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The Gulf of Mexico coastal regions of the 
United States have a history of devastating 
hurricanes and tropical storms (1). The dead
liest recorded hurricane to hit the United 
States, the Galveston (Texas) hurricane of 
1900, claimed over 8000 lives (2, 3). The 
most intense recorded hurricanes ever to 
make U.S. landfall—the Florida Keys hurri
cane of 1935 and Hurricane Camille of 1969— 
were category 5 hurricanes on the Saffir-
Simpson scale (4, 5) that ravaged coastal 
regions of the Gulf of Mexico. The climato-
logically warm waters of the Gulf of Mexico 
and the western Caribbean Sea provide an 
abundant energy source for intense storms 
during the Atlantic basin hurricane season of 
May to November (6). Increasing our ability 
to forecast tropical storms and hurricanes has 
much potential for reducing the loss of life 
and property associated with these storms. 

Here it is shown that the MJO, or tropical 
intraseasonal oscillation, modulates tropical 
cyclone activity over the Gulf of Mexico and 
the western Caribbean Sea. The MJO is char-
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acterized by an oscillation in tropical convec
tion and winds at intraseasonal time scales of 
30 to 60 days (7, 8). Tropical convection, 
accompanied by wind anomalies, develops 
over the Indian Ocean and moves eastward 
toward the Pacific Ocean. Atmospheric cir
culation anomalies propagate eastward into 
the eastern Pacific Ocean, where they may be 
amplified through interactions with convec
tion during the Northern Hemisphere summer 
season. The MJO causes alternating periods 
of westerly and easterly wind anomalies (9) 
over the eastern Pacific. Tropical cyclone 
activity in the Gulf of Mexico appears to vary 
strongly in association with these intrasea
sonal wind variations. 

This analysis uses wind data at 850 milli
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from National Centers for Environmental 
Prediction-National Center for Atmospheric 
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eastern Pacific. A comparison with surface 
wind data from ship reports (11) indicates 
that the reanalysis wind product agrees rea
sonably well with observed surface winds in 
the eastern Pacific. Tropical cyclone records 
for the Atlantic Ocean are taken from the 
National Oceanic and Atmospheric Adminis
tration (NOAA)/National Weather Service 
(NWS)/Tropical Prediction Center (6). 

The principal component (PC) of the first 
empirical orthogonal function (EOF) for the 
850-mb zonal wind is used as a measure of 
eastern Pacific MJO variability (12, 13). The 
first EOF, or the pattern explaining the max
imum amount of temporal variance in the 
spatial domain of interest, resembles a zonal 
jet structure over the eastern Pacific, centered 
near 10°N (14). The first PC gives the am
plitude of the first EOF as a function of time. 
This EOF explains 36% of the variance over 
the eastern Pacific and is closely related to 
MJO wind variations that emanate from the 
Indian Ocean and western Pacific regions 
(13, 15). The wind anomalies associated with 
the leading EOF have been shown to propa
gate from much farther west, and the EOF 
amplitude varies with a strong intraseasonal 
40- to 50-day rhythm (13). 

A positive value of the index coincides 
with westerly wind anomalies over the east
ern Pacific Ocean. The average 850-mb wind 
anomalies for those pentads when the index is 
1 SD more or less than zero are plotted in Fig. 
1. Only vectors significantly different from 
zero at the 90% confidence level using a / 
distribution are displayed. The positive com
posite consists of 325 pentads and the nega
tive composite consists of 322 pentads. West
erly phases are characterized by wind anom
alies with cyclonic vorticity (16) over the east
ern Pacific and the Gulf of Mexico. Tropical 
cyclone formation is favored in regions of cy
clonic low-level relative vorticity (17,18). MJO 
easterly phases are characterized by anticy-

Modulation of Hurricane 
Activity in the Gulf of Mexico by 
the Madden-Julian Oscillation 

Eric D. Maloney and Dennis L Hartmann 

The Madden-Julian oscillation (MJO) is a large-scale episodic modulation of 
tropical winds and precipitation that travels eastward from Asia to America, 
with a characteristic repeat time of 30 to 60 days. Here it is shown that when 
MJO wind anomalies in the lower troposphere of the eastern Pacific are west
erly, Gulf of Mexico and western Caribbean hurricane genesis is four times more 
likely than when the MJO winds are easterly. Accurate predictions of the MJO 
may lead to improved long-range forecasts of tropical cyclone activity. 
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clonic wind anomalies over the eastern Pacific, 
Gulf of Mexico, and western Caribbean. 

The strongest wind anomalies shown in 
Fig. 1 occur in the eastern Pacific west of the 
Central American highlands. Recent studies 
have described a modulation of eastern Pa- 
cific hurricane activity by the MJO as repre- 
sented by this wind pattern (13, 19, 20). 
During westerly MJO phases, hurricane gen- 
esis in the eastern Pacific is over four times 
more likely than during easterly periods and 
tends to occur closer to the Mexican coast, 
thereby increasing the chances of hurricane 
landfall. Hurricane formation in the eastern 
Pacific is favored by low-level cyclonic vor- 
ticity anomalies, low-level convergence, low 
vertical wind shear, and the growth of eddy 
disturbances through barotropic conversion 
from the mean flow during MJO westerly 
wind periods (13, 17-20). Other studies have 
suggested that wave instabilities may be im- 
portant to eastern Pacific hurricane develop- 
ment through reversals of the lower tropo- 
spheric potential vorticity gradient (21, 22). 

Here we show a new result that hurricanes 
in the Gulf of Mexico and the western Carib- 
bean are also strongly modulated by the MJO 
wind anomalies. This is somewhat surprising 
because the Gulf of Mexico is separated from 
the largest MJO wind anomalies by the high 
topography of Central America and Mexico 

4sN IA westerly 

Fig. 1. Wind anomalies at 850 mb when the 
MJO index has a ma nitude greater than 1 SD 
from zero. Positive fwesterlY, greater than I 
SD) (A) and negative (easterly, less than -1 
SD) (B) phases are displayed. Only vectors sig- 
nificant at the 90% confidence level are dis- 
played. Data span the period 1949-1997. Max- 
imum wind vectors are 6.8 m s-' over the 
eastern Pacific and 1.3 m s-' over the Gulf of 
Mexico for the positive composite. 

and is much farther north than the largest 
wind anomalies. The apparent influence of 
the MJO on Gulf of Mexico hurricanes is 
important for people living along the U.S. 
Gulf Coast, because a large fraction of Gulf 
Coast hurricanes make landfall. 

The tracks of tropical storms and hurricanes 
that have genesis points in the Atlantic Ocean 
or Gulf of Mexico to the west of 77.SoW during 
westerly and easterly MJO phases are shown in 
Fig. 2. Genesis occurs when a system achieves 
a maximum sustained wind speed of 34 knots 
(17 m s-I). Tropical cyclone formation during 
westerly MJO periods outnumbers formation 
during easterly MJO periods by 50 to 14. Hur- 
ricane genesis during westerly phases outnum- 
bers formation during easterly phases by 24 to 
6. The number of cyclones making lanclfd in 
Gulf Coast states shows similar increases for 
storms having genesis during westerly periods. 
The enhancement of tropical cyclone genesis 
during westerly MJO periods accompanies cy- 
clonic wind anomalies over the Gulf of Mexico 
and western Caribbean. The distribution of 
tropical cyclone genesis events versus magni- 
tude of the index indicates a strong preference 
for Gulf of Mexico, western Caribbean, and 
western Atlantic (west of 77.5"W) tropical cy- 

clones to f m  during westerly MJO events 
(Fig. 3) (23). Hurricanes that are of category 3 
strength (4) or greater have an even greater 
preference to occur during westerly MJO 
events. 

We now want to show that all Gulf of 
Mexico and western Caribbean tropical cy- 
clones are modulated by the MJO and not just 
tropical cyclones that form in those regions. 
The positions of all Atlantic tropical storms 
and hurricanes during westerly and easterly 
MJO phases are shown in Fig. 4. Cyclone 
positions are reported four times daily. The 
figure verifies that all tropical cyclone activ- 
ity, not just cyclone genesis (Fig. 2), is en- 
hanced over the Gulf of Mexico and western 
Caribbean Sea during westerly MJO events. 

Previous work on Atlantic and Gulf of Mex- 
ico hurricanes has examined the influence of El 
Niiio/southern oscillation (ENSO) (24-26). 

Cyclone genesis vs. NlJO Index 

~ m r - l - l  

Fig. 2. Tracks of Gulf of Mexico, Caribbean Sea, 
and western Atlantic tropical cyclones that 
form to  the west of 77.S0W when the MJ0 
index has a magnitude greater than 1 SD from 
zero. Westerly (greater than 1 SD) (A) and 
easterly (less than -1 SD) (B) phases are dis- 
played. Tropical storm tracks [winds between 
34 and 64 knots (17 to  33 m s-')] are plotted 
in  blue. Hurricane tracks [winds greater than 64 
knots (33 m s-')] are plotted in red. Cyclone 
data span the period 1949-1997. 

MJO Index 

Fig. 3. Histogram of tropical cyclone genesis 
events for the western Atlantic, Caribbean Sea, 
and Gulf of Mexico t o  the west of 77.S0W as a 
function of the MJO index. Histogram catego- 
ries are each 1 SD of the MJO index. 

Fig. 4. Atlantic tropical storm and hurricane 
positions during westerly (greater than 1 SD) 
(A) and easterly (less than -1 SD) (B) MJ0 
phases. 
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ENSO variations change the basic state wind 

fields over the Atlantic at interannual time 

scales, altering environmental conditions that 

may affect hurricane formation. This relation

ship offers some accuracy in predicting the 

number of hurricanes that may occur in a given 

year. Variations of tropical winds and precipi

tation on intraseasonal time scales associated 

with the MJO (13,19) are at least as large as the 

interannual variations associated with ENSO, 

and they may offer the possibility of predicting 

which periods during the hurricane season are 

most likely to produce hurricanes. The slow 

evolution of the MJO may be forecast up to 2 

weeks or more into the future (27). An accurate 

MJO forecast, combined with knowledge of 

how the MJO affects Gulf of Mexico and Ca

ribbean hurricanes, can be used to improve 

extended-range forecasts of tropical cyclone ac

tivity. The tendency of tropical cyclones over 

the Gulf of Mexico and Caribbean to cluster in 

time (28) may be explained at least in part by 

the interactions with the MJO described here. 
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Recent analyses of the global carbon cycle 

suggest a significant role for terrestrial uptake 

of C0 2 in the overall budget (1-4). Analyses 

of atmospheric C02 have persistently sug

gested that this terrestrial uptake is largest in 

the Northern Hemisphere (2, 3), and one 

atmospheric analysis suggests that the United 

States may play a disproportionate role (2). 

Currently, a number of phenomena contribute 

to enhanced carbon uptake by ecosystems, 

including C02 fertilization of photosynthesis, 
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climate, nitrogen deposition, recovery from 

historical land use, and erosion/sedimentation 

(4-6). Although preliminary attempts have 

been made to partition the terrestrial sink 

among these processes globally, this quanti

fication is currently extremely crude. It is 

essential to understand the mechanisms con

trolling carbon exchange today as a basis for 

prediction and management interventions (7). 

Here we present results from the Vegeta

tion/Ecosystem Modeling and Analysis Project 

(VEMAP) aimed at understanding the contri

bution of ecosystem physiological mecha

nisms to terrestrial sinks in the conterminous 

United States during the period 1980-1993. 

Specifically, we consider how changes in 

climate and C0 2 concentration affect ecosys

tem physiology. Three ecosystem models 

[Biome-BioGeochemical Cycles (Biome-

BGC), Century, and the Terrestrial Ecosys

tem Model (TEM)] that dynamically calcu

late net carbon storage at a 0.5° X 0.5° 

resolution (8) were used. All three models 

simulated changes to soil and vegetation car

bon in natural ecosystems. Century simulated 

both natural and simulated agricultural eco

systems. To compute complete regional car-
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The effects of increasing carbon dioxide (COz) and climate on net carbon 

storage in terrestrial ecosystems of the conterminous United States for the 

period 1895-1993 were modeled with new, detailed historical climate infor

mation. For the period 1980-1993, results from an ensemble of three models 

agree within 25%, simulating a land carbon sink from COz and climate effects 

of 0.08 gigaton of carbon per year. The best estimates of the total sink from 

inventory data are about three times larger, suggesting that processes such as 

regrowth on abandoned agricultural land or in forests harvested before 1980 

have effects as large as or larger than the direct effects of COz and climate. The 

modeled sink varies by about 100% from year to year as a result of climate 

variability. 
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