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Stable isotopic composition of water vapor in the tropics
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[11 Water vapor samples collected during tropical field experiments at Puerto Escondido,
Mexico, near Kwajalein (KWAJEX), and near Key West, Florida (CAMEX 4), were
analyzed for their stable isotope contents, 1H2180:1H216O and 2HIHMO:IHZMO. Highest
§'80 values approached isotopic equilibrium with seawater during quiescent weather or in
regions of isolated or disorganized convection. Lowest 8'*0 values occurred in or
downwind from regions of organized mesoscale weather disturbances and ranged as low
as 15%o below isotopic equilibrium with seawater. The mean §'%0 value of vapor over the
sea surface therefore decreases as storm activity and organization increases.  INDEX
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1. Introduction

[2] Water vapor plays a central role in the water and heat
budgets of the atmosphere, and particularly in the tropics.
Thus Kummerow et al. [1998] point out, “The atmosphere
gets 3/4 of its heat energy from the release of latent heat by
precipitation, and an estimated 2/3 of this precipitation falls
in the tropics” This importance makes water vapor an
integral component of atmospheric changes on all time
and space scales so that as Pierrehumbert [2000] states,
“Whatever the ocean does, the tropics may respond with
some surprising reorganizations of convection.”

[3] Past temperatures have been reconstructed from the
stable isotopic compositions of water (expressed as the ratios
'H,"%0:'H,'°0 and 2H1H160:1H2160) in polar ice sheets
and tropical glaciers using several different approaches.
Regression equations based on the present observed spatial
relation between mean annual temperature and the isotope
ratio of precipitation in high latitudes have been used to
derive a history of temperature changes experienced at the
sites of individual ice cores [Dansgaard et al., 1982; Jouzel
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et al., 1987]. Models ranging from simple one-box equilib-
rium fractionation chambers [Pierrehumbert, 1999; Greene
et al., 2002] to general circulation models containing most
aspects of isotope physics at least in a parameterized form
[Vuille et al., 2003a, 2003b] have been developed and
applied to the problem.

[4] These models have simulated some of the major
observed spatial and temporal variations of isotopic ratios
and have elucidated processes that determine the relation
between isotopic ratios and climate variables. However, as
Jouzel and Koster [1996] point out, the models use un-
founded or questionable assumptions regarding the isotopic
content of water vapor that evaporates from the sea surface,
largely because there are so few measured values. A typical
assumption, in simple models, is that vapor at the sea
surface is in isotopic equilibrium with seawater. General
circulation models also utilize simplifying assumptions
about the isotope exchange that takes place 1: between
falling raindrops and the ambient vapor and, 2: at the
sea surface. For example, the effect of evaporating sea
spray on isotope ratios is ignored [Jouzel and Koster,
1996; Gedzelman et. al., 2003].

[5] In order to begin to fill the data gap on the stable
isotopic content of water vapor over or near the sea surface
in the tropics, Lawrence and Gedzelman [2003] collected
suites of water vapor samples during field experiments
in three separate tropical regions: (1) Puerto Escondido,
Mexico in July 1998, (2) near Kwajalein Island, during the
Kwajalein Experiment (KWAJEX) from July to September
1999, and (3) near Key West, Florida, during the Convec-
tive Experiment (CAMEX 4) from August to September
2001. At each location, 'O values varied widely according
to the weather regime. The highest §'%0 values occurred
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during quiescent weather or in regions of isolated or
disorganized convection, when they were near isotopic
equilibrium with seawater. The lowest §'%0 values occurred
in or downwind from regions of organized mesoscale
weather disturbances. One important paleoclimatic conse-
quence is that an increase of organized storm activity over
ocean regions upwind from tropical mountain glaciers
would depress 6'°0 values of the source vapor substantially
below isotopic equilibrium with seawater and therefore
depress §'%0 values in tropical ice cores. This makes it
imperative to determine the relation of 'O values of vapor
to the meteorological setting when using stable isotopes as
proxies of climate change.

[6] This article contains analyses of the relations between
measured §'%0 values of water vapor over or near the sea
surface and the concurrent weather systems for cases listed
by Lawrence and Gedzelman [2003]. The article is organized
as follows: In section 2, the principles of isotope meteorology
are briefly reviewed. In section 3, meteorological events that
cause isotopic depletion during the three field experiments
are documented. We summarize and conclude in section 4.

2. Principles of Stable Isotope Meteorology

[7] Stable isotope ratios of rain and water vapor exhibit
much larger spatial and temporal variations than the ocean
water they derive from [Craig and Gordon, 1965]. The
abundance ratios 'H,"%0:'H,'°0 and *H'H'°0:'H,'°0 for
Standard Mean Ocean Water (SMOW) are 0.0020052 and
0.00015576 respectively [Hoefs, 1987]. SMOW is used as
the standard of comparison for isotope ratios. Variations of
isotope ratios in natural waters are described using ©
notation, where § = (R,/RSMOW — 1) x 1000. §'*0 and
0D values of water vapor and precipitation near sea level
range from about +5 to —50%. and +40 to —400%o
respectively [Dansgaard, 1964; Lawrence and White,
1991], while §'*0 values of surface waters of the open
oceans range between —0.5 to about 1.5%0 [Bigg and
Rohling, 2000]. Since isotopic measurements have a repro-
ducibility of 0.1%. and 1.0%. for §'®0 and 8D values
respectively, the signal-to-noise ratio of stable isotopes is
large for all storm systems.

[8] The large variations in atmospheric water vapor and
precipitation result from isotopic fractionation that occurs
during evaporation and condensation. The fractionation
factors, o = Riyjquia:Rvapor under equilibrium conditions
(relative humidity, RH = 100%) increase from 1.00937 to
1.0117 and from 1.0793 to 1.111 as temperature decreases
from 25°C to 0°C for '"®0 and *H respectively [Majoube,
1971]. Thus water vapor in isotopic equilibrium with
SMOW at 25°C and RH = 100% has a §'°0 = —9.4%,
and 8D = —79%.. Fractionation factors are larger for vapor-
ice transitions (1.0152 and 1.1341 for '®0 and *H respec-
tively at 0°C) [Arnason, 1969; Gat, 1996]. Effective
(kinetic) fractionation factors also increase as RH decreases
because the molecular diffusivities of the heavy isotopes are
disproportionately slow [Gat, 1980; Merlivat and Jouzel,
1979]. This is particularly so for '*0, which is consequently
more sensitive to humidity conditions than *H. It leads to a
deuterium excess, d, defined by d = 8D — 8680, which
increases as RH decreases and has a global average value of
about 10%o [Craig, 1961; Dansgaard, 1964].
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[¢] Because of continued fractionation during condensa-
tion, isotope ratios of water vapor and condensate decrease
as saturated air rises [Gedzelman and Lawrence, 1982] and
also tend to be lower under thicker clouds [Lawrence and
Gedzelman, 1996]. Finally, diffusive exchange of isotopes
causes rain to scavenge heavy isotopes from the ambient
vapor [Miyake et al., 1968], thereby reducing isotope ratios
both in and downwind from regions of organized precipi-
tation [Gedzelman and Lawrence, 1990].

[10] Isotope ratios of precipitation and water vapor there-
fore reflect the circulation, structure and evolution in and
around storms. In extratropical cyclones [Gedzelman and
Lawrence, 1982] isotope ratios tend to decrease poleward as
air in the warm conveyer belt glides over the warm frontal
surface, while in hurricanes [Lawrence et al., 1998] isotope
ratios decrease inward except where evaporating sea spray
recharges the vapor with heavy isotopes. On a larger scale,
isotope ratios of water vapor decrease as the general level of
storm activity increases, since precipitation preferentially
removes heavy isotopes from the atmosphere.

[11] Tt follows that the stable isotopic ratios of precip-
itation reflect changes in climate and atmospheric circu-
lation regimes in both space and time. Spatially, isotope
ratios decrease with increasing elevation and latitude.
Temporally, isotope values are lower during winter in
the mid to high latitudes and during the rainy season in
the tropics [Dansgaard, 1964; Lawrence and White,
1991].

3. Analysis of the Data From the Three Field
Programs

[12] The finding that stable isotope ratios of rain
[Lawrence and Gedzelman, 1996] and water vapor
[Lawrence et al., 1998] are markedly lower in tropical
cyclones than in isolated thunderstorms and are much
below isotopic equilibrium with water vapor evaporated
from the sea surface [Lawrence et al., 2002] led us to
organize or participate in three field experiments to collect
water vapors from tropical locations. A main goal of the
isotope field programs was to begin to construct a clima-
tologic picture of stable isotope ratios of water vapor over
the tropical oceans and assess the impact of different
tropical weather systems on these ratios. Water vapor
samples were collected three times a day from (1) 10 to
31 July 1998 at Puerto Escondido, Mexico (16.0N 97.2W),
(2) 23 July to 11 September 1999 onboard the National
Oceanic and Atmospheric Administration (NOAA) RV RH
Brown (8.4N 167.6E) during the National Aeronautics and
Space Administration (NASA) Kwajalein Experiment
(KWAIJEX), and (3) 14 August to 28 September 28
2001 near Key West Florida (24.5N 81.6W) during the
NASA/NOAA Convection and Moisture Experiment
(CAMEX4).

[13] These locations represent the range of tropical ocean
environments. Puerto Escondido is located near the region
of high sea surface temperatures in the far eastern Pacific
Ocean off the coast of Mexico in the world’s most active
region of tropical cyclogenesis. Kwajalein is situated near
the northern edge of the Intertropical Convergence Zone
(ITCZ) in the central Pacific Ocean. Finally, Key West is
located at the western spur of the Bermuda-Azores High
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Figure 1. Daily average rainfall rates in tenths of

millimeters per hour from the TRMM rainfall product
3G68 for the region 8° latitude by 10° longitude centered at
14°N and 97°W and the 6'®0 of water vapor plotted as a
function of time for Puerto Escondido, Mexico (10—31 July
1998). Arrows show the time of genesis of tropical cyclones
Celia, Darby, and Estelle.

during late summer. It is subject to frequent showers and
thunderstorms and occasional tropical storms and hurricanes
during late summer.

3.1. Puerto Escondido, Mexico: Tropical Storms and
Depressions

[14] The region off the Pacific southwest coast of Mexico
has greater tropical cyclone activity per unit area than any
other region of the world. This is in part due to high sea
surface temperatures [Elsberry et al., 1987]. From May to
November frequent periods of intense convection occur
over the ocean near Puerto Escondido. The disturbances
take the form of thunderstorms associated with the ITCZ,
mesoscale convective complexes and tropical depressions,
storms, and hurricanes [Zehnder et al., 1999].

[15] Water vapor samples were collected at Puerto Escon-
dido around 0300, 1200 and 1900 UTC every day from 10 to
31 July 1998. The oxygen and hydrogen isotopic values are
given in Appendix A (Table Al) and shown as a function of
time in Figures 1 and 2. The §'®0 values ranged from —12.0
to —24.0%o0 with a mean and standard deviation of —16.6 =
2.1%o. The 8D values ranged from —77 to —181%o with a
mean and standard deviation of —115 £ 27%o. These values
are far below those of water vapor in isotopic equilibrium
with ocean water at 25°C. During the field experiment little
rain occurred at Puerto Escondido, but there were three
heavy rain events at nearby upwind locations.

[16] Low isotope ratios of vapor, like rainfall, vary with
the atmospheric circulation regime but are primarily epi-
sodic in nature. Comparison of isotope ratios with various
measures of precipitation in Figures 1 and 2 show that water
vapor at Puerto Escondido had low §'*0 values only when
the air had passed through regions of rain within the prior
24 to 48 hours. Because there is no surface-based meteoro-
logical radar near Puerto Escondido, partial and indirect
measures of rain were used to indicate the degree of
interaction between vapor and rain upwind.
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[17] Quantitative estimates of daily rainfall averages in
the rectangular region 8° latitude by 10° longitude centered
at 14°N and 97°W were calculated for the 24-hour period
preceding water vapor sampling from the rainfall product
3G68 of the TRMM Microwave Imager (TMI) and Precip-
itation Radar (PR). The 3G68 data consist of instantaneous
TRMM precipitation retrievals area-averaged on a 0.5 deg
by 0.5 deg longitude-latitude grid. Figure 1 shows that
vapor samples had low §'®0 values only when the preced-
ing 24 hours had large average daily rainfall over the region.
An indirect but continuously available indicator of storm
activity was the area of cloud tops colder than —50°C for
the same region determined from GOES 10 infrared satellite
data at 3-hour intervals. Figure 2 shows that low §'%0
values occurred mainly during and in the hours immediately
after times when relatively large areas of cold cloud tops
occupied the region.

[18] During the field experiment three major weather
systems brushed Puerto Escondido and depressed §'%0
values. An unnamed tropical depression formed late on
08 July, briefly intensified, and moved away from the region
late on 10 July. Vapor sampling began at about the time the
depression moved away. The exposure to rain upwind was
indicated by constructing back trajectories that terminated at
Puerto Escondido. Low §'®0 values encountered on 10 and
11 July persisted for about 12 hours after the depression
moved away because air had passed through it on the way
to Puerto Escondido (Figure 3a). These results confirm
model results showing that very low §'*0 values develop
within about 24 hours of the time a disturbance with
organized low-level inflow and deep clouds develops, and
long before it reaches hurricane intensity [Gedzelman et al.,
2003].

[19] With the exception of two vapor samples with very
low §'80 values caused by nearby thunderstorms, §'%0
values increased but remained substantially lower than
equilibrium with SMOW during the interlude of relatively
clear skies from 11 to 14 July. Isotope values reached a
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Figure 2. Number of pixels with cloud tops colder than
—50°C for the same region as Figure 1 (50,000 pixels) and
§'%0 values of water vapor as a function of time for Puerto
Escondido from 10 to 31 July 1998. Small, medium, and
large solid circles represent samples collected at 0300, 1200,
and 1900 UTC respectively. Samples enclosed by open
circles indicate times of thunderstorms.
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Figure 3. Sequences of infrared satellite images showing positions of backward trajectories (indicated
by stars) that reached Puerto Escondido, Mexico, at (a) 1200 UTC, 11 July 1998 and (b) 1800 UTC,
14 July 1998. The last image in both Figures 3a and 3b shows the location of Puerto Escondido.

maximum for a few hours around 1900 UTC on 14 July,
during the brief period when air had not encountered any
rain for at least 36 hours prior to its arrival at Puerto
Escondido (Figure 3b).

[20] The 8'®0 values then decreased abruptly as a second
tropical disturbance that later intensified into Tropical Storm
Celia formed in the region early on 15 July (see Figure 1),
and remained low until shortly after 12 UTC on 18 July.
The subsequent increase of §'*0 values occurred more than
24 hours after all remnants of the mesoscale disturbances
moved far off to the west of the region. Back trajectories of
Figure 4 show that an abrupt wind shift from southerly to
easterly occurred at this time, after which air arriving at
Puerto Escondido no longer had any contact with the
mesoscale disturbances.

[21] This time also marked a relatively abrupt boundary
separating two circulation regimes that occurred during the
field experiment as Figures 5a and 5b show. From 7 to
18 July air arriving at Puerto Escondido originated to the
south and west over the Pacific Ocean and §'%0 values were
generally low. During the second regime, from 18 to 31 July,
when high 6'®0 values prevailed, air generally came from
the east across the Mexican Isthmus or Guatemala from the
Caribbean Sea and, with one exception, passed through little
rain.

[22] Quiet weather with isolated thunderstorms but mostly
clear skies and almost uniformly high §'%0 values occu-
pied the region from 18 to 25 July. From 19 to 24 July
6'%0 values exhibited a small amplitude diurnal cycle.
During this period, the highest §'®0 values occurred at
1900 UTC, near the peak time of the daily sea breeze
(see Figure 2). Vapor usually has high §'%0 values when
the air comes directly from the ocean during rainless
weather. Evaporation over land tends to lower §'°0
values because vapor over land derives from precipitation,
which has lower §'°0 values than SMOW [Rozanski et
al., 1982]. In addition, wholesale evaporation of spray in
the surf zone, which is marked by little or no fraction-

ation [Gedzelman et al., 2003], increases 6'°0 values of
vapor near the coast during the sea breeze.

[23] A third period of decreased §'80 values occurred
from 26 to 29 July, when the disturbance that later became
Hurricane Estelle developed in the region. This disturbance
was the least organized and produced the least rain of the
three disturbances in the vicinity of Puerto Escondido
during the field experiment. When Estelle moved away on
29 July, §'%0 values increased and remained high until the
end of the field experiment on 31 July.

[24] The §'"0 values of vapor fell by several parts per
thousand when thunderstorms were located a short distance
upwind from Puerto Escondido. These cases are indicated
by open circles in Figure 2. For example, shortly before
dawn on both 12 and 13 July, outflow occurred from nearby
thunderstorms at the time when land and mountain breezes
are most developed, and §'®0 values fell by about 5%o
(Figure 6). Later on each of these days, when the sea breeze
resumed, 8'%0 values increased again.

3.2. Kwajalein Island During KWAJEX: Disturbances
of the Intertropical Convergence Zone (ITCZ)

[25] In the summer of 1999 KWAJEX was conducted in
the vicinity of 9°N latitude and 167°E longitude. This
region is frequently influenced by the Intertropical Conver-
gence Zone (ITCZ) of the central Pacific Ocean. Rainfall
during the summer is almost daily as tropical waves and
disturbances propagate mainly from east to west [Sobel et
al., 2004]. During KWAJEX, easterly Trade Winds domi-
nated but were disrupted occasionally by poorly organized,
rain-producing disturbances on the ITCZ. None of the
disturbances experienced tropical cyclogenesis until they
moved well away from the region.

[26] From 23 July to 11 September, 155 water vapor
samples and 40 rain samples were collected aboard
the Research Vessel (RV) RH Brown and analyzed for
their §'%0 values (see Tables Al and A2 and Figure 7).
The §'®0 values of the vapors ranged from —9.3 to —20.4
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Figure 4. Back trajectories for air parcels arriving at the
observing site(s) are computed using the trajectory model of
Bowman and Carrie [2002] and three-dimensional winds
(u, v, omega) from the National Centers for Environmental
Prediction (NCEP) global reanalysis [Kalnay et al., 1996].
The vertical component of the velocity omega is the large-
scale vertical velocity computed from the hydrostatic
equation. The trajectory model uses a fourth-order Runge-
Kutta scheme and linear interpolation of the gridded
velocities in space and time to solve the equations of
motion for the parcels. The time step is 15-min, which
ensures that truncation error in the model is negligible
compared to uncertainties in the velocity field. The
trajectories are fully three-dimensional with arrivals in
Puerto Escondido at 975 mb.

with a mean and standard deviation of —15.4 + 2.1%o (see
Appendix A, Table Al). The mean §'*0 value of the water
vapors is higher than encountered at Puerto Escondido but
still far below that of water vapor in isotopic equilibrium
with ocean water at 25°C. The §'®0 values of the rains
ranged from —2.1 to —12.1 with a mean and standard
deviation of —5.2 +2.2%o (Appendix A, Table A2). Isotopic
equilibrium between rain and water vapor occurs on average
but not for individual events, as Figure 7 shows. In fact, for
several of the major rain events, 6'*0 values of vapor
continued decreasing for 12—24 hours after rain ended at
the RH Brown, showing that departure from isotopic
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equilibrium involves advection and is therefore more than
a local phenomenon.

[27] Trajectory analysis and infrared satellite images were
used to relate variations in the oxygen isotopic composition
of water vapors to the concurrent and antecedent weather
conditions both at and upwind from the station during periods
of disturbed weather in mid August during KWAJEX. Two
weather disturbances that produced vapor with low &0
values are analyzed and compared here. The first disturbance,
from 10 to 13 August 1999 (Julian days 222—-225) included
the heaviest rains (see Table A2 and Figure 8) in the region
covered by the KWAJEX radar during the entire experiment.
The second disturbance, from 15 to 17 August (Julian days
227-229), produced very little rain in the KWAJEX area but
was active further upwind.

[28] The heaviest average rains over the area covered by
the KWAJEX radar fell around 2300 on 11 August as part of
a complex disturbance that was tentatively classified as a
westward moving mixed Rossby-gravity wave augmented
by a weak eastward moving Kelvin wave [Sobel et al.,
2004]. The rain ended by 0000 UTC of 12 August and skies
cleared late on the 12th. §'%0 values of vapor began to
decrease after 1200 UTC on 10 August, shortly before light
rain began in the region, The §'*0 values remained low on
11 August and then decreased to a minimum around
1200 UTC of 12 August, at least 12 hours after rain had
ceased in the region (Figure 8). This is to be expected with
westward propagating disturbances embedded in easterly
flow since once precipitation ends isotope ratios do not
propagate like waves, but behave like passive tracers that
advect with the winds.

[29] A second disturbance of uncertain nature [Sobel et
al., 2004] developed in the region to the east of Kwajalein
late on 13 August (Julian day 225) and attained maximum
size and intensity on 14 August when it was located several
hundred km east of the sampling location. It was marked by
a mesoscale cluster of active convection with low values of
outgoing long-wave radiation (OLR). The disturbance
appeared almost simultaneously over its entire extent. The
latitudinally averaged spectral analysis of OLR indicated
that it remained more or less fixed geographically. But the
main cloud cluster (indicated by dotted outlines in Figure 9),
centered at 10°N drifted westward, weakening considerably
by the time it reached the sampling point early on 15 August
and dissipating by 0000 UTC of 16 August.

[30] Most rain from this disturbance fell to the east, out of
the range of the KWAJEX radar. Vapor with low 60
values were recorded at the RV RH Brown in its wake from
15 to 17 August (Julian days 227-229) 1999 (Figure 9).
The §'%0 values decreased by about 5%o to a minimum of
—19.1%0 about the time the remnants of the disturbance
reached the sampling point. The §6'%0 values remained low
for about 24 hours after the storm dissipated, until early on
17 August, when the remnants of the depression moved off
to the west.

[31] Infrared satellite images overlain by back trajectories
show that §6'0 values were low when air had passed under
thick clouds up to about 48 hours preceding arrival at the
RH Brown and were high when air had not encountered
thick clouds or rain. This is illustrated in Figure 10 where
two back trajectories for air arriving at the RH Brown under
mostly clear skies are shown and colored in relation to a
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Figure 5. Backward 48-hour trajectories every 6 hours for Puerto Escondido in 1998 for (a) 10—18 July
and (b) 18—31 July showing change in circulation regime. Trajectories calculated as in Figure 4.

sequence of satellite images. Air that arrived at the RH
Brown at 1800 UTC 14 August (226.75) did not pass under
thick clouds at any time during the preceding 48 hours and
had high 6'®0 values. By contrast, air that arrived at the RH
Brown at 1800 UTC on 16 August (228.75) had much lower
§'%0 values since it passed under thick, rain producing
clouds from 48 to 36 hours earlier.

[32] The mean §'*0 value of the water vapors at Kwaja-
lein was higher than at Puerto Escondido but still far below
that of water vapor in isotopic equilibrium with ocean water
at 25°C. We suggest that §'%0 values in the Kwajalein area
never fell as low as at Puerto Escondido because none of the
Kwajalein disturbances had an organized, closed circulation
that recycled and progressively fractionated the vapor.

3.3. Key West, Florida, During CAMEX 4

[33] In August and September 2001, NOAA and NASA
conducted CAMEX 4 in and around the Florida Keys. As

part of the field program, water vapor samples were
collected at or near Sugarloaf Key (latitude 24.60°N,
longitude 86.54°W) 3 times daily from 14 August to
28 September 2001. The nearby tropical atmosphere was
unusually quiescent during much of this time. No rain was
recorded in the region on many of the days, and most days
that had rain were associated with widely spaced, isolated
brief showers or thunderstorms. During these times, stable
isotope ratios of water vapor averaged —11.7%o. with a
standard deviation of 1.1%o (see Appendix A, Table Al).
This is only slightly below equilibrium with water evapo-
rating from the sea surface at relative humidity between 80
and 90% (—10 < 80 < —12%o).

[34] Only three periods of moderately depressed isotope
ratios occurred (see Figure 11). Each corresponded to a
distinct period of disturbed weather. The first event was a
relatively disorganized region of enhanced convective
activity that lasted from 9 to 13 September (Julian days

Figure 6. Sequence of IR satellite images showing thunderstorms responsible for lower §'*0 values at

Puerto Escondido at 1200 UTC 12 July 1998.
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on the RV RH Brown during the KWAJEX from 23 July to
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display discrepancies from local isotopic equilibrium.

252 to 256). During this event §'%0 values of water vapor
fell as low as —14.6%o. TS Gabrielle was the second event.
The third event was a line of thunderstorms that passed on
27 September (Julian day 270) in advance of a cold front.

[35] TS Gabrielle was the most distinctive event of the
period even though it never became a highly organized
system. Rain began at Key West around 1500 UTC of the
13 September (Julian day 256) during Gabrielle’s genesis
phase, and §'®0 values of the water vapor quickly fell below
—14%o. The vapor sample with the lowest §'%0 value

-10
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(—16.7%0) was measured at 1600 UTC of the 14th, shortly
after the wind veered to SW. Overlaying the trajectory on
radar images shows that the air passed directly through a
spiral rainband that extended to the southwest of Gabrielle
and the Keys and therefore had encountered considerable
rain (see Figure 12).

[36] The vapor sample with the highest §'*0 value
(—8.8%0) was measured at 1300 UTC of 13 September,
when TS Gabrielle was approaching and shortly before rain
began. This value is more than 1 standard deviation above
than the second highest §'%0 value. The mean §'*0 value of
seawater near Key West is +0.9%0 [Bigg and Rohling,
2000]. The difference between these two represents almost
exact isotopic equilibrium. The trajectory showed that air
came from the south and passed through almost no rain in
the previous 12 hours, but had earlier encountered thunder-
storms over Cuba (see Figure 13). Such a high §'*0 value in
air that had been exposed to rain less than 24 hours earlier
suggests a counteracting process subsequently enriched the
vapor with heavy isotopes. Considering that the sampling
point on Sugarloaf Key was about 1.1 km from the
shoreline of the Florida Straits and wind speed had in-
creased to 20 knots from the south at Key West, a likely
mechanism for the enrichment was near complete evapora-
tion of spray from breaking surf. Complete evaporation
produces vapor with the same isotope ratio as that of
seawater.

4. Summary and Conclusions

[37] Samples of water vapor for stable isotope analysis in
the tropics were collected two to three times per day in three
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Figure 8. The §'%0 values of water vapor samples (left axis) collected on the RV RH Brown from
0600 UTC 10 August to 1800 UTC 13 August (year day, Julian 222—-2325) compared to concurrent IR
satellite images. Cloud top temperatures are color-coded. Rainfall amounts in millimeters (right axis) are
indicated by red outlines. See Appendix A (Table A2) for details. See color version of this figure at back

of this issue.
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Figure 9. The §'%0 values of water vapor samples collected on the RV RH Brown from 1800 UTC
13 August to 1800 UTC 17 August (year day, Julian 225-230) compared to concurrent IR satellite
images. See color version of this figure at back of this issue.

widely separated sites (Puerto Escondido, Mexico, near
Kwajalein Island, and near Key West, Florida) over periods
ranging from 22 to 51 days during the summer. Isotope
ratios were related to the intensity and degree of organiza-
tion of storm systems 48 hours upwind from the collection
site. The three collection sites represent distinct circulation

regimes including the hurricane generating region of high
sea surface temperatures in the far eastern Pacific Ocean, to
the Intertropical Convergence Zone in the western/central
tropical Pacific to the western edge of the Atlantic Bermuda
high in late summer. Isotopic ratios of water vapors were in
near isotopic equilibrium with seawater during quiescent

190

T )
| —

280

Figure 10. Sequence of IR images (top) at 24 hour intervals from 1800 UTC 12 August to 1800 UTC
16 August (Julian day 224.75-228.75) showing concurrent locations (circled points) of air along 48 hour
back trajectories (bottom) arriving at the RV RH Brown. Colors along trajectories indicate concurrent
cloud top heights. Trajectory ending at 1800 UTC 14 August (vapor 880 = —14.6) did not pass under
any thick clouds during the preceding 48 hours, while trajectory ending at 1800 UTC 16 August (vapor
8180 = —19.2) passed under thick and extensive rain clouds from about 48 and 36 hours earlier.
Trajectories were calculated using NOAA AOML Air Resources Laboratory HYSPLIT transport and
dispersion model [Draxler, 1992]. See color version of this figure at back of this issue.
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Figure 11. The 60 values of water vapor samples

collected at or near Sugarloaf Key during CAMEX 4 from
13 August to 29 September 2001 as a function of year
(Julian) day and compared to the concurrent weather
systems.

weather, depressed slightly in the vicinity of spotty convec-
tion, and lowest in or downwind from organized storm
systems such as mesoscale convective complexes, tropical
depressions and storms, or hurricanes. At Puerto Escondido
rainfall was largely the result of mesoscale convective
activity and tropical depressions and tropical storms. Rain-
fall rates were variable but generally high over a very large
region (Figure 1). At Kwajalien rainfall was produced in at
best poorly organized disturbances at the northern edge of
the ITCZ. Rainfall rates were more modest but almost daily
in occurrence (Appendix A, Table A2). At Key West radar
scans during the CAMEX 4 project showed only scattered
light precipitation with the exception of rainfall from more

04 UTC 14 SEP

08 UTC 14 SEP

Figure 12. Sequence of radar composite images showing
locations of backward trajectory (indicated by stars) arriving
at Sugarloaf Key at 1600 UTC 14 September 2001, when
6'%0 had its lowest value, —16.7%o, after passing through a
rainband. See color version of this figure at back of this
issue.
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00 UTC 13 SEP 03 UTC 13 SEP 06 UTC 13 SEP

Figure 13. Sequence of radar composite images showing
locations of backward trajectory (indicated by stars) arriving
at Sugarloaf Key at 1300 UTC 13 September 2001, when
6'%0 had its highest value, —8.8%o, possibly as the result of
evaporating sea spray. See color version of this figure at
back of this issue.

extensive convection a few days before and from Tropical
Storm Gabrielle and from a cold frontal passage near the
end of the project.

[38] Satellite and radar data combined with trajectory
analyses provide a better understanding of the cause of
the large range of isotope values of water vapor in the
tropics. The lowest values resulted from the exposure of
water vapor to rainfall at or upwind from the sampling
locations. Water vapors from storms of longer duration and
better organization had lower isotope ratios.

[39] In order to produce the lowest isotope ratios of water
vapor observed at Puerto Escondido recycling of water
similar to that in hurricanes must take place [Lawrence
and Gedzelman, 1996]. Water vapor with isotope ratios that
have been lowered by exposure to rain becomes in turn the
source vapor for rain with even lower isotope ratios further
downwind. A relationship known as the “amount effect”, a
negative correlation between the isotope ratios of rainfall
and the amount of rain described by Dansgaard [1964] and
further evaluated by Lawrence and White [1991], comes to
mind in this regard. The results presented here strongly
imply that the recycling of water vapor in storms is an
important part of this statistical relationship.

[40] These results presented here have a bearing on the
interpretation of the stable isotope ratios in tropical ice cores
[e.g., Thompson et al., 1995, 1998]. Interpretations of
changes in stable isotope ratios of ice cores have assumed
that the oceanic source vapors were in near isotopic equi-
librium with the sea surface [Lawrence and Gedzelman,
2003]. Because isotope ratios of vapor are depressed below
equilibrium in and downwind from storms the interpretation
of climate changes from isotopic analyses of ice cores must
take into account possible changes in average storm activity
both over oceanic source regions and along the trajectories
upwind from each tropical ice core.

Appendix A

[41] This appendix contains two tables, Tables Al and
A2, which contain the isotopic analyses and supporting
information discussed in this paper.
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Table Al. Stable Isotope Ratios of Water Vapor Table Al. (continued)
Time  Temperature, Dew Time  Temperature, Dew
Sample  Date® GMT °C Point, °C  §'*0 6D  Sample  Date® GMT °C Point, °C  §'%0 D
Puerto Escondido V7 8/16/01  9:45 25.5 23.9 —11.2
PEV1 7/10/98  20:40 29.5 25.8 -20.2 —131 V8 8/16/01  18:06 31.5 23.1 —11.5
PEV2  7/11/98  2:29 28.2 26.1 —240 —156 Vo 8/17/01  2:35 28.4 24.8 —11.3
PEV3  7/11/98 12:07 25.7 243 —23.6 —181 V10 8/17/01  9:50 —11.8
PEV4  7/11/98 19:52 32.1 27.6 —-163 —118 V11 8/17/01  19:11 29.5 24.7 —10.9
PEVS  7/12/98  3:16 28.6 259 —-19.1  —127 Vi2 8/18/01  5:19 —11.1
PEV6  7/12/98  12:47 26.3 23.8 —-23.0 -—161 Vi3 8/18/01  12:57 —11.5
PEV7  7/12/98 18:31 329 26.9 -172  —119 V14 8/18/01  18:27 315 243 —11.2
PEVS  7/13/98  3:27 30.6 27.7 —-17.7 —118 V15 8/19/01 1:50 29.0 24.4 —11.5
PEV9  7/13/98  12:11 26.6 23.9 —-22.0 —141 Vie 8/19/01 11:14 27.1 24.2 —10.8
PEVIO  7/13/98 19:55 334 25.7 —184 —119 V17 8/19/01  17:04 32.1 25.1 —10.6
PEVI1  7/14/98  3:00 30.1 25.1 —183 —123 V18 8/20/01 4:41 27.5 24.4 —10.5
PEVI2  7/14/98 12:13 26.2 223 —185 —126 V19 8/20/01  12:01 29.6 25.5 —11
PEVI3  7/14/98 20:49 342 26.6 —-13.1 =77 V20 8/20/01  18:00 334 26.1 —11.4
PEV1I4 7/15/98  3:44 28.4 259 —-172  —130 V21 8/21/01  2:57 28.8 23.4 —12.4
PEV15  7/15/98 12:18 27.4 25.7 -21.0 —121 V22 8/21/01  12:12 28.5 24.8 -10.9
PEVI6  7/15/98 19:42 30.3 24.1 —-235 —159 V23 8/21/01  18:09 26.0 22.4 —11.2
PEV17  7/16/98  2:36 28.7 25.8 —223 —165 V24 8/22/01  2:04 27.4 23.7 —12.1
PEVIS  7/16/98 11:35 26.6 25.0 —-224 —163 V25 8/22/01  11:52 27.1 25.4 —11.4
PEV19  7/16/98 19:18 30.3 252 —-20.5 —135 V26 8/22/01  17:58 31.1 25.1 —11.5
PEV20  7/17/98  3:21 27.7 25.1 =217 —157 V27 8/23/01  2:00 26.4 24.1 —11.7
PEV21  7/17/98 11:52 25.8 242 —-23.0 —167 V28 8/23/01  11:26 28.0 233 —11.7
PEV22  7/17/98 20:15 31.5 26.4 —19.0 —131 V29 8/23/01  17:57 31.2 23.5 —11.7
PEV23  7/18/98  3:22 28.2 25.1 —-22.1  —155 V30 8/24/01 1:59 25.4 24.0 —12.2
PEV24  7/18/98 12:44 25.5 22.7 222 —157 V31 8/24/01  10:33 25.6 23.9 —11.5
PEV25  7/18/98 19:20 32.6 23.6 —-13.8 =97 V32 8/24/01  18:01 304 23.7 —12.2
PEV26  7/19/98  3:12 28.2 24.0 —-154 —106 V33 8/25/01  3:51 26.2 23.2 —12.6
PEV27  7/19/98 12:25 25.8 224 —15.6 —103 V34 8/25/01  12:58 29.4 23.5 —12
PEV28  7/19/98  18:55 33.1 242 —-147 =96 V35 8/25/01  18:11 25.4 22.6 —12.2
PEV29  7/20/98  3:53 30.6 26.8 —-154 —116 V36 8/25/01  19:17 29.0 24.7 —11.8
PEV30 7/20/98 11:35 26.7 23.4 —15.0 —106 V37 8/26/01  2:01 25.8 23.1 —11.9
PEV31  7/20/98 19:35 33.9 26.8 —-139 —100 V38 8/26/01  10:25 25.8 23.1 —-11.7
PEV32  7/21/98  4:29 29.3 24.6 —-149 114 V39 8/26/01  18:03 31.7 22.4 —11.5
PEV33  7/21/98 13:04 26.6 22.7 —143 —104 V40 8/27/01  2:17 28.3 22.7 —11.6
PEV34  7/21/98 19:16 32.7 25.8 —-12.7 82 Va1 8/27/01  12:20 29.1 25.0 —10.9
PEV35  7/22/98  2:43 29.6 242 —-133 -92 V42 8/27/01  18:04 27.4 24.7 —11.1
PEV36  7/22/98 12:26 26.2 22.1 —13.6 —95 V43 8/28/01  2:01 26.0 23.9 —-10.7
PEV37  7/22/98 19:12 33.6 26.5 —122 =79 Va4 8/28/01  12:01 29.1 24.1 —11.4
PEV38  7/23/98  3:30 294 24.5 —129 -95 V45 8/28/01  18:00 31.5 23.8 —12
PEV39  7/23/98 12:41 26.2 22.6 —-13.5 =96 V46 8/29/01 1:58 28.6 24.5 —11.2
PEV40  7/23/98  20:09 342 253 —-13.6 —81 Va7 8/29/01  12:07 29.0 249 —10.5
PEV41  7/24/98  3:01 29.1 24.5 —14.7 —106 V48 8/29/01  18:05 31.0 24.1 —11.5
PEV42  7/24/98 11:56 27.3 23.4 —145 —102 V49 8/30/01 2:10 28.5 23.5 —11
PEV43  7/24/98 19:16 342 26.7 —-12.0 —-80 V50 8/30/01  11:20 28.0 23.7 —10.6
PEV44  7/25/98  3:16 31.5 27.6 —-12.0 —-80 Vs1 8/30/01  18:06 31.5 24.5 —11.1
PEV45  7/25/98 12:09 27.4 23.7 —-12.7 —88 V52 8/31/01  2:15 28.4 243 —11
PEV46  7/25/98  19:22 33.9 26.7 —12.0 —81 V53 8/31/01  12:41 30.5 233 —11
PEV47  7/26/98  3:51 27.8 259 —-12.8 86 V54 8/31/01  17:57 31.8 24.8 —11.1
PEV48  7/26/98  12:03 26.1 24.6 —148 —104 V55 9/1/01 4:55 28.0 23.3 —10.2
PEV49  7/26/98  19:07 324 26.6 —13.0 -86 V56 9/1/01 14:22 —11.1
PEV50  7/27/98  3:37 26.6 25.1 —18.6 —144 V57 9/1/01  20:30 28.8 24.0 -10.9
PEVS1  7/27/98  12:24 25.8 24.0 —18.1 —130 V58 9/2/01 1:37 28.0 235 —11.4
PEVS2  7/27/98  19:50 31.7 26.2 —149 —104 V59 9/2/01 11:41 26.5 22.8 —10.2
PEV53  7/28/98  3:34 27.2 259 —-175 —128 V60 9/2/01 19:18 34.5 229 —10.1
PEVS54  7/28/98  12:08 25.9 24.4 —-174 —126 V61 9/3/01 1:57 27.3 234 —13.3
PEVSS  7/28/98  19:15 31.5 259 —-17.0 —118 V62 9/3/01 11:09 28.0 23.5 —10.1
PEV56  7/29/98  3:01 28.7 26.4 —-175 —118 V63 9/3/01 19:21 32.6 243 —11.2
PEVS7  7/29/98  11:37 26.6 24.0 —-17.6  —122 Vo4 9/4/01 2:11 28.0 23.5 —11.5
PEV58  7/29/98  20:06 334 27.3 —-135 =90 V65 9/4/01 11:33 28.8 25.1 —10.1
PEV59  7/30/98  3:46 29.3 24.4 —-13.7 98 V66 9/4/01 18:38 315 23.8 —11.1
PEV60  7/30/98  11:38 26.4 23.5 —144 —102 V67 9/5/01 1:56 27.5 23.4 —11.6
PEV61  7/30/98  19:08 33.6 26.2 —-123 83 V68 9/5/01 11:14 29.5 22.6 —11.1
PEV62  7/31/98  4:00 29.3 26.6 —-124  -90 V69 9/5/01 18:09 31.9 22.5 —11
PEV63  7/31/98  11:55 26.0 24.1 —13.6 —-97 V70 9/6/01 0:45 26.8 23.5 —11.9
V71 9/6/01 12:47 —11.8
CAMEX 4 V72 9/6/01  20:28 28.5 229 —12.1
V1 8/14/01  12:18 26.7 24.9 —10.3 V73 9/7/01 1:58 27.0 24.3 —11
V2 8/14/01  18:17 28.8 24.4 —10.4 V74 9/7/01 12:02 28.7 239 —10.5
V3 8/15/01 1:27 —11.7 V75 9/7/01 18:28 335 23.8 —12
V4 8/15/01  12:02 28.0 24.5 —11 V76 9/8/01 2:10 27.5 22.3 —11.4
V5 8/15/01  19:21 31.5 23.6 —11.2 V77 9/8/01 11:49 -10.3
V6 8/16/01  2:43 27.0 233 —11.4 V78 9/8/01 19:45 28.6 23.8 —12.2
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Table Al. (continued) Table Al. (continued)
Time  Temperature, Dew Time  Temperature, Dew
Sample  Date® GMT °C Point, °C  §'%0 §D  Sample Date® GMT °C Point, °C  §'%0 §D
V79 9/9/01 2:10 27.1 23.0 —11.5 28 7/31/99  4:53 28.0 23.7 —17.1
V80 9/9/01 11:14 26.5 23.0 —11.4 29 7/31/99  12:55 26.0 22.0 —17.4
V81 9/9/01 19:46 30.1 22.7 —11.4 30 7/31/99  20:00 26.0 23.0 —-17.0
V82 9/10/01 1:50 24.5 22.8 —12.3 31 8/1/99 4:49 28.0 23.0 —12.5
V&3 9/10/01  12:43 28.5 23.1 —13.2 32 8/1/99  12:07 28.0 23.5 —13.8
V84 9/10/01  19:55 26.3 23.1 —14.6 33 8/1/99  19:50 27.0 21.9 —14.1
V85 9/11/01 2:20 24.7 23.0 —13.8 34 8/2/99 6:31 28.0 21.9 —12.7
V86 9/11/01  11:47 27.8 233 —12.6 35 8/2/99  12:18 27.0 21.2 —13.7
V87 9/11/01  19:37 27.2 25.1 —11.6 36 8/2/99  20:50 27.0 22.1 —13.7
V88 9/12/01 2:59 25.4 222 —13.3 37 8/3/99 3:39 26.0 22.6 —14.3
V89 9/12/01  11:23 24.6 21.0 —13.3 38 8/3/99  12:09 26.0 24.1 —14.8
Voo 9/18/01 0:37 25.7 19.7 —13 39 8/3/99  20:08 28.0 23.2 —16.8
Vo1 9/18/01  14:15 25.6 20.9 —12.5 40 8/4/99 3:49 28.0 23.5 —12.3
Vo2 9/19/01  0:47 25.7 22.5 —11.8 41 8/4/99  12:22 28.0 —14.2
Vo3 9/19/01  16:47 27.6 23.9 —13.3 42 8/4/99  20:15 28.0 234 —9.4
Vo4 9/20/01 1:01 25.5 21.9 —11.9 43 8/5/99 3:55 28.0 23.7 —14.5
Vo5 9/20/01  14:58 27.7 23.4 —11.6 44 8/5/99  12:07 27.0 239 —16.5
Vo6 9/21/01 1:15 25.6 21.6 —11.6 45 8/5/99  20:10 27.0 22.9 —-16.9
V97 9/21/01  15:06 26.4 21.3 —11.8 46 8/6/99 4:05 27.0 23.4 —14.9
Vo8 9/21/01  21:36 28.3 233 —12.1 47 8/6/99  12:01 27.0 233 —17.4
V99 9/22/01  12:12 30.0 21.8 —11.8 48 8/6/99  20:05 27.0 22.9 —159
V100 9/22/01  20:56 29.6 22.7 —123 49 8/7/99 3:57 28.0 233 —12.2
V101 9/23/01 5:00 —11.6 50 8/7/99 12:01 28.0 223 —16.4
V102 9/23/01  13:45 29.7 23.5 —11.3 51 8/7/99  20:04 27.0 233 —17.1
V103 9/23/01  23:28 —11.6 52 8/8/99 3:56 28.0 23.5 —14.4
V104 9/24/01  15:15 53 8/8/99 12:10 27.0 233 —17.6
V105 9/25/01  14:03 —13.1 8/8/99  20:09 28.0 23.4 —16.0
V106 9/26/01  3:03 —11.5 54 8/9/99 3:58 27.0 24.4 —14.7
V107 9/26/01  14:53 —11.6 55 8/9/99  12:07 28.0 24.4 —-16.9
V108 9/27/01  2:00 —14.1 56 8/9/99  12:55 27.7 23.7 —15.4
V109 9/28/01  2:00 —12.1 57 8/9/99  13:13 27.0 233 —15.2
V110 9/28/01  14:15 —12.5 58 8/9/99  15:21 27.7 24.7 —153
59 8/9/99  15:41 26.7 24.2 —14.6
CAMEX 4 Gabrielle 60 8/9/99  19:59 27.0 23.8 —15.8
V1 9/13/01  13:18 —8.8 61 8/10/99  4:00 28.0 24.7 —13.9
V2 9/13/01  19:41 27.9 24.0 —11.7 62 8/10/99  12:56 27.0 23.7 —11.9
V3 9/14/01 1:07 —12.5 63 8/10/99  20:09 27.0 225 —17.4
V4 9/14/01 7:00 —14.4 64 8/11/99  3:55 28.0 23.9 —18.0
V5 9/14/01  12:36 25.4 229 —14.3 65 8/11/99  12:07 27.0 22.9 —18.2
V9 9/14/01  15:40 —16.7 66 8/11/99  20:01 26.0 —18.5
Vo6 9/14/01  18:48 27.2 23.5 —14.3 67 8/12/99  3:52 25.0 21.8 —19.8
v7 9/15/01  0:52 —14.0 68 8/12/99  12:05 26.0 222 —20.3
V8 9/15/01 7:00 —-13.9 69 8/12/99  19:53 27.0 22.9 —19.7
70 8/13/99  4:05 28.0 23.0 —16.5
KWAJEX 71 8/13/99  12:19 28.0 239 —15.1
1 7/23/99  4:38 72 8/13/99  19:53 27.0 22.5 —14.3
2 7/23/99  4:55 26.5 -93 73 8/14/99  3:57 28.0 22.8 —13.5
3 7/23/99  21:44 74 8/14/99  19:57 27.0 22.5 —14.6
4 7/23/99  22:19 29.1 23.7 —13.5 75 8/15/99  3:54 27.0 23.5 —15.1
5 7/24/99  3:09 29.0 23.6 —10.5 76 8/15/99  12:02 25.0 23.1 —18.9
6 7/24/99  12:00 -3.0 —14.1 77 8/15/99  19:53 26.0 21.7 —18.9
7 7/24/99  21:11 25.9 23.7 —15.6 78 8/16/99  3:57 29.0 20.4 —18.4
8 7/25/99  4:21 28.1 249 —14.8 79 8/16/99  12:07 26.8 22.8 —-17.3
9 7/25/99  12:20 28.0 233 —13.8 80 8/16/99  19:58 27.0 22.7 —19.1
10 7/25/99  19:55 28.0 232 —13.5 81 8/17/99  3:45 28.0 23.0
11 7/26/99  3:52 27.0 23.7 —14.8 82 8/17/99  11:55 27.0 23.0 —13.9
12 7/26/99  12:18 27.0 23.7 —153 83 8/17/99  19:58 28.0 23.9 —13.7
13 7/26/99  19:30 27.0 23.5 —13.6 84 8/18/99  3:48 27.0 24.1 —15.7
14 7/27/99  3:59 28.0 243 —14.9 85 8/18/99  11:57 27.0 23.7 —11.6
15 7/27/99  12:13 27.0 24.5 —16.1 86 8/18/99  19:59 27.0 22.5 —15.6
16 7/27/99  19:56 25.0 22.2 —19.4 87 8/19/99  3:51 27.6 23.5 —11.2
17 7/28/99  3:44 25.0 23.6 —17.1 88 8/19/99  13:06 27.0 23.7 —15.5
18 7/28/99  12:15 26.0 233 —-17.9 89 8/20/99  4:40 25.0 22.7 —-16.9
19 7/28/99  20:10 27.0 22.7 —16.5 90 8/20/99  23:00 27.0 23.0
20 7/29/99  3:59 28.0 24.1 —14.6 91 8/24/99  11:40 28.0 25.2 —12.9
21 7/29/99  12:15 27.0 235 —12.8 92 8/24/99  22:16 28.0 23.5 —14.1
22 7/29/99  18:49 25.0 —13.2 93 8/25/99  4:48 28.0 23.5 —13.6
23 7/29/99  19:17 24.0 22.8 —17.4 94 8/25/99  11:53 27.9 25.0 —13.7
24 7/29/99  20:02 24.0 22.1 —14.9 95 8/25/99  21:48 28.0 —159
25 7/30/99  3:33 26.0 224 —16.4 96 8/26/99  3:30 27.0 24.8 —15.1
26 7/30/99  12:10 26.0 22.8 —16.1 97 8/26/99  11:45 —15.2
27 7/30/99  20:03 27.0 233 —10.1 98 8/26/99  20:11 28.0 23.9 —-15.4
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Table Al. (continued)
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Time  Temperature, Dew

Sample  Date® GMT °C Point, °C  §'°0 §D
99 8/27/99  4:00 28.0 23.7 —14.7
100 827/99 11:55 27.7 23.9 —14.8
101 8/27/99  20:05 27.8 23.9 —18.7
102 8/28/99  4:50 28.0 23.5 —-17.9
103 8/28/99  12:07 27.8 242 —129
104 8/28/99  20:08 24.0 22.4 -172
105 8/28/99 20:38 25.4 23.4 —-17.9
106 8/28/99 21:15 25.4 23.0 —-172
107 8/29/99  3:40 27.0 24.0 152
108 8/29/99  11:56 27.0 23.9 -16.7
109 8/29/99  20:05 27.9 23.7 —-17.7
110 8/30/99  3:31 26.0 23.8 —-17.6
111 8/30/99 11:58 273 23.9 —-15.7
112 8/30/99 20:05 26.2 229 -20.3
113 8/31/99  3:39 28.0 24.1 —12.0
114 8/31/99  12:03 28.9 23.5 —15.0
115 8/31/99  20:02 27.9 233 —15.5
116 9/1/99  11:57 28.0 23.0 —~13.6
117 9/1/99  20:02 28.2 23.1 —147
118 9/2/99  4:05 28.0 226 148
119 9/2/99  11:50 27.9 23.0 —12.7
120 9/2/99  20:18 27.9 23.5 —149
121 9/2/99  21:22 26.6 23.6 —12.4
122 9/2/99  21:45 26.5 23.7 —-16.2
123 9/2/99  22:44 25.6 24.1 -16.5
124 9/3/99  3:23 24.0 22.6 —~15.8
125 9/3/99  11:54 26.9 222 —15.4
126 9/3/99  20:04 26.0 22.7 —-16.7
127 9/4/99  4:03 28.0 22.8 —15.7
128 9/4/99  12:00 27.0 245 —-13.6
129 9/4/99  19:58 28.0 23.5 —-17.0
130 9/5/99  3:53 27.0 233 —18.6
131 9/5/99  11:55 27.5 232 —-16.7
132 9/5/99  21:01 273 23.5 —-16.3
133 9/6/99  3:57 27.0 23.7 —-16.9
134 9/6/99  12:05 273 24.4 —-13.9
135 9/6/99  20:01 27.9 24.4 159
136 9/7/99  3:54 26.0 229 —-172
137 9/7/99  11:53 263 23.5 —~13.8
138 9/7/99  19:57 27.4 23.5 —~149
139 9/7/99  21:28 26.7 23.4 —~15.8
140 9/7/99  21:46 25.0 229 —15.7
141 9/7/99  21:57 25.5 233 -16.6
142 9/8/99  3:40 28.0 24.0 —16.4
143 9/8/99  11:57 26.2 232 —16.1
144 9/8/99  19:59 26.8 22.8 153
145 9/9/99  3:45 28.0 23.5 —14.4
146 9/9/99  11:55 27.8 23.7 —~13.9
147 9/9/99  19:57 28.1 23.4 —15.1
148 9/10/99  3:47 28.0 23.7 152
149 9/10/99  12:07 28.0 243 152
150 9/10/99  20:42 27.7 24.0 —14.4
151 9/10/99 21226 26.2 24.6 —-10.0
152 9/11/99  3:49 27.0 23.9 152
153 9/11/99  11:43 27.2 23.9 —-16.2
154 9/11/99  20:16 272 23.6 —20.4
155

“Read 7/10/98 10 July 1998.

Table A2. Stable Isotope Ratios of Rain Samples: KWAJEX

Sample Date Hour GMT" Amount, mm §'%0
R3 7/25/99 4:49 5.3 —4.1
R4 7/26/99 5:49 15.8 -3.4
RS 7/277/99 6:49 7.9 -29
R6 7/27/99 7:49 15.8 —12.1
R7 7/28/99 8:49 7.9 -7.2
RS 7/28/99 9:49 7.9 —5.7
R9 7/29/99 10:49 26.3 —6.6
R10 7/30/99 11:49 7.9 —6.1
R11 7/31/99 12:49 13.2 -5.1
R13 8/3/99 13:49 13.2 -29
R14 8/3/99 14:49 7.9 -39
R15 8/4/99 15:49 53 -3.1
R16 8/5/99 16:49 26.3 —-3.2
R17 8/6/99 17:49 5.3 -35
R18 8/8/99 18:49 7.9 -3.8
R19 8/9/99 19:49 2.6 -29
R20 8/11/99 20:49 13.2 -7.8
R21 8/12/99 21:49 92.1 —4.7
R22 8/13/99 22:49 5.3 —4.7
R23 8/15/99 23:49 2.6 -2.1
R24 8/15/99 0:49 2.6 —6.7
R25 8/15/99 1:49 2.6 —83
R26 8/18/99 2:49 10.5 —4.2
R27 8/20/99 3:49 26.3 —4.2
R29 8/25/99 4:49 7.9 -2.6
R30 8/26/99 5:49 13.2 —4.5
R31 8/28/99 6:49 7.9 —6.2
R32 8/29/99 7:49 7.9 —5.7
R33 8/30/99 8:49 10.5 -73
R34 8/30/99 9:49 2.6 —5.7
R36 9/3/99 10:49 31.6 —5.4
R39 9/5/99 11:49 5.3 =75
R40 9/7/99 12:49 7.9 -39
R41 9/7/99 13:49 53 —5.5
R42 9/8/99 14:49 10.5 —53
R43 9/8/99 15:49 2.6 -3.7
R44 9/9/99 16:49 1.3 2.4
R45 9/10/99 17:49 7.9 =5.1
R46 9/11/99 18:49 5.3 —4.4
R48 9/11/99 19:49 7.9 —11.7

ICollection time.
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Figure 8. The §'%0 values of water vapor samples (left axis) collected on the RV RH Brown from
0600 UTC 10 August to 1800 UTC 13 August (year day, Julian 222—-2325) compared to concurrent IR
satellite images. Cloud top temperatures are color-coded. Rainfall amounts in millimeters (right axis) are
indicated by red outlines. See Appendix A (Table A2) for details.
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Figure 9. The §'®0 values of water vapor samples collected on the RV RH Brown from 1800 UTC
13 August to 1800 UTC 17 August (year day, Julian 225-230) compared to concurrent IR satellite
images.
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Figure 10. Sequence of IR images (top) at 24 hour intervals from 1800 UTC 12 August to 1800 UTC
16 August (Julian day 224.75-228.75) showing concurrent locations (circled points) of air along 48 hour
back trajectories (bottom) arriving at the RV RH Brown. Colors along trajectories indicate concurrent
cloud top heights. Trajectory ending at 1800 UTC 14 August (vapor §'°0 = —14.6) did not pass under
angf thick clouds during the preceding 48 hours, while trajectory ending at 1800 UTC 16 August (vapor
§'50 = —19.2) passed under thick and extensive rain clouds from about 48 and 36 hours earlier.
Trajectories were calculated using NOAA AOML Air Resources Laboratory HYSPLIT transport and
dispersion model [Draxler, 1992].
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04 UTC 14 SEP 08 UTC 14 SEP

Figure 12. Sequence of radar composite images showing
locations of backward trajectory (indicated by stars) arriving
at Sugarloaf Key at 1600 UTC 14 September 2001, when
§'%0 had its lowest value, —16.7%o, after passing through a
rainband.

00 UTC 13 SEP 03 uTC 13 SEP 06 UTC 13 SEP

Figure 13. Sequence of radar composite images showing
locations of backward trajectory (indicated by stars) arriving
at Sugarloaf Key at 1300 UTC 13 September 2001, when
§'%0 had its highest value, —8.8%o, possibly as the result of
evaporating sea spray.
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