water

and solution droplets suspended in oil between 170 and 240 K, and measurements by Amaya

et al. [2017] observed Isd in supercooled nanodrops homogeneously frozen during expansion

of N2 carrier gas. Depending on factors including freezing temperature, droplet size, and

aerosol type and content, cubicity values can be as high as 75% in atmospherically relevant

temperature ranges. Malkin et al. [2015a] observed cubicity values of up to ≈ 50% in ice

formed by heterogeneous nucleation of water containing solid inclusions. Simulations of

ice crystallization by Moore and Molinero [2011] indicate that ice frozen at 180 K should

have 2 cubic ice layers for every one hexagonal ice layer. Under atmospherically relevant

conditions, it appears Isd should form crystals with three-fold symmetry [Hallett et al., 2002,

Kobayashi et al., 1987] (Furukawa), and crystals with trigonal symmetry have occasionally

been observed in Earth’s atmosphere Murray et al. [2015].

The transformation time from metastable ice into Ih depends strongly on the surface

area of the sample [Murray et al., 2005], but for low surface area samples such as frozen
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droplets the time can be quite long. Mayer and Hallbrucker [1987], Murray and Bertram

[2006], and Kuhs et al. [2012] report annealing times of tens of minutes to hours over the

IsoCloud temperature range, and observe that the transformation to Ih is often not complete,

especially at lower temperatures. Laboratory evidence of Isd formation, the absence of

observations of Ih formation below 190 K [Kuhs et al., 2012], and secondary indicators like

crystal habit suggest that metastable forms of ice may nucleate and persist for some time

in the coldest parts of Earth’s atmosphere like the TTL [Murray and Bertram, 2006], the

polar stratosphere [Lowe and MacKenzie, 2008], and possibly elsewhere in the solar system

[Jenniskens and Blake, 1994].

Although x-ray diffraction experiments have shown that Isd can form through homo-

geneous nucleation and heterogeneous nucleation on droplet inclusions, none of these ex-

periments have addressed the form of ice grown through subsequent deposition onto these

crystals. Recent modeling work on ice growth by deposition [Hudait and Molinero, 2016]

indicates that at moderate supersaturations ice should grow exclusively hexagonal layers in

the temperature range of 200-260K, although there may be some degree of stacking disorder

at temperatures below 200 K in the TTL, polar stratosphere, mesosphere, and noctilu-

cent clouds. Modeling work by Hudait et al. [2016] suggests a free energy difference of

5.6 ± 1.2 J mol−1 due to stacking faults. Such a low value cannot account for the wide

range of observed free energies and enthalpies in the literature for Isd samples, and suggests

that stacking disorder itself is probably not responsible for observations of increased vapor

pressure [Lupi et al., 2017]. Rather, the presence of other imperfections like dislocations,

line defects, and ice-liquid or ice-vapor interfaces make free energy contributions that can be

orders of magnitude larger than that of stacking disorder. The presence of these types of im-

perfections seems to be strongly influenced by the method and rate of sample growth, which

may explain the spread of values in the literature. Since most vapor pressure observations in

cirrus clouds occur after at least some growth has occurred, regardless of nucleation method,

it is important to understand how these crystals behave as new ice layers are added.
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Dense cirrus quickly draw the ambient vapor pressure down to the saturation vapor

pressure of ice. Our measurements use that fact to address the type of ice formed during

post-nucleation growth of a crystal. The IsoCloud 4 experiments with the densest clouds have

vapor relaxation times that ensure vapor will reach an equilibrium (or pseudo-equilibrium)

value during the experiment. Stacking disordered ice that is rich in interfaces and defects

should have a vapor pressure significantly higher than that of Ice Ih, which is assumed

to be given by the Murphy-Koop (MK) parametrization [Murphy and Koop, 2005] in this

work. We use a simple model and observed properties of the ice cloud and chamber gas to

reconstruct the saturation vapor pressure over ice as cirrus grow and dissipate. The analysis

of this data set shows that the saturation vapor pressure is consistent with the MK values

over the whole experimental temperature range. This consistency indicates that ice formed

through deposition in atmospheric conditions is relatively free from interfaces and defects.

3.3 Methods

The 2012-2013 IsoCloud campaigns took place at the AIDA cloud chamber at the Karlsrühe

Institute of Technology (KIT). This work will discuss only the aspects of the campaign rel-

evant to the measurements presented here, but an in depth discussion of the experiments,

methods, and instruments used in the campaign can be found in Lamb et al. [2017]. Dur-

ing the campaign, instruments measured water vapor, total water (ice + vapor), ice parti-

cle number, pressure, and temperature. The chamber was seeded with Arizona Test Dust

(ATD), Sulfuric Acid (SA), nitric acid (HNO3), and Secondary Organic Aerosols (SOA)

which allowed the study of both heterogeneous and homogeneous nucleation. The cham-

ber’s pressure and temperature can be varied to replicate conditions throughout the UT/LS,

and rapid pumping on the chamber simulates updrafts and can initiate nucleation. Cir-

rus growth draws the chamber vapor pressure down to a constant value, which then allows

the estimation of saturation vapor pressure over ice for clouds at a range of temperatures.

Due to wall outgassing, high effective updraft speeds, and relatively low particle numbers in
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vapor pressure isotope effects seen in natural systems. In 2013,
Ellehøj et al. (26) reported measurements implying still stronger
fractionation, with ↵eq nearly 1.6 when extrapolated to 190 K,
i.e., preferential partitioning ↵eq-1 nearly 50% higher than
implied by M67 (22). (We denote the expression for the temper-
ature dependence in ref. 26 as E13; see SI Appendix, Table S1 for
all previous estimates.) That difference would significantly alter
interpretations of water isotopic measurements.

In many real-world conditions, kinetic effects during ice depo-
sition can modify isotopic fractionation from the equilibrium
case. Jouzel and Merlivat (27) explained nonequilibrium isotopic
signatures in polar snow as the result of reduced effective frac-
tionation when ice grows in diffusion-limited (and hence super-
saturated) conditions, reasoning that preferential uptake should
isotopically lighten the near-field vapor around growing ice crys-
tals, with the effect amplified by the lower diffusivity of the heav-
ier isotopologues. These diffusive effects are important for rain
as well as snow, because most precipitation originates in mixed-
phase (ice and liquid water) clouds, and can therefore alter
“deuterium excess” in rainwater, a metric of nonequilibrium
conditions that is often interpreted as reflecting only the ini-
tial evaporation of water (28). Despite the importance of kinetic
effects during ice deposition, they are poorly characterized by
experimental studies.

In the framework of Jouzel and Merlivat (27), the kinetic mod-
ification factor ↵k can be written in terms of properties of the
bulk gas,

↵k =
Si

↵eq · d (Si � 1) + 1
, [2]

where Si is the supersaturation over ice and d (following the
notation of ref. 29) is the isotopic ratio of diffusivities of water
molecules in air. (That is, d =Dv/D 0

v , where Dv and D 0
v are

the molecular diffusivities of H2O and HDO, respectively.) The
effective isotopic fractionation is then ↵e↵ =↵eq · ↵k. The mod-
ification can be large at high supersaturations and cold temper-
atures, e.g., when ice nucleates homogeneously within aqueous
sulfate aerosols in the upper troposphere (Si = 1.5, T = 190 K).
For ice growth occurring at these conditions, the preferential
partitioning would be reduced by over 55% (↵eq = 1.43, but
↵e↵ = 1.24) even conservatively using one of the lowest pub-
lished estimates of d, that from Cappa et al. (ref. 30, d = 1.0164).
The diffusive model of Eq. 2 is widely used but poorly vali-
dated. Kinetic effects during ice growth have been explored in
three prior experimental studies (27, 31, 32). Although these pro-
vided qualitative support, relating supersaturated conditions to
reduced fractionation or gradients in vapor isotopic composition,
no experiments produced quantitative agreement with Eq. 2.

Recent theoretical studies have proposed extending the dif-
fusive model to include surface processes at the vapor–ice inter-
face, which may become important when ice crystals are small (of
order microns). In these conditions, surface impedance becomes
comparable to vapor impedance, and any difference in depo-
sition coefficients between isotopologues would contribute to
kinetic isotope effects (29, 33). (The deposition coefficient quan-
tifies the probability that a molecule incident on a growing ice
crystal will be incorporated into the crystal lattice. Again follow-
ing ref. 29, we define its isotopic ratio as x =�/�

0
, where � and �

0

are the deposition coefficients for H2O and HDO, respectively.)
The deposition coefficient ratio has never been measured, but
suggested plausible values of x = 0.8 to 1.2 would, in our example
of upper tropospheric cirrus formation, further alter preferen-
tial partitioning by an additional 7 to 9%. Previous experimental
studies of kinetic fractionation (27, 31, 32) were not sensitive to
surface processes, because all involved large dendritic crystals in
a regime where growth is not limited by surface effects (e.g., refs.
29, 34, and 35).

IsoCloud Campaigns
To investigate both equilibrium and kinetic isotopic effects at
low temperatures, we carried out a series of experiments at the
Aerosol Interactions and Dynamics in the Atmosphere (AIDA)
cloud chamber during the 2012–2013 IsoCloud (Isotopic frac-
tionation in Clouds) campaign. AIDA is a mature facility that
has been widely used for studies of ice nucleation and cirrus
formation (e.g., refs. 36–38). In the IsoCloud experiments, we
determine isotopic fractionation not from static conditions as in
previous studies but by measuring the evolving concentrations
of HDO and H2O vapor as ice forms. These experiments more
closely replicate the conditions of ice formation in the atmo-
sphere. Results reported here are derived from a new in situ
tunable diode laser absorption instrument measuring HDO and
H2O (the Chicago Water Isotope Spectrometer, ChiWIS) and
from AIDA instruments measuring total water, water vapor, ice
crystal number density, temperature, and pressure (Fig. 1).

AIDA experiments produce rapid cooling inside the cloud
chamber by pumping and adiabatic expansion, causing nucle-
ation and growth of ice particles in situ. In a typical experi-
ment (Fig. 2), cooling drives supersaturation above the thresh-
old for ice nucleation within a minute of the onset of pumping.
(Si ⇡ 1 to 1.2 for heterogeneous and 1.4 to 1.6 for homoge-
neous nucleation.) As ice grows, the isotopic ratio of chamber
water vapor lightens as the heavier isotopologues preferentially
condense. For a typical cooling of 5 K to 9 K, water vapor

Fig. 1. Positioning of the instruments used in this analysis during the
IsoCloud experiment campaigns. (Additional instruments also participated
in the IsoCloud campaigns.) ChiWIS measures in situ isotopic water vapor
(HDO/H2O), SP-APicT [single-pass AIDA Physikalisch-Chemisches Institut (PCI)
in cloud tunable diode laser (TDL)] measures in situ water vapor (H2O
only), and APeT (AIDA PCI extractive TDL) measures total water (H2O ice
and vapor). We take gas temperature as the average of thermocouples T1
through T4. Data from the welas optical particle counter are used to derive
the effective ice particle diameter and in calculating kinetic isotope effects.
SP-APicT data are used in cases of thick ice clouds to determine slight cor-
rections for backscatter effects in ChiWIS.

Lamb et al. PNAS | May 30, 2017 | vol. 114 | no. 22 | 5613

Figure 3.1: Layout of the instruments used in this analysis during the IsoCloud campaigns at
the AIDA chamber. ChiWIS and SP-APicT, both open path tunable diode laser absorption
spectroscopy (TDLAS) instruments, provided primary and secondary water vapor measure-
ments, respectively. APeT, an extractive TDLAS instrument, provided total water (ice +
vapor) measurements, and welas provided ice particle concentrations. Gas temperature is
the average of thermocouples 1 through 4. The whole chamber is within a thermally con-
trolled housing that sets the base temperature of an experiment. The pumps draw gas out
of the chamber in a pseudo-adiabatic expansion.
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certain experiments, vapor pressure does not always reach saturation, and we use a simple

ice growth model to retrieve the saturation vapor pressure over ice (ei). In the IsoCloud 4

campaign 28 pseudo-adiabatic expansion experiments at temperatures between 185 and 235

K and pressures between 300 and 170 hPa were suitable for analysis. The remainder of this

section is divided into subsections discussing the characteristics of the instruments used, the

experiments used and the criterion for their inclusion, and the model used to retrieve the

saturation vapor pressure.

3.3.1 Instruments

Modeling ice growth to retrieve saturation vapor pressure requires measurements of wa-

ter vapor, total water (vapor + ice), and ice particle number, in addition to pressure and

temperature. Primary water vapor measurements come from the Chicago Water Isotope

Spectrometer (ChiWIS), although in optically thick ice clouds we use a secondary water

vapor measurement, the Single-Path AIDA PCI in cloud TDL (SP-APicT), to provide a

backscatter correction. Total water measurements are provided by the AIDA PCI extractive

TDL (APeT) instrument, and ice particle number comes from the Welas 1 instrument, an

optical particle particle counter.

ChiWIS is a tunable diode laser instrument operated in open path mode using one of

AIDA’s White cell mirror systems. The instrument had a typical precision of 22 ppbv in H2O

through the IsoCloud 4 campaign. The the H2O line at 3789.63 cm-1 has 5% uncertainty

on its HITRAN line strength [Rothman et al., 2013]. Concentrations are retrieved from

recorded spectra using ICOSfit, a non-linear, least-squares fitting algorithm.

During warm experiments which form very dense ice clouds, ChiWIS simultaneously

experiences signal attenuation of up to 95% and backscattering of light off the cloud into

the detector. These two components of the detector signal have very different path-lengths,

and it is not possible to reliably retrieve only the full path-length component. In these cases

we rely on the SP-APicT instrument to provide water vapor measurements because that
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instrument’s single-pass optical arrangement is not sensitive to backscatter. This correction

was applied to all experiments at temperatures above 210 degrees, which comprise 13 of the

28 experiments considered in this analysis. (Details of the correction procedure can be found

in Lamb et al. [2017].)

Total water measurements are provided by APeT, an extractive, tunable diode laser

instrument [Lauer, 2007]. Based on previous comparisons of AIDA instruments [Skrotzki,

2012b], we assume APeT measurements are delayed by 17 seconds with respect to in-situ

ones. Chamber ice content is the difference between the total water and vapor phase mea-

surements. Below 200 K the signal-to-noise ratio of SP-APicT is very low due to its short

path length, so for better precision we use ChiWIS to calculate ice mass at all temperatures.

However, ChiWIS and APeT use different spectral lines and measurement methods, so care

must be taken to ensure that ice mass is calculated correctly. At temperatures above 200

K, APeT and SP-APicT (which use the same spectral line to retrieve H2O concentrations)

report mixing ratios about 2.5% lower than ChiWIS during ice-free periods. This difference

is likely due to HITRAN linestrength errors, and to correct them the APeT total water

measurement is scaled up by 2.5%. After applying this universal scaling factor, if there is

still an offset between the two instruments prior to the expansion (when there should be

no ice cloud in the chamber), that offset is subtracted from the whole experiment. These

offsets are most significant below 200 K, which may be due to water outgassing within the

instrument, or in the case of APeT, ice forming in its inlet. See supplemental materials for

details of instrument comparisons.

Ice particle concentrations come from the Welas 1 instrument, which counts ice particles

between 0.7 and 46 µ m [Wagner and Mhler, 2013] in diameter. In addition to counting

errors, the conversion of this instrument’s count rate into a number concentration has a 10%

uncertainty. Ice particle number concentration is used to estimate the average radius of

particles in the chamber and the average, per-particle growth rate.

Temperature measurements are the average of four thermocouples suspended at different
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heights in the chamber. These measurements have an accuracy of 0.3 K during pumpdowns

and 0.15 K between pumpdowns. A mixing fan at the bottom of the chamber is always

operational and ensures the uniformity of the chamber. Figure 3.2 shows the positions of

the instruments used during IsoCloud in the AIDA chamber, as well as the locations of the

thermocouples.

3.3.2 Experiments

In a typical IsoCloud experiment ice clouds are formed by pumping on nearly-saturated

chamber air, which causes rapid cooling and ice nucleation. Air was kept close to saturation

before pumping by preparing the chamber walls to be ice-covered. Pseudo-adiabatic expan-

sion experiments were performed at base temperatures between 189 and 235 K in IsoCloud

4. During the first part of each experiment the temperature falls off nearly adiabatically,

but eventually heat flux from the walls balances the cooling. The total amount of cooling

varies from 5-9 K and is controlled by the pump speed. Effective updraft speeds are typi-

cally several meters per second, which are much faster than those typically associated with

cold cirrus. Before each experiment the chamber can be seeded with different aerosols or ice

nuclei. Most experiments in IsoCloud 4 used ATD, but in several experiments the chamber

was seeded with aerosols to explore homogeneous nucleation.

Wall ice keeps the chamber at 80-90% of saturation before the expansions, which implies

that the wall ice is 0.5-2 K colder than the chamber air. After nucleation occurs, the ice

cloud draws the chamber vapor pressure below the saturation vapor pressure over the wall

ice, and it becomes a source of vapor for the growing cirrus cloud. Despite loss to the

pumps, chamber total water is often observed to be larger at the end of pumping than at

the beginning due to mass transfer from wall ice to cirrus cloud. Once the pumps cease the

cirrus cloud dissipates and its mass is transferred back to the walls.

Of the 48 IsoCloud 4 experiments, 6 were reference expansions, and four others lacked

measurements of one of the physical quantities required for analysis. Of the remaining 38
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Figure 3.2: Examples of experiments in which vapor is controlled by cirrus uptake (left) and
wall flux (right). Experiment 16 is a heterogeneous nucleation experiment onto ATD, and
experiment 30 is a homogeneous nucleation experiment with SA aerosol. The top panels
of each plot show the pressure (green) and temperature (red) evolution of each experiment.
The action of the chamber pumps results in a pseudo-adiabatic expansion which cools the
chamber gas rapidly at first, then more slowly as the cooling is balanced by heat flux from the
chamber walls. The chamber gas rapidly warms once the pumps have stopped. The middle
panels show MK saturation (red, dashed line), measured saturation (black), ice particle
number (light blue), and the cloud’s ice water content (dark blue). Ice nucleation starts at
the peak in saturation, and is followed by a sharp increase in particle number and rapid
cloud growth. Saturation relaxes back to a constant value, where it stays until the pumps
turn off. In the cirrus dominated experiment, that value is the saturation vapor pressure
over ice. In the wall flux dominated experiment the saturation tends to a value determined
by the wall flux, about 8% in the experiment shown. When the pumps stop the the vapor
pressure returns to the wall controlled value in the cirrus controlled experiment, but in the
wall flux controlled experiment the decay rate is limited by wall uptake. The bottom panels
show total water (green) and water vapor (black). The small data gap in experiment 30 at
around 1100 seconds is due to realignment of the White Cell mirrors.
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experiments, this analysis uses 28 and excludes ten. The criteria for including an experiment

in the analysis are relatively short relaxation times back to saturation and preparation of

the chamber walls with ice. For each experiment a relaxation time is calculated following

Korolev and Mazin [2003], which takes into account effective updraft speeds, ice particle

number, and particle size to estimate a relaxation time to a pseudo-equilibrium value. Due

to the relatively short length of the expansion experiments we exclude any experiments with

typical relaxation times greater than 250 seconds during the growth phase of the expansion.

Table 3.1 outlines the characteristics of experiments that are included in the analysis.

Dry wall preparation poses a problem for our analysis because there is relatively little

information about growth in these experiments. In experiments prepared with ice-covered

walls, the ice cloud takes up water vapor at the expense of the walls until the pumps turn off.

In dry wall experiments, this source of water vapor is not present, and almost all ice growth

happens immediately after nucleation until the supersaturation is drawn down. After that,

the ice cloud’s mass decays nearly in proportion to the pump’s action on the chamber until it

turns off, after which it decays rapidly as the chamber warms. Table S1 in the supplementary

material shows the excluded experiments and the reasons for their exclusion.

Experiments used in this analysis fall into two broad categories: 1) those in which water

vapor loss to cirrus ice uptake dominates any contribution of the wall flux, and 2) those

in which ice uptake is nearly balanced by wall flux. Figure 3.2 shows the evolution of

relevant variables in each type of experiment. In cirrus dominated experiments, water vapor

concentrations draw down quickly to saturation (left); in wall dominated ones, water vapor

concentrations remain above saturation during the growth phase (right).

In experiments dominated by ice cloud uptake there is a brief period of supersaturation

before nucleation occurs, followed by rapid ice growth and a corresponding drawdown of

vapor pressure to a value close to the MK value. In the heterogeneous nucleation experiment

shown in Figure 3.2 the ice particle number reaches about 400 cm-3, then decreases nearly

in proportion to the action of the pump. Although the supersaturation appears to be almost
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zero in this experiment, the ice cloud continues to grow until the expansion ceases. The water

necessary for this growth is provided by the ice-covered chamber walls. After the expansion

stops, the ice cloud decays over a roughly 200 second period, after which the vapor pressure

returns to the wall-controlled value.

In the wall flux dominated experiment, the chamber was prepared with sulfuric acid, so

the supersaturation peaks at about 85% before homogeneous nucleation occurs. Ice cloud

growth draws the supersaturation down to a constant value of about 8%, which is the value

required to drive a growth rate high enough to balance the wall flux. This supersaturation

persists until the expansion stops, when it rapidly jumps to RHice ≈ 95%. The evaporation

of the cloud is balanced by wall uptake and the saturation stays roughly constant until the

cloud is nearly dissipated, at which point it returns to the wall-controlled value.

3.3.3 Analysis

All experiments that meet the criteria outlined above reach a nearly constant supersatura-

tion, but as experiment 30 in Figure 3.2 makes clear, this value can vary significantly and

sometimes reflects processes other than simple draw down to the saturation vapor pressure.

Figure 3.3 shows the average observed saturation during the last 200 seconds of pumping,

when the cirrus mass is at its greatest and the saturation has relaxed back to a nearly con-

stant value. Above about 195 K, the saturation are clustered between about 1.00 and 1.03,

but below this range, there is large variation. Clearly, assuming that the vapor pressure

relaxes back to the saturation vapor pressure set by the ice cloud is overly simplistic. To

retrieve this quantity we model the vapor pressure evolution, and take as inputs the ice mass,

particle number, growth rate, pressure, and temperature, all of which are directly measured

or derived from measured quantities. The model uses these quantities to predict the chamber

vapor pressure, and we fit that prediction to the observed H2O vapor pressure, letting the

saturation vapor pressure be the free parameter. In this subsection we discuss details of the

model, the criteria that define the fit region for each experiment, sources of uncertainty, and
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Figure 3.3: Average measured saturation of included experiments after relaxation back to a
constant value. Cirrus dominated experiments (T ≥ 195 K) typically show saturation values
from 1.00 to 1.02. Wall dominated experiments (below ≈ 195 K) show supersaturations up
to about 17%, which are necessary for the cirrus growth rate to match the mass flux off
the chamber walls. A simple ice growth model is necessary to extract the saturation vapor
pressure required to account for the observed vapor pressure and growth rate.
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the generation of error bars.

To retrieve the saturation vapor pressure from the experiments, we rearrange the diffu-

sional growth rate equation over ice [Pruppacher and Klett, 1997] to calculate the far-field

water vapor pressure, and treat the saturation vapor pressure over ice as a free parameter

in a fit to the measured vapor pressure:

e = xei
(
1 +

ṁLi
4πrk∗aT∞

(
LiMw

RT∞
− 1)

)
+

ṁRT∞
4πrαD∗vMw

(3.1)

In this formulation ei is taken to be the MK saturation vapor pressure and x is a constant

scale factor for each experiment. Here ṁ is the per particle growth rate, Mw is the molar

mass of water, Li is the latent heat of sublimation, D∗v is the diffusivity of water in air

with kinetic corrections, T∞ is the gas temperature in the chamber, and k∗a is the thermal

accommodation coefficient, which is taken here to be unity. We also identify the measured

vapor pressure e with the far-field vapor pressure.

We assume the particles are spherical, which is a reasonable approximation for small,

micron-sized particles. We also assume that the accommodation coefficient α is 1, consistent

with Skrotzki et al. [2013]. In the range of 0.2 to 1, the calculation is quite insensitive to

changes in α, but assuming values below 0.2 results in very low estimates of the saturation

vapor pressure (see supplementary material).

The Welas particle counter has a lower size cutoff of 0.7 µ m, which may result in

undercounting when the average particle size is low, and especially when the cloud is first

growing or finally dissipating. Some of the coldest experiments have very small ice crystals,

and show an abrupt increase in the calculated mass-average ice radius as the cloud dissipates,

which is likely due to undercounting as the cloud evaporates and a significant number of

particles are missed by the particle counter. Regions with such unphysical behavior are

removed from the fit by excluding times when the calculated radius is less than 0.85 µ m.

Although we explicitly exclude from analysis time intervals where the ice particle num-
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Figure 3.4: Model output for experiments 16 and 30. Each output is calculated using
observed quantities under different assumptions about the ’true’ saturation vapor pressure
of cirrus. The red line assumes the true value is 10% higher than the MK saturation vapor
pressure, the blue line assumes it is 10% below, and the green line assumes MK is the true
saturation vapor pressure. Calculated saturations are smoothed by 30 points (≈ 30 seconds).
Measured saturations are unsmoothed. Cirrus dominated experiments are very sensitive to
the assumed vapor pressure, which is reflected in their relatively small uncertainties due to
instrumental error. Wall controlled experiments are less sensitive and show correspondingly
larger error bars in the final analysis.
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ber is known to be low, it is possible, especially at lower temperatures where the particle

sizes are typically small, for systematic undercounting to occur throughout an experiment.

Rough estimates of the log-normal size distribution for the coldest temperatures indicate

that undercounting in the fit window can be up to 50%. If undercounting occurs, then the

per-particle growth rate is an overestimate. This depresses the estimate of the saturation

vapor pressure and results in a low bias. To test the sensitivity of our results to particle

number, we artificially increased the particle number given to the fit routine by factors of 1.5,

2, and 5 then re-ran the analysis. For temperatures above 210 K, there is almost no change in

the results. Below 210 K, the largest changes are found in the three homogeneous nucleation

experiments, which are the experiments that fall farthest below the MK saturation line to

begin with. The largest increase in retrieved vapor pressure is about 2.5%. Heterogeneous

nucleation experiments in this temperature range show changes of less than 0.5%. This effect

is small and does not change the conclusions of this analysis. See supplementary material

for more details.

In each time interval, the ice cloud can change mass by sublimation/deposition to/from

the vapor, or by the action of the pumps removing particles. In calculating the per-particle

growth rate, we correct for pumping loss by subtracting the second of the effects from the

derivative of the cirrus ice mass. The pumps remove a constant volume of gas from the

chamber in each time interval, and we assume that they act in the same manner upon the

small ice particles found in our experiment.

Figure 3.4 shows the model’s sensitivity to changes in the assumed saturation vapor

pressure. The observed saturation is plotted in black, and the model output for three different

assumptions about the saturation vapor pressure is plotted in color. Model outputs are

plotted over the same time intervals used in the analysis. The model is quite sensitive to

different assumed saturation vapor pressures. As the functional form would suggest, 10%

changes in xei result in ≈ 10% changes in e. The wall dominated experiment shows a sizable

periodic feature with distinct periods during the pump-on and pump-off intervals. These
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oscillations correspond to periodic variation of temperatures in the chamber, and are not

captured by the model.

In experiments with high ice particle number where ice cloud growth dominates, the

calculations done above are not significantly different from simply assuming that value to

which the saturation relaxes is the vapor pressure over ice. (See supplementary material.)

The analysis above is only strictly necessary in situations where the chamber is not dominated

by by ice cloud growth, but for consistency all results presented are from the calculations.

3.3.4 Uncertainty Analysis

Error bars are calculated for each experiment and reflect both instrumental uncertainty

in measurements and systematic offsets, such as linestrength errors. Horizontal error bars

represent a simple standard deviation of the temperatures corresponding to the fit region.

Fits at higher temperatures typically have much smaller horizontal error bars since typical fit

regions at in that regime are almost completely within the time interval when the wall heat

flux balances adiabatic cooling. At lower temperatures the ice cloud often persists for some

time after the pumps turn off and the chamber begins to warm back to its base temperature.

Fit regions in these experiments generally include some of this temperature swing resulting

in the larger horizontal error bars at lower temperatures.

The error corresponding to instrumental uncertainty is calculated using a Monte-Carlo

method. Each physical parameter used in the calculation has a known measurement un-

certainty which we use to generate new data for each parameter. For each experiment, we

generate 2000 such parameter sets, and run the fit routine on each set, yielding a distribution

of saturation values. These distributions are nearly normal (see supplementary material),

and the standard deviation of each experiment’s distribution gives the component of the

error bar associated with measurement uncertainty.

The other major source of uncertainty is due to HITRAN linestrength errors, which arises

in two ways. The first is raw uncertainty on the linestrength at the reference temperature of

61



296 K, and the second is the uncertainty in the gas temperature measurements manifesting in

the calculated linestrength at the experimental temperature. The H2O line Chi-WIS uses has

a raw uncertainty of 5%, temperature fluctuations of 0.3 K result in linestrength fluctuations

of less than 0.1% and are not included in this analysis. Raw linestrength errors are added

directly to the calculated error bars and in most experiments they are the dominant source

of uncertainty.

3.4 Results

The data show no evidence of anomalous supersaturation, and instead suggest that cirrus

formation is consistent with expected microphysics. Figure 3.5 shows the results of our

analysis on the 28 experiments which met the criteria outlined above; all experiments are

consistent with MK saturation and inconsistent with the saturation given by Shilling for

metastable ice. These experiments should provide constraints on ice growth in the real

atmosphere, because our experiment featured faster cooling rates than would be seen in

atmospheric cirrus, and would therefore be more susceptible to effects on ice growth or

to metastable forms of ice. We conclude that prior reported observations of anomalous

supersaturation reflect either measurement error measurements in clouds with extremely

long relaxation times back to saturation.

These conclusions are unchanged within the estimated uncertainties. For most experi-

ments the ± 5% linestrength error is much larger than the model uncertainty due to random

measurement errors. All experiments except 20-22, 30-33, and 35 have model uncertainties

of less than 0.5%. Model uncertainties for experiments 20-22 and 30-33 have errors between

0.5 and 2%, and for experiment 35 the value is 9.4%. In Figure 3.5 the error bars shown are

the sum of the one-sigma model uncertainties and the linestrength errors.

The retrieved vapor pressure does appear to show some dependence on the type of

aerosol/IN used. ATD experiments appear to be 101-102% of the MK saturation vapor

pressure at all temperatures, while experiments performed with SA-ATD under the same
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Figure 3.5: Retrieved saturation vapor pressures for each experiment as a fraction of MK sat-
uration plotted vs average experiment temperature. Experiments are colored by aerosol/IN
type. Heterogeneous nucleation occurs for ATD (black) and SA-ATD (blue) experiments.
SA (red) and SOA (green) experiments undergo homogeneous nucleation. Horizontal error
bars are the standard deviation of the temperatures found in the fit region. Vertical error
bars reflect errors from measurement uncertainty and linestrength errors. The red, dashed
line represents MK saturation. The blue, dashed line represents Shilling’s value for the va-
por pressure of cubic ice, and the blue, dotted lines show the errors of that measurement.
Experiments are colored by aerosol/IN type.
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conditions appear cluster from 98-100%. Given that line strength errors should affect all

these measurements in the same way, this clustering appears to be significant. In Figure

3.6 just the experiments below 205 K are shown. To emphasize the difference between

ATD experiments and experiments containing SA, the component of the error bars due to

linestrength errors has been removed. (This error would affect all experiments in the same

direction, leaving their relative positions the same.) Experiments containing sulfuric acid

are on average 2.6% lower than ATD experiments in this temperature range. Due to the

lower heterogeneous nucleation threshold of ATD, it is likely that in ATD-SA experiments

most nucleation was heterogeneous onto dust particles. Sulfuric acid experiments also yield

saturation vapor pressures several percent below the MK value, so it may be that that the

presence of SA is responsible for this effect. One possible mechanism may be water uptake

by hygroscopic SA aerosols keeping the observed vapor pressure lower than the model would

predict using MK saturation. These aerosols would presumably contribute to the total water

measurements, but would be missed by the particle counter, which may explain why artifi-

cially increasing the particle number has a much larger effect on SA experiments than any

others.

3.5 Conclusions

Our results show that saturation vapor pressures in ice clouds with high ice particle con-

centration are consistent with the MK parametrization at temperatures above 185 K, and

inconsistent with the parametrization given by Shilling. These results are consistent with

growth from the vapor in these temperature ranges occurring through the addition of either:

a) stacking-disordered layers relatively free of defects or interfaces, or b) hexagonal layers.

In either case, since the vapor pressures are consistent with MK, the result points towards

anomalous supersaturation in the coldest parts of the UT/LS being the result of some other

process besides the growth of Isd. The results in Jensen et al. [2013] suggest that persistent

supersaturation is likely a consequence of the long relaxation times to saturation found in
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Figure 3.6: Zoomed in view of the experiments below 205 K. Linestrength errors result in the
same shift for all experiments, so they are not included in the error bars here. Experiments
containing sulfuric acid are ≈ 2.6% lower on average than those containing pure ATD ex-
periments. Experiments are colored by aerosol/IN type and MK saturation line is included
for reference.

very thin cirrus. This is consistent with the work presented here, which focused on thick

clouds with fast relaxation times. These results are also consistent with the modeling work

of Hudait [Hudait and Molinero, 2016], which indicated that ice grown from the vapor should

be hexagonal above about 200 K. That work leaves open the possibility of some degree of

stacking disorder is present in ice formed below 200 K.

Although it seems likely that Isd plays little role in anomalous supersaturation, its ra-

diative properties may still exert some influence on Earth’s climate. Preliminary findings

by Murray et al. [2015] show that trigonal crystals have a lower absorption efficiency than

hexagonal ones, and that for a broad range of sizes the single-scattering albedo is significantly

higher for trigonal columns.

Diffraction measurements remain the best way to probe the presence of Isd in ice. Fu-

ture work should focus on high time resolution observations of ice nucleating and growing

paired with observations of atmospherically relevant observables like water vapor pressure

and crystal habit. Such measurements are needed to explore precisely how homogeneous and

heterogeneous nucleation occur in the real atmosphere and how Isd grows under deposition
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in the ultracold regions of the UT/LS.

Future work should include a broader variety of aerosols and test them over a wider tem-

perature range. Of particular interest would be the inclusion of aerosols known to promote

the formation of Isd at warmer temperatures such as (NH4)3H(SO4)2. These could shed light

on the importance of Isd nucleation to subsequent crystal habit over a broader temperature

range that is more easily accessible in the cloud chambers like the AIDA facility. Aerosols

that are especially favorable to Isd nucleation might also promote the formation of more

defects and interfaces by multiple nucleations occurring in a short time frame. Similarly,

highly viscous aerosols that take a long time to freeze could have the same effect.

The underlying crystal structure of substances that serve as heterogeneous ice nuclei can

promote or suppress nucleation [Houghton, 1985]. Substances with a significant mismatch

between their crystal lattice dimensions and those of Ih undergo the onset of heterogeneous

nucleation at lower temperatures than those with a good match. Similarly, it is possible

that certain chemicals or mineral dusts could be more favorable to the nucleation of cubic

ice layers than others, most likely those with cubic habit and lattice dimensions similar to

cubic ice’s 6.385 Å.

3.6 Supplementary Material

This section contains additional discussion of aspects of the model and experiments.

3.6.1 Instrument Comparison

In the IsoCloud campaign, three water instruments provided data used in this analysis.

ChiWIS and SP-APicT both provided water vapor measurements, and APeT provided mea-

surements of total water (vapor + ice). SP-APicT and APeT both spectrometers and use

the same spectral line to make their measurement, but SP-APicT is a single pass in-situ in-

strument and APeT is an extractive instrument that uses an Herriot cell for increased path

66



length. ChiWIS is a multi-pass in-situ instrument that uses a different spectral line to make

its water vapor measurement. Before these instruments can be used in the data analysis,

some differences between them must be reconciled.

Low Temperature Performance

Water measurements are notoriously difficult to make at low temperatures due to the ‘stick-

iness’ of the water molecule and the large of H2O concentrations in the atmosphere. In

IsoCloud 4 the ice-wall experiments provide a way to gauge the low temperature perfor-

mance of the instruments. In such experiments water is added to the chamber until a large

enough coating of ice is formed on the wall to hold the saturation at 80-90% of the MK

value calculated from the chamber gas temperature. Figure 3.7 shows the fractional devia-

tion of ChiWIS (black) and SP-APicT (blue) against the saturation vapor pressure of the

chamber gas. At temperatures above 200 K SP-APicT and ChiWIS show a nearly constant

deviation, but at temperatures below 200 K, SP-APicT becomes almost 10% higher. This

pattern indicates contamination at low water or perhaps the presence of data retrieval errors

for a small spectral line.

The behavior of the APeT instrument is very similar to that of SP-APicT at temperatures

above 200 K, but it shows larger deviations at low temperatures. At the lowest temperatures,

ice lingers in the chamber for a very long time, and there is even residual ice present at the

start of the subsequent experiment. (The experiments for which this is the case also lack

Welas 1 data and they are not included in the analysis.) However, even in experiments for

which this is not the case, APeT shows a larger increase than SP-APicT at low temperatures,

which may be due to ice forming on the instrument’s inlet.

Linestrength Errors

Spectrometers are subject to linestrength errors which typically manifest as multiplicative

offsets between instruments. To quantify the magnitude of this error between the instruments
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Figure 3.7: Fractional deviation of ChiWIS and SP-APicT against MK saturation. The
deviations and temperatures are the average values of the 60 second period before the pump
turns on. The 45 experiments for which there is suitable data to calculate this average are
plotted here.

used here, we look at at their pre-experiment values when there is no ice in the chamber.

Figure 3.8 shows the percent deviation between ChiWIS and SP-APicT during the 60 seconds

before pumping begins for all experiments in the IsoCloud 4 campaign. For temperatures

above about 200 K, this deviation is quite linear, and on average SP-APicT is 2.5% below

ChiWIS. Below 200 K, the deviation increases strongly, probably due to contamination

within the SP-APicT instrument. We take this value of 2.5% to be the linestrength error

between the ChiWIS and SP-APicT spectral lines.

Absolute Errors

Due to its relative lack of contamination and higher precision at low temperatures, ChiWIS

is used to calculate chamber ice content and growth rate. To make this calculation, APeT

is first scaled up by 2.5% to account for linestringth errors. However, there is typically still

a small, apparently random difference between the instruments at temperatures above 200

K, and a larger difference at lower temperatures due to APeT reporting higher values at low

temperatures. These remaining differences are taken to be constant, absolute offsets, and
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Figure 3.8: Fractional deviation between SP-APicT and ChiWIS plotted vs temperature.
The average deviations and temperatures are calculated in the 60 seconds before the pump
turns on.

are subtracted from the whole experiment.

3.6.2 Experiments

IsoCloud experiments are strongly influenced not only by the properties of the ice cloud

(number concentration, temperature, etc.), but also by the preparation and behavior of the

wall. This section lays out the different ways in which wall flux can affect an experiment

and quantifies these effects.

Types of Experiments

Figure 3.9 shows the change in S that occurs after turning the pumps off. The change is

calculated as the average S of the 200 seconds before the pump turns off minus the average

S of the 200 seconds after it turns off. This difference reveals several different categories of

experiment. Those with negative ∆S are typically ones that show a ’bump’ in S after the

pumps turn off and the chamber rapidly warms. This bump may indicate that the ice cloud is

not decaying uniformly across the chamber. Since heat flux enters the chamber through the
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Figure 3.9: Difference between pre- and post-pump-turnoff values plotted against pre-turnoff
average temperature. The difference is calculated by averaging the saturation values for 200
seconds before the pump turns off and 200 seconds after the pump turns off, then subtracting
the post-turnoff value from the pre-turnoff value. Experiments are labeled by number and
colored by aerosol/IN type.

walls, it follows that cirrus near the walls would be the first to sublimate, although the mixing

fan will mitigate this behavior. However, the net effect of this inhomogeneous sublimation

across the chamber will be to report a concentration (which is, roughly speaking, an average

across the laser’s path) which is higher than the expected saturation value calculated from the

chamber’s thermocouples, which are close to the centerline of the chamber. Experiments 8,

11, 17, and 21 are good examples of this type of experiment, which occurs at all temperature

ranges. However, the magnitude of the effect is quite small and it only occurs when the

cloud is rapidly warming and sublimating, so its overall effect on retrieved saturation vapor

pressures is small.

Some experiments like the ≈ 230 K day and 46-48 show a large positive ∆S because

the cloud has already partially decayed in the latter time interval. These are experiments

in which the wall’s influence on the ice cloud is relatively unimportant, which may be due

to relatively low wall flux (cf. Figure 3.10), which implies that relatively little ice mass is
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added to the cloud beyond that which is available in the vapor.

The large positive ∆S in the colder experiments is the wall-dominated pattern that is

most apparent in experiments 30, 31, and 35. In these experiments the flux from the wall is

quite large compared to the uptake capacity of the ice cloud, and a significant supersaturation

is necessary to drive enough growth to balance the wall flux. In all ice-wall experiments

included in the analysis the ice flux roughly balances the ice growth by the end of pumping,

as evidenced by the measured saturation settling to a nearly constant value.

Wall Flux

In experiments with ice covered walls, the wall flux drives cirrus growth as long as the vapor

pressure of the chamber gas is less than the saturation vapor pressure set by the wall ice.

This is typically the case whenever there is a reasonably thick, established ice cloud in the

chamber and its temperature is lower than that of the walls.
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Figure 3.10: Maximum depositional flux onto cirrus (green) and typical wall flux (red) for the
28 experiments included in the analysis. The maximum depositional flux occurs shortly after
ice nucleation. The typical wall flux is the average of the wall flux during the 200 seconds
prior to the pump turning off. The temperature of each point is the average temperature
during the fit window. Experiments are labeled by their experiment number.

Figure 3.10 shows the maximum cirrus depositional flux and typical wall flux for each
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experiment included in the analysis. The maximum depositional flux occurs shortly after the

cloud nucleates and is taken to be a measure of the uptake capacity of the chamber cirrus in

a given experiment. Peak deposition scales very nearly with the saturation vapor pressure

over ice. The typical wall flux value is calculated as the average wall flux during the last 200

seconds of pumping. By this time in most experiments, the gas temperature has settled to

a nearly constant value, which means that the difference in saturation vapor pressure over

cirrus ice and saturation vapor pressure over wall ice in nearly constant as well, since the

wall temperature is almost constant through experiments. This constant difference in vapor

pressures is the cause of the nearly constant wall flux in this time interval.
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Figure 3.11: Ratio of typical wall flux to peak depositional flux onto cirrus plotted as a
function of temperature. The temperature is the average temperature for each experiment’s
fit region, and each experiment is labeled by its experiment number. Wall flux tends to
become less important as temperature increases.

Figure 3.11 shows the ratio of the average wall flux to the peak deposition for the 28

experiments included in the analysis. The wall flux becomes more important at lower tem-

peratures because the typical wall flux does not drop off at low temperatures as quickly as

cloud uptake does. There are no evident systematics in our results due to wall flux.
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3.6.3 Model Details

Sensitivity to assumption of accommodation coefficient
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Figure 3.12: Model output for experiments 16 and 30 under different assumptions of accom-
modation coefficient. Measured data (black) is plotted on one-second intervals, and model
output is smoothed by 30 points. Time is shown as seconds since the onset of pumping.

The model is quite insensitive to assumptions about accommodation coefficient. The

model outputs for experiments 16 and 30 are shown in Figure 3.12. The overall effect of

decreasing the accommodation coefficient is to make the model more sensitive to temperature

fluctuations in the data and to shift the model fits to slightly lower saturation vapor pressure.

Assuming an accommodation coefficient of 0.2 instead of 1 results in an average decrease

of 0.5% in the retrieved saturation vapor pressure. Wall dominated experiments such as 30

and 35 experience significantly larger decreases of about 2.5%. Physically, this decrease in

retrieved saturation vapor pressure makes sense because if water vapor molecules attach to

ice less efficiently, then a higher supersaturation is required to drive the observed growth.

The only means by which the model can create a larger supersaturation is to decrease the

assumed saturation vapor pressure.
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Figure 3.13: Model results under the assumption that the accommodation coefficient is equal
to 0.2 instead of one. Experiments are colored by aerosol/IN type and the temperature is
the average value during the fit region. On average points shift downward by about 0.5%,
and there is a slight increase in model uncertainty.

Figure 3.13 shows the results of the analysis when the model is run under the assumption

that the accommodation coefficient is 0.2. Aside from the general decrease in the returned

value, there is an overall increase in the width of the calculated error bars, which reflects

the model’s increased sensitivity to temperature fluctuations. However, this increase is quite

small, and overall the model is quite insensitive to changes in accommodation coefficients

and the assumption that α = 0.2 does not change our interpretation of the results.

Susceptibility to Ice Particle Number

The Welas 1 instrument has a lower diameter cutoff of 0.7 µm, which introduces some

potential complications for the analysis. During both nucleation and cloud decay there are a

significant number of ice particles smaller than this which will not be counted. These regions

are excluded by imposing an average size cutoff of 0.85 µm on the fit range of each experiment.

However, this does not address persistent undercounting which may occur for experiments
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with low average particle size. Table 3.1 lists the maximum average particle radius for each

experiment, and it is clear that at temperatures below 200 K particle size distributions may

include a significant number of particles less than 0.7 µm in diameter. This undercounting

will result in an overly large estimate of average particle size, and overestimates of per-particle

growth rate as well, since fewer particles must account for the observed growth.

180 190 200 210 220 230
Temperature (K)

0.90

0.95

1.00

1.05

1.10

1.15

p
H

2
O
/p

s
a
t 

(I
h

)

ATD
SA
ATD−SA
SOA

Metastable Isd (Shilling, et al., 2006)

Hexagonal Ih (Murphy and Koop, 2005)

Figure 3.14: Model results under the assumption that the true number of particles in the
chamber is 5 times the number measured by Welas 1. Experiments are colored by aerosol/IN
type, and temperatures are the average temperature in the fit window.

To get a very rough estimate of the magnitude of this effect we estimate particle size

distributions for on of the low-temperature, small ice particle experiments. This estimate is

made by fitting a lognormal distribution to the observed properties of the ice cloud. In the

fit, the three lognormal parameters and saturation vapor pressure are free parameters, and

they are used to estimate the number of ice particles observed by Welas 1, the number of ice

particles observed by Welas 2 (which measures at a higher size range), the observed growth

rate, and the mass of the ice cloud. These estimates are fit to the observed quantities, and

yield physically reasonable values for the three lognormal parameters and the vapor pressure.

These fits were performed on 30 second averages of experiments 9, 30, and 32 over the range

where Welas 1 measures particle densities greater than 5 cm−3. The results of the fits to

experiment 9 show the expected result that Welas 1 is counting almost all the particles
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present in the chamber due to their large size. The results of the fits to experiments 30

and 32 suggest that during the period of rapid ice growth just after nucleation the Welas 1

instrument may be measuring as little as 20% of the ice particles in the chamber, and during

the established phase of the ice cloud about 50% of the particles are counted.

The latter number is relevant to the fit region, and to test for the presence of bias

introduced by undercounting, we rerun the analysis under the assumption that there are

1.5, 2, and 5 times more particles in the chamber than Welas measured. Figure 3.14 shows

the results for the 5x particles case. As stated in the main text, there is little movement

in retrieved saturation vapor pressure values except at low temperatures, and the largest

increase at low temperatures is about 2.5%. These results indicated that even the largest

possible undercountings due to small particle size do not change the results presented in this

work.
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# Aerosol/IN T0 ∆T P0 ∆P dn
dt /n Mi,max rmax τ Nmax Smax offset

3 ATD 233.4 -6.4 300 -100 -0.065% 26.1% 6.3 54 38 1.05 1.1
4 ATD 233.4 -9.1 300 -130 -0.091% 27.8% 6.2 67 44 1.09 2.1
5 ATD 233.5 -9.1 300 -100 -0.097% 34.7% 6.0 47 50 1.09 1.8
7 ATD 223.18 -6.4 234 -64 -0.063% 47.2% 3.7 37 90 1.03 0.43
8 ATD 223.3 -8.8 300 -130 -0.095% 60.0% 4.8 34 90 1.03 0.31
9 ATD 223.3 -6.0 300 -70 -0.062% 41.8% 3.9 38 65 1.03 0.24
10 ATD 223.1 -5.6 230 -60 -0.063% 39.4% 3.9 47 70 1.05 0.78
11 ATD 223.3 -8.9 300 -150 -0.096% 61.6% 4.1 30 94 1.09 0.36
13 ATD 213.1 -5.3 235 -65 -0.060% 44.9% 1.7 26 350 1.06 0.21
14 ATD 213.3 -8.4 300 -130 -0.079% 68.0% 1.7 17 480 1.07 0.16
15 ATD 213.3 -5.6 300 -170 -0.060% 40.6% 1.5 18 400 1.06 0.01
16 ATD 213.2 -5.4 234 -64 -0.061% 36.8% 1.5 24 450 1.04 0.12
17 ATD 213.3 -8.4 300 -130 -0.090% 53.8% 1.7 16 600 1.07 0.02
20 ATD 193.7 -4.8 240 -70 -0.055% 93.7% 0.9 66 210 1.18 0.27
21 ATD 193.7 -7.6 300 -130 -0.082% 136% 0.9 40 300 1.24 0.14
22 ATD 193.6 -7.5 300 -130 -0.081% 123% 1.0 54 180 1.28 0.10
24 ATD 204.2 -5.4 300 -70 -0.057% 57.0% 1.3 33 219 1.14 0.15
25 ATD 203.7 -5.0 234 -64 -0.057% 49.9% 1.2 51 193 1.10 0.25
26 ATD 203.8 -8.0 300 -130 -0.087% 79.4% 1.2 26 352 1.10 0.11
27 ATD 203.8 -8.1 300 -130 -0.087% 76..5% 1.2 25 373 1.09 0.10
30 SA 194.0 -7.6 300 -130 -0.083% 93.0% 1.4 138 65 1.90 0.13
31 SA 194.0 -7.6 300 -130 -0.083% 82.9% 1.5 212 39 1.85 0.15
32 SA-ATD 194.0 -7.6 300 -130 -0.083% 101% 1.1 79 115 1.31 0.07
33 SA-ATD 194.1 -7.6 300 -130 -0.083% 127% 0.9 42 250 1.22 0.12
35 SOA 189.0 -7.3 300 -130 -0.080% 116% 1.2 251 50 2.00 0.22
46 SA-ATD 204.1 -5.5 300 -70 -0.057% 39.1% 1.2 44 170 1.11 0.19
47 SA-ATD 203.9 -5.2 234 -64 -0.056% 36.2% 1.2 60 170 1.08 0.24
48 SA-ATD 203.9 -7.6 300 -130 -0.082% 52.3% 1.2 33 280 1.18 0.10

Table 3.1: Table of experiment included in the analysis. T0 is the base temperature of the
experiment before expansion begins, and ∆T gives the decrease in temperature from the
start of the experiment to its coldest point. P0 is the pressure in hPa before expansion
begins, and ∆P is the decrease in pressure over the experiment. dn

dt /n is the pumping rate
expressed as the percentage of chamber molecules lost per second. This can also be thought
of as the percentage of the chamber’s volume that is evacuated each second. Mi,max is
the maximum ice mass in the chamber as a percentage of the vapor mass at the start of
pumping. rmax is the maximum average ice particle radius. τ is the typical relaxation time
in seconds during the portion of the experiment used in the analysis. Nmax is the maximum
ice particle number in cm−3. Smax is the maximum saturation observed, typically when
nucleation begins. Offset the difference between the scaled APeT measurement and ChiWIS
which is subtracted from the rest of the experiment.
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Number Reason T0 Aerosol Nmax τ
1 High τ 234 ATD 19 960
2 High τ 234 ATD 7 280
6 High τ 234 ATD 11 176
12 Ref 213 Ref 7 970
18 No Chi-WIS 213 Ref – –
19 Ref 194 Ref 4 2810
23 No Chi-WIS 194 ATD – –
28 Ref 194 Ref 17 445
29 High τ 194 SA 14 2210
34 Ref 189 Ref 13 1110
36 High τ 189 SOA-HNO3 3 00
37 No Welas 1 189 SOA-HNO3 – –
38 No Welas 1 189 SOA-HNO3 – –
39 Ref 223 Ref 1 –
40 Dry Wall 223 ATD 9 –
41 Dry Wall 223 ATD 15 –
42 Dry Wall 223 ATD 16 –
43 Dry Wall 223 ATD 17 –
44 Ref 204 Ref 23 251
45 High τ 204 SA 17 252

Table 3.2: T0 is the temperature before expansion begins. Aerosol is the type of aerosol
or ice nucleus the chamber has been prepared with. Nmax is the maximum ice particle
concentration observed in the chamber. τ is the relaxation time in seconds calculated at the
time when Nmax occurs.
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CHAPTER 4

ISOTOPIC WATER VAPOR MEASUREMENTS IN THE

ASIAN MONSOON

This chapter focuses on various aspects of the Chicago Water Isotope Spectrometer. Section

4.1 gives a brief overview of the scientific questions ChiWIS is designed to answer, then

reviews the constraints on its design. Section 4.2 focuses on the ‘nuts and bolts’ of the

instrument, and is intended to be a resource for new users of the instrument. Section 4.3

give the specifics of the instrument’s spectral range and tuning rate. Finally, Section 4.4

covers the steps necessary to fit absorption spectra retrieved by ChiWIS. In general this

chapter refers to the configuration of the instrument as it was during the StratoClim Asian

Monsoon field campaign, although where modifications have been made as of April, 2018,

those are mentioned as well. The ChiWIS discussed in this and subsequent chapters is a

completely different instrument than the one discussed in Chapter 3.

4.1 Design goals and constraints

4.1.1 Science motivation

The TTL is an important region for current and future climate. It is the main pathway

by which tropospheric air ascends into the stratosphere [Brewer, 1949], and is the coldest

region of the lower atmosphere (at times T < 185 K). Air ascending through the TTL is

dehydrated by formation of high-altitude cirrus, which are radiatively important, producing

a total radiative forcing of 4 W /m2 over the tropics [Haladay and Stephens, 2009]. TTL cirrus

distribution and amount are directly affected by deep convection, since intense convective

cells carry large amounts of ice to the tropopause level and above. [Danielsen, 1982, Corti

et al., 2008]. They are also indirectly affected by post-convective water vapor distributions:

back-trajectory calculations link observed in-situ cirrus to areas of prior convective activity
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[Reverdy et al., 2012]. Water vapor concentrations in convective detrainment plumes can be

increased by more than a factor of two above their surroundings and appear to persist for

days to weeks [Hanisco et al., 2007]. The link between deep convection and high-altitude

cirrus is an important potential positive feedback in a changing climate. A warmer world

may experience more frequent and vigorous deep convection, which would beget more high-

altitude cirrus clouds that contribute to warming.

In-situ measurements of water isotopologues can help reveal how convective detrainment

of water vapor contributes to later cirrus formation. Convectively lofted ice is isotopically

heavier than surrounding vapor since the heavier isotopologues (e.g. HDO and H18
2 O) pref-

erentially partition into the condensed phases [Wahl and Urey, 1935]. As this lofted ice

sublimates, its isotopic signature is imprinted on the TTL. Both remote sensing [Nassar

et al., 2007] and in-situ [Hanisco et al., 2007] instruments have measured isotopic profiles

that show an increase with altitude in the TTL, likely due to the sublimation of lofted ice.

These profiles provide information about the importance of convective detrainment of vapor

and ice relative to other sources and sinks in the overall water budget. Isotopic measurements

within cirrus can also shed light on the importance of in-cloud processes to their formation,

maintenance, and distribution in time and space.

The AM is an especially interesting area for TTL water isotopologue measurements.

The AM may contribute up to 75% of the upward water vapor flux to the tropopause in

Northern Hemisphere summer (e.g. [Gettelman et al., 2004, Kremser et al., 2009]. Recent

analysis of ACE-FTS satellite data [Randel et al., 2012] shows significant differences in

water vapor isotopic enhancement between the North American and Asian monsoons (Figure

4.1), suggesting differences in water transport processes, but no in-situ water isotopologue

measurements in the AM have yet verified this observation. High-altitude measurements

of the AM are extremely limited in general, and StratoClim will provide a valuable new

perspective on this important region.

In-situ isotopic measurements of water vapor isotopologues at near-tropopause altitudes
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Figure 4.1: Right panel shows the JJA average 16.5 km ACE-FTS retrievals of water vapor.
Both the North American and Asian Summer monsoons show strong signals. The left panel
shows JJA average 16.5 km retrievals of δD. A strong enhancement is visible in the NAM,
but the AM shows now enhancement over surrounding regions.

have been made outside the AM by several instruments. The ALIAS instrument [Webster

et al., 1994] flew aboard NASA’s ER-2 and WB-57 aircraft and made trace gas measure-

ments via TDLAS using a 100-meter optical pathlength. ALIAS reported water isotopologue

measurements to 17 km during the CRYSTAL-FACE campaign [Webster and Heymsfield,

2003], but has limited sensitivity at high altitudes. The Harvard ICOS (TDLAS with a

high-finesse cavity for a 4.5 km pathlength and increased sensitivity; Sayres et al. [2009])

and HOxotope (laser-induced fluorescence; Clair et al. [2008]) instruments obtained water

isotopologue measurements aboard NASA’s WB-57 aircraft on campaigns from 2005-2007,

and detected isotopically enhanced convective plumes in the stratosphere during the North

American monsoon [Hanisco et al., 2007]. Neither instrument is however scheduled for further

flights; the Harvard ICOS instrument was fully rebuilt at a different wavelength and has not

been field-tested. The University of Gottingen IRIS instrument also used cavity-enhanced

techniques and flew on the M55 Geophysica during the AMMA campaign to sample the

African monsoon, but showed limited sensitivity even given 30-second averaging. Recently,

the lightweight ISOWAT instrument (TDLAS with a 76-meter optical path, Dyroff et al.

[2010]) was developed at the KIT-IMK for measurements in the mid to upper troposphere,

but is insufficiently sensitive for TTL measurements. ChiWIS was developed to meet the
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need for new instrumentation capable of water isotopologue detection in this scientifically

important region.

4.2 The Chicago Water Isotope Spectrometer

The Chicago Water Isotope Spectrometer (ChiWIS) is an ICOS device designed to measure

HDO and H2O aboard the M55 Geophysica during the StratoClim field campaign. The

remainder of this chapter is devoted to the layout and operation of the instrument.

4.2.1 Overview of the Instrument

Figure 4.2: Block diagram of major ChiWIS subsystems. Aircraft interface, power conver-
sion, and thermal control of the optical bench are addressed in section 4.2.5. The engineering
computer, DAQ computer, laser driver, and motor controller are covered section 4.2.6. The
optical bench is described in section 4.2.8, and the scroll pump, valves, and inlet are all
described in section 4.2.9.

The ChiWIS design is, in broad terms, similar to the instrument design presented in

[Sayres et al., 2009]. Both are instruments with 4” mirrors designed to operate in the dry

regions of the UT/LS. Whereas that instrument operated at 6.7 microns and required the use
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of such large mirrors due to the large diffraction-limited spot size and lower beam quality

at that wavelength, the choice to use such large mirrors in ChiWIS was made out of an

abundance of caution. Spot sizes are smaller and beam quality generally better at 2.65

microns, but it was unknown whether significantly smaller mirrors could successfully be

used at this still relatively long wavelength. (In this instrument electrical noise turns out

to be the limiting factor, so it seems that smaller mirrors and a smaller spot pattern would

have been acceptable.)

Figure 4.3: Layout of the Chicago Water Isotope Spectrometer. Visible subsystems are
labeled as follows: A is the laser head pressure enclosure. B is the optical cavity. C is the
detector head pressure closure. D is the modified scroll pump and E is the DAQ pressure
enclosure.

The major ChiWIS subsystems include power distribution, gas handling, the optical

bench, thermal control, and computers and electronic control. Each of these subsystems will

be discussed below, with the goal of imparting to the reader enough of an understanding of

the instrument to operate and maintain it.
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4.2.2 Spectral region

The prior version of ChiWIS used at the AIDA chamber had a spectral region between 3788

and 3791 cm−1, which had several H2O lines and a relatively strong HDO line. However,

the AIDA chamber used air free from contaminants like N2O, CH4, and CO2, all of which

can confound water vapor measurements in the mid-infrared. In fact, the HDO line used

at AIDA is unusable at typical concentrations in the UT/LS due to an underlying methane

line.

An exhaustive search was performed in the mid-IR for a spectral region that, a) contained

an HDO line with no significant underlying spectral features that was far from any large water

lines, and b) had water lines near enough to the HDO line that both could be swept over

in one ramp of a laser (≈ 2 cm−1). The target HDO line had to be strong enough to be

resolvable in the presence of ≈ 1 × 10−4 noise at concentrations found in the coldest and

driest parts of the UT/LS, where water vapor can be as low as 3 ppm and the HDO/H2O

depletion is around -700h. Ideal spectral lines are those that have low ground state energies

and therefore have linestrengths which are relatively temperature insensitive around room

temperature.

The best candidate found by this search was the HDO line at 3776.9 cm−1. It is un-

contaminated by any other species, and its linestrength has low temperature dependence.

Within the tuning range of the laser, there are two suitable water lines that can be used to

retrieve H2O concentrations. Neither of these lines is ideal (one is overly intense, and the

other is overly weak), but taken together they provide enough dynamic range to cover the

whole range of mixing ratios ChiWIS sees in the UT/LS.

Table 4.1: Major spectral lines used in StratoClim and selected parameters.
Molecule ν0

(
cm−1

)
Line Strength γC0foreign E0 s

H2O 3777.94924 2.715e-21 0.0973 173.3658 0.72
HDO 3776.90008 1.639e-23 0.1046 150.1563 0.90
H2O 3776.44401 2.610e-23 0.1005 1634.9671 0.76
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Figure 4.4 shows a typical absorption profile from StratoClim, this time with mixing ratio

of about 50 ppm. Even at this relatively low mixing ratio, the ‘big’ water line is nearing

saturation. At mixing ratios higher than about this point, it is essential to have the smaller

line at the top of the ramp to act as a check on the big line. Near optical saturation spectral

features can become difficult to fit.

Figure 4.4: Spectrum from Flight 6 of StratoClim. This ramp shows the three important
lines measured, and whose properties are shown in Table 4.1.

4.2.3 The M55 Geophysica

The M55 Geophysica is a high-altitude research aircraft designed, owned, and operated by

the Myasichiev Design Bureau (MDB). The Geophysica was originally intended to hunt

high altitude spy planes (like the American U-2) and balloons, but was repurposed into a

geophysical research platform at the end of the Cold War. The aircraft is subsonic (M ≈

0.7) and has a typical cruising altitude of 17-21 kilometers with a scientific payload. The
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aircraft’s range is 3500-4000 kilometers depending on its payload and cruising altitude, which

corresponds to flight times of about 4.5 hours.

Figure 4.5: The M55 Geophysica in flight. ChiWIS was housed under the bubble-like dome
atop the aircraft, along with the AMICA and COLD instruments.

The aircraft can accommodate about 20 instruments spread across several wing mounted

pods and bays in the nose, body, and on top of the aircraft. During the StratoClim campaign

ChiWIS was housed in the Bay IX, also known as the MIPAS dome or dorsal bay (Figure

4.5). This bay has a payload limit of 300 kilograms and housed three instruments during

StratoClim. The aircraft was rewired before the campaign to provide 1550 Watts of 115 Vac,

400 Hz 3-phase power and 300 Watts of 27 Vdc for ChiWIS.

4.2.4 Design requirements

Several hard constraints drove the design of ChiWIS. The first was the conservative choice

of 4” diameter mirrors to ensure suppression of optical noise. These large diameter mirrors

increased the total volume of the cell and required a powerful pump to flush the cell once

every two seconds. The second major constraint was the partitioning in Bay IX of most of

the power available to ChiWIS into 3-phase, 115 Vac instead of 27 Vdc, which made it more

difficult to find commercial components. The need for a more powerful pump ruled out all

available commercial options and by the power available in the Geophysica’s MIPAS bay.

Weight and total electrical power were not strong constraints in the design of this in-

strument, although the instrument did have to fit in a given footprint within the MIPAS
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dome.

4.2.5 Power Distribution

Interface with aircraft

ChiWIS interfaces with the Geophysica through three mil-spec connections. One connector

(p/n MS3102A22-22P) brings 27 Vdc to the instrument and another (p/n D38999/20FE6PN)

brings three-phase 115 Vac, 400 Hz power to the instrument. The third connector (p/n

D38999/20FB35PN) allows limited communication with the aircraft. MDB requires that

each instrument outputs an instrument OK/fail signal, which ChiWIS derives from the

watchdog signal on the PXIe power supply board. If the instrument fail light appears in the

cockpit, there is the option for the pilot to cycle the instrument’s power up to three times

in order to get it to reboot. There is also the option for housekeeping data (temperature,

lat/lon, altitude, etc.) to be read from the UCSE instrument over a serial connection,

although this was never implemented in ChiWIS.

Power Conversion and Distribution

The power distribution system in ChiWIS is divided into two parts. One subsystem dis-

tributes 27 Vdc power from the aircraft to the Minco heaters which thermally control the

optical bench, and the other converts three-phase power into 270 Vdc, which is then dis-

tributed to the motor controller and DC-DC converters which supply various subsystems.

From the 27 Vdc connector, power is routed through a 15 amp breaker to a 12 amp fuse.

Power is then distributed from the fuses to the upper and lower enclosures of the optical

bench. This subsystem is subject to no computer control and exists to ensure that the optical

bench stays at room temperature throughout a flight, even if all computer systems fail.

The ac subsystem is significantly more complex. Power flows from the connector and

passes through a 5 amp 3-phase breaker before each phase passes through a 5 amp fuse.
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From the fuses, the 3-phase power passes to a custom printed circuit board (PCB) which

converts 115 Vac/3-phase power to 270 Vdc. The PCB is built around around a SynQor

3-phase line filter (MACF-115-3PH-UNV-HT) and SynQor 3-phase power factor correction

module (MPFC-115-3PH-270-FP).

Figure 4.6: Layout of the AC-DC converter used in ChiWIS during the AM field campaign.

Figure 4.6 shows the layout of the 3-phase AC-DC converter in ChiWIS. This board was

designed and layed out by Design Criteria, Inc. (Roy, UT). The large connector at bottom

left takes the 3 phases, labeled A, B, and C, and the connector at the top takes the neutral

provided from the aircraft. The connector for the three phases is oversized with the inputs

on every other pin to minimize the possibility of arcing at high altitude. Three phase power

from the aircraft is provided in a wye configuration, but the converter module doesn’t need

the neutral and it is only used to provide shielding on the board.

Before entering the line filter the three phases go through a network of fuses and Metal

Oxide Varistors (MOVs). The fuses provide an added layer of protection beyond what is

already present elsewhere in the instrument, and the MOVs suppress voltage spikes before

they enter the board. Varistors are devices that are essentially non-conductive between a

positive and negative clamping voltage, but highly conducting outside that range.

The 3-phase AC line filter is essentially a complicated RLC network that passes voltage
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in the 60-400 Hz range, but provides 45 dB of noise suppression at 200 kHz. It has low

resistance (< 200 mΩ) and can output up to 6 Arms.

After passing through the line filter, current flows through a network of transient volt-

age suppression diodes (TVS). These diodes behave similarly to MOVs, but have a lower

clamping voltage and are less prone to degradation over time. From these diodes the current

passes into the SynQor MPFC module.

This module uses active power factor correction (PFC) to convert 3-phase, 115 Vac into

270 Vdc. The first stage in this unit is a PFC rectifier which converts the AC input to DC.

Active power factor correction works to keep the current in phase with the voltage, resulting

in less overall power consumption and more efficient delivery to the output. The second

stage is a boost converter which takes the loosely regulated output from the PFC rectifier

and converts it to the regulated 270 Vdc output. The midbus and VOUT+ are connected

to a network of metal film capacitors which filter the output and act as a holdup capacitor

in case of a power brownout. These capacitors, while overly large, were selected to safely

operate up to 70,000 feet – electrolytic capacitor can explode at high altitudes due to the

low pressure. It is very important to note that the outputs are not isolated with respect to the

inputs, and VOUT- should not be connected to the instrument/chassis ground, and should

float to the inputs of the motor controller or Vicor Boards without any other connections.

The module can operate between -50 to +100◦ C, and can source up to 1.5 kW of power.

The SynQor modules are both mounted on the back of the board, and are be mounted

onto a heat spreader plate and attaches to the rail of the instrument which acts as a heat

sink. Thermal paste or a thermal pad should be placed between the units and the spreader

plate, and thermal paste should be placed between the spreader plate and the rail to facilitate

heat transport to the heat sink.

DC voltage leaves the board through the 3-pin connector on the right, and from that point

is split three ways. One line goes to the motor controller, which is discussed in subsection

4.2.6, and the other two go to identical Vicor boards (ACOM536-951), which are DC-DC
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converters. Each Vicor board has a 270 Vdc to 24 Vdc converter (VI-263-MU) and a ripple

attenuation modulator (VI-RAM). The converters were chosen due to their rugged design

and ability to operate at low pressure and their high power densities. Each converter can

supply up to 200 W of power, and can operate from -55 to 85◦ C. The Vicor boards power

the computers, optical bench, and precision heaters throughout the instrument.

4.2.6 Electronics and Control

Control of ChiWIS and measurement of engineering data and spectra is accomplished with

two computers located in the pressure controlled DAQ enclosure. The computers can be

accessed through a hermetic Ethernet pass-through to download data or update software

without removing the enclosure lid. What follows is a description of the the basic subcom-

ponents of each computer, the software they run, and the subsystems they control.

Engineering computer

The engineering computer is a Diamond Systems Athena III PC/104 single board computer

(SBC). PC/104 is a small, stackable form factor that is often used in applications requiring

a rugged computer. The Athena III combines processing, memory, and I/O management on

one board, to which modular accessory boards can easily be attached. It also comes with a

gigabit Ethernet port, 4 serial channels, and a 50 pin I/O header. The 50 pin header has 24

digitial in/outs, sixteen single-ended analog ins, and 4 analog outs which are used to retrieve

engineering data and control subsystems elsewhere in the instrument.

In ChiWIS the Athena III is attached to five accessory boards. The first is the Jupiter-

MM power supply module. This unit takes 24 Vdc, and converts it to the 5/12 Vdc levels

used by the Athena III and its accesories. The remaining four boards come in two pairs.

Each pair is composed of a digital multimeter (Diamond Systems DMM-32DX-AT) and a

custom signal conditioning board (ACOM536-953). The DMM boards are PC/104 form

factor boards which have 32 analog inputs with 16-bit resolution, 4 analog outs with 16-bit
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resolution, and 31 lines of digital I/O. The inputs can be sampled at a maximum rate of

250,000 samples per second. The signal conditioning board takes the raw voltages measured

from thermistors, AD-590 sensors, pressure gauges, etc, and conditions the voltages to a

range compatible with the inputs on the DMM boards.

When the Athena computer is powered, it automatically loads a LabView program,

ACWIS.vi. This program reads and logs data, controls subsystems of the instrument, and

provides a first layer of safety in software. The program consists of three modules. The first

module reads in data from sensors and gauges in the instrument and writes that data to

disk. The second module takes this data and makes ‘decisions’ based on it. For example, if

the pump head temperature has been greater than a certain value for more than a minute,

then the program will decide to reduce the pump RPMs. The last module of the program

loops through all the decisions taken, and executes them by sending serial commands to

subsystems, adjusting analog voltages, or flipping digital outs.

This software is designed to operate independently during flight, but can also be operated

in ‘lab mode’ for tests in the laboratory or programming. To access the Athena, a secondary

laptop computer is connected to the ethernet feedthrough located on the lid of the DAQ

enclosure box. Once the instrument is powered up, the computer can be accessed through

Windows Remote Desktop (WRD) on the remote computer. The Athena computer is named

‘pallas’, and its username and password are ‘Y’ and ‘hindsight’, respectively. Once logged in,

the frontend of ACWIS.vi will appear, an the user can operate the pump, valves, and laser,

or stop the program and edit it. Files can be downloaded from the Athena to the laptop

using WRD by copying them into a shared folder located on the laptop.

Data acquisition computer

Data is acquired using a dedicated data acquisition computer purchased from National In-

struments, part number PXIe-1071. The chassis was removed from the computer and the

boards assembled into a custom, vibration-isolated frame in order to fit in the computer
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enclosure. The PXIe-1071 comes with three sub-components, an NI PXIe-8820 embedded

computer, an NI PXIe-6124 simultaneous sampling multifunction IO device, and a backplane

through which the two connect.

The PXIe-8820 runs NI Real-Time Phar Lap ETS 13.1 and provides basic I/O function-

ality through a DisplayPort, an RS-232 serial part, a parallel port, four Hi-Speed USB ports,

and one GigaBit Ethernet jack. Typically the computer is accessed remotely through the

Ethernet connection using a laptop running LabView 2016 Real-Time or NI-MAX to update

software or edit the system configuration. WinSCP is used to download data to a remote

laptop.

The PXIe-6124 device has 4 independent, 16-bit differential analog inputs that can sample

at 4 megasamples per second, each. In StratoClim, this card sampled two channels, one from

the signal detector and one from the reference detector in the laser head. It looks at two

different triggers, one for regular sampling of the full spectra, and one for sampling ringdown

data at the end of each ramp.

Data is acquired using the LabView program DAQDAQ.vi. This program can be edited

on the remote laptop and uploaded to the PXIe using LabView Real-Time 2016. The data is

recorded in the binary .bdt format, the layout of which is given below. Each file is composed

of three sections. The first is a 128-byte file header that contains general information about

the scans, and is layed out in Table 4.2. Default values for the StratoClim campaign are

given where applicable. The reference time in bytes 2-5 is recorded in the LabView format as

a number of seconds elapsed since midnight on January 1, 1904 UTC. The first 64-bit integer

is the fractional number of seconds recorded as a 64-bit integer, which must be divided by

264 before being added to the integral seconds contained in the second 64-bit integer. The

millisecond time recorded in the sixth 32-bit unsigned integer is the value of the computer’s

clock in milliseconds at the moment the reference time is recorded.

The second block is a series of scan headers, one for each recorded ramp. In StratoClim

these scan headers consist of 4 unsigned 32-bit integers, and their uses are shown in Table

92



Table 4.2: Format of file headers in the .bdt format. The offset is measured in 32-bit unsigned
integers from the beginning of the file.

Offset Type Function Default
0 Char x 4 File ID Bdat
1 Byte x 4 Version 0.0.1.0

2-3 64-bit Signed Integer Reference Time (fractional seconds) NA
4-5 64-bit Signed Integer Reference Time (integral seconds) NA
6 32-bit Unsigned Integer Reference Time (milliseconds) NA
7 32-bit Unsigned Integer bits/sample 16

8-9 64-bit Double Volts/bit Channel 1 3.2043456e-05
10-11 64-bit Double Sampling dt 2.5e-07 seconds
12-13 64-bit Double Volts/bit Channel 2 3.2142972e-04
14-29 32-bit Unsigned Integer Unassigned NA

30 32-bit Unsigned Integer Ramps/file NA

4.3. The first integer is the number of milliseconds elapsed since the reference time. The time

at which the ramp occurred can be retrieved by dividing this number by 1000 then adding it

to the reference time. The next integer gives the offset in bytes from the start of the file of

the data for the given ramp. The next integer gives the number of samples associated with

each ramp. This number is the product of the number of channels used and the number

of samples/channel that DAQDAQ.vi is commanded to record. The last unsigned integer

is divided into three subcomponents. The first, a 16-bit integer, is reserved for linking to

a potential parameter file, but was not used in StratoClim. The next 8 bits show which

channels were used in recording the data. In StratoClim the active channels were 1 and 3,

so this value is 9 throughout the campaign. The last 8 bits are flags, which can be set to

indicate characteristics of the recorded data. In StratoClim the least significant bit of this

is used to distinguish between ringdown and signal data. Ringdown data is set to ‘1’ and

signal data is set to ‘0’.

After the scan headers the scan data for each channel is recorded as a series of signed,

16-bit integers. In the StratoClim data, there are two recorded scans for each laser ramp.

After each flight, data is downloaded to a remote computer using WinSCP. The solid-state

hard drive in the PXIe can record about 8 hours of data before it is full.
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Table 4.3: Format of scan headers in the .bdt format. The offset is measured in 32-bit
unsigned integers from the beginning of the file.

Offset Type Function
0 Time (milliseconds) 32-bit Unsigned Integer
1 Offset to data (bytes) 32-bit Unsigned Integer
2 Samples/ramp 32-bit Unsigned Integer
3 Parameter Block/channels/flags see text

PXIe Power Supply

The PXIe Power Supply (ACOM536-957) serves two purposes. The first is to generate

the +12 and +5 Volts needed to power the PXIe data acquisition computer and onboard

logic, and is done using a BetaDyne DC-DC converter (150S12/24X). The second is to

evaluate a watchdog signal sent from the Athena engineering computer. If this signal is not

present (indicating that the engineering computer has failed), the watchdog chip outputs a

FALSE signal, which goes through AND gates with on/off bits generated by the engineering

computer that control critical subsystems like the laser and optical bench. This ensures that

regardless of the engineering computer’s failure mode, critical subsystems will be turned off.

Other on/off bits simply pass through the board, and all signals are buffered before being

output to the rest of the instrument.

Optical Bench Power Supply

The Optical Bench Power Supply powers several critical subsystems, including the laser

driver and the thermoelectric coolers for the laser and detector chips, and passes through

power and signal for pressure sensors and the MKS valves.

This board has two 24 to 12 V DC-DC Beta Dyne converters (EBL30S12/24X) which are

wired to generate ±12 Volts for the laser driver board. These power supplies take the ‘LAS

ENA’ signal from the PXIe power supply as an input on their on/off pins, and therefore can

only be activated if the Athena first activates the Laser TEC.

A 24 to 5 Volt DC-DC Beta Dyne converter (EBL30S5/24X) powers the laser and detector
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TECs, and mixing fans in the laser and detector enclosures. Power to the laser TEC is

controlled by an electronic switch that opens and closes with the LAS TEC ENA signal.

Due to an error in design, a small voltage source had to be added to this board in order

to power the logic chips. This voltage is always on, independent of the OB ENA signal.

Preamp Power Supply

The amplifiers are powered by the clean, Preamp power supply board (ACOM536-956). This

board takes +24 Vdc from the optical bench power supply and generates clean, ±15 Vdc

power using a BetaDyne converter (LN10D15/24X) and EMI filter (PFL100X). The Preamp

Power Supply is highly configurable in terms of how grounds are connected to each other

and to the instrument chassis. This is done in order to give the user options for electrical

noise reduction.

Ramp Generator

The ramp generator was custom made by the University of Chicago Electronics Design

Group. It is composed of two PCBs, one of which generates a voltage wave form which is

then converted to current by the second board. The current is output directly to the laser

diode.

Four aspects of the ramp generator’s functionality are programmable: the initial current

IL, the final current IH, the ramp length tr, and the time between ramps tg. The output cur-

rent I given by the formula I (t) = IL = [(IH − IL) /tr]× t. The ramp shapes are generated

by an FPGA on the current driver control module, which can, in principle, be programmed

to output an arbitrary shape. Figure 4.7 shows the waveform used in StratoClim.

The current controls can both be varied between 0 and 560 mA in 1024 steps, and the

two control times can be varied from 64 microseconds to 64 milliseconds in 1024 steps. The

current is calculated every microsecond with 46-bit accuracy, and the 16 most significant bits

are sent to the DAC. From there, the voltage signal is amplified, then sent to the current
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Specifications,of,the,current,ramp,generator,to,be,used,with,
the,Airborne,Chicago,Water,Isotope,Spectrometer,

!
The!ramp!generator!is!an!electronic!device!
producing!a!repetitive!current!signal!designed!
to!power!the!spectrometer's!tunable!diode!
laser.!

The!functional!diagram!to!the!right!displays!the!
required!inputs!and!outputs!of!the!ramp!
generator.!The!"power"!input!may!represent!
multiple!lines,!including!ground.!
The!"current!out"!output!should!be!able!to!
drive!the!laser!diode!whose!specifications!are!
given!at!the!end!of!this!document.! !
!

!
!

The!figure!above!presents!the!waveform!of!the!current!signal!along!with!the!quantities!defining!it.!
Numerical!values!of!the!quantities!are!given!in!the!following!table:!
!

sym
bol!

description! range! adjustability!

IL! current!value!of!low!corner!of!ramp! 30...580!mA! in!at!least!64!steps!
IH! current!value!of!high!corner!of!ramp! 30...580!mA! in!at!least!64!steps!
ts! time!from!trigger!to!rising!edge!of!ramp! 0.3!ms! no!adjustment!necessary!
te! time!from!edge!trigger!to!falling!edge! 0.01...0.02!ms! fixed!at!any!value!
tr! duration!of!ramp! 0.4...30!ms! 0.2!ms!or!smaller!increments!
tg! time!from!falling!edge!to!next!rising!edge! 0.6...3!ms! 0.2!ms!or!smaller!increments!
M! duration!of!rising!edge!of!ramp! 0...10!µs! fixed!at!any!value!
M! duration!of!falling!edge!of!ramp! 0...1!µs! fixed,!smallest!possible!
M! trigger!pulse!width! 50...500!ns! fixed!

!
All!current!values!will!have!at!most!75µARMS!noise.!All!time!values!will!have!less!than!1µs!jitter.!

!
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Figure 4.7: The initial current (IL), the final current (IH), the ramp duration (tr), and the
time between ramps (tg) can all be programmed through ten-bit dip switches located on the
current source control module.

driver, which outputs the current ramp to the laser diode.

The ramp generator also emits two timing pulses which the data acquisition computer

uses to start data collection. The two pulses are denoted as ‘edge trigger’ and ‘start trigger’

in Figure 4.7. The start trigger indicates the onset of a full ramp of data, and the edge

trigger indicates the ramp is about to end, at which point ringdown data can be taken. The

falling edge of the ramp is generated in such a way so that it falls from the max current to 0

amps in less than one microsecond. This ensures that the observation of the cavity ringdown

is not confounded by a slow falling edge to zero.

The current driver control module has two TTL inputs. Both must be set high before

the board will drive current through the laser diode. The first signal comes directly from the

PXIe power supply board, which ANDs together the digital signals from the Athena computer

which activate the laser TEC and ramp generation. This ensures that the generator will not

drive current through the laser when the laser TEC is off.

The second signal comes from the window comparator circuit on the Wavelength board,

96



which tests the temperature reported by the laser TEC to ensure that it is within a prespec-

ified range. This provides another layer of thermal protection for the laser diode.

Motor Controller

The motor controller is a Sensitron configurable digital motor drive module, part number

SMCV6G050-060E. This device uses pulse width modulation (PWM) to approximate vari-

able voltages and frequencies. In this device, the 270 Vdc input is chopped at very high

frequencies (6-25 kHz), and the duty cycle of the pulse width modulation can be varied.

From the point of view of the motor, this PWM is averaged out, so varying the duty cycle

is essentially the same as varying the voltage applied to the motor.

Figure 4.8: Photograph of the Sensitron motor controller. The large metal film capacitors at
right were originally mounted on the board, but were subsequently removed to take up less
space. The 270 Vdc and DC return are the bottom right two connectors on the board, and the
3-phase power constructed by the controller’s pulse width modulation exit the unit through
the connectors labeled PhA, PhB, and PhC along the bottom. The RS-232 connection and
+24 Vdc power for the board are at right.

The motor controller is highly configurable through a Windows program provided by the

Sensitron corporation. During the StratoClim campaigns the controller’s current limit was

set to 5.24 Arms. This was sufficient for high altitude use, but often could not start the

motor during lab use, or maintain an RPM setpoint for more than about 45 minutes at a
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time. To resolve this problem the set point was set to 6 Arms with the approval of Sensitron

and Kollmorgen.

One major benefit of this class of variable frequency motor controller is that they do

not have a large inrush current upon startup. This eases design constraints elsewhere since

one no longer has to worry about big current spikes blowing fuses or interfering with other

instruments upon motor startup. One drawback is that the constant high-frequency switch-

ing used to build the PWM signal can be a significant source of noise in high-precisions

measurements, although the motor controller does not appear to be a significant source of

noise is the case of ChiWIS.

4.2.7 DFB Laser

The Microdevices Laboratory (MDL) at the Jet Propulsion Laboratory (JPL) generously

provided ChiWIS with two, 2.65 micron lasers for use in the StratoClim campaign (p/n

V0954 3 29-30 62 and V0954 3 27-28 67). These lasers are high-power (> 20 mW), tunable,

single-mode, GaSb based distributed feedback (DFB) diode lasers. They were intentionally

designed around the HDO line at 3776.9 cm−1, and more detail can be found about them

in [Briggs et al., 2013]. They are estimated to have coherence lengths of about 100 meters.

Both DFB lasers were repackaged with a collimating asphere (390029IR4-00, LightPath

Technologies) inside the laser can. The asphere is molded from the chalcogenide optical

material BD-2, which has a high index of refraction comparable to ZnSe. This asphere’s

coating has a reflectance of less than 1% per side. This small optical component collimates

the beam well enough that no telescope is needed to shrink the beam after the asphere. The

first of the lasers listed above was the one used in the StratoClim campaigns. The second

laser has a mode hop which restricts the ramp that can be used due to its position very near

the HDO line over a large temperature range.
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4.2.8 Optical Setup

ChiWIS optics are divide up into three subcomponents. The first is the laser head, which

houses the DFB laser described in section 4.2.7, the reference detector, and a free space

etalon for determining the tuning curve. The second subcomponent is the optical cavity

itself, which is composed of two highly reflective mirrors which trap light and result in

very long path lengths in the cell. The last component is the detector head, which houses

the ZnSe collection optics and the detector. The laser and detector heads are both within

environmental enclosures which maintain pressure in order to preserve optical alignment and

promote heat transfer. Each subcomponent will be described in detail below.

The wavelength of light at which ChiWIS operates also interacts very strongly with OH

bonds found in impurities in most optical materials. All thick optical components had to be

constructed out of very pure materials like Infrasil and ZnSe to avoid significant transmission

losses.

Laser Head

The laser head is electrically accessed through three pass throughs and has two valves through

which dry air can be passed before measurements. The laser optics are all mounted on black

anodized aluminum breadboard which has been cut down to fit within the pressure enclosure.

After collimation the beam is reflected through a wedged window and into a beam splitter,

which reflects about 5% of the incident light into reference detector, and passes the other

95% into the injection mirror. The wedged window is used to spatially separate the back

reflections off the beam splitter so that light does not go directly back into the laser.

The reference detector signal exits the enclosure and is amplified by a Femto variable

gain high speed current amplifier (p/n DLPCA-200). This amplified signal goes directly to

the DAQ box through a shielded, twinax cable.

The light that is reflected towards the reference detector passes through another beam

splitter before being reflected off of a 45◦ mirror and down onto the detector. This beam
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Figure 4.9: Photograph of ChiWIS laser head. Beam leaves laser (L) and reflects off of two
mirrors (M1,M2) before entering the optical cavity. Some power is broken off by a beam
splitter (B1) and enters a local power monitor (D). When the green optical path is unblocked
by a shutter, some power reflects off the second beam splitter (B2), traverses the 4-mirror
loop and falls onto the local power monitor, creating an interference fringe which can be
used to generate a tuning curve for the laser.
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splitter reflects light around a free space etalon with path length 57.871 cm. Upon making a

full circuit around the etalon the beam passes through the beam splitter again, and some of

the light is reflected onto the detector as well, resulting in the observation of an interference

fringe with free spectral range (FSR) 0.0172798 = cm−1 which can be used to measure the

laser’s tuning curve. Light passing through the etalon can be blocked with a shutter that is

controlled by the engineering computer.

The FSR and path length of the etalon were measured by flooding the optical head with

a mixture of helium and N2O, which has several regularly spaced spectral lines in the target

spectra range. At STP in air these lines can be very hard to localize due to the collisional

broadening they undergo, but helium has a very low cross section and when used as a carrier

gas results in significantly less broadening. These measurements had to be carried out at

STP since it is not safe to pump the laser head and its sensitive components down to a

pressure at which collisional broadening would be suppressed. Since the line spacing is well

known, once the number of etalon fringes between the line centers is know, an accurate

estimate of the etalon FSR and etalon path length can be made.

N2O is an oxidizer, so it would be safer to use a more inert gas such as CH4, CO2, or

even water vapor should this measurement need to be repeated in the future.

The light that passes through the first wedged window strike a 45◦ mirror which reflects

light down through a hole in the Al breadboard and into the optical cavity. The injection

mirror is mounted on a two-axis stage, and adjusting the orientation of the mirror controls

the injection angle of the beam into the cavity.

The cavity is aligned by reflecting a pair of co-aligned green and red laser beams into

the laser head, then flipping up a mirror which reflects the beam along the IR beam’s path

and into the cell. The red light essentially passes through the cell unaffected, and is used for

gross adjustments. Under low light conditions the green laser light can be observed on the

detector side of the cavity (after the red laser has been blocked), which allows for the fine

adjustments necessary to achieve a circular Herriott alignment. The adjustments are made

101



using the two-axis controls on the 45◦ mirror which reflects light into the cell.

Optical Cavity

The optical cavity is composed of two highly reflective mirrors with face centers separated by

902.02 mm. The identical mirrors have focal length 784.15 mm and are placed so that their

optical axes are co-linear. The mirror substrates are 25.4 mm thick at their centers, and are

made of Heraeus Infrasil 302 optical glass. This glass was chosen for its lack of OH and other

impurities, which give it excellent transmission characteristics at 2.64 microns. At the target

wavelength of 2.647 microns Heraeus Infrasil 302 transmits ≈ 98% of light, excluding losses

due to Fresnel reflection, which can be suppressed with an appropriate coating. The Plano-

 
 

Figure 4.10: Transmission curve for Heraeus Infrasil 302 plotted as a function of wavelength.
The transmission shown here is for a 10 mm thick sample and takes into account the Fresnel
reflection losses at two uncoated surfaces. The top curve is the maximum transmission
possible for two uncoated surfaces given the index of refraction of Infrasil. Image from
Heraeus catalog.

Concave (PCV) mirror substrates were manufactured by Optimax Systems. The plano face is

AR coated to R < 0.5% at 2647.7 nm, and the concave side has a max reflector coating with

R ≥ 99.98% and T ≈ 70 ppm. The coating is designed to have an overtone at ≈ 560 nm
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which allows easy alignment of the cavity with a visible laser co-aligned with the IR beam.

The theoretical mirror transmission is less than 100 ppm over the whole range from 2550 to

2750 nm.

Figure 4.11: The max reflector coating on the ChiWIS mirrors is highly reflective over a
range of several hundred nanometers. Image courtesy of Lohnstar optics.

The mirror geometry was carefully chosen to result in 322 spots per mirror before the

reentrant condition is met, and to maximize the spatial separation between spots with short

pathlength differences, as these are the primary source of broad fringes with frequency com-

parable to the width of target spectral features.

Detector Head

Light leaving the optical cavity passes into the detector head, then through three custom

ZnSe optics before falling on the 2 mm diameter Judson detector. The three optical com-

ponents are the non-axially symmetric optical component (discussed in detail in Chapter 5)

and two ZnSe Plano-Convex (PCX) collection lenses. General characteristics of these compo-

nents are given in Table 4.4. These components are optimized to concentrate cavity output

from the cavity output mirror down onto the 2 mm Judson detector within the limited space
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available. More detail about the novel nonax component can be found in Chapter 5. The

detector head is sealed to maintain constant pressure during flight, and has two electrical

feedthroughs and two valves through which dry air can be flushed.

Table 4.4: Dimensions of ChiWIS optical components. All dimensions are in mm.
Component R1 R2 Diam. CT Material

M -1496.3 plano 112 25.4 Infrasil 302
Nonax NA plano 110 7.65 ZnSe
PCX1 119.9 plano 112 16.36 ZnSe
PCX2 71.46 plano 38.1 4.586 ZnSe

Detector plano NA 2.0 NA InAs

The signal detector is a InAs 2 mm diameter Judson detector (p/n J12TE3-66D-R02M)

mounted on a 3-stage TEC cooler. Although better noise characteristics could be had from

a smaller detector cooled to a lower temperature, raw capture of cavity output by a larger

detector was more important than noise in this case. This particular detector combined a

large area with a wide field-of-view, which allow output rays to make a steeper approach to

the detector and thus to be focused into a smaller area.

The detector diode voltage is amplified by a Femto variable gain high speed current

amplifier (p/n DHPCA-100). This device was removed from its housing to better fit into the

detector environmental enclosure, and the low-voltage portions of the PCB were outfitted

with copper shielding to reduce noise. The transimpedance amplifier is DC-coupled, set to

106 Ω gain on the low noise setting, and set to full bandwidth.

Thermo-electric Coolers

The two detectors and the laser are temperature controlled with thermoelectric coolers.

The laser temperature is controlled by a Wavelength electronics temperature controller (p/n

PTC2.5K-CH), which is powered from the optical bench power supply. The temperature

setpoint is set via the potentiometer labeled ‘TEMP SET’ at the top left of the device.

Adjusting this controls the base temperature of the laser diode, which consequently shifts
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the observed spectral region around.

Figure 4.12: Photograph of ChiWIS Thermo-electric coolers. The device at left precisely
controls the temperature of the laser diode. The temperature is controlled via the poten-
tiometer labeled ‘TEMP SET’ at the top left. The board at right (ACOM536-953) has three
subcircuits. Two identical circuits are anchored around Wavelength temperature controllers
that cool the reference and signal detectors, and the other ensures that the laser temperature
is within a certain range.

At right is the Wavelength board, which consists of three subcircuits. Two identical

circuits are anchored around Wavelength temperature controllers (p/n WTC3243). These

subcircuits control the temperature of the reference detector (top) and signal detector (bot-

tom). (The controllers are not visible as they are mounted to the board from beneath and

thermally anchored to a heat spreader plate.) The current limits, temperature setpoints, and

PI values are all controlled by resistors soldered onto the circuit board. The third subcircuit

reads a voltage from the laser TEC, and makes sure that it falls within a voltage range which

corresponds to a temperature range known to be safe for the laser. This voltage range is

controlled by resistors soldered to the board. The board is powered with a 5 Volt input from

the optical bench power supply.

105



4.2.9 Gas handling

The gas handling system is composed of the heated inlet, the top valve, inlet manifolds, the

optical cavity, the exhaust manifolds, the bottom valve and the pump. This section will

discuss each of these subsystems.

The inlet is composed of three parts. The first is 5/8 inch stainless steel tube coated with

a highly inert SilcoNert 2000 coating. The tube is welded to a BVCO fixture (also coated)

on the end internal to the dome, and has no fixture on the external end. The BVCO fixtures

use an L-ring to minimize dead volume in trace gas applications. The tube is integrated

into the MIPAS dome cover along with inlets for the AMICA and COLD instrument which

are also in Bay IX. The whole inlet assembly is supplied with its own power separate from

ChiWIS. The inlet is rear-facing in order to avoid inhaling ice particles.

During operation on the Geophysica, the MIPAS inlet is connected to ChiWIS through a

short length of 1/2 SynFlex tubing which has the appropriate BVCO connector on one end

and a Swagelok nut and ferrule on the other. SynFlex is a flexible tubing composed of an

inner layer of aluminum with an inert coating, surrounded by a black plastic cladding that

protects the inner layer.

The ChiWIS-specific gas handling starts with a SilcoNert coated 90◦ elbow that has a 1/2

inch SwageLok fixture on one end and a KF-40 flange on the other. This part is thermally

controlled (Section 4.2.10) by the Athena engineering computer.

The KF flange connects to one of two MKS Type 153D Throttle Valve Controller used

in ChiWIS. These controllers consist of a type 253 butterfly valve, control electronics, and

an RS-232 interface. The valve operates by rotating a metal disk with an O-ring around it

within a cylinder that has KF-40 flanges at both ends. Unfortunately the valve body is not

coated. The controllers operate semi-independently from the engineering computer.

The top valve regulates the pressure within the optical cavity of ChiWIS. It is directly

connected to a MKS Baratron pressure gauge (p/n 722B12TCE2FA), which measures a

pressure range from 0-100 Torr. When the MKS valve receives a pressure setpoint from the
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engineering computer, it independently runs a PI algorithm to change the valve angle in

order to match the pressure measured by the Baratron to the setpoint.

After the top valve, air enters the fore and aft manifolds, two identical coated 1/2 inch

stainless steel tubes which run parallel to the optical axis of the cavity then branch and

introduce air into the chamber adjacent to the cavity mirrors. The manifolds are also heated

to 30◦. The inlet ports are modified VBCO ports that attach to ports custom-machined into

the cavity body. These ports inject air into the cavity slightly off-axis, under the assumption

that this will more efficiently sweep air throughout the volume of the cavity resulting in

faster overall flush times.

The cavity itself is a nominal 4” schedule 40 (4.5” OD, 4.025” ID) stainless steel steel

pipe, with the interior surface hand polished to a mirror finish, then coated with SilcoNert

2000. The pipe is machined to have 4 inlet ports, 4 outlet ports, a port for the Baratron

pressure gauge, and has an optical flange for mounting the mirrors and optical enclosures on

either end.

Gas exits the optical cavity through 4 ports located along the centerline of the pipe.

These ports again utilize custom BVCO flanges that can be rotated at increments of 45◦ to

allow flexibility in the orientation of the tubing that handles gas that is leaving the chamber.

Each flange is welded to a coated stainless steel elbow that has a 1/2 inch Swagelok flange

welded to the other end. The elbows are attached to SynFlex tubing that is routed to a

coated stainless steel exhaust manifold that has four SwageLok input ports and one KF-40

flange that connects to the bottom MKS valve.

The bottom valve sets the flow rate through the instrument, provided the pump can

handle the commanded flow. The valve receives a command from the Athena engineering

computer to open to a particular angle, then stays there until it receives another command.

During flight, a flow rate is maintained until the control program is satisfied that the pump

does not struggle, then the valve is opened a little more. At typical altitudes during the

StratoClim campaign the bottom valve rapidly opens all the way to 90◦.
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Below the bottom valve gas flows through a tee and into the pump. On the right angle

portion of the tee is a second Baratron pressure gauge (p/n 722BRDTCE2FA) which provides

a reading of throat pressure. The pump is a modified Agilent Triscroll 300 scroll pump. In

this particular unit, the original motor has been removed and replaced with a Kollmorgen

(p/n AKM33H-ACDNC-00) servo motor, which has higher torque than the original and

windings that are safer for high altitude use. After the scroll pump, the gas is exhausted to

the atmosphere.

4.2.10 Thermal Control

Thermal control is divided into parts controlled by the engineering computer and parts that

are independent of it, of which there are two. The first is environmental control for the

optical bench, which runs off of the aircraft’s 27 Vdc and is independent of the engineering

computer. This thermal control system keeps the optical bench at roughly room temperature

throughout a flight, and protects it from getting too cold in case the engineering computer

fails. This system is composed of 10 independent circuits, each of which is controlled by

a Minco CT325 Miniature DC temperature controller. These on/off controllers mearuser

the resistance across a platinum RTD sensor and attempt to match that to a user specified

setpoint. When the measured temperature is below the setpoint, the controller switches to

put the full 27 Volts across the strip heaters mounted on aluminum panels on the interior

portion of the optical bench base and the optical bench cover. The resulting current must

flow through a thermal cutout (TCO) which fails at 70◦ C to prevent runaway heating in

case of controller failure.

The second independent part is the pair of fans that are screwed onto the lid of the DAQ

environmental enclosure. These are wired to 24 Volts from one of the Vicor boards through

a normally open thermal switch. When this switch (which is located under the fin shroud

located on the the lid) goes above 50◦ C, it closes which activates the fans. This is done to

protect the two computers in the DAQ enclosure from getting too hot.
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Figure 4.13: Precision heater boards which receive a setpoint command from the Athena
engineering computer which controls the current output through the heater in question. Each
board has 5 subcircuits, for ten subcircuits total. During StratoClim only the subcircuits
controlling the ChiWIS inlet heater and the manifold heaters were used.

The second thermal control system is controlled by the engineering computer. It outputs

analog voltages to two precision heater boards (ACOM536-951), which then source current

to the heater in question. Each heater circuit is safety protected with a TCO to prevent

runaway heating in case of a computer failure. In Figure 4.13 board is powered with +24 Vdc

through the big molex connector at the right, and the analog inputs enter the board through

the 10-pin connector at the left of the board. Each board has five identical subcircuits which

condition the analog input to the appropriate voltage range, and a Darlington transistor

which outputs current to the heater it is connected to. The transistors are heat sunk to a

heat spreader plate, which is thermally anchored to the instrument’s structural rail through

the Bud box it is housed in. A thermistor is mounted on each component to be heated, and

the engineering computer tries to match the temperature derived from the thermistor to the

setpoint temperature through a software PI algorithm coded in LabView.

During the StratoClim campaign only three subcircuits were used, and they controlled
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the ChiWIS inlet and the two manifold tubes. The wiring is in place to control the optical

breadboard, the laser mount, the laser enclosure, the detector enclosure, and the fore, middle,

and aft portions of the optical cell, although in practice the Minco controllers do a good

enough job.

4.2.11 Safety

In ChiWIS any circuit that could potentially short and draw a dangerous mount of current

is fused, and any element that could overheat has a safety cutout which cuts power to the

element if it gets too hot. Wherever possible there is also software feedback that reduces

the power through an element if it gets too warm, and eventually shuts it off before it gets

dangerously hot. Here several of the most important safety systems will be described.

The thermal behavior of the pump at high altitudes was of great concern due to the

relative lack of convection at high altitudes where pressure is 100 mb or less. The first line of

defense against the pump overheating is implemented in software. An AD590 temperature

gauge is mounted to the pump head, and if it reports a temperature beyond a user defined

value set in the ACWIS control program, it decreases the pump’s rotation rate. If the pump

head’s temperature increases further beyond a second temperature, the pump is completely

stopped. There is also a second, hardware safety which is wired through the Sensitron motor

controller. This device has an E-Stop pin, and the board will operate as long as this pin

is pulled low (its exact behavior is configurable through the software that accompanies the

device). The pin is wired to ground through a TCO which is embedded in the pump head.

If this TCO gets too hot, it breaks and results in an open circuit, and the E-Stop pin floats

high, which turns off the controller.
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4.3 Ramp characteristics

The characteristics of the laser ramp have a large on measurement quality, and careful

choice is necessary. The tuning range and tuning rate both depend on the laser heat sink

temperature, initial and final laser current, time of the ramp, and time between ramps, so

achieving the right range and rate is often an iterative process.

4.3.1 Tuning Range

The tuning range used in StratoClim was chosen to include the target HDO line at 3776.9 cm−1

and two water lines: the ‘big’ H2O line at 3777.9492 cm−1 and the ‘medium’ H2O line at

3776.444 cm−1. These big water line is approximately 100 times more intense than the

medium line, and provides extremely precise measurements at even the driest levels of the

atmosphere, but is nearly saturated above about 50 ppm. The medium line is more com-

parable in strength to the HDO line, and provides useful measurements up to hundreds of

ppm. This spectral region spans about 1.5 wavenumbers, although the lasers themselves are

capable of much broader ramps. The typical laser TEC voltage setpoint during StratoClim

was 2.177 Volts.

4.3.2 Tuning Rate

Once the desired tuning range is known, the tuning rate is chosen as a tradeoff between

suppressing optical noise and increasing noise in the retrieved concentrations by smearing

the lines out and making the estimate baselines more uncertain (see Section 2.2.3 and Figure

2.10). In StratoClim, the ramp rate was chosen to be about 192 cm-1 s-1, which results in a

ramp repetition rate of about 62 ramps per second.

The settings shown in Table 4.5 correspond to a ramp that starts at 324.3 mA and ends

at 505.3 mA, with a ramp length of about 12.1 ms and a gap time of about 3.8 ms. During

the campaign the I-final value was sometimes varied in the least significant 3 bits to better

111



Table 4.5: Typical Ramp Generator Dip Switch Settings in StratoClim. These
quantities correspond to tg, tr, IH, and IL respectively in Figure 4.7.

T-end T-pulse I-final I-initial
0 0 1 1
0 0 1 0
0 1 1 0
0 1 0 1
1 0 0 0
1 0 1 1
1 0 1 0
1 0 1 0
0 0 0 0
0 0 0 1

place the big water line and adjust the position of a mode hop.

4.4 Fitting data to extract concentrations

Before concentrations can be extracted from the data, several steps must happen. First,

the data must be reduced to a manageable size for the fitting routine to handle. Then a

mirror loss value must be extracted from the cavity ringdown time. This piece is essential for

the fitting routine to estimate the average number of passes light makes through the cavity.

Lastly, a tuning curve must be generated from the reference data so that the area of the

spectral features can be properly integrated.

4.4.1 Data Reduction

The PXIe computer (Section 4.2.6) recorded each ramp in the StratoClim campaign as a

series of fifty thousand 16-bit integers at a rate of ≈ 62 hertz. The ramps are recorded 1400

per file in two channels. The first channel is from the signal detector and the second is from

the reference detector. The spectral features are heavily oversampled to achieve better noise

characteristics through rebinning. StratoClim data are rebinned to one second and 5000

samples per ramp.
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4.4.2 Tuning curves

The tuning curve is the laser’s wavelength as a function of time, or more commonly, sample

number. This curve is derived from the reference detector signal. Periodically during Strato-

Clim, a small fraction of laser light is allowed to traverse a free space etalon within the laser

head, which results in the observation of an interference pattern on the reference detector.

This ‘fringing’ pattern, or etalon, can be extracted from the reference signal by dividing a

reference signal with fringing by a signal just before or after the onset of fringing.

The FSR of the etalon is known (see Section 4.2.8), so counting the number of fringes

from a specified sample, then multiplying that by the FSR of the etalon gives the relative

difference in wavenumbers between two samples in the ramp. Once discrete data for relative

wavenumber as a function of sample number have been generated, that can be fit to the

following functional form, which is accepted by ICOSfit:

x′ =
x− E [0]

1000
(4.1)

ν = FSR
(
E [1] + E [2]x′ + E [3]x′2 + E [4] ex

′/E[5] + E [6] ex
′/E[7]

)
. (4.2)

Here x is the raw sample number, and E is the set of parameters to be fit to the data.

Once E satisfactorily represents the observed fringe, it can be fed into ICOSfit. Note that

this tuning curve only gives the relative wavenumber. The fit routine retains the degree of

freedom that allows the tuning curve to shift in order to match the lines it is required to fit.

4.4.3 Cavity ringdown times

Each ramp has a very abrupt turnoff, with a time from maximum current to minimum

current less than one microsecond. Due to the long residence time of power in the cavity, the

signal detector sees this sharp edge as an exponential decay, from which the cavity ringdown

time can be estimated. The cavity ringdown time is related to the reflectivity of the cavity
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mirrors through Equation 2.27, and once R is know the per pass mirror loss can be input

into the fit routine.

For signal ramps, data acquisition ends before the ramp is cut off. During StratoClim

every 200th file (starting with zero) was composed solely of ringdowns.

4.4.4 ICOSfit

ICOSfit [Sayres et al., 2009] is a multi-variable, non-linear, least-squares fitting algorithm

written in C++ by Norton Allen in the Anderson Group at Harvard University. This fitting

routine is optimized for absorption spectra from Herriott and ICOS instruments, although

it can be easily used for White cell and open-path measurements as well.
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CHAPTER 5

IMPROVED LIGHT COLLECTION IN ICOS CELLS USING

NON-AXIALLY SYMMETRIC OPTICS

High effective path lengths and stable optical configuration make Integrated Cavity Output

Spectroscopy (ICOS) a useful spectroscopic technique for measuring trace gases. However,

the skewed nature of the output ray geometry of ICOS cavities makes it difficult to collect

the already weak cavity output onto small detectors. We derive the constraining effect of

skewness in ICOS cavities with Herriott alignments, which limits light collection efficiency

for compact instrument designs, and show how this constraint can be overcome by addition

of a non-axially-symmetric optical component. We demonstrate the efficacy of this approach

with the ICOS-based Chicago Water Isotope Spectrometer (ChiWIS), which incorporates a

skew-correcting optical element consisting of eight ZnSe wedges, and show that it increases

collection efficiency by approximately a factor of six.

5.1 Introduction

ICOS is an absorption spectroscopy technique in which light is injected off-axis into a reso-

nant cavity consisting of high-reflectivity mirrors to provide a very long optical path length

[O’Keefe, 1998, Engeln et al., 1998]. For example, a 1 m cavity with mirror reflectivity

of 99.98% will have an effective pathlength of 5 km. ICOS instruments are routinely used

to measure trace atmospheric constituents with concentrations as low as parts per trillion

[Hodgkinson and Tatam, 2013], and their relative insensitivity to alignment and environ-

mental vibration make them an attractive choice for measurements in the field. Compact

instruments with low cavity volumes and short flush times can yield sampling rates of ≈ 10

hertz [Sayres et al., 2017]. However, since laser light must pass through the cell mirrors to

enter the cavity, it is attenuated by a factor of (1-R), making this an inherently low power

technique and placing a premium on efficient light collection of the cavity output.
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Figure 5.1: Two identical cell mirrors are labelled M, the plano-convex collection lenses are
PCX1 and PCX2, and the detector is labelled D. Most power is reflected away before it
enters the cavity, making ICOS a low power technique. All optics are axially symmetric and
share the same optical axis, represented by the gray dashed line.

ICOS cells are typically aligned with a circular Herriott pattern [Herriott et al., 1964],

in which beam paths are innately divergent and skewed. For an axially symmetrical optical

system with off-axis alignment, the divergence of the beam is its component co-planar with

the optical axis, and the skewness is the component that is not co-planar with the optical axis

(Figure 5.2). Divergence is easily handled by standard optical components, but skewness

cannot be completely removed by axially symmetric lenses. While skewness may be an

advantage for Herriott cells, allowing for greater separation between cavity input and output

beams and their associated optics, it is a detriment in ICOS cells, in which light does not

exit the cell through a single aperture, but through all points on the Herriott pattern. For

ICOS, skewness places strict lower limits on how focused cavity output can be and therefore

hinders light collection. Due to the limited sizes of commercially available detectors, this

constraint can limit output collection efficiency for ICOS instruments.

In direct analogy to angular momentum and central forces, skewness is conserved by

axially symmetric optics, and the skew invariant

h = nS sin γ (5.1)

remains unchanged under any interactions with axially symmetric components [Winston

et al., 2005]. Here n is the index of refraction of the medium, S is the minimum distance
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Figure 5.2: The thick red line is a ray propagating from one mirror to another, and the blue
red lines are its projections into the tangential (blue) and sagittal (green) planes. The diver-
gence angle α is the angle between the optical axis the ray’s projection into the tangential
plane, and the skew angle γ is the angle between the optical axis and the ray’s projection
into the sagittal plane.

between the skew ray and the optical axis, and γ is the skew angle between the ray and the

optical axis. Interaction with axially symmetric components can only trade between S and

sin γ, and we see that h/n is the theoretical minimum approach a skew ray can make to the

optical axis.

In ICOS instruments the cavity mirrors and collection optics typically share the same

optical axis (see Figure 5.1), so the Herriott reentrant conditions of the cavity define a skew

invariant for the whole system. The skew and divergence angles are identical for every output

ray in the circular Herriott spot pattern, so for this geometry the skew invariant h defines

the minimum radius to which the mirror spot pattern can be focused by axially symmetric

optics.

In an optical cavity aligned in a reentrant Herriott pattern, the skew angle is fully de-

termined by two dimensionless cavity geometry parameters. The Herriott pattern is set by

u ≡ f/d, the ratio of mirror focal length to mirror separation, and the cavity aspect ratio
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Figure 5.3: Contour plot showing h/A plotted against the dimensionless cavity geometry
numbers u = f/d and v = A/d. Here h is the skew invariant, f is the focal length of the
mirrors, and d is their separation. Larger values of the skew angle γ result in larger skew
invariants for a given Herriott pattern radius A. The A/d ratio is a much stronger control
on skewness than changes in u. ChiWIS is marked with a black asterisk. Note that Herriott
cell solutions exist only for u > 0.25 (i.e. d/f < 4).

is described by v ≡ A/d, the ratio of Herriott pattern radius to mirror separation. We can

therefore rewrite Equation 5.1 in terms of these cavity geometry numbers.

Writing the reentrant condition’s beam injection direction unit vector x̂ in cylindrical

coordinates (cf. Equations 2.21 and 2.22) makes the skew and divergence (α) angles of the

Herriott pattern identifiable:

x̂ =
1√

1 + v2
u

(
− v

2u
, ± v

2u

√
4u− 1 , 1

)
(5.2)

From equation 5.2 we see that the divergence angle is α = arctan (−v/2u), and that the

skew angle is:

γ = arctan
(
± v

2u

√
4u− 1

)
(5.3)

The ± sign here corresponds to cells with clockwise and counter-clockwise alignments, re-

spectively, as viewed from the input side of the cell. A ray’s closest approach to the optical
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axis in the cavity occurs halfway between the mirrors at the beam pattern waist, and that

distance is given by S = A
√

1− 1/4u. ICOS cavities are typically filled with low pressure

air, so we take n = 1. From these and Equation 5.3 we see that the cavity skew invariant is

given by:

h = S sin γ = A

 v
√

1− 1
4u√

v2 + 4u2
4u−1

 (5.4)

The cavity geometry parameters therefore provide insight into how relevant skew may

be for instrument design. Figure 5.3 shows the contours of h/A as a function of u and v,

along with the values from selected ICOS instruments described in the literature. (Details

for those instruments are also shown in Table 5.1.) The parameter h/A can be thought of

as a concentration factor describing how strongly a circular Herriott pattern can be focused

onto a detector. Two features are readily evident from Figure 5.3. First, the cavity aspect

ratio v = A/d is a much stronger control on the concentration factor than is u. Second, most

ICOS instruments cluster within a relatively small range of parameter space, producing very

similar concentration factors (h/A ≈ 0.03). In this design regime, concerns about collection

efficiency will scale with A and so with instrument size.

Instruments with large A and therefore large skew invariants, such as this work and

Sayres et al. [2009], typically have designs motivated by reducing potential optical ‘noise’.

Larger-diameter spot patterns minimize overlap of beam spots within the coherence length

of the laser, reducing unwanted resonance effects. These constraints are generally strongest

for the longer wavelength instruments, whose diffraction-limited spot sizes are larger than

those for instruments operating in the near-IR. A second class of instruments susceptible to

large skew angles are those required to be extremely compact and low-volume. In these cases

d is made very small, while A is constrained by optical resonance considerations, and A/d

can become very large. The instrument with the highest skew invariant in Table 1 Bakhirkin

et al. [2004], a breath analyzer only 5.3 cm in cavity length, falls into this category. As the
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Table 5.1: Geometry and Skewness of Selected ICOS Instruments. Values of A with
an asterisk are estimated from other quantities in the given reference. Instruments are listed
in order of decreasing h.

Instrument u v A (mm) γ h (mm)
Bakhirkin et al. [2004] 9.4 0.38 20* 6.9◦ 2.4

Sayres et al. [2009] 0.77 0.05 45* 2.66◦ 1.7
This Work 0.83 0.05 45 2.62◦ 1.7

Sayres et al. [2017] 1.88 0.08 20* 3.4◦ 1.1
Provencal et al. [2005] 1.25 0.05 20* 2.3◦ 0.70
McCurdy et al. [2006] 1.0 0.04 20* 2.0◦ 0.59

Zhao et al. [2007] 1.7 0.045 20* 1.84◦ 0.59
Marchenko et al. [2015] 2.0 0.06 15* 2.4◦ 0.55

Baer et al. [2002] 0.65 0.025 20* 1.4◦ 0.38
Jia et al. [2009] 2.1 0.036 13* 1.4◦ 0.29

Engel et al. [2006] 0.46 0.018 20* 1.04◦ 0.24
Sonnenfroh and Parameswaran [2011] 2.5 0.045 9* 1.6◦ 0.23

Tan and Long [2010] 6.0 0.022 15* 0.59◦ 0.15
Paul et al. [2001] 4.5 0.014 9.5 0.37◦ 0.062

Kasyutich et al. [2003] 4.5 0.011 2.5* 0.30◦ 0.013

ICOS technique is more widely adopted in lightweight and portable instruments, skewness

may become an increasingly important design consideration.

If design constraints mandate a skew invariant so large that light collection is limited,

better focus can be achieved by using optical components that are not axially symmetric.

Such components break the symmetry of the output and do not require skewness to be

conserved, and can gainfully exploit the symmetry of the Herriott pattern. Here we describe

a simple non-axially symmetric optical component designed for the Chicago Water Isotope

Spectrometer (ChiWIS) that allows skewed output rays to be imaged onto the optical axis

and results in an approximately six-fold improvement in light collection.

5.2 Design

To correct the skewness inherent in the ChiWIS Herriott pattern, we designed an optical

component composed of eight, identical wedged windows, which are manufactured in the

shape of ‘pizza slices’, then glued together and assembled into a mount. This component is

120



placed between the cavity output mirror and the big plano-convex (PCX) collection lens as

shown in Figure 5.4. The slope of the wedged surface is such that it corrects most of the

cavity output skewness allowing the output to be focused into a much smaller area.

Figure 5.4: Schematic of ChiWIS cell and detection optics with nonax component included.
It is placed between the cavity output mirror and PCX1 where the output rays are nearly
paraxial, and refracts out most of the skewness in those rays before they are focused down
to the optical axis.

The ChiWIS geometry results in a skew invariant of ≈ 1.7 mm, mainly due to its large

spot pattern, which was necessitated by its relatively long target wavelength of ≈ 2.647

microns. This wavelength was chosen to measure H2O and HDO spectral features, and

also interacts strongly with OH impurities in glass, requiring the use of high-purity optical

materials like Infrasil and ZnSe. The cavity mirrors were 902.02 mm apart, and the collection

optics consist of the non-axially symmetric component (nonax), two ZnSe PCX lenses, and

a 2 mm diameter InAs Judson detector (J12TE3-66D-R02M). The detector chip is packaged

in a can with field-of-view of about 65◦, which limits the angle of incidence (AOI) of light

onto the detector. Limited AOI onto the detector chip means that in practical terms the

minimum spot size h shown in Table 5.1 cannot be achieved. Information about the optical

components used in ChiWIS is shown in Table 4.4.

Axially symmetric collection optics can gather only a small portion of the light exiting

the cavity. Ray tracing calcultions suggest that Herriott alignment results in collection

efficiency of only 13% (Figure 5.6, top). The output retains the ring shape of the original

Herriott pattern, with minimum focusing diameter of 4.6 mm, much larger than our detector.
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Figure 5.5: Top: Photograph of the assembled nonax optic mounted in its anodized, Al
mounting ring. The component is photographed at a shallow angle to show the steps between
individual slices. Bottom: Mechanical drawing of the wedged slices. The gradient of the
wedged surface should point from one corner to the other along cross section A-A, but a
manufacturing error resulted in the gradient pointing from one corner to the opposing edge.
This error does not significantly affect the function of the slices. All dimensions in mm.
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Collection efficiency could be slightly increased by aligning the detector face perpendicular

to the incoming cavity output, but that adjustment would still result in at best 20% capture.

Introducing our designed asymmetric optical element should improve light collection to 93%

(Figure 5.6, middle).

While the mathematically perfect un-skewing optic would be a helix, which is prohibitive

to manufacture, a design consisting of multiple wedged windows cut into the shape of circular

sectors (slices) can closely approximate the ideal element. Once the cavity’s skew angle is

known, we can determine the local surface necessary to completely refract out the skewness.

Assuming the component has its wedged surface facing the cavity output mirror, and that

the second surface is plano, perpendicular to the optical axis, and that no refraction in the

azimuthal direction occurs there, the wedge angle β necessary to refract out the skew is:

tan β =
n0 sin γ

n1 − n0 cos γ
(5.5)

Here n1 is the index of refraction of the wedge material and n0 is the index of refraction of

the medium. For ZnSe at 2.64 microns n1 = 2.4398 J. Connolly [1979], and βChiWIS = 1.79◦.

The wedge angle points the surface normal away from the incoming skew rays, increasing

the angle of incidence on the wedged surface. This also implies that a set of wedges has

‘handedness’, and cannot be used with both clockwise and counter-clockwise cavity output.

Materials with high indices of refraction have lower wedge angles and require less material

for manufacture.

The slices are designed to perfectly correct the cavity output along their centerline, and

leave only 0.17 degrees of residual skew angle along their edges. When assembled, the net

result of the nonax component is that each slice directs the section of the cavity output

that passes through it onto the optical axis. (Here we refer to the points where the arc and

the radii of the slices meet as the ‘corners’, and the point where the two radii meet as the

vertex.) Each slice is wedged with the angle β calculated above such that the gradient of
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the wedged surface points from one corner to the other along cross section A-A (Figure 5.5,

bottom). The thickness of the slice at the vertex and along the centerline of the slice is half

way between the minimum and maximum thicknesses.

We chose eight slices as a compromise between increased skew cancellation and increased

light interaction with component edges and difficulty of assembly. Optical components with

two or 4 wedged slices still allow a significant fraction of the light to miss our 2 mm detector

(27% and 53%, respectively). Increasing the number of slices beyond 8 results in little

improvement due to finite beam size and deviations from a perfectly circular Herriott cell

pattern. The drawback to increasing the slice number is more interface surfaces between

them, which are likely to scatter light or refract it away from the detector. Assuming a 2

mm diameter beam size, and a Herriott spot pattern 45 mm in radius, ≈ 5% of the rays

should overlap the surface between two wedges in the eight-fold case.

The actual manufactured slices have an error in their wedge gradient which ray tracing

calculations suggest reduces capture efficiency to 91% (Figure 5.6, bottom). Instead of

pointing from corner to corner, the gradient points from corner to edge, leaving at most 0.8◦

of skew angle, corresponding to a maximum skew invariant of 0.63 mm. These components

tend to introduce more divergence with a greater spread than the design version, and as a

result, the spot pattern in the detector plane appears more diffuse than in the ideal case.

The 8 identical wedged slices were manufactured by Rocky Mountain Instrument Com-

pany from polycrystalline ZnSe, and were AR coated to less than 0.2% reflectivity by Lohn-

Star Optics. All edges are beveled to prevent chipping, but the bevel at the vertex of each

slice is made larger to allow for some play in their assembly if they vary slightly. After

manufacture and coating, the slices are assembled stepwise into the full optical component.

The individual slices are bonded together with Norland Optical Adhesive 83H by applying

a small amount of adhesive to the faces to be attached, then curing for 60 minutes at 80◦ C.

Good contact between the faces is ensured by mounting the wedges in a circular aluminum

form out of which a circular sector matching the parts to be bonded has been removed.
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Figure 5.6: Calculated spot patterns in the detector plane without the nonax component
(top), with the designed nonax component (middle), and the actual mis-manufactured nonax
component (bottom). Green spots are those that intersect the 2 mm diameter detector. The
collection efficiencies in each case are 13%, 93%, and 91%. These ray tracing calculations
are done by approximating the laser beam by a bundle of 121 parallel rays with a diameter
of 2 mm, then injecting them into the cavity in a Herriott configuration. The bundle is
advanced over one complete cycle of the cell’s Herriott pattern (622 passes), and at each
point of intersection with the output mirror the rays are refracted through it and enter the
collection optics.
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The slices are pressed into place using a large band clamp that goes all the way around the

aluminum form and slices. A strip of rubber is placed between the band clamp and the slices

to protect them.

Once the full disk of slices is assembled, it is placed into a custom mounting ring com-

patible with the 3-rail system on the detector side of ChiWIS. The bottom panel of Figure

5.5 shows the final assembly. To hold the component in place, several dots of 3M DP 420

epoxy are placed around the edge of each slice. The component/mounting ring assembly is

placed between the cavity mirror and the large PCX lens, as close as possible to the mirror.

5.3 Results

By mapping the focused cavity output in the detector plane, we demonstrate that the non-

axially-symmetric optical element performs as expected to increase the efficiency of light

collection (Figure 5.7). Output is peaked and centered on the optical axis, with a radius

similar to that predicted by ray tracing calculations (Figure 5.6, bottom panel). In the

absence of the nonax component, we would expect to see an intensity map that was the

convolution between the circular detector shape and the top panel of Figure 5.6 – a smeared-

out ring with a distinct intensity minimum at the center of the pattern.

The output is mapped in 200 micron increments over a 5.8 by 5.2 mm range by mount-

ing an XYZ translation stage (Newport 460-XYZ) to the 3-rail mounting assembly on the

instrument’s detector side, and attaching a 2 mm Judson detector to the translation stage.

Although the detector is comparable in size to the features we wish to map, it can easily

distinguish the most important effects attributable to the nonax component. Each point

in Figure 5.7 represents the total power collected by the detector when centered at that

point – in other words, the intensity map is a convolution of the detector’s shape and the

true cavity output pattern. The data were taken in alternating positive/negative x-direction

stripes, and the y-position was incremented between each stripe. Play in the translation

stage’s vernier dial introduced a discrepancy in the measured x-position between positive
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and negative stripes, which was corrected after the data were taken.

The observed output with the nonax component is nearly Gaussian with a FWHM of ≈

2.36 mm, confirming that it is effectively removing skew and allowing for maximum capture

by the 2 mm detector. Deconvoluting the detector shape from the intensity map indicates

that the true FWHM of the output is ≈ 1.8 mm, implying the detector captures about 75%

of cavity output. Output radius is somewhat larger than the value of ≈ 1.2 mm derived from

ray tracing calculations, and efficiency smaller, probably due to a slightly elliptical Herriott

cell pattern, which tends to smear the output for the same reasons as the finite beam size.

Ray tracing simulations of an elliptical Herriott cell pattern with semiminor axis of 43.5 mm

and semimajor axis of 46.5 mm yields a significantly more diffuse spot pattern at the detector

plane in which only 70% of the cavity output is captured. The deconvolution procedure

assumes that the detector face is a perfect circle of diameter 2 mm and that its response is

uniform. The detector chip is cooled to ≈ −65◦ C, and should have nearly uniform response

across its face at this temperature.

We see no other optical or mechanical effects that would limit performance. This compo-

nent introduces no fringing into observed spectra, and optical noise in the system as a whole

is much lower than electrical noise. The assembly process described here results in strong

bonds between the wedges themselves and between the wedges and their mount. This optical

component was field-tested during the StratoClim Asian Monsoon field campaign, where it

was used in eight flights aboard the M55 Geophysica, a high-altitude research aircraft, and

required no repair or modification after these flights.

5.4 Discussion

We describe here the design and assembly of a simple, non-axially symmetric optical com-

ponent that can be used to increase the collection efficiency of large ICOS instruments by

a factor of six. This optical component removes enough of the native skewness of cavities

aligned in a Herriott pattern that most of the cavity output can be focused down onto a

127



20

60

100

140

180

−3 −2 −1 0 1 2
X−position (mm)

−2

−1

0

1

2

Y
−

p
o
s
it
io

n
 (

m
m

)

Figure 5.7: Intensity map of cavity output with nonax component in place. X- and Y-
coordinate systems are centered on the peak of the output feature. The output is plotted as
a black-and-white intensity map with contours in millivolts overlaid. The observed intensity
feature has FWHM of ≈ 2.36 mm, but deconvoluting the detector shape shows the true
FWHM to be ≈ 1.8 mm.
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commercially available detector. This method can be generalized to any material and ap-

plied to cavities of any size. We note that axial symmetry in an ICOS cavity can also be

broken by the use of astigmatic cell mirrors, but such output is subject to its own constraints

and astigmatism may offer little improvement to collection efficiency. The non-axial compo-

nent described here provides a simple, effective, and robust means of increasing collection

efficiencies.

This method can be generalized to any material and applied to cavities of any size.

The optical element described here is made of ZnSe to minimize transmission losses at 2.6

microns, but for instruments operating in wavelength regions less susceptible to absorption

by OH bonds or other impurities, this component could be manufactured out of inexpensive

and easily machinable optical materials. Optical glasses typically have indices of refraction

around 1.5, so designs using these materials would require larger wedge angles to correct

for the same amount of skewness. For example, to correct the ChiWIS skewness using BK7

(n ≈ 1.48), a wedge angle of 5.44◦ would be required, resulting in a difference in thickness of

about 3.3 mm across the part, which is about twice that of the ZnSe design presented here.

Wedges with angles of about 5◦ are well within the capabilities of most optics manufacturers.

We derive the relationship between cavity geometry and skewness, and show that the

skew angle γ and concentration factor h/A are completely determined by the dimensionless

cavity geometry numbers u = f/d and v = A/d. These numbers provide a convenient way

to compare the geometries of different instruments, and to gauge a design’s susceptibility to

having a large skew invariant. We show that skew angles are most sensitive to the cavity

aspect ratio v and that in practice, ICOS instrument designs have clustered around similar

v, meaning that skewness constraints scale with instrument size.

In the present generation of instruments, skewness constraints are most significant in

longer-wavelength instruments, which have larger beam spot sizes (λ1/2) and therefore re-

quire larger cavity mirrors to separate spots on the cavity mirrors by several spot diameters

to avoid optical resonance effects. In the future, skewness may become a more widespread
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concern as instruments are miniaturized while mirror size remains constrained by optical

considerations. Use of ICOS in low sample volume applications such as breath analyzers,

fast samplers with rapid flush times, lightweight instruments for unmanned aircraft and field-

portable sensors all may warrant use of non-axial components designed to increase collection

efficiency.

Table 5.2: Positions of optical components in ray tracing calculations All dimensions
are in mm. D1, D2, D3, and D4 are the distances from the plano face of the cavity output
mirror to the plano faces of the nonax, PCX1, PCX2, and detector, respectively.

Calculation D1 D2 D3 D4

No Nonax NA 16.50 75.00 83.01
Design Nonax 12.66 29.16 87.66 95.67

Manufactured Nonax 12.66 29.16 87.66 96.31

130



CHAPTER 6

OVERVIEW OF MEASUREMENTS AND PERFORMANCE

This chapter presents a brief overview of the measurements ChiWIS made during the Stra-

toClim campaign, discusses calibration procedures in converting raw data to derived mea-

sureents, and explores some of the successes and failures of its design. As of this writing, all

StratoClim data remain preliminary, so science interpretations will be deferred to subsequent

manuscripts. This chapter is included to demonstrate that the ChiWIS instrument achieved

its design objectives and produced science-quality data.

6.1 StratoClim overview

The StratoClim project was designed to improve understanding of key processes in the

Upper Troposphere and Lower Stratosphere (UT/LS) region, including the role of the Asian

Monsoon in affecting the chemistry and radiative properties of this region. The project aimed

to synthesize data from field campaigns, satellite data products, process modeling, and global

modeling to achieve a better understanding of processes including the transport of water and

surface-level pollutants to the region and the formation of thin cirrus. Observational efforts

included aircraft field campaigns in Europe and Asia, and balloon launches of radiosondes

in South Asia and the Pacific. The aircraft field campaigns were divided into three parts,

which are described below. Each subsection describes ChiWIS development efforts and

achievements during that phase of the campaign.

6.1.1 Overview of the campaigns

Phase I Campaign

The Phase I Campaign took place in Kiruna, Sweden during March/April, 2016. It was

intended as an opportunity for instruments to integrate with the aircraft and participate in
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engineering flights, but was cut short due to aircraft issues which necessitated rescheduling

past the dates of the original flight permits. Progress with ChiWIS was limited to physical

integration onto the aircraft, which included fitup to the instrument rack, modification of

part of the aircraft fuselage to accommodate the instrument, match drilling of the instrument

and rack, cable testing, and confirmation of absence of conflicts with the dome that covers

the instruments. The failure to obtain permits to extend the mission precluded the planned

full electrical check and test/engineering flights to evaluate instrument performance.

Mediterranean Campaign

The Mediterranean Campaign out of Kalamata, Greece in August/September, 2016 was

organized to make up for the failed Kiruna campaign. Instruments, including ChiWIS,

were given the opportunity to complete integration with the aircraft and participate in

test/engineering flights. Four flights were scheduled, but the last was cancelled due to severe

flooding. ChiWIS participated in two of these flights, but suffered from major power failures

during each of them. Test flights revealed that the instrument’s 3-phase AC to 270 Vdc

converters, although rated to 70,000 feet altitude, were not reliable at these altitudes and

corresponding low ambient pressures, presumably due to arcing. ChiWIS took no spectra

during this campaign, but the power supply failures spurred another round of design and

testing that resulted in a change of power conversion scheme and components.

Asian Monsoon Campaign

The Asian Monsoon Campaign took place out of Kathmandu, Nepal in July/August 2017.

This campaign consisted of eight flights over Nepal, India, and Bangladesh. (Most instru-

ments were shipped to Kathmandu for integration and did not participate in transit flights

between Moscow and Kathmandu.) ChiWIS returned good data on 6 of the 8 flights. The

flights returning no data or compromised data were the first, in which a loose contact re-

sulted in about 10% of spectra being recorded, and flight 5, in which a power failure in the
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hangar about an hour before rollout allowed ground air into the cavity. Data from this flight

shows a clear trend in water vapor due to contamination.

6.1.2 Flight campaign payload

Aside from ChiWIS, the Geophysica payload included approximately twenty other instru-

ments, with some substitution of instruments on different flights. ChiWIS remained mounted

for the entire campaign. Payload instruments measured multiple quantities of interest in the

UT/LS region, including pressure, temperature, water vapor, total water, particle number

density in multiple size bins from nm to hundreds of microns, aerosol composition, and trace

gases including CO2, N2O, CH4, O3, SO3, H2SO4, NO, HNO3, and NOy, as well as chlorine

and bromine species.

6.2 AM field campaign description

6.2.1 The 2017 Asian Summer Monsoon

Meteorological conditions differed in the first and second halves of the campaign, producing

scientifically useful contrasts. The first half featured little local convection (or rainfall),

warmer tropopause temperatures and therefore higher near-tropopause water vapor, but

few encounters with UT/LS cirrus. The second half featured increasing convection centered

around Nepal, colder tropopause temperatures and therefore lower near-tropopause water,

and frequent encounters with UT/LS cirrus, including optically thick outflows from high-

altitude convection.

6.2.2 Flights

Flights during the AM campaign were almost completely over land, and consequently sample

local convection that was continental in character. Flights 2, 4, and 5 were completely within

Nepal, but flights 3, 6, 7, and 8 went over India and Bangladesh as well.
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Figure 6.1: Flight profiles for flights 2-8 in the StratoClim campaign. Flights occurred in
both the morning and afternoon, and different flight profiles are set to achieve different
objectives.

The early flights in the campaign typically consisted of very long legs at high altitude. The

reason for this was to accommodate the GLORIA (Gimballed Limb Obxserver for Radiance

Imaging of the Atmosphere) instrument, which makes downward-looking profile measure-

ment. Because GLORIA measurements must be made in clear air, few attempts were made

to intersect convection. From flight 5 onward, GLORIA was replaced by the in-situ mass

spectrometer STRATOMAS, and flight profiles became significantly more complex, with

multiple legs at different altitudes, dives to lower altitude, and detours to sample convective

outflow. Flight patterns with many different altitude legs and dives are helpful for ChiWIS

to build up δD vs. altitude profiles.

6.2.3 Supporting Water Instruments

Two other well-established water instruments made primary measurements of water. The

first is the Fluorescence Advanced Stratospheric Hygrometer (FLASH) instrument [Sitnikov

et al., 2007], which measures H2O using the Lyman-α technique. It is designed to measure

water vapor mixing ratios between 0.5 and 300 ppm at altitudes of 8-21 kilometers. This
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type of instrument does not provide an absolute measurement and must be calibrated in lab

before each flight.

The second important water instrument is Fast In-situ Stratospheric Hygrometer (FISH)

[Zöger et al., 1998], which reports total water, that is, the sum of the vapor and condensed

phases. It does this by utilizing a forward facing inlet which takes in all phases present, then

heats the inlet air to transform everything to the vapor phase. During periods of clear air,

FISH acts as a water vapor measurement like ChiWIS and FLASH.

Both of these instruments provide essential context and comparisons to the water vapor

mixing ratios reported by ChiWIS. Characterizing and understanding the differences between

these three instruments is ongoing as of this writing. Several other instruments aboard the

Geophysica during StratoClim measure water, but are reliable only at higher concentrations

than the ppm ranges seen in the UT/LS, as the instruments are not optimized for this

measurement range and suffer from sensitivity and/or contamination concerns. (Water is a

highly polar molecule and so adsorbs on surfaces.)

6.3 Data reduction procedures

6.3.1 Thermal pedestal removal

Although instrument performance during StratoClim was largely as expected, one unforeseen

issue complicates data reduction. The signal detector picks up a significant amount of power

from some other source than the laser. This component of the power was first noticed

during the campaign during periods of high water vapor concentration, when the big water

line would appear to optically saturate, but at a value much higher than the zero measured

during the laser off time between ramps. This was later verified in lab by flooding the

cell with N2O, which has a very weak, but dense forest of spectral lines underneath the

spectral region used during the campaign. These data showed the existance of a roughly

linear ‘pedestal’ underneath the signal due to the coherent laser beam.
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The pedestal shows no evidence of spectral lines of its own, and therefore is probably not

a second mode of the laser. The frequency of the pedestal is significantly different from the

laser as evidenced by the fact that the pedestal light makes very few passes through the cell.

Roughly 75% of the pedestal power can be blocked by a mask about 1/2 inch arcoss placed

on the mirror. We therefore term this optical contribution the ‘thermal pedestal’.

The pedestal’s shape was reconstructed by placing an infrared filter (Thorlabs FB2750-

500) in the shutter’s flipper motor, and flipping it into and out of the beam path every

thirty seconds during a long data set in lab. This method blocks nearly all the pedestal

light (Figure 6.2, left), and allows reconstruction of the thermal pedestal’s shape (Figure

6.2, right).

Figure 6.2: Including an infrared filter in the beam path removes the pedestal and attenuates
the laser signal by about 17%.

A reasonable estimate of the pedestal can be obtained by fitting the filtered signal to the

unfiltered signal with a three parameter fit. The three parameters are the y-intercept and

slope of a linear pedestal and a scale factor on the filtered signal. This fitting procedure

yields excellent results except for the introduction of optical fringing in some of the spectral

lines due to reflection off of the uncoated side of the filter. The best results are obtained by

using filtered and unfiltered spectra that are within several seconds of each other to minimize

effects due to variations in concentration. The retrieved pedestal value can be subtracted
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from ChiWIS data from StratoClim in order to correct the data.

The exact physical origin of this pedestal are unclear, but it is localized to within the

laser can. Most likely the chip is simply evolving a large amount of heat, and the collimation

lens points a lot of that thermal radiation forward along with the coherent beam. The index

of refraction of BD-2 in the wavelength range at which this thermal radiation must be (it

is constrained by the filter and the sensitivity cutoff of the detector at about 4 microns) is

similar to the index at 2.65 microns, so the radiation would mainly be pointed along the

beam. It is also possible that the laser power is interacting with a substandard coating

either on the collimation lens or the sapphire can window, although the latter is especially

improbable. Understanding and addressing this issue is ongoing.

6.3.2 Non-zero ‘zero’

Filtering the beam to remove the pedestal reveals that optically saturated spectral features

extend slightly below the ‘zero’ measured between ramps. The right panel of Figure 6.2

shows that the tip of the big water line at approximately sample 1000 extends slightly below

the estimated pedestal. A second set of measurements presented in Figure 6.3 suggests this

is not This effect is likely due to a small leakage current flowing through the laser diode

which results in incoherent diode mode emission. The long term solution to this problem is

to carefully rework the ramp generator to provide a true zero current between ramps, but in

the short term this issue must be quantified in order to accurately correct StratoClim data.

This effect is comparable in size to the dip below the red pedestal line shown in the right

panel of Figure 6.2.

6.4 Necessary Improvements

Tests to date suggest several necessary improvements that should be made before ChiWIS

flies again. These improvements would help the performance of the instrument in flight, and
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Figure 6.3: Average of about 60 points during the time between ramps during a data run
where a shutter blocked then unblocked the beam every thirty seconds. The blocked periods
are about 10-15 units lower than the open regions, which seems to indicate the laser is still
producing a low amount of light during those times. Each sample is roughly one second.

make it more resilient on the ground.

6.4.1 Normally Closed Valves

The first improvement is to ensure that if power failures occur that the valves close automat-

ically. Ground air entering the chamber is devastating, due to water’s tendency to adsorb to

everything. It can take hours to flush out the moisture introduced by ground air, and this

can compromise measurements if there is not sufficient time before flight. One possibility

would be to replace the valves with a model that is ‘normally closed’.

The current MKS valves can be electronically configured to be ‘normally closed’, so an

easier option would be to install a backup power supply that would power only the valves in

the event of a power failure. This supply would only need to have enough stored energy to

close the valves once, so it need not be large.
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6.4.2 Pumphead overheating

During StratoClim we were extremely conservative about running the pump at high RPMs for

fear of it over heating, and it still occurred. During each flight in StratoClim, the pumphead

reached the first software limit for temperature, and consequently the pump’s RPM value

was reduced. This overheating never occurs at ground level, and is due to the vastly reduced

ability of convection to cool the pumphead at low pressure. It is not immediately obvious

how to address this problem, although removing the plastic shroud around the pumphead

would be a start, as would attaching cooling fins optimized to radiate away heat.

6.4.3 Insufficient Flow

If overheating problem can be adequately addressed, then the problem of insufficient flow

at high altitudes should be addressed as well. At the highest altitudes, ChiWIS was unable

to maintain its target pressure of 40 millibars, and typically fell significantly below that.

This decreases the SNR of the instrument since lower pressure means fewer absorbers in the

cavity and smaller spectral lines.

Simply increasing the pump RPM’s in flight would probably handle this problem, but it

must be tested in an environmental chamber in order to be done safely. One other possibility

that could help would be better inlet design and placement on the aircraft. The AMICA

instrument also suffered from inability to maintain pressure, and there was some evidence

that the fact that the inlets were seeing lower pressure than ambient due to the inlet shape

and position on the dome was part of the problem.

6.5 Future Work

In the absence of any planned Geophysica campaigns, ChiWIS must be repurposed. It is

possible that the instrument could be refashioned to work aboard the WB-57, but in the

short term the instrument is being prepared to make ground level measurements to study
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isotopic disequilibrium effects in atmospheric systems by making simultaneous measurements

of multiple isotopologues from a tall building on the University of Chicago campus.

The JPL lasers can be tuned to a nearby spectral region shown in Figure 6.4 which

contains H2O, H2
18O, H2

17O, and HD18O absorption lines. The data presented in the

figure were taken at roughly 5000 ppm, based on the temperature and relative humidity

measured in the lab. These lines are all fairly weak, and are better suited to measurements

in the range of 500 to 20000 ppm. This spectral region provides all of the isotopologues

typically measured in the literature, and each has at least one spectral feature that that

suffers from little interference due to neighbors. Most interesting is the presence of two

small (≈ 0.5% deep) HD18O spectral lines. To the best of this author’s knowledge, this

isotopologue has never been measured in the vapor phase at high data acquisition rates

using optical techniques.

Figure 6.4: Data taken using ChiWIS’s secondary spectral region, which is more appropriate
for measurements at ground level where mixing ratios can range from thousands to tens of
thousands of ppm. The spectrum shown here is a ten second average, with the thermal
pedestal unsubtracted.

Aside from the obvious allure of making an HD18O measurement, ground level measure-
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ments can shed light on a variety of phenomena. Gorski et al. [2015] showed, for example,

that up to 13% of surface level water vapor in winter Salt Lake City was due to waters of

combustion. The D/H ratios in waters of combustion tend to reflect the isotopic composi-

tion of the hydrocarbons involved, since there is no other end product for the hydrogen atom

except in water molecules. Sensitive enough measurements can also detect the difference be-

tween bare soil evaporation, evapo-transpiration, and evaporation from water surfaces. As

was discussed in section 1.2.5, measurements in Earth’s boundary layer are subject to many

different influences and it is not immediately obvious how to interpret measurements. Mod-

eling will be required to understand how wind speed and direction influence an air parcel’s

interaction with nearby sources and sinks.

The instrument will require some modification to operate continuously at ground level.

Unfortunately, 3-phase power sources are not readily available in campus buildings, so it will

be directly powered from a 115 Vac - 270 Vdc converter, which requires minor modification

of the power distribution system. Additionally, the instrument will have to use a much longer

inlet line (≈ 20 meters), which will require much more validation before it can be trusted.

Being stationed on a building also means dealing with building exhaust as a source of

potential contamination. Aside from careful inlet placement, one method for dealing with

these exhausts is to have co-located CO2 measurement, which is a good indicator of any sort

of exhaust or leakage from a building. ChiWIS will be co-located with such an instrument

on loan from the Wofsy group at Harvard University.
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CHAPTER 7

CONCLUSION

This work discusses the design and operation of the Chicago Water Isotope Spectrometer,

a new ICOS instrument for making measurements of the HDO/H2O ratio in the Asian

Summer Monsoon. In addition, it discusses scientific results (Chapter 3) from previous work

that informed the design of the instrument, and reports on the design and construction of

a new optical component that increased the collection efficiency of ChiWIS by a factor of

approximately six (Chapter 5). This non-axially symmetric optical component can aid in

the miniaturization of ICOS instruments, which is important for devices that need to sample

quickly or have low volumes. The instrument flew aboard the M55 Geophysica during the

StratoClim Asian Summer Monsoon field campaign for eight flights, and returned quality

data for six of those eight flights. Once the data is corrected and quality controlled, it

will provide the first in-situ measurements of the HDO/H2O ratio in the Asian Summer

Monsoon. This data set will provide insight into the monsoon’s importance as a source of

stratospheric water vapor, and shed light on the differences in moisture transport between

the Asian Monsoon and the North American Monsoon, which have very different isotopic

signatures. In lieu of more aircraft-borne measurements of the UT/LS, the instrument will

make measurements of water vapor isotopologues from a ground site on the University of

Chicago campus.
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