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Abstract

This thesis consists of three parts. each related to the use of tracer measurements to
diagnose the small-scale structure and mechanisms by which air is transported. both

vertically and horizontally. in the lower stratosphere.

1. I demonstrate that the isotopic composition of water vapor can diagnose rapid con-
vective transport across the tropopause. I use data from the space shuttle- and balloon-
borne Fourier transform solar occultation spectrometers ATMOS (Atmospheric Trace
MOlecule Spectrometer) and Mark-IV" to reconstruct the mean deuterium isotopic com-
position of water entering the stratosphere. Initial 0D is -670 per mil (33% of deuterated
water retained). I construct a one-dimensional model simulating isotopic fractionation
during ascent to the tropopause and demonstrate that for all but the most rapid ascent.
virtually all deuterated water is stripped from an air parcel in the last few kilometers of
the uppermost troposphere. The observed stratospheric 4D is then far heavier than mod-
eled depletions under most conditions. I conclude that the observations can be matched
only by substantial evaporation of lofted condensate or by ascent in highly supersaturated
conditions, and infer that mean stratospheric air must have experienced rapid convection
to at least near-tropopause altitudes. This study serves to demonstrate that the isotopic
composition of water vapor is a valuable tracer that can be used to constrain mechanisms

of stratosphere-troposphere transport.

2. T use in-situ tunable diode laser measurements of CO. H,0O. and N,O taken over
Fairbanks. AK to show rapid transport by streamers of air in the lower stratosphere. I

was part of a team that used ALIAS and JPL-H20. two tunable diode laser spectrome-
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ters built by the Webster group of the Jet Propulsion Laboratory, to obtain data in the
upper troposphere and lower stratosphere on 21 ER-2 flights between April and Septem-
ber. 1997. during the POLARIS (Photochemistry of Ozone Loss in the Arctic Region In
Summer) mission. I use this dataset to identifyv episodes of rapid polewards advection in
the lowermost stratosphere in which filaments of air move from tropics to 65 N latitude
in weeks. I find that the lowermost stratosphere is a region of intense filamentary activ-
ity. but that tropical filamentation is absent above the 420 K surface. in contradiction
to the results of previous trajectory simulations. Individual filaments extend from the
“overworld” stratosphere to the local tropopause. showing that the boundary between
“overworld” and “middleworld” is not a true dvnamical barrier. The filamentation is
strongly seasonal. in agreement with previous trajectory results. but with a longer period
of activityv. I conclude that the tropopause transition laver extends to 420 K €. and that

transport in this laver is coupled to changes in the tropospheric subtropical jet.

3. I describe the design and construction of a new lightweight open-path tunable-
diode-laser instrument for measurements of water vapor isotopic composition from air-
craft platforms. I initiated and led an effort to design and build an instrument capable
of resolving transport issues such as those mentioned in (1). WISP (Water Isotope SPec-
trometer) is a 3-channel tunable-diode-laser spectrometer. with two mid-infrared and one
near-infrared laser sources. Light is injected into a 94-pass Herriott cell for a total of 94
meters of pathlength. The expected threshold sensitivity is a few parts in 10° absorption.
Detection of HDO has an expected SNR > 10 up to near-tropopause altitudes. All iso-
topomers of water vapor, and methane, are detected in a single scan, allowing improved
accuracy as common systematics drop out of the ratio. I led the integration of the instru-
ment on NASA’s WB-5T aircraft as part of the ACCENT mission. The instrument can

provide a versatile tool for tracer measurements in the tropopause region.
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Chapter 1

Introduction

1.1 Stratospheric circulation and strat-trop exchange

Nearly six percent of the total mass of tropospheric air each vear crosses the boundary of
the tropopause and enters the stratosphere. It has been inferred since the 1940’s. when
Brewer first measured stratospheric water vapor. that the bulk of transport to the strato-
sphere occurs in the tropics, where the tropopause is highest and coldest and therefore
capable of coldtrapping air to the observed stratospheric dryness (9). Measurements of
tracers such as water vapor. bomb-produced "C. and anthropogenic chlorofluorocarbons
and modeling of the residual circulation based on assimilated datasets have given us a
broader understanding of the annual mass flux. geographic location and seasonal variabil-
ity of the exchange of air between troposphere and stratosphere (e.g. 47. 60. 62). Despite
nearly a half-century of scientific investigation. however, we still lack an understanding
of the physical mechanism driving that exchange. In particular, we do not know whether
the bulk of the mass flux is carried by localized convective cumulus towers that rise from
near sea-surface levels in the tropics and penetrate the tropopause. or whether it results
from more widespread and gradual regional uplift (e.g. 14. 37. 47). The last decade has
witnessed a reversal of opinion on STE. from the assumption that air moves into the

stratosphere primarily in convective events to an assumption it does so in widespread
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gradual ascent with no convective influence. The discovery of widespread coverage of
near-tropopause cirrus clouds has lent support to the scenario of more gradual ascent
(e.g. 72. 42). However. existing data cannot definitively confirm or disprove either sce-
nario. Nor can thev determine what governs the water vapor content of the stratosphere,
or explain its apparent increase in the last several decades. which cannot be accounted
for by changes in tropopause temperature. The set of suggested explanations is diverse.
including that the region of ascent is widening and that dehvdration of air entering the
stratosphere is set by overshooting convection even if mean ascent is gradual (68). It is
both remarkable and disturbing that in the face of a potentiallv changing climate we lack
a predictive theory of how air and water enter the stratosphere.

The distinction between the proposed mechanisms is significant for stratospheric ro-
bustness to anthropogenic changes. If air injected into the stratosphere is derived from
near the earth’s surface and transported upwards in rapid convection without significant
mixing, then short-lived pollutants may reach the stratosphere and pose a danger to its
chemical stability. but emissions from near-tropopause aircraft are a negligible concern. If.
on the other hand. the dominant mechanism for stratospheric injection is gradual ascent
through the uppermost troposphere, then the relative concern over surface vs. aircraft
emissions is inverted. Even if convection influences only stratospheric water content. and
not the bulk circulation. it still has strong implications for climate. Water vapor is the
primary greenhouse gas, with twice the direct radiative impact of carbon dioxide. and
has an equally important indirect effect through the formation of clouds (25. 54). It is
essentially the sole source of HO, radicals, the dominant oxidant in the troposphere and
lower stratosphere. If water vapor content is governed by convection. it is likelv more re-
sponsive to changes in tropical ocean surface temperatures. and hence vulnerable to global
temperature trends. In general. our ability to predict the stratospheric consequences of
anthropogenic perturbations in the troposphere is severely hampered if we lack full un-
derstanding of how the two parts of the atmosphere interact. Gaining that understanding
is a major priority in atmospheric research.

Figure 1.1 shows the current view of stratosphere-troposphere exchange (STE) and
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Figure 1.1: Schematic diagram of stratosphere-troposphere exchange. from (29).

stratospheric circulation. Air is assumed to ascend in the tropics via some combination
of convective or gradual processes. Meridional transport to higher latitudes is presum-
ably driven by extratropical wave forcing. but the location of that forcing is uncertain
(29): it may lie at the polar end of the midlatitudes, or in the subtropics (Holton, J.
pers. comm.). The structure of that transport is also unclear. The region between the
380 K # surface. (the tropical tropopause level) and the slanting mid- and high-latitudes
tropopause is known as the “middleworld”. where tropospheric and stratospheric air can
mix along isentropes. In the “overworld”™ above. all air must have entered by ascent in
the tropics. There is growing consensus, however, that the 380 K surface is not a sharp
distinction between two disparate regions, and that the vicinity both above and below
380 K, represents a “tropopause transition region” (TTL) in which transport is enhanced

and meridional mixing is strong. In this figure the TTL is shown as extending to 400 K
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f. Satellite data are too coarse-resolution to resolve the fine details of this region. and
aircraft data too sparse to provide a comprehensive view. The nature of transport and

mixing within the TTL is still relatively unknown.

1.2 Outstanding questions

The primary outstanding science questions of the near-tropopause region concern the
mechanisms of transport on scales finer than the resolution of general circulation models.
For vertical ascent, it is still an open question whether ascent is gradual or occurs over
more widespread areas, and what the mechanism is that governs the water vapor content
of the upper troposphere and stratosphere. For meridional transport, relevant issues
include the scales on which transport occurs, the driving force behind them, and the
relation between transport in the troposphere and stratosphere. The approach of this
work is to address these questions using in-sifu measurements of trace gases in the TTL
region. Chapter 1 describes how the isotopic composition of water vapor in the TTL
can be used the discriminate between mechanisms of STE, and chapters 4 and 5 describe
the construction of an instrument to measure it. Chapters 2 and 3 examine fine-scale
filamentary horizontal transport in the TTL using in-situ measurements of CQO. a short-
lived tracer of tropospheric origin, and draw inferences about its distribution, seasonal

variation and dynamical forcing.



Chapter 2

The isotopic composition of

stratospheric water as a tracer of

STE

2.1 Abstract

Measurements of the isotopic composition of stratospheric water by the ATMOS instru-
ment are used to infer the convective history of stratospheric air. The average water vapor
entering the stratosphere is found to be highly depleted of deuterium. with 6D, of -670 +
80 (67% deuterium loss). Model calculations predict, however. that under conditions of
thermodynamic equilibrium, dehvdration to stratospheric mixing ratios should produce
stronger depletion to 6Dy, of -800 to -900 (80-90 % deuterium loss). Deuterium enrich-
ment of water vapor in ascending parcels can occur only in conditions of rapid convec-
tion; enrichments persisting into the stratosphere require that those conditions continue
to near-tropopause altitudes. We conclude that either the predominant source of water
vapor to the uppermost troposphere is enriched convective water, most likelv evaporated
cloud ice. or troposphere-stratosphere transport occurs closely associated with tropical

deep convection.



6 CHAPTER 2. IMPLICATIONS OF STRATOSPHERIC 6D

2.2 Introduction

The original Brewer-Dobson proposal for the circulation between troposphere and strato-
sphere involved slow ascent throughout the tropics. where the tropopause is highest and
coldest, with the cell extending some distance into the troposphere (9). While subse-
quent research has confirmed the tropics as the location of most troposphere-stratosphere
transport (abbrev. STE by convention) (e.g. 63), the speed and scale of the processes
which move air across the tropopause and into the stratosphere are not vet well known.
Tropopause temperature measurements suggest that the scale of STE mayv be more local-
ized or episodic, since much of the tropical tropopause is too warm to freeze-drv air to
observed stratospheric values (e.g. 20). Theories of STE now span a large range of tem-
poral and spatial scales. from extremely rapid injection during isolated convective events
which perturb the local temperature structure (1-10* km?) (e.g. 13). to slower seasonal
ascent over the coldest subregion of the tropics (~ 107 km?) (47). with proposals for de-
hydration in the stratosphere itself during gravity-wave temperature fluctuations allowing
ascent over even larger areas (52).

Upward mass transport in the underlving tropical troposphere. on the other hand.
is believed to be highly localized and inhomogeneous. occurring primarily in convective
cumulus towers (57). STE may result simply from the extension of some cumuli into
the stratosphere proper. or it may represent a qualitatively different process. with a
transition between a middle troposphere in which upward motion is dominated by localized
convection and an uppermost troposphere where slower mean motions are also important
(e.g. 30). Observations of stratospheric water vapor content have not provided a means
of resolving between these scenarios.

These scenarios differ in the process by which ascending air is dehvdrated. During
gradual ascent, dehydration must proceed by simple condensation and fallout of moisture.
Dehydration in convective systems can be more complicated. since cumulus towers can
carry with them enormous quantities of water as ice — near-tropopause ice:vapor ratios can

exceed 100 (35) — and final water vapor mixing ratios may be net of both evaporation and
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condensation. Dehydration in stratospheric waves may also involve cycles of condensation
and re-evaporation. but without significant transport of ice particles. Determination of
not only the final water content of stratospheric air. but of the process by which that
content is reached, can thus discriminate between transport scenarios, providing insight
into the larger question of how air is exchanged between troposphere and stratosphere.
We propose that the isotopic composition of stratospheric water vapor is a useful
tracer for this purpose, because it records the condensation and evaporation experienced
by each air parcel that crosses the tropopause. Whenever several phases of water are
present in thermodynamic equilibrium. the heavier isotopes partition preferentially into
the condensed phases. As water condenses out of an air parcel, then, deuterated water
is preferentially removed and the residual vapor is progressively lightened. The degree
of preference, or fractionation factor, & (@ = D:Heondensate / D:Hyapor). is quite strong
for deuterated water, with e ranging from 1.08 at room temperature to over 1.4 for ice
condensation at the =~ 190 K tropical tropopause (40, 44). Stratospheric air. with a
water vapor concentration four orders of magnitude less than that at sea surface. should
be highly depleted in deuterium. but the exact degree of depletion will depend on the

convective history of that air.

2.3 ATMOS observations of éD,

Observations of stratospheric deuterated water by the Atmospheric Trace Molecular Spec-
troscopy (ATMOS) Fourier transform infrared spectrometer over the last decade provide
the first large database of isotopic compositions that can be applied to the problem of
STE. There have been few previous reported measurements of HDO and H,O in the
lower stratosphere, where accurate spectroscopic measurement of both species is difficult,
with none in the tropics, the presumed source region for stratospheric air and water:
nor have there been simultaneous measurements of CH; and CH3;D. Observations in the
mid-latitudes stratosphere have found water vapor strongly depleted of deuterium. but

with 6D, increasing with altitude from = -600 % at 20 km to -350-450 %o at 35 km.
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(58, 59, 16, 10, 51). (Deuterium content is given in J notation, where D, is the frac-
tional difference, in per mil, of the D/H ratio of measured water from that of standard
mean ocean water (SMOW), at 1.5576x10~* (23).) This increase has been presumed to
be the result of oxidation of isotopically heavier atmospheric methane. (e.g. 17, 59).

This analysis uses data from all four ATMOS missions from 1983-1994, a total of 68
occultations in which HDO, H,O. and CH, were retrieved (filters 2.9), and 67 in which
CH;D was retrieved (filter 3). Only occultations in the polar vortices, where dehydration
on polar stratospheric clouds produces additional isotopic effects, have been excluded.
Latitudinal coverage is near-global (24% tropical, 18% mid-latitudes. 58% high latitudes).
The ATMOS instrument, coverage, and data reduction procedure are described in detail
elsewhere (22, , and references therein).

Water vapor isotopic compositions are corrected for changes occurring in the strato-
sphere by subtraction of methane-derived contributions of HDO and H,O at each data
point; conservation of hvdrogen and deuterium between water and methane in the strato-
sphere is demonstrated from these same data by (31, 1). Initial concentrations of CH,
and CH3D are taken as 1.7x107°% and 9.9x107!°, respectively, from (5) and the filter 3
In[CH;3D]: In[CHy4] relationship (31). CH3D concentrations are inferred from observed
CH, in filters 2 and 9 using this relationship. This correction vields the isotopic com-
position of water as it first crosses the tropopause, with no assumptions as to the initial
concentration of that water.

Figure 2.1 shows measurements of the isotopic composition of stratospheric water from
all four ATMOS missions, before (1a) and after (1b) correction for methane contribution.
After correction there is no trend in composition with altitude above 20 km. Slight
deviations below 20 km are most likely due to the increased error in retrieval of water
concentrations. The mean stratospheric water is highly depleted, with a 6D, of -670 +
80 % or 67% loss of deuterium (weighted mean of all extravortex observations from 18-32
km; error represents 1 o of the distribution + svstematic error.)

There is no significant variation in 0D,, with mission, filter. or latitude, over the 9

vear span of these measurements, nor in comparison with previous measurements dating
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Figure 2.1: ATMOS measurements of the deuterium content of stratospheric water. The
left panel shows uncorrected observations; the right panel the same data with the es-
timated contribution of H,O and HDO from methane oxidation subtracted. The units
are fractional difference from standard mean ocean water. or 4D in per mil x1000. Data
shown are those with errory,o < 10%, errorcy, < 10%. and errorgpo < 30%. = 75% of the
total dataset. Solid lines represent weighted mean profiles from 15-32 km. Distribution o

for corrected 0Dy, is 35 Y%e: total error with systematic errors is 80 %e.
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to 1980 (e.g. 51). Mesoscale or seasonal variability in 0D, of entering stratospheric air
should be discernible only in the lower tropical stratosphere, where ATMOS HDO data is
limited to only four occultations (28 observations). The distribution of 4D, values in these
data is similar to that of the whole dataset, a Gaussian distribution with a peak at -680 %o
and a width of 90 %, with no outliers that might suggest contributions from isotopically
distinct processes. Although isentropic mixing should erase much spatial inhomogeneity,
this consistency suggests that stratospheric water enters with a characteristic isotopic

signature similar to the mean stratospheric value.

2.4 Implications of stratospheric /D,

To explore the implications of the isotopic signature of stratospheric water, we have devel-
oped a multi-phase cloud model that computes isotopic trajectories during the ascent of
air to the tropopause. The model represents the one-dimensional lifting of air parcels, with
the concentrations and isotopic compositions of vapor. liquid, and ice tracked throughout.
Air parcels are stepped upward until the water vapor mixing ratio equals the mean lower
stratospheric value in these data of 3.6 ppm. (Model results are robust with respect to this
value: variations in water vapor of + 20% produce only minor isotopic changes). Isotopic
fractionation occurs during the initial evaporation of seawater, the condensation of liquid
and ice, and the conversion of liquid to ice as the cloud glaciates. Cloud liquid is allowed
to re-equilibrate with cloud vapor, while ice is effectively removed from the vapor. Free
parameters of the model are: surface temperature and relative humidity, temperatures of
the onset of ice nucleation and the completion of glaciation, the relative importance of
droplet freezing to evaporation and re-deposition during glaciation, the degree of super-
saturation over ice in the final stages of ascent, and the precipitation (or lack thereof) in
all condensing stages. Although simplified, the model captures the full range of possible
conditions for a simple convective updraft.

In the first set of model runs isotopic partitioning was assumed to occur at thermo-

dynamic equilibrium in all stages. with the temperature dependence of a taken from
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(40. 44). In these conditions. model-generated final isotopic compositions at the tropical
tropopause in these conditions are all considerably lighter than observed stratospheric wa-
ter (Figure 2a). Stratospheric water vapor is highly depleted of deuterium, but it is less
depleted than would be expected given the extent of dehydration experienced. While at
lower altitudes. where liquid is present, vapor isotopic compositions can be substantially
altered by choice of model parameters. all trajectories converge during the nearly 7 km
of ascent in ice-only conditions from the homogeneous freezing point of liquid water at ~
233 K to the tropical tropopause at &~ 190 K. Dehydration in those last kilometers strips
out virtually all deuterium: vapor concentration must drop by a factor of over a hundred,
with strong fractionation at a = 1.3-1.4, so vapor D/H must drop by over 80% over this
altitude range alone. Even if no depletion occurred until the onset of ice condensation,

the final 4D under these conditions would still be less than -800.

The deuterium content of stratospheric water can be increased only if we postulate
that (1) air parcels in this 10-17 km region receive additional contributions from sources
that are not in equilibrium with the vapor, or (2) isotopic fractionation is weaker than
equilibrium values imply. For postulate (1). lofted cloud ice is the only plausible source
of non-equilibrated water in the upper troposphere or lower stratosphere. While liquid
water can rapidly exchange and equilibrate with its environment. the isotopic composition
of ice remains essentially fixed (33). Ice particles carried upwards from their altitudes of
condensation thus preserve anomalously heavy isotopic compositions in relation to their

surrounding vapor. and. if later evaporated. serve to enrich the vapor D/H ratio.

The second postulate, that isotopic fractionation has been reduced. is possible during
ice deposition in highly supersaturated air parcels. where kinetic effects prevent the vapor
and condensate from achieving their equilibrium isotopic partitioning (33). Figure 2b
shows isotopic trajectories calculated using this kinetic fractionation. for a range of su-
persaturations (S). Because the condensing material extracts less deuterium. the residual
vapor remains heavier: at S of 1.5 to 2 (150 - 200 %), depending on convective parameters,
sufficient deuterium is left at the tropopause to match the observed stratospheric isotopic

composition.
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Deuterium loss during dehydration
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Figure 2.2: Model calculations of water vapor dD during ascent. for conditions of thermo-
dyvnamic equilibrium. The two cases here define the envelope of all possible scenarios for
deuterium loss during ascent. with the assumption of no supersaturation or mixing. The
blue profile represents the case where all liquid condensate is retained with the air parcel
up to the freezing level. re-equilibrating with the vapor. and where the phase transition

occurs by simple freezing of cloud droplets.
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Figure 2.3: Model calculations showing the isotopic composition of water vapor during as-
cent to the stratosphere. with fractionation factor modified by supersaturated conditions.
As in figure 2.2 the black and blue lines represent immediate removal and total retention
of liquid condensate. respectively, and bracket the full range of possible 4D values. High-S
conditions both reduce the fractionation factor and allow for strong enhancements during
the transition from liquid-solid in the liquid-retaining cases. Here glaciation is allowed to
proceed by evaporation of droplets and recondensation as ice: at high S, Gaporice 15 less
than ayuper liguia and deuterium is pumped into the vapor. Complete vapor deposition of

ice should be regarded as an endmember case only.
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Either of these scenarios is possible only in strong convective systems. Supersatu-
rations of 1.5 - 2 can be sustained only by updraft velocities typical of the strongest
cumulus cores; in steady state, approximately 20 - 50 m/s for the ice particle size dis-
tribution observed during the STEP campaign in tropical near-tropopause cloud systems
(e.g. 35, 61. 53) Ice crystal evaporation. on the other hand. can significantly alter the
isotopic composition of vapor only if the ice crystals are substantially out of equilibrium
with that vapor, i.e. if evaporation occurs at altitudes significantly higher than the level of
condensation, again a condition possible only in strong convective updrafts. (Temperature
fluctuations of 5-8 degrees in stratospheric waves can produce only minor enrichments.)

Deuterium enrichment by either of these processes must occur near the tropopause
in order for some effect to persist into the stratosphere. Water vapor in a rising air
parcel is depleted from its original composition to observed stratospheric values in less
than 3 km of ascent at upper tropospheric temperatures, so non-equilibrium deuterium
contributions must be occurring in the last 3 km beneath the tropopause. Most water
entering the stratosphere must experience convective conditions to at least the uppermost

troposphere.

2.5 Conclusions

ATMOS deuterated water data constrain the process of STE to one of two scenarios. In the
first, STE is closely associated with deep convection. Actual cross-tropopause transport
may occur either as penetrative convection which deposits air above the tropopause or
as more gradual ascent in and above mesoscale convective systems: in the latter case the
convective systems contributing to STE must reach altitudes of at least 14 to 15 km (for a
17 km tropopause). In the second, STE occurs over wider parts of the tropics. less directly
associated with convective systems, but here water in the uppermost troposphere consists
almost exclusively of enriched water from convective systems, most likely evaporated cloud
ice. Again, this evaporation must occur at 14-15 km altitude or higher.

Further observations in the tropical lower stratosphere and upper troposphere are nec-
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essary for discriminating between these possibilities. Isotopic data from the stratosphere
alone may be sufficient to demonstrate whether the final dehvdration of stratospheric air
occurs in slow ascent rather than in convective penetration with admixture of evaporated
ice. if a clear seasonal cvcle in stratospheric 6D, is detectable. Upper tropospheric data
are necessary to determine spatial scales of transport. We conclude that a high priority
should be placed on obtaining further tropical measurements of HDO and H,O at these
altitudes, and that these observations should provide substantial additional insight into
mechanisms of troposphere-stratosphere transport.

(published as: Mover. E.J.. F.W. Irion, Y.L. Yung., and M.R. Gunson, “ATMOS
stratospheric deuterated water and implications for cross-tropopause transport™, Geo-

phys. Rev. Lett. 23, 2385-2388, 1996.)
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Chapter 3

Meridional transport by fine-scale
filaments in the lowermost
stratosphere from n-situ CO

observations

3.1 Introduction

While the mean pattern of meridional air motion in the stratosphere has been known for
half a century - rising air in the tropics, and descent at the poles — the last decade has
seen a fundamental increase in our understanding of the small-scale characteristics of that
transport. A variety of tracer observations and numerical simulations based on assimilated
datasets suggest that much of meridional transport in the stratosphere occurs in the form
of fast-moving filaments and streamers below the resolution of general circulation models.
The importance of filaments was first noted in the context of the annual breakup of
the polar vortices (e.g. 49). which seem to erode by spinning off filaments of polar air
that move equatorward and eventually mix with their surroundings in the mid-latitudes.

Similar tongues have been observed shedding off the subtropical transport barrier and

17
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Figure 3.1: Contour advection calculations of filaments on a 320 K isentrope. from Holton

et al. 1995.

moving poleward from the tropics (e.g. 39. 55, 70). and trajectory calculations support
the idea that some portion of the mean equator-to-pole circulation of the Brewer-Dobson
cell is accomplished by individual rapidly-moving planetary-scale streamers of air (figure
a:1).

Stratospheric filaments have been observed in a variety of satellite and in-situ tracer
observations (e.g. 39. 71. 55. 70). but these data have not been sufficient to fullv char-
acterize their climatology or quantify the total mass flux they carry. Satellite data, with
typical horizontal resolution in the hundreds of k. cannot see finer-scale features. and
in-situ data lack broad spatial or temporal coverage. Observations have provided some

insight into the extent. frequency. and seasonal variation of filaments. but much of our
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understanding of stratospheric filaments derives from trajectory simulations that compute
the evolution of tracer contours on an isentropic surface using inferred wind fields (e.g.
12, 74, 73).

These simulations allow broader inferences to be drawn about filamentation. In agree-
ment with the view of wave-carried momentum as the driving force for the meridional
circulation. observations of filament generation have long been associated with the break-
ing of planetary scale waves (e.g. 39). Long-term simulations support this association by
showing that the seasonality of filament production corresponds well with the seasonal
variation of wave-breaking activity (12, 73. 43). However. the deficiencies of both satellite
and in-situ datasets mean that the broader conclusions of trajectory simulations have
not been validated by observational data. And despite the substantial effort devoted to
simulations in the last decade, there remain outstanding questions about the structure.
distribution, seasonality, and driving force of tropical filamentation, especially in lower
stratosphere. Below we review the bodyv of observations and simulations made to date.

and discuss those issues which are vet unresolved.

3.1.1 Previous observations
Satellite data

Satellite observations to date have detected filaments only in the middle stratosphere
and at coarse resolution, but are invaluable for providing evidence of seasonal variation in
filamentation. Satellite datasets in which broad filaments have been seen moving poleward
out of the tropics include LIMS ozone (39), SAGE-II aerosol after the Pinatubo eruption
(70), CLAES N50O (55). MLS water vapor (38, 55), and CRISTA N,O and HNOj3 (36). In
all of these studies. filaments were observed during local late fall to early spring months.
and several studies covered a sufficiently long period to map the seasonal variation in
filamentation. Leovy et al. 1985 analyzed northern hemisphere (NH) data from October
1978 to May 1979. and observed filaments only during November-March. In their 1996

paper. Lahoz et al. considered water vapor data in and around the Antarctic polar vortex
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from April-November 1992 (the equivalent of NH October-May). and saw evidence of
advection of mid- of low-latitudes air during July-October (equivalent of NH Jan.-April).
In both these studies poleward-moving filaments are seen in the winter hemisphere. and
are suppressed or absent during summer.

Satellite observations are less useful for studies of vertical and horizontal distribution
of filaments. Although filaments have been seen moving as far as 80 degrees latitude. most
satellite studies have not detected filamentation past 50 or 60 degrees. likely because their
resolution precludes the detection of fine features. All filament detections have been in the
region between 600 and 1100 K in potential temperature (= 23-42 km altitude), in part
because the observations are biased against detection of features at lower altitudes where
the tracer species used have smaller gradients. Leovy et al. 1985 do conclude, though,

that altitudes below 650 K (27 km) comprise a region with less filamentary activity.

In-situ data

In-situ measurements from aircraft or balloons have provided evidence of finer scale fea-
tures than those detectable by satellite. with filaments observed as narrow as 100 km
in width (e.g. 6). The fine spatial resolution of in-situ data also aids in observation
of filaments in the lower stratosphere where tracer gradients are generally small. The
in-situ measurements are generally consistent with the seasonal pattern inferred from
satellite data. with all observations occurring during local winter months, although in-
situ observations have not been systematic and prolonged enough for statistical studies
of filamentation. The main utility of in-situ filament observations to date has been to
confirm the accuracy of numerical simulations of fine-scale filamentation.
Poleward-moving filaments have been detected from the ER-2 research aircraft in N,O.
ClO. and potential vorticity, and from aerosol lidar on the DC-8 at altitudes from 400-
550 K # (14-22 km) (e.g. 3. 74, 49). Top altitude for the ER-2 is &= 550 K, precluding
any higher-altitude observations. No balloon observations of tropical filaments have been
made. (Balloons have provided a few observations of filaments at higher altitudes, 700-800

K. but all cases were of polar or mid-latitudes air moving equatorward (e.g. 32).)
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3.1.2 Numerical simulations

Most of the current understanding of filamentation processes has come from numerical
simulations based on inferred wind fields in the stratosphere. Simulations have used both
contour advection (CA), in which material contours are passively advected by the pre-
vailing winds, and reverse domain filling (RDF). in which back-trajectories are calculated
for a grid of particles and the potential vorticity of their earlier location plotted. Both
techniques have produced good agreement with in-situ observations on specific dates (e.g.
74, 49). The trajectorv simulations provide a wider picture of filamentation in the strato-
sphere, showing filaments spinning off the polar vortices as thev erode, and streaming out

from the tropics across the subtropical transport barrier.

Vortex association

Cases are seen in both observational data and numerical studies where filaments are
simultaneously stripped from vortex and tropics. with the tropical air eventually reaching
the polar jet. This association led to the suggestion that tropical air moves poleward in
response to wave-induced disturbances in the polar vortex (70, 49, 74). However, more
extensive studies on filamentation at a variety of altitudes and seasons conducted by Chen
et al. 1994 and Waugh 1996 suggested that filament transport was not well-correlated with
the presence of a polar vortex. Both studies show filament production in the NH beginning
in fall before the vortex has fully formed, continuing in spring after the vortex has broken
up. And in simulations of the 1992 SH winter Waugh 1996 show filamentary transport
from the tropics ceasing in October (equivalent of NH April) even though the Antarctic

vortex persisted until November.

Seasonality

While the long-term simulations imply that filamentation does not require the interaction
between planetary waves and a polar vortex to occur, the seasonal pattern that simulations

produce does still support the idea that filamentation is associated with planetary-scale
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wave breaking. In their 1996 study Waugh concluded that the onset of strong trans-
port out of the tropics by filaments corresponded almost exactly to the turnaround in
stratospheric zonal winds, rising sharply in the NH in late September when winds become
westerly and Rossby waves can propagate into the stratosphere (11). They found that
the period of strong filamentation continued until early May, when winds turn easterly
again. In local summer the mass flux carried by filaments was much reduced. and individ-
ual filaments did not extend to high latitudes. Summer filaments also appeared thinner
horizontally in the simulations, possibly explaining why thev are not detected in satellite

datasets (73).

Variations with altitude

The vertical extent of filamentation remains something of an outstanding question, with
observations too sparse and most simulations performed only at discrete #-levels. making
individual filaments difficult to follow. Both observations and simulations do suggest that
tropical filaments are far thinner than those spun off the polar vortices, and that there may
be structural differences between tropical filaments at different altitudes. Schoeberl and
Newman 1995 and Orsolini et al. 1995 model vortex filaments in the Arctic mid-winter
using a much finer grid of # levels and show entire sheets of high-potential-vorticity air
peeling off the vortex in the middle and upper stratosphere. The simulations were run from
400-1300 K 4 (14 to 60 km), and in some cases produced vortex filaments with continuous
structure throughout that altitude range. Streamers of tropical air, on the other hand.
appear never to form sheets spanning the entire stratosphere in the simulations. In the
Waugh 1996 study tropical filaments in the middle stratosphere maintained no connection
to filaments in the lower stratosphere: the authors were unable to link any individual
filaments across the less-active intermediate region.

Simulations and lower-stratospheric observations suggest that tropical filaments in the
middle and lower stratosphere are structurally different, with middle stratospheric fila-
ments much deeper than those at lower altitudes. Schoeberl and Newman 1995 model

middle stratospheric filaments over 300 K 6 (15 km) in vertical extent, from 950-1250 K.
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In the lower stratosphere. the maximum observed or modeled vertical extent of tropical
filaments is about 100 K @ (= 5 km). Plumb et al. 1994, for example. report aerosol lidar
observations of tropical intrusions into the Arctic vortex with shallow vertical structure.
from 400-500 K # (14-19 km), and Waugh et al. 1994 used ER-2 data to find tropical
filaments at mid-latitudes in the same altitude range. The Waugh 1996 simulation pro-
duced some filaments considerably thinner than this: many of the filaments on their 425
K surface could not be traced to the 500 K level less than 4 km above.

Despite the differences in filament structure. both the middle and lowermost strato-
sphere appeared in the Chen et al. 199/ and Waugh 1996 studies to be regions of strong
filamentation, with the intermediate altitudes far less active. In each of these studies.
CA calculations were run on three different f-levels from the middle to the lowermost
stratosphere: 1100, 600 and 400 K in Chen et al., and 850. 500. and 425 K in Waugh
Both studies showed a far greater volume of air transported at the middle- and lowermost-
stratosphere levels, with comparatively little at the intermediate level. ! This separation
reinforces the suggestion that the middle and lowermost stratosphere represent two dis-
tinct regions with distinct filamentation processes. Indeed. what transport was found at
the intermediate level in Waugh 1996 appeared to be not a separate process but simply a
by-product of filamentation in the lowermost stratosphere. The authors noted that while
some filaments appeared only on their 425 K surface, any filament that appeared in the
simulation at 500 K could in fact be traced to the 425 K surface. That is. transport at
500 K occurred only whenever lowermost stratosphere filaments became thick enough to

extend to that level.

3.1.3 Discussion

Results from the simulations discussed above suggest that the lowermost stratosphere
forms a distinct regime from the middle stratosphere, separated from the middle strato-

sphere by a relatively inert region. It remains an outstanding question whether that

IBecause of the drop in density of air with altitude. however, the mass flux in the middle stratosphere

is still less than that at 500 K.
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distinction extends to the dynamical forcing of the two altitude regions. Although the
Waugh 1996 simulation found that poleward-moving filaments at all levels exhibited the
same seasonal behavior. with a sharp increase in activity in late September, the differences
between #-levels led the authors to speculate that filaments in the lowermost stratosphere
may be responding to tropospheric disturbances rather than wave breaking at higher al-
titudes. Rossby-wave breaking may not influence dynamics just above the tropopause;
the lower stratosphere has far lower amplitude planetary waves than the middle strato-
sphere, and zonal winds in the lowermost stratosphere follow tropospheric rather than
stratospheric patterns (43). The inferences from trajectory simulations have also not
been validated by observational data in the lower stratosphere. Although CA and RDF
simulations can be compared to middle stratospheric satellite data, and have been shown
to reproduce individual profiles from in-situ measurements well, there has as vet been no
systematic set of fine-scale lower stratospheric observations over several seasons to which
the simulations could be compared. Both validation and determining the characteristics
of lower stratospheric filamentation require an in-situ tracer dataset taken over several
seasons., and with sufficient vertical range to clarify a connection between the lowermost
stratosphere and the troposphere. We report here observations from the POLARIS air-
craft campaign in April-September 1997, the first in-situ dataset which can serve this

purpose.

3.2 POLARIS dataset

3.2.1 Mission description

The POLARIS (Photochemistry of Ozone Loss in the Arctic Region In Summer) mission
consisted of a series of aircraft and balloon flights over a six-month period based primarily
out of Fairbanks, Alaska, at 65 N latitude (48). A pavload of twenty instruments obtained
simultaneous in-situ measurements of a wide variety of tracers in the Arctic lower strato-

sphere: meteorological variables, aerosols. long- and shorter-lived transport tracers, and
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reactive species. Although the primary goal of the mission was to study processes driving
summertime ozone losses, the mission also provided a svstematic view of transport pro-
cesses in the high-latitudes lower stratosphere over several seasons. NASA’s ER-2 aircraft
made 25 flights into and out of Fairbanks in three separate deplovments between April
and September 1997, carrving a nearly identical instrument payload each time. 2 We
report here in-situ measurements of CO and N,O from the ALIAS (Aircraft Laser In-
frared Absorption Spectrometer) instrument from the 21 flights on which the instrument
was aboard the aircraft (see also 28, 27). The repeated flights allowed us to obtain a
baseline characterization of the structure and seasonal variation of filamentation in the

lower stratosphere over long period to compare to the results of trajectory simulations.

3.2.2 Transport tracers

CO and N,O are a complementary pair of transport tracers: the combination of the two
measurements allows us to determine the residence time of air in the lower stratosphere
over a span from weeks to vears. Air in most of the stratosphere is generally assumed
to have entered at the tropical tropopause (at 380 K @) and then moved upward and
poleward. Species that undergo photochemical losses in the stratosphere will thus show
gradients from tropics to pole, with stronger gradients for species with shorter lifetimes,
until the limit that lifetime becomes so short that a species reaches photochemical steady
state. For tracers with appropriate lifetimes, measurement of tracer concentration thus
provides an estimate of the “age” since the air entered the stratosphere. This estimate
is good to only first order. since photolysis rates and reactant concentrations generally
vary throughout in the stratosphere, so that the age/loss relationship is a function of
the trajectory that air has traveled. In the lower stratosphere. however. the bulk of
mass flux is simple isentropic outflow from the tropics, and mean ages can be calculated
with reasonable certainty, at least for the “overworld” region above 380 K #. Below

380 K. in the “middleworld” region where the tropopause slants down toward the poles,

?Deployment dates were April 24 - May 13. June 26 - July 10, and September 8 - 21.
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isentropes cross the tropopause. and isentropic transport pulls in air not from the tropical
stratosphere but from the mid- or high-latitudes upper troposphere. Boundary conditions
are generally less well known here than at the tropical tropopause, and can vary with
latitude. However. tracer measurements in the middleworld can still provide good age
estimates for species that are well-mixed in the troposphere, and generally provide at
least a qualitative diagnostic of recently-tropospheric air.

CO is a short-lived tracer of tropospheric origin with 7co = 3 months in the strato-
sphere, and therefore a strong gradient from tropics to pole. (See Appendix 4.) This
makes it ideal for diagnosing voung air in the lowermost stratosphere (350 K < 6 < 450).
At 380 K. by the time air in the lowermost stratospheric reaches the latitude of Fairbanks.
its CO mixing ratio has typically fallen to nearly half of its tropical value (= 25 ppb as
opposed to > 40 ppb at the tropical tropopause). Filaments of recent tropical origin, with
minimal photochemical losses. are therefore clearly identifiable in CO measurements. CO
provides a greater sensitivity to voung air at near-tropopause altitudes than any other
tracer measured by current or past ER-2 pavloads.

CO can provide no information about the age of air at higher altitudes, where mean
air age is older and [CO] approaches its photochemical steady-state value. * Above 450 K
fl the longer-lived N,O becomes the more useful tracer. With 7y,0 & 40 vears in the lower
stratosphere, * a far weaker meridional gradient in the lowermost stratosphere. but by
450K the difference between tropical and Fairbanks background N,O profiles is 15-25%.,
sufficient for detection of tropical air. N,O is also an ideal tracer for diagnosing outflow
of photochemically older air from the polar vortex, since vortex mixing ratios of N,O are
severely depressed. showing losses of > 75% from the Fairbanks background.

Simultaneous measurements of CO and N,O during POLARIS thus allow identification
of both tropical and vortex air in the entire range from tropopause to ER-2 cruise altitude

(see figure 3.5). Previous studies of filamentation have used other in-situ ER-2 data to

32 12 ppb from ER-2 measurements
iThe photochemical lifetime of N»O is a strong function of altitude. since N,QO is lost predominantly

by photodissociation.
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validate trajectory calculations (e.g. 74), but without CO validations were not extended
below about 420K into the lowermost stratosphere. The POLARIS configuration provides

us with an unprecedented view of transport processes throughout the lower stratosphere.

3.2.3 ALIAS instrument

ALIAS is a four-channel tunable diode laser (TDL) scanning absorption spectrometer that
measures gas concentrations in the upper troposphere and stratosphere from the ER-2
research aircraft (76). In its POLARIS configuration, simultaneous measurements were
obtained of CO, CHy, N,O and HCL. CO and N,O are measured on a single channel, at
2190 em~! (4.6 pm). with absorption spectra taken at a 10 Hz rate and summed to produce
0.3 Hz reported data. The horizontal resolution of individual data points is then < 200
meters. The pressure-broadening threshold of the target absorption lines is & 400 mb;
in # coordinates data is obtained from typically 310 K (7.5 km) to ER-2 cruise altitude
at 500-530 K (19-20 km). As the ER-2 climbs to cruise altitude in about 45 minutes
(and descends in 30). this vields &~ 700 (500) data points per ascent (descent) profile.
Measurement precision is on the order of 0.7 ppb and absolute accuracy 5%, although
flight-to-flight measurements compare more closely. ALIAS has flown on numerous ER-2
missions, and ALIAS CO and N,O data from the 1995-1996 tropical STRAT mission
are used here as well for comparison to the high-latitudes mixing ratios observed during

POLARIS.

3.2.4 Flight patterns

The POLARIS mission is unique among in-situ datasets for its long-term, repeated cov-
erage of the same airspace. To take advantage of that characteristic. the data used in
the bulk of this analysis are restricted to a limited region around Fairbanks. The flight
patterns flown by the ER-2 during POLARIS ranged from long surveyv flights to pho-
tochemistry flights in which the plane made repeated E-W transects at cruise altitude,

to “stack flights” where the plane ascended in a stairstep pattern sampling different 6-
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altitudes. Of that data we use ascents and descents out of Fairbanks, or, for flights in
which the aircraft made repeated passes over the airfield, data restricted to a limited
footprint. Using the full dataset would bias filament detection to ER-2 cruise altitude
(500-540 K #),. and would incorporate dives in randomly distributed locations. All Fair-
banks takeoffs and landings were made from the same location, the Ft. Wainwright Army
base. Since the ER-2 climbs rapidly, the median projection of an ascent or descent is
315 km. of the same order as the typical horizontal extent of fine filaments reported in
simulations. In those flights with an atypically slow ascent (5 of 21) we restrict the data

to a 500 km radius around Fairbanks.

3.2.5 Meteorology

[t should be noted that although climatological conditions were normal during the summer
and fall POLARIS deployvments. the spring deployment was highly atypical. 1997 saw the
latest breakup of the Arctic polar vortex in 42 vears of recorded radiosonde observations
(75). While mean breakup date is the end of March. in 1997 the vortex did not break
up until at least the end of April, and by some criteria the beginning of May. The
ER-2 therefore sampled polar conditions that would typically have occurred a month
earlier. Observations of vortex air during POLARIS should be interpreted in this light.
Temperatures in vortex were also record lows in 1997, although it is not clear whether this
would affect transport from the tropics. The winter of 1997-8 was comparatively normal,

with the vortex forming again as usual in mid-October 1997.

Mean tropopause height above Fairbanks during POLARIS was =~ 320 K (8.8 km).
Tropopause identification was made using data from the Microwave Temperature Profiler
instrument on the ER-2 payload in combination with local temperature and pressure mea-
surements made by the ER-2's MMS meteorological system; estimated error in tropopause

altitude for individual flights is 100 m.
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3.3 Observed filamentation

3.3.1 Overview

During the six months of the POLARIS campaign, the ER-2 saw in the lower strato-
sphere above Fairbanks repeated incursions of air that was chemically indistinguishable
from tropical air. The tropical signature in these incursions was consistent in all measured
transport tracers on the ER-2, among them CO, N,O H,0, CO,, CH,, and CFC-11. Of
these CO provided the most sensitive diagnostic of voung air in the lowermost strato-
sphere. Background CO profiles above Fairbanks are depleted in CO by ~ 50% from
tropical mixing ratios, as would be expected for air that entered the stratosphere several
months previous. In many flights, however, the ER-2 passed through air with CO mixing
ratios characteristic of the tropics (or, below 380 K. the low-latitudes upper troposphere).
Bulges of high-CO, presumably voung air are evident in many of the CO profiles mea-
sured by ALIAS during POLARIS, shown in figures 3.2.3.3.and 3.4. Plotted in the same
figures for comparison are the seasonal median CO profiles obtained in the deep tropics
by the same instrument during the 1996 STRAT campaign. We interpret these features
as filaments or streamers of air that have moved isentropically from lower latitudes to

65N rapidly enough to experience no measurable photochemical loss of CO.

3.3.2 Seasonality

The observed filamentation is strongly seasonal, present on more than half the days in
the spring and fall deployments. but entirely absent in summer. The difference between
the highly variable spring and fall and the near-uniformity of summer profiles is striking.
This seasonal pattern is similar to the behavior noted in the long-term trajectory studies
of Waugh 1996 and Chen et al. 1994. but while those studies showed only a reduction
in filamentation during summer months, the POLARIS data show a virtual cessation of
activity. The apparent cessation may be an artifact of the fact that we sample only at 65N.

If summer filaments are not only sparser but also slower, they may not reach Fairbanks
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Figure 3.2: CO profiles over Fairbanks obtained during the spring deplovment of the
POLARIS campaign. The colored lines represent Fairbanks data on individual flight
dates between April 24 and May 13. 1997: the dashed lines are tropical mean profiles
obtained during the 1996 STRAT campaign. The mean background Fairbanks profile
show marked loss of CO over the tropical mixing ratios (to = 30 ppb between 350-400
K #). but many profiles show narrow regions of enhanced CO with no measurable loss.
These are interpreted as filaments of “voung™ air recently arrived from the tropics. The
low-C'O values on 970509 are real. and reflect mixture of very old air from the decaving
polar vortex. The local tropopause sits at &= 330 K # (11 km): CO values rise sharply in

the troposphere below.
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Figure 3.3: Fairbanks summer CO profiles. Filamentary activity in the lower stratosphere
is now almost nonexistent. A slight enhancement in CO occurs on 970630, but even that
remains below tropical values. The increase in CO over spring profiles below 355 K 6 is
due to increased mixing of tropospheric air into the middleworld stratosphere; that air
may be local in origin. The summer increase in middleworld mixing is a well-established

phenomenon (e.g. 56).
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Figure 3.4: Fairbanks fall CO profiles. Filamentary activitv around the 380 K @ level
is again strong. resembling the spring profiles. The CO enhancement observed between
380-410 K # on Sept. 14th and 15th represents the same persistent filament: the aircraft
trajectory struck the core of the filament only on the 15th. This filament is associated
with advection from the overworld all the way down to the local tropopause. On other
dayvs. mixing of tropospheric air into the lowest middleworld stratosphere is reduced from

its summer peak.
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before mixing irreversibly with ambient air. One of the summer flights, 970630. does show
some traces of enhanced-CO air. in the 390-410 K region, but the CO mixing ratios are
well below tropical. If this enhancement represents the remnants of a tropical filament.
then transport times must have been slow enough to allow either dilution by mixing or

much greater photochemical losses than in spring or fall.

3.3.3 Vertical extent and distribution

Filamentary activity in these data is also a strong function of altitude. We find that
filaments of voung air are strongly concentrated around 380-420 K, at and just above the
level of the tropical tropopause, and often are seen only in this restricted altitude region.
Since wind shear often produces slanting filaments, the one-dimensional slice through
an individual filament that the ER-2 provides can be misleading, and the filament may
actually be deeper than the 20-30 K # range transected by the ER-2. Nevertheless, it
is possible to draw inferences about altitude distribution of filaments from the complete
sample of POLARIS observations. The full dataset make it clear that tropical filamen-
tation in the lowermost stratosphere is “capped” sharply at the 420 K level. Whenever
deeper filaments are observed. thev extend downwards from the 380-420 K region all the
way to the local tropopause, and possibly below it (e.g. 970511 in figure 3.2). but never
upwards into the overworld.

Day-bv-day comparisons with N,O mixing ratios. which provide better age discrim-
ination at higher altitudes, show that the apparent cap is not simply an artifact of the
falloff in CO with altitude. Figure 3.5 shows N,O and CO on a representative ascent
and descent during the spring deployment (970513), referenced to the median Fairbanks
profiles and compared with median tropical profiles. This tyvpe of figure clearly shows that
the combination of N,O and CO measurements provides sensitivity to voung air through-
out the entire ER-2 altitude range. On this day. tropical-valued air is clearly apparent
in both CO and N,O at 380 K 6. though the enhancement over background is a factor

of 2 for CO and only 10% for N,O. The N,O measurements show no trace of voung air
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Figure 3.5: CO and N,O over Fairbanks on 970513. The dots are flight data. referenced
to the Fairbanks median spring profile. The dashed line represents the median tropical
profile. from STRAT data, again referenced to the median Fairbanks profiles. The dashed
line thus maps out the altitudes where each tracer can discriminate between tropical and
mean Fairbanks air. CO is most sensitive as an indicator of voung air at 350 K and is
useful up to &~ 420 K: N,O is insensitive in the lowermost stratosphere but becomes a
useful indicator above 420 K. Note here the incursion of tropical-valued air at 380 K.
apparent in both CO and N,O and the filament of old (vortex shed) air apparent only in

N,0O at 450 K. Because the median CO profile over Fairbanks is close to photochemical

steady state, CO is a poor indicator of old air.
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at higher altitudes. Inspection all other flight data over Fairbanks shows that this is a

universal feature. The dataset contains no observations of voung air above 420 K.

3.3.4 Vortex filaments

Although the focus of this study is the tropical filaments which carry some or all of the
meridional circulation in the lower stratosphere. the late breakup of the Arctic vortex
in 1997 allowed us to also observe filaments shedding off the polar vortex throughout
the spring and even summer deplovments. The N;O in figure 3.5. which shows no CO-
enhanced voung air above 420 K, does show a laver of CO-depleted air at 450 K: the same
feature is visible weakly in CO. Similar intrusions of tracer-depleted. chemically “old™ air
were visible on many days during the spring and summer deployments and almost certainly
represent remnants of the polar vortex. Unlike tropical filaments. the vortex remnants
were distributed throughout the lower stratosphere, and were in fact more predominant
near ER-2 cruise altitude than in the lowermost stratosphere. A deep slab of CO-depleted
vortex air was apparent in the lowermost stratosphere on 970509, from 330-400 K. and a
shallower intrusion at 400-420 K on the 970511 stack flight. just above a tropical filament
(figure 3.2). On 970430, vortex air with N,O depleted to < 190 ppb was evident at 500 K.
Surprisingly, the ER-2 continued to encounter persistent vortex remnants over Fairbanks
throughout the summer. All the vortex filaments observed in summer lay close to ER-2
cruise altitude. at 500-540 K. so it was not possible to determine their vertical extent.
N0 mixing ratios in these filaments reached as low as < 50 ppb. indicating undiluted air
from the vortex core that had yet to mix with its surroundings more than two months

after vortex breakup.

3.3.5 Higher-latitude data

The subset of ER-2 data discussed above was confined to the airspace above Fairbanks so
that no sampling bias would be introduced. For the purpose of examining the robustness

of the 420 K cap observed on tropical filaments. however. we expand the dataset in



36 CHAPTER 3. FILAMENTATION IN THE LOWER STRATOSPHERE

Figure 3.6: N,O on the polar flight of 970426. The aircraft dive was made at the pole
itself. On the approach to the pole, between 1500-2000 km from the airfield, the ER-2
passed through a region of air with enhanced N,O mixing ratios: NoO in part of this region

reached tropical values. This voung air lay well within the still-existant polar vortex.

this section to include all Arctic latitudes (> 50N). This expansion adds data almost
exclusively in the 500-340 K region where the ER-2 cruises. In all 21 high-latitudes
POLARIS flights we find only one example of voung air at altitudes higher than 420
K. and that example comes from a flight to the north pole on 970426. just before vortex
breakup. Well inside the polar vortex. at 79-82 N latitude, the ER-2 passed through a 150
km stretch of air with near-tropical N,O values (figure 3.6). and passed through it again
on the return from the pole. The filament appears to be an intrusion into the vortex drawn

polewards during the process of vortex breakup. much as described by Plumb et al. 199/
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in their study of the 1992 Arctic vortex. The lone example of a higher-altitude tropical
filament during POLARIS then appears to be driven by very different processes than
the recurring low-altitude filamentation that is capped at 420 K. The dominant type of
filamentation in the POLARIS dataset is this low-altitude tropical transport. and for the
remainder of this chapter, the term “filaments™ will be used to refer to this phenomenon

alone.

3.3.6 Filament and background profile ages

If the initial mixing ratio of CO entering the stratosphere across the 380 K # surface
(the height of the tropical tropopause) is known. CO can be used as a photochemical
clock to determine the age of air in the observed filaments. However. although CO is
the most sensitive marker for voung air in the lowermost stratosphere, uncertainties in
this initial mixing ratio make it not ideal for providing a quantitative age estimate. The
inhomogeneity of CO in the upper troposphere and the limited set of in-situ tropical
measurements introduces uncertainty in the inferred age. We use estimated initial values
for CO here to place a range on filament ages. The lower limit for filament age is clearly
0 days. since filament mixing ratios of CO and N5O are in some cases greater than values
measured in the tropics at corresponding € levels. We derive an approximate upper limit
for the transport time from tropics to Fairbanks latitudes from using estimated CO initial
mixing ratios of 50 £ 5 ppb. We model photochemical loss and production of CO during
its transport polewards (See Appendix 4 for details) using measured OH and modeled
Cl and O'D from the STRAT and POLARIS ER-2 campaigns over the full equator-pole
latitude range to obtain an upper limit of & one week on the age of the strongest observed
filaments.

These ages are verified by using measured mixing ratios of CO2. which provide a more
quantitative age for air that is identifiably recent in origin (again. see Appendix 4). The
mixing ratios of simultaneously measured water vapor also confirm the voung age of air

in filaments. This combination of ER-2 tracers provides a consistent view of an age for
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POLARIS filaments on the order of days.

Air ages derived from the background CO profiles, which show significant photochemi-
cal loss. vield a value for mean age of approximately three months. This age does not vary
seasonally: slight shifts between deplovments in CO mixing ratios at 475 K and above
are due to seasonal changes in the value of photochemical steady state, not to transport
processes. The background CO profiles from 380 to 475 K are remarkably constant in all

seaso1s.

3.4 Back-trajectory calculations

3.4.1 RDF calculations

To relate the small slice of air the ER-2 observes above Fairbanks to a wider picture of
atmospheric motions, trajectory simulations were run for each flight day. All simulations
use the remote domain filling (RDF) technique described in section 3.1.2. A grid of
points is established and then advected backwards over a 10-day period according to the
prevailing winds in an assimilated dataset, establishing the previous position of that air
parcel. The value of that 10-day-previous potential vorticity (PV) is then plotted on the
original grid. PV is used rather than latitude because it better discriminates between
air on either side of the subtropical mixing barrier: the apparent barrier can be irregular
with latitude. The resulting plots show atmospheric structure at a resolution far below
the gridscale of the original data. All simulations were carried out by Paul Newman of
the Goddard Space Flight Center. For each flight day. trajectory calculations were run
at four # levels throughout the lower stratosphere - 350, 400, 450. and 500 K - over a
large portion of the northern hemisphere. Curtain plots were also generated for a few
specific flight davs. covering only the area of the flight path but with a much finer grid of
f levels. The GSFC/Data Assimilation Office (DAO) winds were used for the four-level
plots, and the NCEP/NCAR reanalyses for the curtain plots. All simulations were run

by an automated script with no possibility of adjustment to or bias from the observed
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CO patterns.

3.4.2 Comparison with observations

The POLARIS dataset provides a unique opportunity for validating trajectorv simula-
tions. Although Waugh 1996 noted that the positions of simulated filaments differ strongly
according to which set of assimilated winds was used in the calculations, they had no ob-
servational data with which to compare their simulation results. Here we find that both
the DAO and NMC winds reproduce the observed filamentation events remarkably well.
not only replicating the general trends but capturing details seen on individual flights.
The simulations support the inference from ER-2 data that filamentation in the lowermost
stratosphere is capped at 420 K, but also suggest that some of the observed filaments are
deeper than is apparent in the ER-2 transects, reaching down through the middleworld

to the local tropopause.

Seasonality in simulations

The RDF results show the same seasonal trend as the observed filaments. with activity
strong in the spring and fall deplovments and absent in summer. Figures 3.7.3.8, and 3.9
show individual days from spring, summer, and fall deployments (970511, 970630. and
970915), with the flight track superimposed. These are not completely representative: the
spring and fall days shown are those with the strongest filamentation evident in the CO
data. Those features are well-reproduced in these simulations. Both spring and fall show
noticeable gradients in P\" at the lowest # levels, and individual filaments of low-latitudes
air moving through them in the 10-day timescale of the calculations. Although the PV
gradients at 350 and 400 K # on 970511 likely reflect the residue of the polar vortex,
which broke up several weeks previously, on 970915 the vortex was still a month away
from forming. The increasing PV gradients in September instead reflect the tropospheric
subtropical jet. which shifts north and strengthens in the fall (figure 3.10). The summer

simulation, by contrast, is nearly featureless at all levels. If filamentation is occurring at all
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Figure 3.7: Remote domain-filling trajectory calculations for 970511, when the ER-2
made repeated passes through a well-defined filament of voung air. The four panels show
calculations at four f-levels: filamentary activity appears in the 350 and 400 K levels but
is absent at higher altitudes. The blue fields represent voung air and the red fields the
remnants of the decayving polar vortex; note that the two are correlated. especially on the
100 K surface. The ER-2 flight track is shown in white and black, with the black segment
representing that part of the flight path that intersects the corresponding # level. On
the 400 K level. the flight path crosses from voung air into much older vortex air. This

feature is well reproduced in the flight data.
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Figure 3.8: RDF calculations on 970630, when the ER-2 made its second POLARIS stack
flight. The absence of filamentary activity and of strong P\ gradients is characterisitic

of all the summer flights.

in summer, it is slow enough that it cannot be captured by a 10-day back trajectory. Note
that this does not imply that filaments must have mixed with surrounding air. but simply
that the simulation itself cannot reproduce motions that take place on longer timescales.
No summer simulation reproduced the vortex filaments observed at 500 K. for example.
because those features had formed more than ten dayvs previouslyv. The featurelessness of
the summer simulations does imply. though. that the lack of observations of tropical air
over Fairbanks was not simply the result of filament motions stopping at lower latitudes.
If filamentation is occurring in the lower stratosphere in summer. it must be significantly

slower t]l'dl] in other seasons.
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Figure 3.9: RDF calculations on 970915, when the ER-2 flew through the core of a well-
defined filament of voung air. The formation of strong P\" gradients on the lower @ levels
is associated with the poleward movement of the tropospheric subtropical jet and is seen
throughout the fall deplovment. The polar vortex has not vet formed at this time. and
there is no increase in P\ gradient at higher # levels. Note the slanting front of the

filament. which extends further poleward at 350 K than at 400 K.
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Figure 3.10: Zonal winds from spring-fall. Winds are from the UKMO assimilated dataset

(courtesy of Gloria Manney).

Vertical extent

The trajectory simulations confirm the 420 K cap to tropical filamentation in the lower
stratosphere. In figure 3.9, for example, the structure apparent at 350 and 400 K is absent
by 450 K. This figure also illustrates the underestimation of filament depth that flight
tracks can produce. In the ER-2 data, this filament appeared as a narrow layer between
385 and 420 K, with CO values decreasing sharply below 385 K (figure 3.4). The RDF
plots show a a deep poleward-slanting filament extending down to at least 350 K, with
the ER-2 flight path intersecting only a narrow region of it. (The flight track is shown in
white, with that part which intersects each ¢ level highlighted in black). The 420 K cap
holds for all simulated flight days, in agreement with the ER-2 CO and N,O observations:

no simulation produces tropical filaments on the 450 or 500 K levels except for the 970426
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vortex intrusion, even in those areas not sampled by the ER-2.

Stack flight correspondence

The spring stack flight on 970511 provided the best opportunity for testing the positional
accuracy of the trajectory simulations. The aircraft flew six different constant altitude
legs from the tropopause to ER-2 cruise altitude, covering a wider range of airspace above
Fairbanks than on a simple ascent and descent. 970511 represented the only stack flight
made from Fairbanks during the active spring or fall period; the one summer stack flight
obviously crosses no features that could be correlated with the simulations. During the
970511 flight, however, the aircraft repeatedly crossed back and forth between a filament
of tracer-enhanced tropical air on one end of the stacks and a region of tracer-depleted
air at the other. The resulting spread in CO values on each stack is apparent in figure
3.11. Figure 3.12 shows the same CO data in 2-dimensional space. Midway through the
350 K flight leg the aircraft passed into a region of young, high-CO air, continued in it
up to 390 K, and then passed out of it midway through the 390 K leg. Those features are
reproduced in the simulation of figure 3.13. Simulation and data also agree in the patch
of CO-depleted old air traversed on the ascent to the 430 K leg.

The positional accuracy of the filament in the simulation can in fact be determined
directly by the flight track alone in figure 3.13, without reference to the CO data. Be-
cause the aircraft flew at constant pressure-levels, but temperatures within the filament
were four degrees colder than the surrounding air, each crossing of the filament boundary
appears as a sharp drop in ¢. Comparison of those jumps with the simulation contours
suggests that the simulation mispositions the filament edges by about a hundred kilome-
ters on both the 350 and 390 K legs. The simulation is less accurate at lower # levels,
showing the filament extending no further than 345 K while the data clearly show that
the aircraft flew in tropical air for much of the lowest two stacks as well, down to 320 K.
Although the color scale of figure 3.12 resolves the lower stacks poorly, the spread in CO
on these levels is apparent in figure 3.2. (These two stacks are not shown in figure 3.13.)

In general, however, the correspondence between simulation and data is surprisingly good,



3.4. BACK-TRAJECTORY CALCULATIONS 15

— Tropical median CO (winter) -
— Foirbanks maedian CO (summer) 4
____ Faoirbanks median CO (winter) 4
e Fairbanks 05/11 stack flight 4

|L
[
:

450 -
:
r
|

Ovarworld

Middleworld

350

300 . 3
0 20 40 60 80 100 120
CO (ppb)

Figure 3.11: 970511 stack flight CO compared to tropical and Fairbanks median profiles.
The clusters of points at the 325. 350, 390. 440. and 490 K # levels represent the legs of
the stack flight. On the 325. 350. and 390 K legs the aircraft sampled a large range of
CO mixing ratios. from below the median Fairbanks profile to at or above the tropical
value. We interpret this data to mean that the flight legs crossed the edge of a filament
of voung air. and sampled also vortex air that was pulled alongside the filament. as often

happens in filamentation events. Figure 3.12 confirms this interpretation.
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Figure 3.12: CO on the 970511 stack flight CO. in a 2D view. The 325, 350. and 390 K legs
show a consistent gradient in CO. with high values over Fairbanks and sub-normal values

at the end of the flight track. The anomalous values on each leg are clearly correlated.

especially given that Waugh 1996 reported that the positions of filaments derived from

different datasets of inferred winds can differ by manyv hundreds of kilometers.

3.5 Discussion

The POLARIS campaign provided the first opportunity to look svstematically at rapid
transport events in the lowermost stratosphere. Both observations and trajectory simula-
tions presented here suggest that the lowermost stratosphere is a region of intense filamen-

tary activity. with individual filaments extending from 420 K down to near-tropopause
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Ficure 3.13: RDF calculations of the stack flight of 970511. The fight track is shown in
white; the 10-dayv-previous P\ in color. The color scale is inverted from that of figure
3.12: blue now represents low PV, or tropical air. and red represents high-PV. polar air.
The simulation here corresponds almost exactly to the in-situ data, with the lowest three
flight legs passing between voung air close to Fairbanks and old air at the end of the
stack legs. The actual filament edge can be seen clearly in the flight track itself. The
ER-2 flew each stack at a constant pressure level: any abrupt change in temperature thus
produces a sharp change in #. The filament temperature was measured at 4° cooler than
the surrounding air. With the flight track plotted in # coordinates the filament edges
are readily apparent at = 470 km from Fairbanks. Comparison with the edges of the
simulated filament shows that the RDF calenlations place the filament within 50 km of

its observed location.
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levels but activity ceasing sharply above 420 K. The POLARIS dataset also represents
the first long-term set of in-situ observations that can be use to validate the results of

long-term trajectory studies.

3.5.1 Comparison with previous trajectory simulations

The altitude distribution of tropical filaments observed during POLARIS is very differ-
ent from that of previously published trajectory simulations and tracer observations. In
part this is because neither studies nor observations have tended to address the very low-
ermost stratosphere, where we see filamentation concentrated. Tracers other than CO
are relatively insensitive to transport at these altitudes, and the upper altitude limit of
POLARIS lower stratospheric filaments corresponds to the lowest levels that trajectory
studies have considered. However, there is sufficient overlap between the POLARIS tracer
dataset and published simulations to note some discrepancies. In particular, we observed
no activity whatsoever in the 400-500 K region where both simulations and observations
have reported considerable filamentation (e.g. 73, 12. 49). except in the context of vortex
breakup.

It is possible that this discrepancy is due in part to the location and timing of PO-
LARIS observations. Most reported in-situ observations of tropical filaments at latitudes
as high as Fairbanks have been made in mid-winter, when the vortex is strong. the one
season we do not sample (74, 49, 3). Transport in general should be more vigorous in
winter, and it is possible that filaments in the 400-500 K region are fast enough to reach
high latitudes only in winter, and in summer tend to stop or mix with surrounding air
before reaching 65 N. (Although it is certainly not the case that diffusive mixing is en-
hanced at those altitudes. since we see undiluted polar vortex air persisting until July.)
It is possible that filamentation in the 400-500 K region is strongly enhanced by vortex
activity. much as suggested by Waugh et al. 1994. and can be observed at latitudes as far
polewards as Fairbanks only when the vortex is present. Filamentation in the lowermost

stratosphere observed during POLARIS. by contrast, seems to have little correlation with
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vortex strength, appearing as vigorous or more so in September as in April when the
vortex is present. These data then suggest that the lowermost stratosphere is at least
a region of faster tropical filamentation, and at most represents a separate and distinct

transport regime from the remainder of the lower stratosphere.

3.5.2 Dynamical forcing

The POLARIS observations of filamentation agree in a general sense with the seasonal pat-
tern reported by the CA studies. with filamentation strong in fall and spring and sharply
reduced in summer (73, 12), but our observed period of strong filamentation is slightly
longer than that of the trajectory studies. While Waugh 1996 report the onset of strong
filamentation in late September, we see well-established tropical filamentation already on
the first flight of the fall deplovment, on September 8. This difference is significant for
determining the driving forces of transport in the lowermost stratosphere. Most previous
filamentation studies have invoked Rossby wave breaking in the middle stratosphere as the
driver of tropical filamentation. and have tied filament seasonality to the annual reversal
in the direction of the stratospheric zonal wind. These data suggest that filamentation in
the lowermost stratosphere may be driven by processes at tropospheric altitudes instead.
such as the strengthening and poleward shift of the tropospheric subtropical jet. Figure
3.10 shows the mean zonal wind in the upper troposphere and stratosphere from May
through September. At 530 K (50 hPa). the dominant change from summer to fall is
in fact the zonal wind turnaround, and the turnaround at midlatitudes does not occur
until late September. At 420 K (110 hPa), winds are westerly in all seasons, and the
dominant change between summer and fall is the shift in the tropospheric jet, which is
occurring already in early September, and produces the sharp PV gradients apparent in

figure 3.9. In this view the lowermost stratosphere represents a transition region, part of

the stratosphere but driven by local tropospheric processes. °

These data also demonstrate that the boundary of that transition region is not the

®Although Rossby waves originate in the troposphere, we term Rossby wave breaking in the middle

stratosphere to be a “stratospheric process”™.
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classical 380 K boundary between the overworld and middleworld. The middleworld is
generally understood to be a dvnamically active region, experiencing episodes of strong
mixing with tropospheric air. Measurements of tracers such as water vapor produce the
appearance of a sharp boundary at 380 K. with variability confined to the middleworld
beneath. The CO data presented here demonstrate that this distinction is an artifact of
tracer distributions. and not a reflection of a meaningful dvnamical boundary. For tracers
such as water vapor. with a strong gradient between troposphere and stratosphere but
a minimal one between tropics and pole in the stratosphere proper, any tropospheric air
drawn into the middleworld produces a strong signature, but tropical air drawn polewards
above 380 K is barely noticeable. With CO, the gradients are of roughly equal magnitude,
and activity can clearly be seen to extend into the overworld, with the real dvnamical
boundary at 420 K. The region between 380 and 420 K is chemically purely stratospheric,
but moves in concert with the middleworld. and may respond to forcing from the upper

troposphere.



Chapter 4

Filament age estimates from CO,

COQ, and HQO

4.1 Introduction

Carbon monoxide is a short-lived gas with largely tropospheric sources. It is produced
both by incomplete combustion (either industrial or biomass burning) and by the oxidation
of methane and other hydrocarbons. Its primarv sink is reaction with OH, and the
majority of tropospheric CO production is destroved before it can reach the stratosphere.
Since CO sources are concentrated at surface level, tropospheric CO mixing ratios decline
with altitude. Upper tropospheric observations show that that decline is more than a
factor of 2. to approximately 50 ppb near the tropopause. from which point CO is injected
into the stratosphere. Because this upper tropospheric mixing ratio is still well above the
stratospheric photochemical steady state, the stratosphere acts as a net sink for CO,
with loss by reaction with stratospheric OH outweighing local production by methane
oxidation. The mixing ratio of CO in stratospheric air thus declines with the “age™ of
that air (its residence time in the stratosphere).

The lifetime of CO in lowermost stratosphere is of the order of 90 days during summer.

rising slightly in the winter (and becoming essentially infinite in those regions experiencing

21
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permanent darkness). This section presents a simple chemical model that uses that decline
as a “photochemical clock™ to provide an estimate of the age of relatively voung air parcels
in the lowermost stratosphere. Similar calculations have been performed by Herman
et al. (1999) and Weinstock et al. (2000), among others. High concentrations of CO
in the filaments observed over Alaska during the POLARIS clearly imply air that is
photochemically extremely voung. Admixture of CO-rich tropospheric air into filaments
is ruled out as an explanation by simultaneous measurements of water vapor: filaments
above the traditional middleworld /overworld boundary at 380 K show purely stratospheric
water vapor mixing ratios. Since CO mixing ratios observed in the cores of some filaments
are actually greater than the initial conditions we infer from tropical measurements, we can
state immediately that meridional transport from tropics to high latitudes by the observed
filaments has a minimum timescale of zero dayvs. The photochemical model allows us to
determine the sensitivity of that estimate, and to set a reasonable upper bound for the
timescale. Photochemical age estimates are confirmed by comparison with simultaneous
observations of CO,, whose seasonal variation provides an independent measure of air age

and transport times.

4.2 Chemical loss model

We use a simple 1-D photochemical model incorporating the dominant sources and sinks
for stratospheric CO to convert measured CO concentrations in the cores of the filaments
to photochemical ages. Air parcels are assumed to move isentropically from the tropics,
with their initial CO values those of the median tropical value for the appropriate 6-level.
CO production and loss are then calculated in discrete time steps as the parcel is advected
polewards. Reactant concentrations are assumed based on existing aircraft datasets and

pseudo-steady-state model simulations.
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4.2.1 Stratospheric CO reactions

The overwhelmingly dominant sink for carbon monoxide in the stratosphere is reaction
with OH. Production of CO occurs via the destruction of CH; by any of OH. C1, or O(1D),
with OH the primary reactant in the lower stratosphere. The photochemical loss model

here uses these reactions. with reaction rates taken from the JPL 1997 compilation (15).

4.2.2 Reactant concentrations

Concentrations of the radical species comprising the CO source and sinks (OH. Cl. and
O(1D)) were simulated using in-situ measurements from a variety of instruments flown
on the ER-2 during the STRAT (1995-6) and POLARIS (1997) aircraft campaigns. and
using photochemical model results based on tracer values measured from the ER-2. OH
was measured by the Harvard HO, instrument, by UV laser-induced fluorescence (78).
Calculated concentrations of diurnal average Cl and O(1D) were obtained from photo-
chemical steady state model simulations constrained by in-situ measurements of O3, Cl,,
NO,, H,0. CHy. aerosol surface area and other tracers that were provided by the JPL
theory team (R. J. Salawitch. PI) (as described in Flocke et al. 1999). Reactant concen-
trations were then fit to surfaces as a function of # and solar zenith angle (SZA). (There
is little latitudinal difference that is not a simple function of SZA). For O(1D) and CI,
concentrations at the altitude range of the filaments seen during POLARIS are so small
that their contribution to CO production is negligible. For use in the model, [OH] val-
ues were converted to diurnal average OH as a function of #, latitude. and calendar day.
Pressure and temperature as a function of latitude along the f#-surface are derived from
ER-2 data: seasonal variations in those quantities are not significant to model results.
Unlike the radicals. methane in the young filaments cannot be simulated by mean
background concentrations. The relatively long lifetime of methane means that the the
voung filaments are atypical of their environment. and their methane mixing ratios should
remain unchanged from tropical entering values. Actual methane concentrations observed

in filaments over Fairbanks are in fact essentially identical to those observed in the tropics
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during STRAT. at = 1.7 ppm in the filament cores. (Methane values in both POLARIS
filaments and STRAT tropical flights are taken from the ACATS gas chromatograph in-
strument (19).) The model here uses a constant value of 1.7 ppm for methane mixing ratio
throughout the filaments’ evolution. Slight seasonal variations in methane concentration
or in pressure and temperature are insignificant to model results: seasonal variation in
CO photochemical loss is produced entirely by seasonal variation in OH concentrations

produced by variation in insolation.

4.3 CO tropical boundary condition

The boundary condition for CO entering the stratosphere in the tropics is somewhat
uncertain, both because of inhomogeneity in upper tropospheric CO and because the
seasonal variation in upper tropospheric/lower stratospheric CO is not well constrained.
The six ER-2 tropical flights on which CO was measured cover only a restricted region and
capture only part of the expected seasonal cvcle. missing the late spring when entering
CO might be expected to peak. We use here a value of 50 + 5 ppb for the initial CO in
individual filaments. which represents a reasonable probability range for CO entering the

stratosphere.

4.3.1 Uncertainties due to spatial variation

Because CO is a byproduct of biomass burning, CO concentrations in the uppermost
tropical troposphere are expected to be both time-variable and spatially inhomogeneous
(Jacob, D. and Logan. J., pers. comm.). It is not possible to define a single boundary
condition for CO entering the stratosphere. 3-D model simulations (Jacob. D. and Logan,
J.. pers. comm.) suggest that in months when biomass burning is significant, parts of
the tropical lower stratosphere may have CO enhanced by a factor of 2. The areas of
strong enhancement are relatively small. with the modeled standard deviation of tropical
upper tropospheric CO in any given month typically o < 3ppb (x= 6%). Existing in-situ

aircraft data are not useful for validating model CO distributions, as all ER-2 flights
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into the tropics during the STRAT and POLARIS campaigns cover only a narrow swath
of longitude. All data were taken on direct southern flights out of Hawaii with dives
at tropical latitudes: the total longitudinal range covered by the profiles is restricted
to £ 5 degrees. The annual mean mixing ratio for CO entering the stratosphere, !
measured on these flights is 50 ppb, with a reproducible annual variation of at least 5 ppb.
Measurements were made by the ALIAS instrument, the same instrument whose CO data
is used in the remainder of this work. These measurements may not be representative
of the boundary condition for the filaments observed over Alaska, however. Filaments
drawn from locations other than the clean Pacific might have larger initial CO mixing

ratios. Both CO and N>O mixing ratios observed in the POLARIS filaments in fact often

exceed the maximum values observed by ER-2 flights at the same # level in the tropics.

4.3.2 Uncertainties due to seasonal cycle

In addition to uncertainties due to longitudinal variation, the seasonal variation of the CO
boundary condition is only weakly constrained. The timing of the tropical observations
means that the seasonal cycle of the CO boundary condition even in the Pacific region
sampled by the ER-2 cannot be fully determined.

As with other biogenic gases (NoO, CO3), carbon monoxide measured at surface sta-
tions shows a clear seasonal cycele, stronger in the northern hemisphere, and with opposite
phase in the N. and S. hemispheres (e.g. 79). The mixing ratios of N»O and COs entering
the stratosphere reflect the seasonalitv measured at the surface; stratospheric CO would
be expected to follow the same fundamental pattern as well. Stratospheric CO, measured
from the ER-2 shows a seasonal cyvcle that is consistent with the integrated CO, mixing
ratio over the entire tropics, although with a two-month lag (8, 4). (Because the N. hemi-

sphere seasonal cycle is stronger. the integrated tropical mixing ratio has a signal with

! “Entering the stratosphere” is defined as crossing the 380 K #-surface. To account for the varving
height of the tropical tropopause and effects of in-mixing of midlatitudes air, the entering CO value was
determined by taking mixing ratios of CO at the local tropopause for all tropical flights (with tropics

defined as £15° latitude) and regressing these against # to determine a value for 380 K 6.
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the phase of the N. hemisphere cvele.) Applyving the same principles to CO would vield
a stratospheric boundary condition with a seasonal variation similar in amplitude to that
seen at the ground in the tropics. = 20%. and lagged in phase by two months. The case of
CO is more complicated than that of CO,y because CO has more spatially variable sources
and sinks, as well as in-situ production in the troposphere. The spatial variability in CO
sources means that the surface sampling network may not be sufficient to characterize
air entering the stratosphere. Extrapolating from surface measurements to stratospheric
values may also be problematic if seasonal variations in tropospheric dynamics produce
differing CO losses for air reaching the stratosphere. In the absence of complications,
however. the seasonal peak in CO mixing ratios would fall in May-June. at the same time
when filaments were observed over Fairbanks during the first POLARIS deployment.
The tropical ER-2 CO data ? consists of only six tropical flights during 1995-1997
(951105, 960213, 960801, 960808, 961211, and 970923) that sample only parts of this
seasonal variation. missing the presumed spring maximum. The profiles obtained show
CO declining with altitude in the lowermost stratosphere, with a fairly tight distribution
of CO mixing ratios. although with a small (5 ppb. or &= 10%) but distinct and statistically
significant seasonal variation. Median CO mixing ratios just above tropopause level (390
K) are 41 pbb during summer/fall flights (August. September) and 46 ppb in winter
(November, December, February). The seasonal median profiles observed by ALIAS in
the tropics show mixing ratios declining smoothly with altitude throughout the near-
tropopause region (by about 0.6 ppb/°K). but maintaining the 5 ppb seasonal offset. The
presumed spring maximum in stratospheric CO. which is not captured by anv ER-2 flight,

would lie above the observed winter CO values.

Robustness of tropical observations

The tropical CO measurements used to infer initial concentrations are consistent over the
three vears of observations (1995. 1996. and 1997). and the evident seasonal differences

are clearly statistically significant. The 1-o scatter about the median profiles is = 0.8 ppb

?Tropics are defined here as £ 15 degrees latitude.
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4.4. INTERPRETATION OF FAIRBANKS DATA

(2%) in summer and 1.6 ppb (4%) in winter. considerably less than the 5 ppb seasonal
difference. The difference exceeds the stated accuracy of the instrument (5%. or 2.5
ppb) and is almost certainly not due to instrumental drift. since it is consistent between
flights in successive vears. It also is not the result of seasonal differences in in-mixing
of tropospheric air. Comparison with simultaneously measured N,O profiles, and with
NO, /O3 correlations that serve as a marker for tropical air, show that only two tropical
flights show some evidence of midlatitudes air at altitudes below 400 K #. 960213 and
960808. For the 960213 flight, when tropical CO appears high. in-mixing of midlatitudes
air would reduce rather than amplify the apparent seasonal cvcele. In-mixing on 960808
could potentially produce seasonal bias, but CO mixing ratios measured on this day are
not markedly different from the other summer flights. The restricted region over which
data was taken means that the apparent seasonal difference is also not an artifact of
longitudinal variation in CO mixing ratios. Finally, the fact that seasonal differences
persist to the 380 K # surface mean that apparent seasonality is not due to variation in

ascent rates in the lower stratosphere.

4.4 Interpretation of Fairbanks data

4.4.1 Model age calculation

To calculate the evolution of CO concentrations in filaments moving poleward. we assume
that air parcels move with constant velocity from equator to Fairbanks latitude, arriv-
ing on the date of the filament observation. The calculation was repeated for a variety
of meridional velocities. with photochemical losses computed at each discrete timestep
according to the local reactant concentrations.

It should be noted that this method produces an upper limit for parcel age. In re-
ality. air observed in filaments over Fairbanks has likely spent the largest portion of its
stratospheric life in the subtropics. hedged in by the subtropical transport boundary and

experiencing relatively high rates of photochemical loss, before being ejected as a filament
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Figure 1.1: Calculated photochemical evolution of filament CO. for the base case assump-
tion of a 50 ppb CO tropical boundary condition at 380 K. The timescale on this plot
includes the ascent to 390 K. by which time CO mixing ratio has fallen to 44 ppb. al-
ready less than the observed CO mixing ratios in filament cores at 390 K of 46-52 ppb.
There are no substantial difference in loss rates between the spring and fall trajectories.
Filament ages implied by these loss rates are less than a week. with the largest source of

uncertainty the boundary condition for CO.

to make a rapid transit to high latitudes. The assumption that air moves poleward with
constant velocity, experiencing lower photochemical loss rates. produces a slight overesti-
mate of filament age. The assumption that filament cores are unmixed tropical air also
produces an upper boundary on age; any in-mixing of surrounding older air would increase

the estimated filament age.



4.5. COy AGE CONFIRMATION 59

Age calculations were run for the two strongest filamentation events observed during
POLARIS. on 970511 and 970915. The filament cores on both days (at 378 and 390
K. respectively) held CO mixing ratios above tropical median values for the appropriate
season. and on 970915, which should be close to the seasonal minimum. filament core
mixing ratios exceeded any tropical measurements at the same f-level. Age calculations
were therefore run with two initial conditions for CO at the tropical tropause: the median
tropical value (50 ppb) and an estimated maximum value of 55 ppb. The +5 ppb error
is equivalent to the 2¢ variability of the aircraft data plus the instrumental uncertainty.
This error estimate should be sufficient to capture uncertainty due to the sampling bias
of the aircraft observations: the 2o variability of tropical upper tropospheric CO in the
3-D photochemical model is only +5 ppb. However, we cannot rule out the possibility
that the model does not adequately represent the seasonal cyvcle of upper tropospheric
CO, and spring CO values may be still higher.

Figure 4.1 shows the modeled evolution of air parcels with these initial values for both
spring and fall. To simulate the CO expected in filaments at 390 K. air was assumed to
first ascend vertically from the tropopause to 390 K and from there move poleward from
the tropics along the 390 K 8 surface. During its poleward motion the air experiences an
average CO loss rate of 1.1-1.3% / day: this loss rate is relatively constant with season
and with initial CO boundary condition value. These rates of CO loss imply a near-zero
age for the air in filament cores. Even the maximum tropopause boundary condition of
55 ppb CO (48 ppb at 390 K, as compared to filament cores of 46-52 ppb) allows filament
cores to have experienced at most 4% loss of CO during poleward motion. The maximum

filament ages inferred by this method are then on the order of days.

4.5 CO, age confirmation

To reduce the uncertainty in the photochemical age derived from CO measurements can be
reduced by comparing that result with the age derived from simultaneous measurements

of CO, in filament cores. CO, is essentially inert in the stratosphere; variations in its
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Figure 4.2: Ages of air in filament cores estimated from in-situ CO, measurements. CO,
values in filament cores are overplotted on the boundary condition for CO, entering the
stratosphere in 1997 inferred by Andrews and co-workers. The boundary condition was
constructed using a combination of aircraft measurements of stratospheric CO, and sur-
face measurements taken at the CNIDL monitoring sites: Andrews et al. (1999) describe
the procedure in detail. CO, data alone is sufficient for this age determination because
the filaments are extremely voung. Age determination in older air would be made by

comparing CO, and N,O values: in these filaments. N,O is essentially unchanged.

mixing ratio reflect only the well-known secular increase in CO, and its seasonal variation.
The boundary condition for carbon dioxide in air entering the stratosphere is relatively
well understood:; Andrews and co-workers have inferred the entering tropical values from

a combination of stratospheric aircraft data and surface measurements by the CADL
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(Climate Monitoring and Diagnostics Laboratory) network of monitoring stations (4).
The combination of seasonal cyvcle and secular increase mean that measurements of CO»
alone do not vield a unique age value for air that is months to a year old. For extremely
young air, however, CO, content provides the most robust age estimate of all measured
stratospheric tracers.

Although CO, is a much less sensitive age indicator than CO, i.e. shows a far smaller
fractional change for a given variation in age. the instrumentation used to detect COs is
correspondingly more precise. The amplitude of the CO; seasonal cycle is less than 1%
of the mean CO, mixing ratio. but the Harvard non-dispersive infrared CO, instrument
(e.g. 4), which flew on the ER-2 as part of the POLARIS and STRAT payloads, produces
measurements estimated to be accurate to 0.1 ppm (with 0.03 ppm precision), 3% of
that cvele (Daube, B. pers. comm.). The ratio of instrumental uncertainty to expected
tracer evolution over three months is then on the order of 10% for both CO and CO,
measurements. and the CO, initial condition is better understood. If each filament core
represents an isolated airmass unmixed with surrounding air, the resulting ages inferred
from their CO, content are 3 5 days for the 970511 filament and 4 £3 days for 970915.
with the uncertainty reflecting the propagation of instrument error (Figure 4.2). The CO,
measurements provide the most accurate age estimate, and confirm that the observed

filaments are extremely voung, with transport times from the tropics of less than a week.

4.6 H-,0 age confirmation

The very voung filament ages are also supported by the water vapor mixing ratios in
the filaments. which carry with them from the tropics snapshots of the seasonal varia-
tion in entering stratospheric water vapor. It is difficult to construct a quantitative age
determination from water vapor data alone, because the boundary condition of entering
stratospheric water vapor is less well-understood than that for CO,. As in the CO case.
potential inhomogeneity in tropical UT /LS water vapor introduces additional uncertainty

in this estimate. Nevertheless, the water vapor mixing ratios observed in the filaments
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are clearly consistent with yvoung air ages, and provide confirmation of the age estimates

derived from the other tracers.

Water vapor entering the stratosphere shows an annual variation of approximately 3-6
ppm, with a maximum in N. hemisphere summer and minimum in winter; this oscillation
is propagated upward as air ascends to create a “tape recorder” signal (45). The Fairbanks
filaments echo the tropical boundary condition variation, with water vapor mixing ratios
changing from < 3 ppm in May to > 6 ppm in September, as wet as the wettest part
of the tropical profiles observed during STRAT. Figure 4.3 shows the 970915 Fairbanks
water vapor profile overlaid on the STRAT tropical measurements. The aircraft crossed
through voung filament air at 390-410 K é;: H,O in this section of the profile closely
matches the STRAT November values. The August STRAT profile, bv contrast, has a
maximum nearly a ppm smaller. and located at the 380 K tropical tropopause, implyving
that the seasonal maximum in water vapor entering the stratosphere has not vet occurred.
The ascent rate inferred from the profiles vields a time of early September for the seasonal
maximum to reach 400 K. and therefore an upper limit of ~ a week for that maximum

to be advected from the tropics to Fairbanks latitudes (7, 45).

One means of compensating for the sparseness of ER-2 tropical observations and the
uncertainty in the initial boundary condition is to derive a predicted boundary condition
for water vapor in entering tropical air. Although the exact mechanism that dehvdrates
air entering the stratosphere remains controversial, stratospheric water vapor mixing ra-
tios do seem to follow roughlyv the saturation values determined by tropical tropopause
temperatures. Tropical radiosonde data can then be used to infer a seasonal cycle in
entering water vapor. Figure 4.4 shows this inferred cycle and the corresponding water
vapor observed in the 970511 and 970915 filament cores. This comparison provides an
age estimate in the same manner as does comparison with the CO, seasonal cycle. The
boundary condition remains uncertain to some degree, as is shown clearly for the May
filament. which is wetter than the tropical values have been since mid-February. The
September filament matches inferred tropical values closely: if filament moisture content

is determined by mean tropical saturation. this correspondence vields an upper age limit
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Figure 4.3: Water vapor measurements in the tropics compared to water vapor in the
970915 POLARIS filament. All data were taken by the Harvard Lviman-a instrument. The
tropical data are the complete set of profiles obtained in the tropical lower stratosphere.
with measurements in late autumn-winter (November. December. February). early spring
(April). and summer (August. September) in three successive vears (1995-1997) during
the STRAT and POLARIS missions. The sinusoidal variation with altitude of yy,o is
the seasonal cyele in water vapor mixing ratios propagating upwards as air ascends. In
the winter profiles. {{  is near minimum at the tropopause (380 K): in mid-summer it
is near maximum at the tropopause, with the minimum now advected 100 K upwards.
Mixing reduces the amplitude of variation at higher altitudes. The 970915 Fairbanks
profile which crosses a filament is plotted in black: the aircraft passed through filament
air between 390-110 K #. Water vapor values in the filament core match those of the late
autumn STRAT data. and would be out of phase with profiles from earlier months. Note
that the shape of the 970915 profile is determined simply by the location of the filament
and its relatively older surrounding air. The falloff above and below the filament core

represents the transition between voune and old air. not a time-varvine “tape recorder”
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on the order of a week. This age determination, like that made with CO values, is less
robust than that derived from CO,. The initial H,O boundary condition is uncertain
by perhaps 20% out of a total signal of &~ 100% seasonal variation (and =~ 50% gradi-
ent tropics-high latitudes). Nevertheless. the agreement of several independent means of

estimating filament age lends support to the voung ages derived.

4.7 Discussion

Age estimates by the CO photochemical clock and the CO, seasonal cvcle vield ages of
between 0 - 1 week for the filaments observed over Alaska. an estimate consistent with the
H50 seasonal cyele. The agreement of these independent methods of estimation strongly
supports extremely voung ages for the filaments. The combination of methods also allows
us to eliminates some physical scenarios that might produce error in age calculations.
The two primary possible sources of error are 1) dilution of filament cores by back-
ground air and 2) uncertainty in initial CO or CO, values. Initial-value uncertainty is
possible for both species, even if the mean CO; boundary condition is assumed to be
perfectly known. If filamentation is associated with processes bringing atvpical air to
the stratosphere. e.g. convective activity which propels air from surface to stratosphere
without the usual 2-month apparent delay. then initial values for both CO and CO; would
be much higher than the mean. and estimated filament ages would be erroneously voung.
Dilution by older background air has the opposite effect. producing older apparent ages
for both species. We regard it as enormously improbable that the apparent youth of the
POLARIS filaments could be produced purely by anomalous initial values. since the CO;
data show that the increased residence time in the stratosphere would have to exactly
match the decrease in residence time in the troposphere. The combination of CO and
CO, data also tend to rule out combinations of dilution and initial value problems as the
source of the voung ages. The same argument against excessive coincidence again applies,
but in addition the correspondence of CO and CO, ages argues against any signficant

amount of dilution of the filament cores. The variation in COs over a few-month period
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Figure 4.4: Water vapor content in the 970511 and 970915 POLARIS filaments compared
to minimum saturation mixing ratios in the tropics derived from daily WTO radiosonde
data. Filament mixing ratios are shown in green: the data here are all points between 380
and 110 K # with CO > 10ppb during the ER-2 transit through the filaments. The tropical
seasonal evele was derived by defining a grid of 4 by 5 © over the tropics (=107 latitude)
and assigning each gridpoint a daily value equal to the weighted average of \ p,0 i, Over
all sonde profiles contained in the grid square. (Weighting is exponential with distance
from the grid center). The points displaved here are the daily means of all tropical
gridpoints. The resulting values are relatively insensitive to the gridding scheme (77).
Although individual stratospheric air parcels mayv deviate from these mixing ratios. the
seasonal cvele produced reproduces fairly well the observed seasonal cvele of stratospheric

waler vapor.
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is approximately linear (both filament observations are conveniently located on the near-
linear portions of the seasonal cyvcle). and decline in CO is exponential. Any substantial
mixing of older environmental air would produce different ages bv the two methods. Taken
together, these data form a strong confirmation of extremely rapid isentropic transport
in the observed filaments. with the initial filament air being roughly representative of the
tropics.

Finally, if we have confidence in the CO, ages, these can be used to constrain the
amplitude of the seasonal cycle of CO entering the stratosphere. If we consider the spring
filament to be undilute and less than a week old, as the CO, mixing ratio suggests it is.
then it samples tropical spring stratospheric CO of 46 ppb at 378-388 K. no higher than
the winter values observed during ER-2 flights in the central Pacific tropics. Although the
origin of the filament air is not known. this CO value can reasonably be interpreted as an
upper bound for CO in the central Pacific; locations outside the clean Pacific generally
have higher CO mixing ratios. Stratospheric CO seasonal variation in the central Pacific
region appears then to be no more than =~ 5 ppb (10%), with no large spring maximum that
is missed by aircraft sampling. Despite their the high-latitudes location, the POLARIS
flights provide the first spring observations of tropical air to add to the record of seasonal

variation in the lower tropical stratosphere.



Chapter 5

WISP Instrument

5.1 Introduction

The tiny amounts of water vapor in the upper troposphere and lower stratosphere have
enormous leverage on climate, affecting both radiative balance and atmospheric chemistry.
Unfortunately. water vapor is also the most variable atmospheric component, and we have
little understanding of the processes that control water vapor concentrations at these
altitudes. This incomplete understanding is the single largest source of uncertainty in
climate predictions (24). Determining the factors which control the distribution of water

vapor in the atmosphere is of critical importance to climate studies.

The most useful tracer for this purpose is the vapor’s isotopic composition: the con-
centrations of HDO and H,'®*O molecules relative to H2'°0O (46). All processes involving
condensation, evaporation. or other phase changes leave an isotopic signal in the residual
water vapor, because in thermodynamic equilibrium. the heavier isotopomers partition
preferentially into t he condensed phase. In this wav vapor isotopic composition car-
ries a record of its entire convective history. Horizontal advection of undersaturated air,
on the other hand. cannot alter isotopic composition. so away from convective regions
isotopic composition acts as a conservative tracer, and can be used to diagnose mixing

of air masses. Because different scenarios for bringing water vapor to the stratosphere
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and upper troposphere involve differences in condensation, evaporation, and mixing, they
produce distinet isotopic signatures. These signatures are not subtle: the fractionation of
deuterated water is so strong (a ! of 1.4 near the tropopause), and the overall loss of water
so great (water vapor mixing ratios fall by a factor of 10* from surface to stratosphere)
that the expected variations in isotopic composition are at the tens of percent level rather
than the few per mil of most isotope geochemistry (46).> Figure 5.1 shows the differences
in expected isotopic profile for two scenarios of transport of air into the stratosphere.

Despite their potential utility, few measurements of vapor isotopic composition in the
lower stratosphere exist, and none in the uppermost troposphere. the altitudes of greatest
scientific interest. The measurement is difficult because of the scarcity of the isotopomers:
the most useful tracer, HDO, has sub-ppb mixing ratios in these regions. Remote sens-
ing has provided some stratospheric measurements, by far-infrared emission spectroscopy
(10. 16. 34). or mid-infrared solar occultation absorption spectroscopy (58, 46). but these
techniques tend to lose sensitivity just above the tropopause, and their horizontal resolu-
tion is on the order of several hundred kilometers. Measurements by sample collection over
a crvogen and subsequent laboratory mass spectroscopy have been made up to the middle
troposphere (69, 18), but this approach is problematic in the dry upper troposphere and
above, because incomplete collection produces strong fractionation artifacts. Obtaining
isotopic measurements in the scientifically critical upper troposphere/lower stratosphere
region requires a new approach.

Techniques currently used for in situ atmospheric water vapor measurements n these
regions — Lyman-a photofragment fluorescence and frost-point techniques — cannot dis-
criminate between isotopomers. Meanwhile, the mass spectrometric techniques that are
standard for measurement of water vapor isotopic composition in the laboratory are ex-

tremely difficult to implement in an autonomously running flight instrument. The dryness

Y& is the fractionation factor between vapor and condensate, i.e. R, = aR,, where R is the ratio of

heavy to light isotopomers.
*Isotopic composition is typically given in § notation in per mil units. as the per mil difference in

isotopic ratio between the sample and a measurement standard: § = 1000(Rgampie/Rstandara — 1). For

water vapor the usual standard is mean ocean water.
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Stratosphere - Troposphere Exchange (STE)

Figure 5.1: Examples of 4D profiles for differing scenarios of troposphere-stratosphere
exchange. R. profile: transport into the stratosphere occurs by gradual ascent over the
uppermost few km of the troposphere. with dehyvdration occurring in thin cirrus Water
vapor isotopic composition must follow a Rayleigh distillation decline with altitude over
these few km. and is continuous across the tropopause throughout the region of ascent.
Strong enhancement of vapor must have occurred at the base of this ascent region. most
likely through evaporation of detraining cloud ice, to match known stratospheric 4D.
L. profile: STE occurs in by cumulus towers, and enhancement of stratospheric 4D can
occur above the tropopause. The cartoon here shows a possible profile in tropical regions
where penetrative cumulus convection is not occurring. Tropospheric and stratospheric
0D show a sharp discontinuity at the tropopause. with tropospheric 4D following Ravleigh
distillation up to the tropopause. and the stratosphere enhanced in deuterium by evapo-
ration of ice elsewhere. In the actual atmosphere. isotopic profiles will likely be affected
by cloud detrainment and mixing at a variety of levels and isotopic profiles may be more
complicated. The dashed lines represent the limiting altitudes of current measurement

techniques for 4D: none provides measurements in the region where profiles would differ.
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of stratospheric air (< 5 ppm). the enormous dynamic range of water vapor concentra-
tion from surface to stratosphere (four orders of magnitude), the mass equivalence be-
tween H,'"O and HDO, non-reproducible fractionation during ionization, and the inherent
“stickiness” of a highly polar molecule like water vapor air all make in-flight mass spec-
trometry extremely difficult. The last issue, “stickiness”, means that contamination is
a major concern for any in-situ method of measuring water vapor and its isotopomers.
Enormous care is required to ensure a clean measurement in any instrument which draws
sample air through an inlet and exposes it to surfaces on which adsorption could occur.
The problem of contamination eliminates not only potential techniques but also platforms:
water vapor cannot be measured from large research balloons. for example, because the
air sampled is contaminated by outgassing of water vapor adsorbed on the balloon surface.
even during descent. The most reliable approach is therefore a completely passive tech-
nique in which the air sampled is completely undisturbed. Tunable diode laser absorption
spectroscopy (TDLAS) represents just such a technique. At the time this work was be-
gun there existed no TDLAS instrument which could adequately measure water vapor
isotopes. For this purpose an instrument must be aircraft- rather than balloon-mounted,
with a long enough pathlength to provide the sensitivity needed for measuring scarce
HDO. and designed to minimize both potential contamination by surface adsorption and
syvstematic error that would affect the measured isotopic ratio. This chapter describes a
new TDLAS-based instrument designed to provide in-situ measurements of water vapor

isotopic composition in the upper troposphere/lower stratosphere region.

5.2 Instrument description

The Water Isotope SPectrometer (WISP) is a 3-channel open-path tunable diode laser
absorption spectrometer designed for in-situ measurement of water vapor and its isotopic
composition from aircraft platforms (Figures 5.2 and 5.3). The instrument uses well-
established TDLAS techniques to make simultaneous measurements of H,O , HDO, H,'"O

. and H5®0O as well as CH;. (See for example (66, 21. 50. 76. 41, 67)). Laser light is in-
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Figure 5.2: The WISP instrument. mounted beneath the wing of the WB5T aircraft. The
dewar containing the lasers and the optical head (black) are enclosed within a fairing
during flight: the open-path cell extends into the free air. This photograph was taken

during integration. before installation of cell mirrors, cabling. and insulation

jected into a multipass optical cell (91 passes in a 1 m. cell) mounted in the free air below
the aircraft wing and is tuned over individual molecular absorption lines. The result-
ing absorption spectra provide a measurement of gas concentration between the mirrors.
Redundant measurements on the three channels are used for cross-calibration to ensure
accuracies on the few percent level for the isotope ratios. Measurements are made with

two mid-infrared nitrogen-cooled lead-salt lasers (in the 1 fundamental ro-vibrational wa-
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Figure 5.3: The WISP instrument in flight-readyv configuration. with the fairing installed.
The multipass cell sits in the airstream so that air sampled is wholly undisturbed, pre-

venting potential contamination problems.

ter vapor absorption band at 6.7 ym) and a single near-infrared thermoelectrically cooled
[II-\V" semiconductor laser * (in the v + 3 overtone band at 1.37 pym). The estimated
sensitivity of the instrument in flight is equivalent to linecenter absorptance of a few parts
in 10°. vielding a predicted SNR of > 10 for all isotopomers up to the tropopause (see
figure 6.4). The combined precision and systematic measurement errors are expected to

be in the range of a few percent. much larger than the best achievable by laboratory

'TII-V lasers are so termed because thev are manufactured from semiconductors composed of elements

from columns III and V of the periodic table.
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mass spectrometry, but more than adequate for the science in question where the sig-
nals are enormous by geochemical standards. The instrument is designed for use on two
different aircraft platforms, the unmanned solar-powered ultra-high-altitude Centurion,
built by the AeroVironment Corp., and NASA’s more conventional WB-5T stratospheric
research aircraft. Test flights on the WB-57 were completed in 1999, and the instrument

is scheduled to make science flights in 2001.

5.3 Design Constraints

The WISP design represents the accommodation of two conflicting requirements. The con-
tamination concerns discussed above meant that water vapor isotopomer measurements
are most easily made with an open-path configuration, with the measurement cell hang-
ing outside the aircraft in undisturbed air. But the small absorbtances expected would
tvpically require a more stable instrument environment inside the fuselage. Although indi-
vidual absorption lines for HDO are as strong as the deepest water lines, the isotopomers
are far more scarce — HDO levels in the stratosphere are less than a ppb — so the op-
tical pathlength needed for detection is very long (&~ 100 m). Maintaining alignment is
therefore more difficult. WISP is the largest open-path aircraft instrument flown without
actively-controlled mirror alignment, and as such represented an engineering challenge.
The two aircraft for which the instrument is designed also placed conflicting constraints
on the instrument. WISP was initially designed for the slow-flying experimental aircraft
Centurion. and later adapted for the twin-jet-engine WB-57. Accommodation on the
lightweight Centurion — a single flving wing over 200" long whose primary components are
carbon fiber and foam — placed severe restrictions on instrument size and weight. Mount-
ing on the WB-57, however. increased the requirements for structural stability, because
the plane’s faster airspeed exposes the instrument to far greater aerodynamic forces than

those experienced on Centurion.
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5.3.1 Size and Weight

Centurion payload capacity is only 90 kg at any given mount point (with the maximum
total capacity of 300 kg). Because the aircraft’s peak altitude and flight duration in
the stratosphere are strongly dependent on pavload weight, keeping instrument mass
well below these limits was strongly desirable. The Centurion has no payvload bays,
and what parts of the instrument cannot fit within the 12" wing depth must hang in the
airstream below. The wing dihedrals sharply in flight. meaning that the instrument would
be subjected to unacceptable stresses if it were mounted horizontally from two distinct
points. Instead it must hang verticallv from a single mount point, and therefore must
be contained within the vertical clearance from ground to top of wing spar of only 707.
Figure 5.4 shows the original mounting arrangement for the instrument, which set its size

constraints.

5.3.2 Contamination Issues

Contamination concerns meant that the payload constraints listed above could be met
only with an open-path system, in which the optical cell is simply mounted in the free
airstream, and measurements made in the ambient air. A gas handling system designed
to minimize contamination would have added unacceptably to the size, weight. cost, and

power requirements of the instrument.

5.3.3 Structural Stability

The primary concerns for the mechanical design of the instrument were the stability of
the optical system and multipass cell, and the safety of the aircraft mounting mechanism.
Both are of great concern for an instrument mounted external to any aircraft, and in
this case especially so on the WB-57. The instrument had to be sufficiently rigid against
vibration and against flexure from wing movement to maintain alignment of the mirrors.
but still had to present minimal surface area to reduce drag. Combined with the size

constraints above, this mandated an extremely compact instrument, designed around a
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Figure 5.4: The WISP instrument and its mounting configuration on the Centurion air-
craft. The flexibility of the Centurion wings mandates a vertical mounting arrangement.

The height of the main aircraft spar then limits the size of the instrument.

single bulkhead. with as short an optical path as possible before the multipass cell.

5.3.4 Thermal Stability

During ascent to the tropopause the externally mounted instrument sees a drop of over
100 degrees Celsius in ambient temperature. Although strip heaters on the surface of the
instrument can mitigate temperature changes to some extent, the large thermal mass of
the instrument means that it it is not possible to hold it at a constant temperature with-
out prohibitive power consumption. It was therefore necessary to engineer the instrument

so as to avoid distortion of its optical svstem by differences in thermal expansion and con-
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traction of its components. (The multipass cell used loses alignment if mirror separation
changes by 0.25 mm, or input beam angle by a third of a degree.) Within the nitrogen
dewar, on the other hand. the diode lasers must be held at temperatures constant to 10
mK during an 8 - 15 hour flight to prevent their wavelengths from drifting away from the

desired spectral region.

5.3.5 Instrument Control

Because the WB-57 has no active telemetry capability, the instrument must operate au-
tonomously for the duration of the flight, with only a single “on” switch under the control
of the pilot. There is no opportunity for in-flight monitoring of instrument performance
or adjustment of measurement parameters by the scientist. Instrument operation must

therefore be robust enough for stand-alone performance.

5.4 Mechanical Design

The resulting WISP mechanical design is both rugged and compact, and can be used on
a variety of aircraft platforms with only minor modifications. The instrument consists of
five main subsyvstems: 1) a liquid nitrogen dewar containing two mid-infrared lead-salt
lasers, 2) a pressurized optics enclosure (the "optics can™) containing a near-infrared laser
and focusing and collimating optics for all three channels and pressurized to 1 atm. of
dry Ny, and 3) a multipass Herriott cell consisting of two spherical mirrors spaced exactly
1.004 meters apart by three support rods, 4) mounting attachments for the WB-57 (or
other) aircraft, and 5) a separate electronics box. The optical svstems (1-3) are discussed
in more detail in the following section.

The primary attachment point to the aircraft is the mount plate, which forms the
central bulkhead of the instrument. with the optics head (collectively. the dewar and
optics can) on one side and the Herriott cell on the other The beam path is direct. allowing
all steering optics to fit in a can only 2.57 in height. On the Centurion, the instrument is

mounted verticallv; on the WBA57, horizontally. with the far mirror supported by a beam
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attached to the wing hatch covers. and the optical head enclosed by a fairing extending
from an instrument spearpod. The entire instrument is 65" in length, with a mass of 38
kg in its WB5T configuration (including 8 kg of electronics and cabling. and excluding
the fairing). By comparison, the predecessor 4-channel ALTAS spectrometer built by the
same JPL group weighs 72 kg. and the balloon-borne 2-channel open-path ALTAS-II 40
kg (76, 67).

5.4.1 Thermal control

The optical head and electronics box of the instrument are maintained at 20 °C by strip
heaters and self-regulating heater controllers (Minco, Inc.) and Nomex fiber cloth insu-
lation. The bulk of the power usage on the instrument — up to 300 W — goes to these
structural heaters; signal processing and laser control consume less than 10 W. The mul-
tipass cell, on the other hand, cannot be thermally regulated without prohibitive power
consumption. Although the mirrors are heated slightly above ambient to prevent conden-
sation on their surfaces, thermal strategv is primarily to engineer the multipass cell so
that it maintains alignment even while experiencing large temperature changes. Thermal
contraction causing the mirror separation to shorten by 0.25 mm. for example. would
cause all signal on the detector to be lost. While the mirror mounts are 7075 Aluminum,
the three rods separating the multipass cell mirrors are made of Invar 36. a nickel-iron
allov with coefficient of thermal expansion 1.3 pm/m°C at 20 °C. an order of magnitude
lower than steel or most composite compounds, and the mirror substrate is Zerodur glass
ceramic (Schott), with CTE 0.1 gm/m°C. The expected change in the relative positions
of the mirror surfaces throughout the range of temperatures experienced in flight is less

than 0.15 mm.

5.4.2 WB-57 Interface

The instrument mounts below the right wing of the WB-57, with the dewar and optics

can mounted on a reinforced wing tiedown point and fully enclosed by a composite fairing
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(Zivko Aeronautics). (The separate electronics box mounts within the wing itself, about
3" from the tiedown point). The Herriott cell mirrors and support rods extend outboard
from the fairing in the free air. perpendicular to the direction of flow (see figures 5.2, 5.3).
The far (outboard) mirror is supported by an external sheet metal beam transverse to
the airflow that spans two preexisting wing hatch covers. The external beam was needed
because concern for the integrity of the fuel storage in the front third of the wing precluded
the use of the forward wing spar. Mounting was also complicated by the fact that the
WB-57 wings flex strongly: although the wings are flat in flight. the wingtips can drag
on the runway on landing, especially if fuel tanks are still close to full. To isolate the
instrument from this flexing, it is mounted with three pivots, one at the near side and two
at the far side. The pivots (Aurora Bearings) are designed to accommodate a maximum
of 1.5” of vertical wing flex, a margin of nearly ten over the estimated actual maximum
wing flex of 0.19”. To prevent wing flex from stressing the support beam, the near side
beam bolt holes are slotted, and the beam is free to slide along a Teflon interface with

the wing.

The maximum aerodvnamic loads experienced by the WB-57 occur at takeoff (190
knots. or 98 m/s), at a dynamic pressure of 0.85 psi. To reduce the resulting moments
on the hatch cover bolts (as well as to minimize turbulence within the volume of air
sampled) the Herriott cell support rods are covered with an aerodynamic fairing that is
estimated to reduce their drag coefficient by a factor of 3. The rods are relatively large
in cross-section (1.25"7 OD) because of the need for stiffness: rod bending and relative
motion must be kept below a level that would unacceptably distort the optical cell (A0.25
mm mirror spacing, A0.3° relative mirror tilt, A0.3° change in beam input angle), and
the natural frequency of vibration of the instrument must be kept considerably above
the scan frequency of the spectrometer to prevent artifacts in the baseline scan power.
To minimize weight, the Invar rods are custom-drawn tubing with 0.057 wall thickness
(Specialty Steel). A stiffening plate midway along the Herriott cell further increases the
system'’s rigidity. The instrument sits below the boundary layer of the aircraft wing and

far enough outboard to be unaffected by airflow along the fuselage.
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The instrument’s exposure beneath the aircraft wing means that the consequences of
mechanical failure would be drastic. Although engineering safety margins are generous
throughout. the instrument design incorporates numerous safety features to prevent any
possibility of dropped objects in worst-case scenarios. The support rods are fastened to
the mount plate (and mirror mounts) with 2-piece split-ring clamps (Ringfeder). but are
also secured with roll pins. In the event that the far mirror attachment fails, a bumper
prevents the instrument from pivoting down below the level of the aircraft landing gear.
and snap rings provide backup security to keep the mirrors from sliding off the rods. The
fairing which surrounds the optical head of the instrument has an air ramp just before
the instrument aperture to prevent air scoop. All structural bolts are either locking or
are secured with safety wire before flight. Flight preparation also includes covering the
edges of the main fairing with flight tape and sealing the edges of the rod fairings with
silicone adhesive. The total time required to mount and secure the instrument for flight
is approximately two hours, of which 45 minutes are required for the beam and far mirror

swingarm. which can be left in place between flights.

5.5 Optical Design

The optical train of the instrument contains the bare minimum of elements. both for
compactness and to minimize optical fringing. The latter is usually the limiting factor
governing the sensitivity of TDL instruments. The instrument therefore has a direct opti-
cal path and no beam steering mirrors. Light from the lasers in the dewar (channels 2 and
3) passes directly into a sealed optics can containing all focusing and collimating lenses.
The optics can also contains the channel 1 near-IR laser mounted directly on the dewar
cover (figure 5.5. In the optics can, light from each channel is collected by a collimating
lens which steers the beam into the multipass cell (through a hole in the near side mirror)
at the appropriate injection angle and focuses it at cell midpoint. Within the cell light
passes back and forth 94 times before exiting out its original entrance hole and returning

to the optics can. where it is directed onto a detector by a focusing lens. Detectors for all
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Figure 5.5: Focussing/collimating optics on the dewar cover. with the optics can removed.

The lead-salt laser channels 2 and 3 are in the rear. with lenses in lens barrels; the near-IR
channel 1 is in the foreground. with laser and detector mounted on a thermoelectric cooler

(blue).

channels are mounted beside the lasers. i.e. within the dewar for channels 2 and 3. and
on the dewar cover for channel 1. For best possible collimation with this simple system.
laser and lens mounts are machined to pre-steer each beam into the multipass cell and
keep the lens perpendicular to the beam. On the \WB-57. the instrument is mounted so
that the optics can surface is flush with the edge of the main fairing. The channels then
see no dead air space other than the can. which is either evacuated or backfilled with dry

nitrogen. In this way the syvstem measures absorption only in the free airstream.
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Figure 5.6: Laser and detector assembly within the dewar. with the beam paths modeled

n red.
5.5.1 Dewar

The two mid-infrared lead-salt lasers on WISP operate only at crvogenic temperatures.
Thev (and their associated detectors) are housed in a 2.2 | aluminum LN2 dewar (Kadel
Engineering). Figure 5.6 shows the elements of the laser/detector assembly within the

dewar. All elements mount to a (/) 5.5 aluminum cold plate in direct contact with

LN2. and are shielded from thermal emission from the warm dewar skin (at 300 K) by
a cold shield of polished. gold-plated aluminum. The TDLs are mounted on separate
cold fingers of high-conductivity oxyvgen-free copper electroplated with gold. each paired
with its detector. Since lasers may require very different temperatures to operate at the
desired wavelengths (anvwhere between 78 and 105 °K). thev are heated individually by
resistive heating elements mounted on the laser package. The lead-salt TDLs are currently

operated with only passive temperature regulation. with constant applied voltage for the



82 CHAPTER 5. WISP INSTRUMENT

duration of each flight. The separation of the cold fingers is intended to facilitate the
addition of active temperature control at a later date, by minimizing thermal feedback
that would cause oscillations in the control circuits. Because the laser package is not
electrically floating — the laser case is laser ground — sapphire shims (.01” thick. Boston
Piezo) isolate the cold fingers from the cold plate and dewar body to prevent noise pickup
on the laser current. Sapphire is an electrical insulator, but an excellent heat conductor.
with conductivity 23 W/mK (about 1/10th that of copper). Indium shims are used around

the sapphire and on other metal-to-metal junctions to ensure good thermal contact.

Temperature stability of the dewar is ensured by regulating the vapor pressure above
the LN2 with two high-precision pressure relief valves in series (Tavco Corp.). The dewar
hold time is > 24 hours with no applied heat load, and typically 17 hours when lasers
are operated. The heat load of the dewar is dominated by parasitic heat load (largely
conduction through the internal wiring). The heat applied to the lasers for thermal reg-
ulation is less important. Resistive heating in the lasers themselves is significant only for
very high-current (> 1 A) lasers. To minimize parasitic heat load, most wiring is 32-gauge
phosphor-bronze, with lower thermal conductivity than copper (LakeShore DuoTwist and
QuadTwist). The dewar is designed to be used in either horizontal or vertical configura-
tion. For horizontal use, an internal foamed metal wick maintains thermal contact with

the cold plate when the nitrogen reservoir is low.

The mid-infrared TDLs are narrow-linewidth lead-salt diode lasers (Laser Photonics,
Laser Components), emitting a few mW power. Their associated detectors are 2 mm x 2
mm HgCdTe photoconductive detectors (Electro-Optical), with rated detectivity of D* =
3.5 x 10" emHz'/2/W at 6.7 /mum. The detectors are enclosed in an additional 77K cold
shield with a 0.147 aperture to reduce thermal noise (Figure 5.7). In this configuration.
optical fringing rather than detector noise is the limiting factor on measurement precision.
Laser and coldfinger temperatures are monitored with four silicon diode temperature
detectors (LakeShore). To prevent direct backreflections of laser light on laser or detector,
the inner roof of the detector cold shield and the cold finger surface below the laser are

machined so that no surfaces are perpendicular to the beam. The inner surface of the cold
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Figure 5.7: Lasers and detectors mounted in the dewar.

shield is also matte black anodized to minimize reflections. while the outer is gold-plated
to decrease emissivity. dewar windows are ZnSe, 1.57 OD and 0.27 center thickness,
with a 1 degree wedge and narrowband anti-reflection coatings to prevent fringing of
laser power (ITI-\T Corp.). Windows are sealed with an aluminum flange and ethylene-
propylene (EPR) O-rings. To reduce the distance between the lasers within the dewar and

the collimating optics mounted outside. the windows are recessed into the dewar cover.

5.5.2 Optics Can

The optics can is a pressure-sealed aluminum container which mounts directly to the face
of the dewar. and encloses all collimating and focusing lens assemblies, plus the NIR laser,

detector. and thermal regulation system. The space constraints imposed by Centurion.
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the original aircraft platform, mandated an extremely compact design. with this entire
assembly no more than a few inches in height, and all components mounted on a surface

only 7.57 in diameter. Figure 5.5 shows the arrangement within the optics can.

NIR laser and detector

The channel 1 source is a distributed feedback (DFB) indium phosphide diode laser at
1.37 pm developed by the JPL Microdevices Laboratory, similar to that used on the JPL-
H>O water vapor spectrometer (41). The laser operates CW at temperatures well above
200 K, allowing it to be temperature-regulated with a thermoelectric cooler (TEC) rather
than a crvogen. A miniature aluminum “cold block™ (1.17 square) holds both the laser. in
a a standard 9 mm TO can. and a 1.5 mm diameter InGaAs detector (Fermionics). A 5.3
W TEC (Melcor) is sandwiched between this cold block and the dewar cover., which acts
as the heat sink for the TEC. Current through the TEC is controlled by a subminiature
proportional controller (Hvtek) only 1.17 x 0.9” in size. mounted adjacent to the cold

block.

Windows

Light in the three channels enters and exits the optics can through three wedged and AR-
coated windows, again ZnSe for the mid-IR channels 2 and 3 and BKT for the near-IR

channel 1. As on the dewar cover, windows are sealed with flanges and EPR O-rings.

Lenses

Because the mid-infrared lasers used in WISP have low power and large divergences (up to
30 degrees emergence cone), and the lasers are necessarily removed from their collimating
lenses by at least the thickness of the dewar cover, it is desirable that collimating lenses
be as large as possible to maximize light collection. That is. it is desirable to have low
f/D, or “f-number”, where f is focal length and D is lens diameter. However, in the WISP

design the need for compactness of the instrument constrained the allowable size of the
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collimating and focusing lenses.

The Herriott cell mandates a specific opening angle for the entrance and exit beams of
each channel passing through a single hole in the near Herriott cell mirror. This opening
angle in turn determines the relative positions of laser and detector. The need to keep
the The small opening angles (maximum 6°) and tight spacing (9" dewar-mirror) in the
WISP instrument produce beam separations of only 0.77 (ch. 1) to 0.9” (ch. 3) at the
positions of the lenses. Even this separation is only achieved by orienting the wedged
windows of the optics can such that refraction further separates the input and output
beams. For the mid-IR channels, this permits collimating and focusing lens diameters of
only 0.375" and 0.57, respectively, with some room left for positional adjustment Lenses
are ZnSe meniscus, narrowband AR-coated (II-VI Corp.). On WISP the dewar windows
are recessed into the dewar cover to bring the lenses closer to the lasers and minimize the
power lost: collimating lenses have focal length 0.8”, or f/2.1. Light collection is not a
problem for the dewar-cover-mounted channel 1, since here the collimating lens can be
brought arbitrarily close to the laser. The channel 1 collimating lens is (/) 0.25" (6.4 mm),
with a focal length of only 4.5 mm, for an f-number of 0.7. (Ch. 1 focusing lens is f/0.8,
with(@) 0.39” (9.9 mm) and 8 mm focal length; both are AR-coated glass aspherics, New
Focus).

Positioning for all lenses is accomplished via miniaturized commercial translation
stages (Newport). In order to fit all components on the dewar cover, only channel 1
uses a relatively large 3-axis positioner, and channels 2 and 3 use smaller XY positioners
with custom-designed lens barrels for the third axis. Each positioner is mounted on an

angle plate machined to orient the lens perpendicular to the beam.

5.5.3 Multipass cell

Because absorption by scarce isotopomers of water is small, especially in the dry strato-
sphere, the instrument needs a long pathlength to obtain measurable signal. The practical

constraints of an aircraft-mounted instrument mean that a long pathlength must be folded
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into a small volume in a multipass cell. The WISP instrument uses a Herriott cell. an ex-
tremely stable multipass optical cavity consisting of two concave spherical mirrors. When
light is injected into the cell at the appropriate off-axis angle it forms a circular spot pat-
tern on mirrors as it passes back and forth (26. 2). If the mirror spacing and focal length
are chosen appropriately. light returns out the hole from which it entered after the desired
number of passes, at a beam angle that allows it to be directed on to a detector. The Her-
riott cell has the advantage that the position and angle of the exit beam is exceptionally
robust to most distortions of the cell. a feature necessary for flight environments, where
maintaining exact alignment is difficult. Although the spot pattern of beams within the
cell warps and becomes elliptical as mirrors tilt or entrance beam angle deviates. the effect
is minimum at the position of the entrance hole, so that beam position on the detector is
far more stable. The one variable to which the cell is extremely sensitive is the relative
mirror spacing: changes of less than a mm can cause the loss of all signal, or the shift
to a configuration with a different number of passes. (See section 5.4 for a discussion of
the related engineering issues.) However. the fact that the number of passes is acutely
sensitive to mirror spacing, but the requisite input angle much less so, means that the
same cell can conveniently be used for experiments at a variety of pathlengths without
changing the foreoptics.

The WISP cell mirrors have a radius of curvature R=1.93294 m: the base WISP
configuration is a 94 meter pathlength, with mirror spacing of 1.004 m apart (d/f of
1.0388. vielding 94 passes). The three channels are injected at different mirror radii and
form three concentric spot patterns. Because the Herriott cell acts to continually refocus
the beam near the center of the cavity, spot sizes remain constant. Figure 5.8 shows
the modeled patterns on the WISP near mirror. The mirrors are 6" (7). 5/8" thick,
Zerodur substrates (Rocky Mountain Instruments) coated with silver plus a dielectric
laver to protect from oxidation in the high-ozone environment of the lower stratosphere
(Opticoat).

A high number of passes (1) in the Herriott cell is desirable since measured absorption

is directly proportional to pathlength. but the n used is limited by mirror size, and also by
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WISP near mirror spot pattern

Figure 5.8: WISP Herriot cell spot pattern. The three WISP lasers are directed into the
multipass cell so as to make concentric 92-pass patterns before exiting out their entrance
holes. The near mirror is shown here. with the beam footprints in red. The spot pattern
is approximately (3: i.e. the pattern has nearly 3-fold symmetry., and successive spots
migrate =~ 120° around the mirror. The entrance holes are shown in black at their actual
size and position: lavout constraints on the dewar cover required that thev be spaced 120°
apart. Beam positions at the laser/detector plane for each channel are shown in blue
and green. Note the off-center position of the exit beam through the entrance hole of the
outer channel (3): this effect occurs because of the finite curvature of the mirror surface,
which mandates slightly different Herriot cell solutions for chanuels at different radii. It is
not possible to construct a cell perfectly aligned for all three channels. The configuration

chosen here produces the minimum misalignment.
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the increased sensitivity of the cell to misalignments at higher n. We chose 94 passes for
WISP as the optimum tradeoff given the absorption strengths of the target spectral region.
(Light losses on each reflection are less important; with mirror coatings of R > 99%.
total loss in the 94-pass Herriott cell is < 61%. not enough to make photon limitation a
source of noise). The WISP mirror diameter was then chosen as the smallest that could
accommodate all three channels without 1) overlap of spots that would produce optical
fringing or 2) bleeding of light from adjacent spots through the exit hole or 3) clipping of
the spot pattern when mirror tilt or deviations in beam input angle warp the pattern into
an ellipse. The near-IR beam (channel 1) occupies the innermost spot pattern, because
its smaller divergence and closer collimating lens produce a smaller beam footprint on the

mirror, allowing closer spot packing.

Although Herriott cells in general are relatively stable to distortion, some configu-
rations are significantly more stable than others. Because WISP was to be used in an
environment involving large mechanical stresses, it was important to choose the most
robust configuration possible, and to determine the design tolerances for movement of
its components. Herriott cell behavior in an undistorted case is typically modeled by
approximating each reflection as passage through an infinitely thin lens (2). To conduct
sensitivity studies, we constructed a three-dimensional ray-tracing model (described fur-
ther in appendix B). The results from these studies drove the choice of d/f for WISP
close to 1. In perfectly aligned system, we would prefer a higher d/f configuration, since
higher d/f produces a greater opening angle between input and output beams, reducing
most of the layout difficulties discussed above. However, the mispositioning of the exit
beam produced by most mechanical distortions (mirror tilt. deviations in input angle.
and changes in mirror separation) increases with d/f. In addition, at high d/f it is not
possible to use three different channels at different pattern radii in the same Herriott cell.
Model runs were used to determine a simple empirical relationship for the the correction
to the mirror separation from the thin lens approximation required because of the finite
curvature of the mirror (see Appendix B). The result is a function of spot pattern radius.

meaning that a Herriott cell with multiple channels must necessarily be misaligned for all
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but one of them. This misalignment produces an error in the position of the exit beam

that increases with d/ f, such that for WISP-sized mirrors, d/f > 2 would be unworkable.

5.6 Data Acquisition and Electronics

WISP uses the standard TDLAS technique of sweep integration and second-harmonic
(2f) detection. Absorption spectra are generated by applving a sawtooth current ramp to
the lasers, which scans the laser output wavelength across the spectral region of interest.
An amplitude modulation (AM) scheme is used to improve SNR: the laser current is
modulated by a sinusoidal waveform at a frequency much higher than that of the current
ramp (50-80 kHz as opposed to 4 Hz). and the signal is detected by a lock-in amplifier
at twice the modulation frequency. The demodulated signal represents the 2nd Fourier
component of the absorption spectrum, and noise at other frequencies is rejected (figures
6.2). In this way the contributions of white noise on the laser current, optical interference
at fringe spacings other than the spectral linewidth, and cross-talk between the channels
(each channel has a different modulation frequency) are sharply reduced.

Laser control and data acquisition are handled by a single compact computer stack in
PC-104 format, running under DOS and a C++ operating code. The stack consists of a
commercial 80486 CPU board (Ampro Little Board), a custom-built analog board for laser
current production and signal demodulation, a custom digital board for data acquisition,
and a commercial A/D board (VersaLogic) that records engineering data from thermistors
and accelerometers. Preamps for all three channels are mounted directly on the dewar, as
close as possible to the detectors, to minimize noise pickup. The preamps incorporate an
analog feedback “null circuit”™ that removes the slowly fluctuating detector offset caused
by the thermal background. Laser current is turned off for a brief period before each
sawtooth ramp, and the detector signal measured during this time is used the zero the
preamp. The amplified signal is demodulated by a lock-in circuit on the analog board. and
both demodulated and direct (dc) signals are recorded for each laser on each scan. The dc

signal is used both to determine the returned power at the line position, needed in data
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reduction. and to provide a clean absorption spectrum for reference when the modulation
is periodically turned off. Although 2f detection is required for measurements in the dry
stratosphere, HDO absorptions in parts of the upper troposphere can reach 1%, allowing
detection by direct absorption. Comparison of the direct and 2f measurements at these
altitudes is then used for calibration. The laser control and signal acquisition electronics
are based closely on those used in the JPL-H,0O and ALIAS TDLAS instruments (76, 41)

Individual de and 2f scans for each channel are recorded via fast direct memory access,
with successive scans then averaged digitally to produce slower reported data. Because
the WISP mid-IR lasers scan over a large spectral region (> 1 cm™') containing several
absorption features, up to 5000 points/scan are recorded to obtain reasonable spectral
resolution (figure 6.3). With three lasers on the instrument and a 4 Hz scan rate this
vields a data input rate of > 240 Kbyte/s. The number of bytes recorded during an 8
hour flight far exceeds the capacity of affordable solid-state memory, so data is stored
on a miniature laptop-PC format hard drive in a pressurized enclosure, as is required for
operation at stratospheric altitudes. The hard drive box measures only 4.5"” x 6.2”, and
contributes negligibly to the overall weight of the electronics.

A second electronics box handles thermal control and basic power conditioning. Tem-
perature of various components of the instrument is regulated by sensorless controllers
providing pulse-width modulated voltage to strip heaters (Minco). The entire instrument
runs off aircraft 28V power, converted to the relevant voltages by low-noise de-de convert-
ers (Vicor). Because both these functions can be a source of noise to the signal electronics.
thev are kept in a separate enclosure. The combination of computer and power/thermal
boxes is a package 12 x 9 x 10" in size and 20 pounds in weight that fits within the WB57
wing. mounted on a removable hatch cover. Instrument control is by a single relay switch

from the airplane cockpit (figure 5.9).
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Figure 5.9: WISP electronics during WB5T power check. The electronics box on the cart

contains all power conditioning. laser current supply. 2f demodulation. heater controls,
and data acquisition and storage functions for the instrument. The box mounts within
the wing. through the open hatch cover. The monitor is used for pre-flight testing only.

The exposed cable provides power and switching from the aircraft.
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Chapter 6

WISP Expected Sensitivity

6.1 Introduction

The measurement of water vapor isotopic composition by TDLAS is difficult because the
isotopomers of water - in particular HDO, the species of primary scientific interest - are
scarce in the dry upper troposphere and lower stratosphere. The mixing ratio of water
vapor in the stratosphere is on the order of 5 ppm, and the ratio [HDO]/[H,O] in Standard
Mean Ocean Water is 3 x 107, Even in the absence of isotopic depletion during ascent
to the stratosphere, HDO would be present at ppb levels. Remote sensing observations
show that stratospheric HDO is in fact depleted by nearly 70%. bringing it to sub-ppb
levels (see chapter 2), approaching the detection threshold of absorption spectroscopy
techniques for most atmospheric molecules. This abundance limitation determines the
upper altitude cutoff for feasible TDLAS measurements of HDO. Measurement precision

is greater at lower altitudes, where the atmosphere is significantly wetter.

An open-path instrument like WISP, with no ability to modify the pressure of the gas
measured. also has a lower altitude cutoff imposed by pressure-broadening of the target
spectral lines. Although HDO remains scarce enough through the middle troposphere
that the absorption signal does not saturate, pressure-broadening blends adjacent lines

and makes measurement difficult below a certain altitude. For the target spectral range
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chosen for WISP, we estimate the lower cutoff is &~ 300 mb (see figure 6.2).

Measurement by TDLAS methods cannot produce the high accuracy of laboratory
mass spectrometry (with measurements typically to £0.1 % or .01% deviation from
standards). In the dry upper troposphere / lower stratosphere region (UT/LS), where
HDO abundance is the limiting factor, TDLAS instrument error will reach tens of %o
relative to SNMOW. However, the scientific problems addressed by water vapor isotopes
do not require stringent accuracy. The scenarios for stratosphere-troposphere exchange
shown in figure 5.1 produce differences in 6D of several hundred %¢ in the uppermost
troposphere and lower stratosphere. The projected error for WISP measurements of
the various isotopomers of water vapor over the UT/LS region are shown in table 6.1.
Precision degrades with altitude for the isotopomers as their abundance becomes low
enough that SNR is limiting. We assume a 5% accuracy for individual gas measurements,
typical for the TDLAS instruments that WISP closely resembles (76, 41). The accuracy
for isotopic ratios is assumed to be improved over that for individual species. Even
when gas abundance is not limiting, TDLAS instruments similar to WISP show an ~ 1%
baseline precision due to electronic and thermal fluctuations (76, 41). In the dry UT/LS.
instrument sensitivity also becomes a factor in measurements of scarce water isotopomers.
Total precision is then taken as the root sum square of the baseline precision and the
predicted instrument SNR. Expected SNR is determined from the calculated linecenter
absorption of the target spectral lines, assuming an atmospheric profile of the species to
be measured, and an assumed noise threshold for the instrument. The calculation of SNR
is discussed further in sections 6.2.1 and 6.4.1, and the change in expected SNR with
altitude is shown in Figure 6.4. The range of errors in table 6.1 above reflects the range of
expected instrument SNR in the UT/LS region. Accuracy/precision issues are discussed
further in section 6.2.2.

We view the predicted instrument performance as sufficient for the science in question.
Although error is greater for 4D than for "0 and 6'70. the latter are less useful for
discriminating between scenarios of water vapor transport, because the fractionation of

the oxvgen isotopomers is much lower than for HDO. (The maximum expected change
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Species | Accuracy | Precision Total
HDO 5% 1.5-15% (3.5-14%)
oD 3% 10-45 Yo
H,'80 | 5% 1.5-2% (3-3.5%)
980} 3% 25-30 %o
H,'"O 5% 1.5-8% (3-8.5%)
| 870 3% 30-80 %o
|H%0 | 5% 1% 5%
CH,4 5% 1% 5%

Table 6.1: Expected accuracy and precision for the different species measured by WISP.
The total error for the isotopomers is given as error when species are ratioed (in paren-
theses), i.e. using the lower accuracy figure. The %o error in the ds is computed assuming

stratospheric compositions of 6D = —670%. §'*0 = —100%e., and 670 = —50%.

in 480 is of order 100 %c¢). However. oxyvgen isotope measurements with the projected
level of accuracy are still useful as a diagnostic of supersaturation-induced kinetic effects,
which can produce positive enrichment in oxygen isotopic composition. The remainder of

this chapter discusses how those projections were determined.

6.2 TDLAS instrument performance

6.2.1 Sensitivity

The projection of WISP sensitivity draws on results from existing TDL absorption spec-
trometry instruments. The sensitivity of absorption spectroscopy instruments is typically
described in terms of the noise-equivalent absorption. (the absorption that would produce
a signal of the magnitude of the 1o noise level). TDLAS instruments typically report
laboratory sensitivities of a few x107° for instruments with 50-100 m pathlengths, or

~ 4% 107" em~'Hz~Y/? (76. 41). The latter value is the per-point instrument sensitivity
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with a 1 s averaging time, here with the assumption of 3s scans of 1024 points. These units
are a standard means of describing the sensitivity of absorption spectroscopy techniques.
but are not necessarily the most relevant for TDLAS instruments, where the limiting
factor is usually not Gaussian noise but semi-stationarv etalons. In this case longer in-
tegration times do not necessarily improve instrument precision. We assume that WISP
would achieve a similar noise threshold.

In the mid-infrared, the region of the strongest rotational-vibrational absorption bands.
tvpical atmospheric species have peak integrated linestrengths on the order of Syqsx =
107" em/molec. Over a hundred meter pathlength at stratospheric pressure and temper-
ature, this produces absorptions of ~ 5~ /ppb. It is clear that measurement of HDO, at
sub-ppb in lower stratosphere. approaches the sensitivity limits of the TDLAS technique,
with signal-to-noise ratio (SNR) likelv < 10 in the stratosphere. Obtaining reasonable
signals requires careful choice of strong absorption lines. Successful measurement also
requires attention to several other issues that can reduce sensitivity. Noise in the cur-
rent supply, for example, translates into jitter of the laser frequency. and so increases
the apparent laser linewidth. If laser linewidth is comparable to the width of the target
absorption line then the spectral contrast and so sensitivity are reduced. For typical laser
current tuning rates of .03 em™'/mA and spectral lines of .007 em~! (200 MHz) at 100
mb, noise on the laser current must be kept below 0.2 mA on a current ramp of order 100
mA in order for the effective linestrength to be unaffected. The projected sensitivities in
table 6.1 assume baseline noise of 2 x 1072 in 100 m.. typical of TDLAS instruments, ab-
sorption linestrengths for the target lines discussed below (see section 6.3), and no signal

attenuation due to current noise.

6.2.2 Accuracy / precision

Typical reported accuracies for TDLAS instruments are ~ 5%. ! As in any instrument.

accuracy problems can be caused by instability in the electronics. For instruments with

'“Accuracy” here is used to refer to systematic error that is approximately constant for the duration

of an eight-hour aireraft flight, and “precision” to scatter within data taken on a given flight.
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open-path arrangements. where T and p in the measured gas vary widely. uncertain-
ties in spectral line parameters can also be important, as are uncertainties in T and p
themselves. The second harmonic detection technique used by many TDLAS instruments
imposes additional difficulties. Second-harmonic (2f) detection increases signal gain and
so sensitivity. necessary for small absorptions. at the cost of introducing additional vari-
ables into the calibration. The 2f signal is a function both of modulation frequency and of
laser power at the line position. which must be separately monitored and used in the data
reduction. Both of these factors can introduce systematic error into the measurement of a
single gas. For water vapor. and especially for water vapor isotopic composition, it is pro-
hibitively difficult to construct a reliable standard for in-flight calibration to compensate
for potential drifts. The WISP open-path arrangement also means that any calibration
standard would have to be measured in a separate optical cell. making it of doubtful
utility.

Measurements of an isotopic ratio by TDLAS can however be intrinsically more ac-
curate than the numbers quoted above, if errors in the two species are correlated. If the
two ratioed species can be obtained in the same scan. or at minimum with the same laser
and detector in successive scans, then errors associated with fluctuations in both ampli-
fier gain and modulation frequency will cancel to some extent. Errors due to inaccurate
measurement of T or p may also cancel if line spectral parameters are similar. For this
reason the measurement of a ratio can be more accurate than measurements of individual
gases. In table 6.1 we assume an accuracy for the ratioed quantities of 3% and a preci-
sion unrelated to SNR of 1%. SNR limitations become increasingly important at higher

altitudes.

6.3 Target spectral region

Obtaining the best possible measurement of water vapor isotopomers requires careful
choice of the target spectral region. To take advantage of error-compensation in the ratio

measurement it is desirable to capture absorption lines of water and its isotopomers in
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a single laser scan. Because the oxygen isotopomers of water vapor are also of interest,
and methane is a useful in-flight calibrator in the troposphere. the ideal spectral region
would contain lines of H,O, HDO, H,'70. Hy'®0, and CH, within 1.5 em™!, a typical
single-mode tuning range for a lead-salt diode laser. Absorptions by all species should be
comparable, and the HDO absorption line must be among the strongest accessible. The
spectral region must be free of interferences from other atmospheric gases. including water
vapor itself: the wings of strong water lines can swamp the tiny absorptions produced
by HDO. Finally, the lines should have low ground state energies so that their intensities
are not overlv temperature-sensitive: it is difficult to measure ambient temperature in an

open-path system to better than a degree K.

6.3.1 Water vapor spectra

As a non-linear triatomic molecule, water vapor has three fundamental vibrational modes,
corresponding to the bend (1) and the symmetric and asyvmmetric stretches of the H,O
molecule (v and v3, at almost identical frequencies). The rotational-vibrational IR spec-
trum of water has three bands corresponding to these modes, with two nearly superim-
posed. Because water is a light molecule, the fundamental vibrations fall at relatively high
frequencies in the mid-infrared and the rotational transitions are well-spaced, making it
readilv accessible to absorption spectroscopy techniques. The overtone and combination
bands in the near-infrared are significantly weaker than the fundamental bands. making
them a poor choice for measurements where sensitivity is critical. Isotopic substitution
introduces shifts in absorption line positions because of changes in the vibrational frequen-
cies and rotational constants: the shift in bandcenter position is greater for substitution of
hvdrogen than of oxvgen atoms because of the larger percentage change in mass. This sep-
aration allows spectroscopic measurement of the different isotopomers. Figure 6.1 shows
the absorption spectra of H,O and HDO throughout the infrared region, with the HDO
absorptions scaled by its relative abundance to facilitate comparison. Substitution of a

deuterium atom shifts the 15 bandcenter by 200 ¢cm-1 and v3 by more than 1000 em ™,
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Figure 6.1: Infrared spectra of H,O (blue) and HDO (red). The absorption spectra here
were calculated using the Modtran program for mean atmospheric conditions at 300 mb.
with a 100 m pathlength. For comparison. HDO absorption is scaled so that the 5 band
matches that for H,O: actual absorption by HDO is a factor of 10" smaller. The apparent
difference in the overtone bands between H,O and HDO is due to this scaling. The near-
saturation of the water vapor fundamental bands means that the ratio of fundamental to
overtone absorptions is less than the ratio of their respective linestrengths. No absorption
is shown at the HDO »; + 3 or higher combination bands because of the lack of line

information in the HITRAN line compilation (64. 63).
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so that v, and v3 are now well-separated, corresponding to the O-H and O-D stretches.

respectively.

6.3.2 Choice of spectral region

The target spectral region for TDLAS measurements of HDO is limited to the mid-IR
fundamental rotational-vibrational bands: the overtone bands are too weak. and laser
sources in the far-IR region are problematic. Of these. the 3 band at 3700 em~! (2.7
pm) is unusable because of interferences from the (10°1) overtone of CO, and the v of
H,'%0. both of which sit directly over the HDO band. Use of the 1 over the 15 region
would seem preferable, both because detector technology is better there - InSh detectors
at 2.7 pm region are preferable to the HgCdTe detectors used at longer wavelengths -
and because interferences are less. However, the isotopic separation at v is so great
that it hinders isotopic ratio measurements: there is no possibilitv of accessing both
HDO at »; and H,'%0 with a single lead-salt diode laser. Accuracy considerations make
it strongly preferable to make both measurements with the same laser and detector.
Careful searching of the published linelist for the 14, region produces several candidate
HDO lines free of interferences. and one spectral region containing well-spaced lines of
HDO. H>'"O. H,"0. and CH, within a narrow 1.5 em™! interval from 1483.7 to 1485.2
em~! (64, 65). This is the target region chosen for the WISP instrument. Figures 6.2
and 6.3 show synthetic and laboratory spectra, and line parameters are listed in table 6.2.
The laboratory measurements confirm the published line positions.

There is little sacrifice of sensitivity for the benefit of obtaining multiple measurements
in a single scan: the 1484.1 em ™' HDO linestrength is two-thirds that of the strongest
line clear of interferences. The weak water line at 1495.1 cm ™! is not useful for obtaining
isotopic ratios because of its strong temperature dependence (see section 6.4.2). Obtaining
an accurate isotopic ratio requires “jump-scanning” the laser to another spectral region
to acquire a stable Hy'®O measurement. The abundance of water lines in the vicinity

provides a large number of candidates.
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Figure 6.2: Synthetic spectrum of the WISP target region. showing line broadening with

increasing pressure. The top panel shows absorption in a 100 m pathlength. with tem-

perature as in a standard tropical atmosphere. water vapor at 5 ppm at 100 mb and 50%

RH in the troposphere. and 0D varving from -250 to -670 %o with altitude. The bottom

panel shows the same data as it would appear in second-harmonic detection: again. the

higher-pressure spectra are scaled to facilitate comparison. This scaling makes the CH,

lines at 1183.8 less apparent at higher p, because CH, is relatively constant while water

increases by two orders of magnitude. The T-sensitive Hy'%0 line at 1484.1. on the other

hand, is apparent at 300 mb but vanishes at the cold tropopause.



102 CHAPTER 6. WISP EXPECTED SENSITIVITY

WISF scan region

(-
C
I\

96
(
&

— !
L | . ‘ HDO 1
\>/ L !' |: HDO HDO |f |
- I ! i
o =004 il [l —
C L | ‘ H,""0 i
o | '
o I |l | J
- # | -
—0.06 F R
0 H,'%0 HDO 7
0O NR — —
e S
1
*‘...‘lo L | I I | L 1 | i | I} L
1483.8  1484.0 1484.2 1484.4 1484.6
— 13

Figure 6.3: The target spectral region. The spectrum was obtained with the WISP optical
head and a reference cell containing isotopically enriched water vapor. [HDO]/[H,O] in
the sample is &~ 0.1. The relative enrichments in Hy'®*O and H,'"O are somewhat smaller
than that in HDO, making the HDO lines appear disproportionately strong. The triplet of
weak HDO lines apparent in this scan are in fact too weak to be measurable in atmospheric
spectra. The undulating background signal is an etalon produced by the uncoated cell
1

windows. The wavelength scale was calibrated using a Ge etalon, with the 1484.1 cm™

HDO line as the reference frequency.
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Species | v(cm™') | S (296 K) | Zp(em™) | 42 (em™1)
H,'80 (a) | 1483.93 | 4.1 x 1072 | 550 075
HDO 1484.11 | 8.1 x 10720 | 226 .092
Hs:'"0 1484.51 | 4.8 x 10720 | 205 098
H,'®0 (b) | 1484.97 | 4.9 x 10720 | 325 086
H,'%0 1485.13 | 6.4 x 107 | 1907 .088

Table 6.2: Line parameters for the WISP target region, from the HITRAN compilation
(64, 65). Columns show, from left to right, linecenter, integrated linestrength, ground
state energyv, and foreign-broadening coefficient. Linestrengths are given per molecule,
rather than scaled for an assumed isotopic composition. as theyv are in HITRAN. The
SMOW standard ratios for HDO/H3'°0, Hy'"O/H5 %0, and Hy'¥O/H, %0 are 3.1 x 1074,

3.7 x 107*, and 2.0 x 1073, respectively.

6.4 Expected instrument performance

6.4.1 Sensitivity

The expected WISP sensitivity for measurements of the water vapor isotopomers exceeds
SNR=10 throughout the troposphere and lower stratosphere (figure 6.4). Instrument
sensitivity was calculated by assuming the water vapor profile of a standard tropical at-
mosphere and calculating linecenter absorption for the WISP target lines using HITRAN
line parameters listed above. 4D was assumed to vary linearly from oceanic to strato-
spheric values. The worst-case instrument error listed in table 6.1 for HDO is the case
where linecenter absorption is only 10x the baseline noise; the SNR 10 position here is
shown as a dashed line. The intersection of this line with the HDO profile marks the upper
altitude limit for the instrument - above this point, error increases to the point where the
relevant science is compromised. The line blending apparent at 300 mb in the synthetic
spectra (see figure 6.2) leads us to consider this pressure level as the approximate lower

limit for WISP measurements.



104 CHAPTER 6. WISP EXPECTED SENSITIVITY

10

HDO \ : 3

) B (e ey e e

100

Pressure (mb)

‘SNR=1 ‘SNR=10

T T T °© 1T

1000 -
10

107% 107> 1072 107!
Linecenter absorption

10—5 4

Figure 6.4: Linecenter absorption for water isotopomers in the WISP target spectral re-
gion. T.p. and water profiles are taken from a standard tropical atmosphere. Linecenter
absorptions are computed assuming no fractionation for the oxvgen isotopes. and a linear
decline in 4D through the troposphere to mean stratospheric values. The dashed horizon-
tal line marks the lower altitude limit for WISP measurements: the upper limit for each
species is given by the intersection of the SNR=10 linewith the each absorption profile.

WISP baseline noise is assumed to be 2 x 1077,
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6.4.2 Temperature and pressure uncertainties

Uncertainties in the temperature and pressure of the air within the multipass cell are a
significant source of error for TDLAS measurements. Maintaining and measuring a uni-
form T and p throughout a cell is difficult even with an enclosed and thermally regulated
svstem; in an open-path system on a moving aircraft the measurement of T and p is
still more difficult. because T and p readings must be calibrated to remove ram pressure
effects. We would expect that pressure measurements within the WISP cell can be made
to 0.5% accuracy and temperature to 1° K. Minimizing the temperature sensitivity of the
measurements by choosing spectral lines appropriately is vital for measurement accuracy.
In addition to the uncertainties introduced by errors in T and p, the large range in T and
p experienced by the air sampled mandates a thorough understanding of the response of
linestrengths and lineshapes to changes in T and p. As no in-flight calibration is used,
error in the assumed line parameters propagates directly into error in the measurement.
Careful laboratory calibration over the full range of T and p is necessary to validate or

correct published line parameters.

Conversion from molecules to mixing ratio

The absorption spectrometer provides a measurement of absolute abundance of molecules
of the target gas in the optical cell, but the relevant quantity of interest for science is
the mixing ratio of that gas (x). Ambient temperature and pressure enter directly into
the conversion from number density to mixing ratio. The accuracy of measurement of
mixing ratio is then directly affected by errors in T and p, independent of any effect on

the absorption lines themselves.

2 ()

Errors of o = 1K out of 200K and o, = 0.5 mb out of 100 mb produce an unavoid-

o=

able 0.7% measurement uncertainty. This is included in the total accuracy estimation of

table 6.1.
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Effect on spectral linestrengths and shapes

Temperature and pressure also affect line intensities and lineshapes. and so uncertainties
in T and p can introduce error into the interpretation of measured absorption lines. In-
tegrated line intensity is a function of temperature both because the population in the
lower state of the transition is governed by the Boltzman distribution. and because rota-
tional and vibrational partition functions are temperature-dependent. The temperature

dependence is then given by
S x (T/To)" x exp (—heiz, /kT) (6.2)

where, for a non-linear molecule, n = 3/2. Absorption lines whose ground state is high-
energy (i, is large) are strongly affected by temperature, since their strength depends
on the population in the tail of the Boltzman distribution (figure 6.5). The H5'O line
at 1485.1 em™! with 2, = 1900, for example, has a linestrength that is temperature
dependent by 6% /oK, an unacceptably large source of measurement error. To minimize
error it is crucial to choose low 7, lines. This makes measurement of H>'°0O somewhat
problematic, since most intrinsically weak lines (the H,'®O absorption must be comparable
in strength to that of HDO despite the fact that H,'®O is more abundant by a factor of
10*) are derived from “hot bands”. Nevertheless, there are sufficient candidates within
the range of a lead-salt laser that this is not a major measurement obstacle. The ground
state energies of the water isotopomer lines in WISP target region are nearly optimal at
200-325 cm™', vielding T-dependence of 0.03 — 0.3%/ o K. Temperature uncertainty is
not a significant factor for the strength of the target absorption lines.

Temperature and pressure uncertainties are more important for their effect on line-
shapes. In the troposphere. linewidths are determined largely by collisional broadening,

producing Lorentzian shapes with widths governed by:
Yo px T, (6.3)

where n is on the order of 0.6 for the target lines. At higher altitudes. in the tropopause

region, the pressure-broadening declines to the same magnitude as Doppler broadening
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Figure 6.5: Temperature dependence of integrated line intensity for a non-linear molecule.
The ordinate is the fractional change in S that results from a 1K temperature change.
Temperature dependences grow stronger as T decreases. Note that the lowest possible
ground state energy does not lead to the minimal temperature sensitivity: 7, = 0 vields

a 1/T dependence from the partition function term.

with:

va ox T2, (6.4)

and the resulting lineshape can be approximated by a Voigt function. Although in prin-
ciple the measured lineshape can be fit to determine temperature and and pressure self-
consistently, in practice this is generallv not possible to significantly better than the
uncertainties in the T and p measurements. Fitting to determine T and p is especially

difficult for the second harmonic signal. where the modulation frequency is an additional
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variable. The exact measurement error introduced by inaccuracies in assumed lineshape
will depend on the fitting routine used in data analysis and is best determined numeri-
cally. Simplistic analysis as in section 6.4.2 gives a maximum error is 0.6% in the direct
absorption signal. It is worth noting, however, that spectroscopic studies suggest that the
larger contribution to linewidth-related error is uncertainty in n itself (the temperature
dependence of the pressure broadening coefficient). which requires extensive calibration

(41).

Second-harmonic detection

Error analysis for the second-harmonic signal is more complicated: the amplitude of the
2f signal, as well as its shape, are a function of the absorption line shape. The increased
gain of second-harmonic detection is dependent on choice of appropriate modulation fre-
quency: the optimal gain occurs for modulation of amplitude approximately twice the
linewidth. Changes in linewidth therefore strongly affect the 2f signal. and errors in
assumed linewidth propagate into the measurement. Again. fitting of the 2f signal to
determine T and p is possible in theory. although it can be difficult in practice. The
effects of T and p uncertainties are minimal, however, at the region for which modulation
is optimized: in the case of a weak absorber such as HDO, the lower stratosphere, where
signals are weakest and gain is needed. Numerical studies show that even when no fit is
attempted and only the amplitude of the 2f signal is considered. error induced at 300 mb

is under a percent. These effects are factored into the error estimates of table 6.1.

6.4.3 Conclusion

Sensitivity analvsis indicate that WISP should produce scientifically useful measurements
of water vapor isotopomers throughout the upper troposphere and up to the lowermost
stratosphere. Although instrument errors are larger than those for laboratory mass spec-
trometry. the science requirements are sufficiently loose that data from the instrument

can be effectively used to address questions of water vapor transport. To date there have
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been no viable means of obtaining measurements of water vapor isotopic composition in
this altitude region that can be used to address these issues. In-situ measurements by
TDLAS instruments such as WISP have great potential for increasing our understanding
of the controls on tropospheric humidity and the transport of air between troposphere

and stratosphere.
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