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Low stable isotope ratios of tropical cyclone rains
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Abstract. Tropical cyclone rains have distinctly lower stable
isotope ratios than rains in other tropical and summer precipi-
tation systems, with a mean value slightly above that of water
vapor near the sea surface. The isotope ratios also decrease
radially inward to the eye wall, but appear to be anomalously
low even near the periphery of the rain shield. These findings
indicate that tropical cyclones are highly efficient precipita-
tion systems and suggest the use of stable isotope ratios as
dynamic tracers of a tropical cyclone’s water and energy
budgets.

Introduction

Tropical cyclones which include tropical storms and hurri-
canes are organized, violent storms that contrast strikingly
with normal tropical weather. We present here the first sur-
face-based measurements of isotope ratios (ZHIHO/IHZO and
H,"®0/H,'°0) of rain in tropical cyclones. The stable isotope
ratios of most rains in tropical cyclones are far lower than
those in other tropical events. They generally display a de-
crease radially inward toward the eye wall. An earlier air-
borne study (Ehhalt and Ostlund, 1970) of Hurricane Faith
showed low isotope ratios for both rain and vapor.

Stable isotope ratios are presented here using standard &
notation [8, = (R, /Rgpow -1) * 1000], where R is the stable
isotope ratio and SMOW is Standard Mean Ocean Water
(Rgmow = -0020052). The 8'80 values of almost all precipita-
tion on Earth fall in the range, -50 to 0 per mil, with the lower
values confined to the polar regions (Dansgaard, 1964). Most
tropical and summer season rains fall at the high end of the
range, or about -6 to 0 per mil (Dansgaard, 1964; Lawrence
and White, 1991). Rains from tropical cyclones, however,
almost invariably have 8'%0 < -6 per mil and therefore form a
distinct population that has little overlap with the background
tropical and summer rain signal.

The Observations

The comparison between oxygen isotope ratios of rains
from tropical cyclones and from other storms from June
through September is shown in the histogram of Fig. 1. One
rain sample was collected and subjected to isotopic analysis
from each of 166 storms that struck the University of Houston
Coastal Center near Dickinson, Texas, about 50 km southeast
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of Houston from 1985 to 1992. In addition, 42 rain samples
were collected in Texas from five tropical cyclones which
made landfall in the western Gulf of Mexico between 1988
and 1993 (Table 1). Spatial suites of samples were collected
from Hurricane Gilbert (1988) and Tropical Storm Arlene
(1993), while 1 to 4 rain samples from a single location were
collected from each of Tropical Storms Jerry (1989), Chantal
(1989) and Allison (1989).

Fig. 1. shows that the isotope ratios of hurricane rains and
of other tropical or summer rains represent two distinct
populations with little overlap. The mean 8'0 value of the
166 rainfall events that exclude tropical cyclones is -2.9 per
mil, with only 6 samples below -7 per mil. The mean §'°0
value of the 42 rain samples from five tropical cyclones is
-9.4 per mil, with only eight samples above -7 per mil. Five of
the tropical cyclone samples had §'°0 < -12 per mil. This is
close to the mean isotope ratio of water vapor along the Gulf
Coast of Texas collected in Houston for 9 dates over the
summer of 1990 (-12.3 + 0.8 per mil). Such low values in
precipitation are very rarely recorded near Houston even dur-
ing the winter, and are much more likely to be found in
snowstorms much farther to the north (Lawrence et al., 1982).
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Figure 1. The distribution of 8'*0 values of two sets of pre-
cipitation data. The first set shown in hatched design is a col-
lection of all rain events for the summer months, June, July,
August and September from 1985 to 1992 from the University
of Houston Coastal Center near Dickinson about 50 kilome-
ters southeast of Houston, Texas. The second set shown in
black is a collection of precipitation samsples from a hurricane
and four tropical storms. The mean 8'®0 value of vapor in
Houston, Texas for 9 dates in the summer of 1990 is also
shown.
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Independent confirmation of anomalously low stable iso-
tope ratios in tropical cyclones was obtained from a second
data set. Precipitation samples from all storms at Mohonk
Lake, New York (elev. 400 m) from May, 1977 to December,
1983 were collected and analyzed for their 8D values. Of 95
summer storm samples, two came from the remnants of tropi-
cal storms. Tropical Storm Dean registered 8D = -89 per mil,
equal to the lowest value, while Tropical Storm David regis-
tered 8D = -47 per mil, 16th lowest of the samples (Lawrence
and White, 1991). In addition, three sequential rain samples
collected separately at City College in New York City (elev.

Table 1. Oxygen Isotope Values of Tropical Cyclones

Sample' Latitude Longitude Distance 2 Amount 80"
No. (km) (mm)
HGI 28.72  96.45 480 17 -6.0
HG2 28.41 96.53 450 72 -7.0
HG3 2832 96.93 425 49 -6.8
HG4 28.02  97.07 400 57 -7.0
HGS 27.63  97.23 350 41 -7.0
HG6 27.58  97.76 330 67 -8.8
HG7 2728  97.66 310 3 -8.7
HG8 2684 9777 260 85 -5.5
HGY9 26.54  97.44 240 7 -39
HG10 26.07 9721 200 90 -5.9
HGI11 26.16  97.81 180 205 -9.2
HGI2 26.55  98.12 225 82 -6.9
HG13 2639  98.83 190 ? -8.6
HG14 2690  98.58 240 109 -8.6
HGI15 2729  98.68 280 78 -8.7
HG16 26.91 99.42 220 67 -10.5
HG17 2750  99.46 270 52 -8.7
HGI18 27.88  98.61 330 52 -6.2
TSI 29.38  95.06 170° 18 9.1
TSC1 29.38  95.06 40 97 -11.6
TSC2 29.38  95.06 80 13 -8.7
TSALL1 29.38  95.06 210 33 -9.1
TSAL2 29.38  95.06 80 93 -9.9
TSAL3 29.38  95.06 50 2 -10.8
TSAL4 29.38  95.06 30 67 -10.3
TSARO 29.77  95.64 330 197 -8.8
TSARI 29.15  96.35 250 47 9.2
TSAR2 28.83  96.93 170 121 -10.5
TSAR3 2830  97.28 120 118 -11.8
TSAR4 2785  97.64 70 55 -12.6
TSARS 2729  97.80 0 24 -11.6
TSAR6 2694 9779 30 42 -11.8
TSAR7 2648  97.75 60 1 -11.7
TSARS 26.54  97.44 50 29 -12.7
TSAR2.8 28.78  97.03 180 spot -9.7
TSAR3.3 28.19  97.38 130 spot -7.6
TSAR4.2 2775 97.70 50 spot -9.5
TSAR4.8 2743  97.85 20 spot -9.6
TSAR6.3 26.80  97.77 50 spot -10.9
TSAR7.1 2648  97.75 80 spot -14.3
TSARS.2 26.54 9744 50 spot -13.7
TSARS.1 26.54  97.44 70 spot -13.5
1 HG=Hurricane Gilbert, TSJ=Tropical Storm Jerry,

TSC=Tropical Storm Chantal, TSAL=Tropical Storm Allison,
TSAR=Tropical Storm Arlene.

2 The minimum distance between the station and the storm track
during the period of sampling. This gives a different meaning to
spot samples and samples taken over a long time period, during
which the storm may have moved a large distance. )

3 Maps showed that rain fell at Galveston and Jerry approached
closer after the announced sampling period.

4 The precision of repeated analyses of a laboratory isotope stan-
dard is better then + 0.1 per mil.
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Figure 2. The oxygen isotope values of precipitation from
Hurricane Gilbert (open triangle) and Tropical Storms Alli-
son (filled triangle), Chantal (open box), Jerry (filled circle)
and Arlene (open circle) plotted as a function of the closet
approach of the storm to the collection site during the sam-
pling period.

75 m) during Hurricane Bob in 1991 had 8D values of -79,
-94 and -104. These values are below or at the lowest end of
summer rain samples from Mohonk despite their lower lati-
tude and altitude (Lawrence and White, 1991).

The stable isotope ratios of rains from tropical cyclones in
Texas decreased radially inward as seen in Fig. 2 where the
8'%0 ratio of all 42 tropical cyclone samples is plotted as a
function of minimum distance from locus of the storm track.
Below average values for summer rains occurred near the
outer periphery of the rain shield. From there they decreased
radially to extremely low values near the eye wall. Any sam-
ple taken within 100 kilometers of the storm center invariably
had a '%0 value less than -8.7 per mil.

The inward decrease of isotope ratios emerged clearly de-
spite large variance in the data and despite the existence of
considerable heterogeneity in the sampling (Table 1). For
example, much of the 110 mm of rain from the two samples
from Tropical Storm Chantal fell from the eye wall cloud near
the storm center or an inner rain band while the rain from
Tropical Storm Jerry fell in an outer rain band and at a mean
distance considerably greater than the minimum distance. In
addition for Tropical Storm Arlene, there were eight spot
samples lasting only two minutes apiece (ESl 0=-11.1+25
°/0) » while all other samples represent total accumulations
from the entire storm (3'°0 = -11.2 + 1.4 /). The greater
variance in the spot samples may be a result of variations due
to transient convective elements. Ehhalt and Ostlund (1970)
documented the existence of mesoscale structure of isotope
ratios within Hurricane Faith. They found much lower isotope
ratios in the rain and vapor just outside the core of the rain
bands and the eye wall cloud than in the surrounding regions
of light rain.

Our data do not provide a sufficiently detailed picture to
extract other definitive relations between tropical cyclone
structure and its stable isotope ratios. Rain in the eye wall
clouds could not be distinguished from rain in showers or rain
bands on the basis of their 80 values. Cloud top height was
so variable, particularly in Tropical Storm Arlene, that it
could not be simply related to isotope ratio. No consistent
relation between isotope ratio and storm intensity was de-
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Figure 3. A schematic diagram based on a computer model (Gedzelman and Amold, 1994) modified to simulate oxygen isotope
ratios in hurricanes. Note that the model simulates oxygen isotope ratios of vapor and rain which decrease radially inward. The
spatial relationship for the vapor is Ry, < Ry; < Ry,. The 8'°0 value of the rain is shown at the bottom. The model does not,
however, explain low isotope ratios near the periphery of the rain shield.

tected, perhaps because none of the storms was a major hurri-
cane at peak strength. Only Gilbert represented a strong hurri-
cane, but by the time it made landfall along the northeast
coast of Mexico, it was the rapidly dissipating remnants of a
once great storm. Furthermore, the storm's most intense and
continuous rain fell farther to the south in Mexico where no
samples were collected.

All samples from Gilbert came from outer rain bands more
than 180 km from the storm center. One station registered
8%0 = 3.9 per mil, the highest of all 42 tropical storm and
hurricane rain samples despite being located only 240 km
from the storm track. This station experienced only an iso-
lated light shower (7 mm). By overlaying a trajectory of the
air passing beneath that shower on radar charts, it was appar-
ent that the air had not previously encountered any other
showers. Thus, despite the station's rather small distance
from the storm track, it was effectively located at the extreme
outer edge of the storm's precipitation shield where isotope
ratios tend to be highest.

Principles of Stable Isotope Meteorology of
Tropical Cyclones

The patterns and values of stable isotope ratios of precipi-
tation and water vapor in a number of different storm systems
have been explained by applying the basic physical laws gov-
erning isotope separation to the particular meteorological
situations (Dansgaard, 1953; Federer et al., 1982; Gedzelman
and Lawrence, 1982; Gedzelman et al., 1989; Gedzelman and
Lawrence, 1990). By extending these principles to the ge-
neric structure of tropical cyclones both the low mean value
and the radially inward decrease of stable isotope ratios of
tropical cyclone rains can also be explained.

Stable isotope ratios of precipitation and water vapor are

governed by fractionation during phase change and by diffu-
sive isotope exchange between rain and vapor. Heavy iso-
topes have lower saturation vapor pressures and also evapo-
rate more slowly than normal water. As a result, the heavy
isotopes are less concentrated in vapor than in the sea water
from which they derive. Condensation in an air parcel further
reduces the isotope ratio of the remaining vapor by preferen-
tially removing the heavy isotopes as snow or rain. Isotope
ratios of vapor and condensate therefore both decrease
sharply with height (Dansgaard, 1953, 1954; Ehhalt and Ost-
lund, 1970; Ehhalt et al., 1980; Taylor, 1984).

Falling rain becomes enriched in the heavy isotope as it
falls as a result of evaporation and diffusive isotope exchange
with isotopically heavier vapor near the ground (Miyake, et.
al., 1968). This process ensures that most rain reaches the
ground with higher isotope ratios than the initial rain at cloud
base. But this exchange process also lowers the isotope ratio
of the ambient vapor near the ground with time, which in turn
leads to a temporal decrease of isotope ratios of rain during a
storm. This is one example of the so called amount effect, in
which isotope ratios of rain are negatively correlated with
total rainfall amounts (Dansgaard, 1964).

In relatively long-lived storm systems such as tropical cy-
clones, the total mass of rain produced far outweighs the mass
of vapor in the storm at any time so that the mean isotope
ratio of the rain depends on the condensation efficiency and
therefore on the thickness of the clouds. Because many fully
developed tropical cyclones have clouds whose tops reach 15
km, most vapor condenses, and the mean 5'30 value of the
rain should approach that of the source vapor. Vapor collected
in the summer of 1990 in Houston which was derived from
the surface waters of the Gulf of Mexico had a §'%0 value
equal to -12.3 per mil. A recent study by Samsury and Zipser
(1995) indicates the presence of substantial convergence from
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900 to 600 mb in many rain bands. This would mean a more
elevated vapor source with a 5'%0 value lower than -12.3 per
mil because of the normal vertical gradient of isotope ratios
(Ehhalt and Ostlund, 1970; Ehhalt et al., 1980). Given these
facts it is not surprising that stable isotope ratios in tropical
cyclones are low.

We have developed a hypothesis for the inward decrease of
isotope ratios of rain in tropical cyclones that is based on re-
cycling of water. As the air in the atmospheric boundary layer
passes beneath each rain band, falling hydrometeors evapo-
rate and undergo diffusive isotopic exchange with surround-
ing vapor reducing its isotope ratio. For a series of rain bands
in a tropical cyclone this process results in a sequential lower-
ing of isotope ratios of both vapor and rain. A simplistic
picture of this process is shown in Fig. 3 in which the rain
bands are drawn using the dynamics of air flow described by
Anthes (1982). A similar lowering of isotope ratios would
also be produced using the model of Powell (1990a, 1990b) in
which rain bands produce a mixture of convective and strati-
form precipitation. This model differs in that a significant
portion of the rain falls radially outward from the rain band.
The recycling process in this inctance more closely matches
that that shown for the eyewall in Fig. 3.

Summary and Conclusions

Rain samples collected during five hurricanes or tropical
storms that made landfall on or near Texas possess anoma-
lously low stable isotope ratios which decrease radially in-
ward to values below that typical of the vapor near sea level.
We attribute the low mean value of the isotope ratio to the
storm’s high condensation efficiency. We hypothesize that
evaporation and diffusive isotope exchange between inflow-
ing vapor and falling rain from rain bands lead to the inward
decrease of isotope ratios. This recycling of water appears to
be significant compared to evaporation from and isotopic
exchange with the sea surface.

These observations and conclusions treat only the gross
properties of isotope ratios in tropical cyclones and need to be
investigated in much greater detail. We remain puzzled by a
number of features such as the low isotope ratios even in
storms such as Arlene, which exhibited little coherent struc-
ture, and also by the low isotope ratios quite near the outer
fringe of the tropical cyclones' rain shields. We have not be-
gun to treat the potentially important effects of mesoscale
variability, asymmetry, unsteady storm development and mo-
tion, changes of source waters upon landfall, and the effects
of microphysical sorting of liquid and solid hydrometeors.
Our existing data sets also fall far short of what is needed for
a fuller understanding. As a result, we have begun a program
to obtain detailed temporal and geographical records of the
isotope ratios for individual tropical cyclones, which includes
isotope data above ground level and for the vapor entering the
storm.

The potential payoffs of monitoring and understanding the
isotope ratios of rain and water vapor in tropical cyclones are
considerable. Because isotope ratios are so low, increased
tropical cyclone activity in the geologic past might be detect-
able by undertaking oxygen isotope studies of ancient cave
deposits or fresh water fossils. For the subtropics and possibly
the middle latitudes the isotope ratio of rain from tropical
cyclones represents a natural isotopic spike into the soil wa-
ter/ground water system which could be utilized by hydrolo-
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gists. Finally, isotopes may provide a much needed handle for
evaluating a tropical cyclone’s water budget by providing
information about data sparse regions such as the inner re-
gions of the tropical cyclone near the sea surface and in the
upper-level stratiform clouds.

Acknowledgments. This research was supported by grants from
the Advanced Research Program of the Texas Higher Education
Coordinating Board, the Environmental Institute of Houston of the
University of Houston and the University of Houston Coastal Cen-
ter. We are grateful for the comments of Kevin Burke and two
anonymous reviewers which markedly improved this report.

References

Anthes, R. A., Tropical Cyclones, their evolution, structure and
effects, Meteor. Monogr., 19, American Meteorological Society,
Boston, 1982.

Dansgaard, W., The abundance of O' in atmospheric water and
water vapour, Tellusr 5, 461-469, 1953.

Dansgaard, W., The O'® abundance in fresh water, Geochim. Cos-
mochim. Acta,6, 241-260, 1954.

Dansgaard, W., Stable isotopes in precipitation, Tellus 16, 436-468,
1964.

Ehhalt, D. H. and H.G. Ostlund, Deuterium in Hurricane Faith 1966:
Preliminary results, J. Geophys. Res.,75, 2323-2327, 1970.

Ehhalt, D. H., H. W. Patz, W. Pollock, L. E. Heidt and R. Lueb.
Measurement of atmospheric water vapor by cryogenic collec-
tion, in Atmospheric water vapor, edited by A. Deepak, T. D.
Wilkerson and L.H. Ruhnke, pp. 303-314, Academic Press, 1980.

Federer, B., N. Brichet, and J. Jouzel, Stable isotopes in hailstones.
Part 1: The isotopic cloud model, J. Atmos. Sci., 39, 1323-1335,
1982.

Gedzelman, S. D. and J. R. Lawrence, the isotopic composition of
cyclonic precipitation, J. Appl. Meteor., 21, 1385-1404, 1982.
Gedzelman, S. D., J. M. Rosenbaum, J. R. Lawrence, The mega-
lopolitan snowstorm of 11-12 February, 1983: Isotopic composi-

tion of snow, J. Atmos. Sci., 46, 1637-1649, 1989.

Gedzelman, S. D. and J. R. Lawrence, The isotopic composition of
precipitation from two extratropical cyclones, Mon. Wea. Rev.,
118, 495-509, 1990.

Gedzelman, S. D. and R. Arnold, Modeling the isotopic composition
of precipitation, J. Geophys. Res., 99, D5, 10455-10471, 1994.
Lawrence, J. R., S. D. Gedzelman, J. W. C. White, D. Smiley, and P.
Lazov, Storm trajectories in the Eastern U.S.: D/H isotopic com-

position of the precipitation, Nature, 296, 638-640, 1982.

Lawrence, J. R. and J. W. C. White, The elusive climate signal in the
isotopic composition of precipitation, in Stable Isotope Geochem-
istry: A Tribute to Samuel Epstein, The Geochem. Soc., Spec.
Publ. 3, edited by H. P. Taylor, J. R. O’Neil, and I. R. Kaplan,
pp. 169-185, Lancaster Press, 1991.

Miyake, Y. O., O. Matsubaya and C. Nishihara, An isotopic study
on meteoric precipitation, Pap. Meteor. Geophys., 19, 243-266,
1968.

Powell, M. D., Boundary layer structure and dynamics in outer
hurricane rainbands. Part I: mesoscale rainfall and kinematic
structure, Mon. Wea. Rev., 118, 891- 917, 1990a.

Powell, M.D., Boundary layer structure and dynamics in outer hur-
ricane rainbands. Part II: downdraft modification and mixed
layer recovery, Mon. Wea. Rev., 118 ,918-938, 1990b.

Samsury, C. E. and E. J. Zipser, Secondary wind maxima in hurri-
canes: Airflow and relation to rainbands. Mon. Wea. Rev., 123,
3502-3517, 1995.

Taylor, C. B., Vertical distribution of deuterium in atmospheric
water vapour: problems in application to assess atmospheric
models, Tellus, 36b, 67-72, 1984.

J. R. Lawrence, Department of Geosciences, University of
Houston, Houston, TX 77204-5503. (e-mail: JLawrence @uh.edu)

S.D. Gedzelman, Department of Earth and Atmospheric Sci-
ences, City College of New York, New York 10032. (e-mail:
stan@cumin.sci.ccny.cuny.edu)

(Received September 20, 1995; revised December 13, 1995; ac-
cepted January 15, 1996.)



