
Amazon drought and its implications for forest
flammability and tree growth: a basin-wide analysis

D A N I E L N E P S T A D *w , PA U L L E F E B V R E *, U R B A N O L O P E S D A S I LVA w , J AV I E R

T O M A S E L L A z, P E T E R S C H L E S I N G E R *, L U I Z S O L Ó R Z A N O *, PA U L O M O U T I N H O w
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Abstract

Severe drought in moist tropical forests provokes large carbon emissions by increasing

forest flammability and tree mortality, and by suppressing tree growth. The frequency

and severity of drought in the tropics may increase through stronger El Niño Southern

Oscillation (ENSO) episodes, global warming, and rainfall inhibition by land use

change. However, little is known about the spatial and temporal patterns of drought in

moist tropical forests, and the complex relationships between patterns of drought and

forest fire regimes, tree mortality, and productivity. We present a simple geographic

information system soil water balance model, called RisQue (Risco de Queimada – Fire

Risk) for the Amazon basin that we use to conduct an analysis of these patterns for 1996–

2001. RisQue features a map of maximum plant-available soil water (PAWmax) developed

using 1565 soil texture profiles and empirical relationships between soil texture and

critical soil water parameters. PAW is depleted by monthly evapotranspiration (ET) fields

estimated using the Penman–Monteith equation and satellite-derived radiation inputs

and recharged by monthly rain fields estimated from 266 meteorological stations.

Modeled PAW to 10m depth (PAW10m) was similar to field measurements made in two

Amazon forests. During the severe drought of 2001, PAW10m fell to below 25% of

PAWmax in 31% of the region’s forests and fell below 50% PAWmax in half of the forests.

Field measurements and experimental forest fires indicate that soil moisture depletion

below 25% PAWmax corresponds to a reduction in leaf area index of approximately 25%,

increasing forest flammability. Hence, approximately one-third of Amazon forests

became susceptible to fire during the 2001 ENSO period. Field measurements also

suggest that the ENSO drought of 2001 reduced carbon storage by approximately 0.2 Pg

relative to years without severe soil moisture deficits. RisQue is sensitive to spin-up

time, rooting depth, and errors in ETestimates. Improvements in our ability to accurately

model soil moisture content of Amazon forests will depend upon better understanding

of forest rooting depths, which can extend to beyond 15m. RisQue provides a tool for

early detection of forest fire risk.
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Introduction

Drought is one of the most important components of

global change in shaping the future of moist tropical

forests. In 1997 and 1998, the 20th century’s most

intense El Niño Southern Oscillation (ENSO) event

provoked severe droughts in Amazonia, Southeastern

Asia, and Mexico, with large effects on forest fire, net

primary productivity (NPP), and carbon storage. This

drought depleted soil moisture in large forest areas,

contributing to approximately 40 000 km2 of fire in

standing forests of the Amazon (Nepstad et al., 1999a,
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2001a; Mendoça et al., (in press)) and 20 000 km2 of

forest fires in Eastern Kalimantan, Borneo (Siegert et al.,

2001). These understory fires killed forest trees contain-

ing approximately 0.4 Pg of carbon in the Amazon

(Mendoça (in press)) – 5% of annual global human-

induced emissions (Houghton, 1999). More than 1 Pg

may have been released from the peat forests of

Indonesia through the fires of 1998 (Page et al., 2002).

The 1997/1998 drought also elevated the annual

mortality rate of central Amazonian trees by 60%

(Williamson et al., 2000). Drought- and fire-related tree

mortality further increase forest flammability in a

positive fire feedback loop that could exacerbate forest

impoverishment in these regions (Nepstad et al., 1995,

1999a, 2001a; Cochrane et al., 1999). Model experiments

also suggest that the 1997/1998 drought reduced NPP

of Amazon forests by 20–30% (Potter et al., 1998; Tian

et al., 1998). Moreover, a large throughfall exclusion

experiment indicates that the most drought-sensitive

component of NPP in a central Amazon forest is

stemwood growth (Nepstad et al., 2002); hence,

drought-induced reductions of NPP appear to decrease

inputs to this long-lived carbon storage pool, counter-

acting the net accumulation of carbon that has been

suggested for some Amazon forests (Grace et al., 1995;

Malhi et al., 1998; Phillips et al., 1998).

Several processes may be driving an increase in

drought frequency and severity in moist tropical forests

of Amazonia and Southeast Asia. Tropical temperature

increase associated with global warming may exacer-

bate drought effects by accelerating evaporation (White

et al., 1999; Costa and Foley, 2000). ENSO events have

also become more frequent in recent years, perhaps

because of the accumulation of heat-trapping gases in

the atmosphere (Trenberth & Hoar, 1997; Timmermann

et al., 1999). Tropical land-use change may provoke

drought and temperature increases over much of

Amazonia through the changes in albedo and evapo-

transpiration (ET) that accompany forest conversion to

cattle pasture (Nobre et al., 1991; Lean et al., 1996; White

et al., 1999; Costa & Foley, 2000; Silva Dias et al., 2002),

while smoke from fires may inhibit rainfall locally

(Rosenfeld, 1999).

Given the importance of drought for moist tropical

forests, our understanding of drought and its effects on

moist tropical forests is surprisingly shallow. Field

studies of drought effects on tropical mast fruiting, for

example (Curran et al., 1999; Wright et al., 1999) are

difficult to examine at larger spatial scales because of a

lack of information on the spatial and temporal patterns

of drought in the world’s large tropical forest forma-

tions. Similarly, field studies of drought effects on forest

flammability and forest fire (Kauffman et al., 1988; Uhl

et al., 1988; Uhl & Kauffman, 1990; Cochrane & Schulze,

1998; Nepstad et al., 1999a, b, 2001a; Alencar et al., in

press) and regional studies of tropical fire based upon

remote sensing of fire and fire scar (Setzer & Pereira,

1991; Siegert et al., 2001) are difficult to integrate and

interpret for lack of regional analyses of drought

patterns.

We present a simple geographic information system

model of soil water for the Amazon basin, and employ

this model together with field data to conduct an initial

assessment of the basin-wide effects of drought on

forest flammability and carbon uptake through tree

growth. We validate the model through comparison

with field measurements of soil moisture, and test the

model’s sensitivity to spin-up parameters, rooting

depth, and errors in the estimation of ET.

Methods

General approach

We call our soil water balance model RisQue (from

‘Risco de Queimada’, meaning ‘fire risk’ in Portuguese)

because of its original use in forest fire prediction for

the Amazon region (Nepstad et al., 1998, 1999a, b).

RisQue is calculated at monthly time steps and has

spatial resolution of 8 km. It begins with a map of

maximum plant-available soil water (PAWmax) devel-

oped using soil texture profiles and empirical equations

relating soil texture and critical soil water parameters.

Soil moisture is depleted by ET as calculated using the

Penman–Monteith equation with radiation inputs

derived from the GOES-8 satellite. Soil moisture is

recharged by fields of rainfall interpolated from a

network of 266 weather stations. Forest rooting depth is

poorly known for tropical forests, and for world

vegetation generally (Canadell et al., 1996; Schenk &

Jackson, 2002a, b) and is assumed to average 10 m in the

Amazon based upon previous deep soil studies in the

region (Nepstad et al., 1994, 2002; Hodnett et al., 1995;

Jipp et al., 1998). We depart from the assumption that

the capacity of plant root systems to absorb soil water

decreases with depth as root length density diminishes

(e.g. Jackson et al., 2000) based upon our previous field

measurements of soil water uptake from deep soil

layers (Nepstad et al., 1994; Jipp et al., 1998). The ability

of sparse roots in deep soil to absorb substantial

amounts of water may be facilitated by arbuscular

mycorrhizae (Nepstad et al., 2001b) and hydraulic

redistribution of soil moisture (Dawson, 1993).

We examined the potential effects of patterns of

drought that occurred from 1996 to 2001 on forest

flammability using the empirical relationship between

PAW to 10 m depth (PAW10 m) and leaf area index (LAI)

measured at two of our field sites (Nepstad et al., 1994,
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2002) and the empirical relationship between LAI and

the spread rate of experimental fires conducted in three

Amazon forests. Finally, we examine the potential

effects of drought on tree growth using an empirical

relationship between PAW10m and tree bole increment

(Nepstad et al., 2002).

Mapping PAWmax

We define PAW as the amount of water stored in the soil

that is held at the matric potential of –0.01 MPa or less

(‘field capacity’, SWfc) minus soil water held at –

1.5 MPa or less (‘permanent wilting point’, SWpwp).

PAWmax is therefore equal to SWfc minus SWpwp. PAW

at any point in time is equal to the difference between

total soil water (�field capacity) and SWpwp. The

permanent wilting point of Amazon tree falls below –

1.5 MPa in some Amazon forests but this has little effect

on the absolute amount of soil water available to the

forest (Jipp et al., 1998).

We mapped PAWmax by combining texture data from

soil samples collected in the field with empirical

relationships between soil texture and the critical soil

physical parameters SWfc and SWpwp. Soil texture data

were provided by the RADAMBRASIL (Brazil 1973–

1983) project, and include 1494 soil profiles, with each

profile divided into soil horizons for which texture

analyses were conducted. Equations relating soil

texture and carbon content to field capacity and

permanent wilting were developed by Tomasella &

Hodnett (1998) using soil water vs. matric potential

curves for Amazon soils. We tested these soil texture

equations against 40 unpublished curves of soil water

vs. matric potential (E. Maklouf, unpublished data),

and found that they performed well for soils with very

high sand or very high clay content, while soil texture

equations of Saxton et al. (1986) were better for

estimating critical soil moisture values for intermediate

textures. Thus, we employed the texture equation that

was most appropriate to the texture of each RADAM-

BRASIL soil profile.

For each soil texture profile, we estimated the

PAWmax (in mm) for each horizon using SWfc, SWpwp

and the height of the horizon, and summed PAWmax for

the horizons to estimate PAWmax for the entire sampled

profile. Most of the RADAMBRASIL soil texture

profiles extend to depths of only 1–2 m. We estimated

PAWmax of soil below the sampling depth by assuming

that the lowermost horizon extended uniformly down-

ward. The scant soil physical data that are available for

depths greater than 2 m (Jipp et al., 1998) suggest that

PAWmax declines with depth; hence, our estimate of

PAWmax for the entire profile may have overestimated

PAW at depth. Our estimates of PAWmax for soils

underlaid by bedrock (e.g. Lithosols) included only the

sampled soil profile, since forest root systems presum-

ably extend little into the rock.

Rooting depth is poorly described for the Amazon

basin, but extends to 8 m and greater where it has been

examined. Field excavations of root systems and

measurements of soil water changes across seasons

indicate that rooting depths in two Amazon forests

located on the Belterra clay formation extend to below

10 m depth (Nepstad et al., 1994, 2002; Jipp et al., 1998;

L. Solorzano, unpublished data). Soil excavations in the

Ducke Reserve (central Amazon), in Santana do

Araguaia (southeastern Amazon), and near Rio Branco,

Acre (southwestern Amazon), found roots to the

maximum excavation depth of 8 m (D. Nepstad,

unpublished data, E. Mendonza et al., unpublished

data). Moreover, we found that roots had penetrated

buried plinthite rock layers 5 m thick in Paragominas

(eastern Amazon, Nepstad et al., 1994). (This rock is

more porous than bedrock.) Given this uncertainty

about rooting depths, we examine the effects of three

rooting depths (5, 10, and 15 m) on spatial and temporal

patterns of PAW and forest flammability.

PAW is also influenced by the depth to water table,

the seasonal variation of this depth, and surface runoff.

RisQue underestimates PAW in forests that receive

subsurface water flow from neighboring regions of

higher rainfall and that have water tables that rise into

the rooting zone during the rainy season. RisQue

overestimates PAW in forests where steep slopes and/

or low infiltration rates are associated with surface

runoff. Insufficient data is currently available to assess

the magnitude of these errors.

Maps of PAWmax were derived from individual soil

profiles by interpolating the point estimates of PAWmax

within soil map units. We first simplified the soil map

of SOTER (van Engelen & Wen, 1995), which divides

the Amazon into 47 soil types, by combining texturally

and pedogenically similar soil types into eight different

soil groups. The point estimates of PAWmax were then

kriged within each aggregated map unit. In regions of

the Amazon for which soil texture data were not

available, including most of the non-Brazilian Amazon,

PAWmax was mapped within each soil category as the

average PAWmax for that category where data were

available.

ET and rainfall

Mean daily potential ET was estimated using the

Penman–Monteith formulation (Monteith, 1965) with

parameterizations provided by the ABRACOS climate

experiment in the Amazon (Wright et al., 1996). Basic

meteorological data for ET was obtained from synoptic
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weather stations (i.e., stations that provide real-time

measurements of air pressure, air temperature, relative

humidity, and wind) from the global telecommunica-

tions system (GTS) network augmented by automatic

weather stations of the Centro de Previsão de Tempo

Clima (CPTEC) network. Since GTS synoptic stations

provide data every 6 h, we used the values at 12 and 18

GMT to represent the diurnal cycle. In general, these

synoptic times provide more frequent and dense

observations, since not all the synoptic stations avail-

able operate at the four synoptic times, and they

provide a better representation of the diurnal cycle

during daylight hours, when most evaporation takes

place. We acquired data from 266 weather stations, 129

of which were located within Amazonia.

Since synoptic weather stations do not provide solar

radiation data, a daily integrated estimation of total

solar radiation was derived using satellite estimates

(VIS 4 channel of GOES) using the algorithm proposed

by Ceballos e Moura (1997). The results obtained by this

methodology are in close agreement with the values

derived for the Amazon forest by Wright et al. (1996)

and Shuttleworth (1988).

Rainfall data incorporated information from several

sources. Besides synoptic data, we used rainfall data

form the Brazilian Electrical Agency (ANEEL). Data

was interpolated using kriging schemes to a spatial

scale of 25 km.

Validation

RisQue output (PAW) was validated through compar-

ison with temporal trends of PAW measured to 10 m

depth in a forest near Paragominas, eastern Amazon

(Nepstad et al., 1994; Jipp et al., 1998) and in a forest

near Santarém, in the east-central Amazon (Nepstad

et al., 2002).

Sensitivity analysis

The sensitivity of RisQue to rooting depth and ET error

was examined by calculating the spatial and temporal

variation of PAW using three scenarios of rooting depth

(5, 10, and 15 m), and five scenarios of ET error (errors

of –15%, �5%, 0, 1 5% and 1 15%). We also tested the

sensitivity of model output to initial PAW, including 0,

50%, and 100%, and PAW estimated by running RisQue

for 6- and 12-year periods using ET and rainfall data for

1996–2001.

Forest flammability

We examined the relationship between patterns of

PAW estimated by RisQue and patterns of forest

Fig. 1 Relationship between % PAWmax to 10 m depth and leaf

area index (LAI) in the Tapajós National Forest, east-central

Brazil (Fig. 4). Soil moisture measurements are made in deep soil

shafts using time domain reflectometry and LAI is

measured using the LiCor 2000 (Licor Inc., Lincoln, NE,

USA). plant canopy analyzer. Points are from two 1 ha forest

plots. The dry plot had 50% of rainfall excluded from 2000 to

2002 using understory panels. See Nepstad et al. (2002).

Fig. 2 Relationship between the rate of fire spread, leaf area

index (LAI), and relative humidity of the forest understory for

two Amazon forests. Each point represents an experimental fire

conducted in either a tall, dense forest (Paragominas) or in a

transitional forest (Santana do Aragauia, described in Nepstad

et al. (1994).
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flammability using empirical relationships between

PAW and LAI derived from field measurements in a

large, rainfall exclusion experiment underway in the

east-central Amazon (Fig. 1, Nepstad et al., 2002). In this

experiment, soil water is monitored to 11 m depth and

LAI is measured monthly.

LAI reduction in response to soil water depletion is a

strong predictor of forest flammability. Canopy thin-

ning allows more solar radiation to penetrate to

the forest floor, drying out the fine fuel layer,

and increasing air temperatures (Uhl and Kauffman,

1990; Nepstad et al., 1995, 1999b). Experimental fires

ignited in two Amazon forests indicate that LAI

is strongly associated with the rate of fire spread

(Fig. 2).

We employ RisQue estimates of PAW together with

these field measurements of LAI, PAW, and forest

flammability to provide an initial assessment of spatial

and temporal patterns of forest flammability in the

Amazon. We assume that a PAW reduction to 25% of its

maximum value, which corresponds to an LAI reduc-

tion of 25% at our east-central Amazon field site (Fig. 1),

is a sufficient level of drought stress to increase forest

susceptibility to fire.

Carbon uptake in tree stemwood

Drought stress also inhibits primary productivity of the

forest by reducing LAI (Fig. 1) and by provoking

stomatal closure and reduced photosynthetic potential

(Nepstad et al., 2002). Although leaf production and

belowground production appear to vary little in

response to soil water deficits, tree stemwood growth

is quite sensitive to PAW (Fig. 3, Nepstad et al., 2002).

Since stemwood is a long-lived carbon pool relative to

litter and fine roots, its sensitivity to soil water may

have important implications for the carbon budget of

the Amazon basin. We provide an initial estimate of the

effect of drought on carbon uptake in tree stemwood by

assuming that the stemwood increment declines two-

fold as PAW falls to 25% of PAWmax (Fig. 3).

Results

PAWmax

Assuming a 10-m rooting depth across the basin,

PAWmax varied 10-fold, from a low of o250 mm of

water in soils underlain by bedrock (Lithosols) to

Fig. 3 Relationship between % PAWmax and tree growth for two size classes from the Tapajós National Forest (Nepstad et al., 2002).

Trees greater than 30 cm diameter represent two-thirds of the biomass of this forest.
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2750 mm in some of the Podzolic soils (Ultisols in the

US taxonomy) of the eastern and west-central Amazon

(Fig. 4). The average PAWmax for the region was

1496 mm, which is equivalent to approximately 1 year

of ET. The paucity of soil texture profiles in non-

Brazilian portions of northern and western Amazonia

restricts the reliability of the PAWmax estimates for these

regions. These gaps in soil data have little effect on our

estimates of severe soil moisture depletion, since

rainfall is quite high in the northern and western

portions of the region.

Evaporation and rainfall

Annual ET varied from 700 mm in the cloudy north-

western region of the Amazon to more than 2000 mm in

relatively hot, sunny southeastern corner of the region

(Fig. 5). Interannual variation of ET was high, ranging

from an Amazon-wide average of 1612 mm in 1997 and

1680 mm in 1996 and 1999, to a high of 1728 in 2001.

Annual rainfall during the study period ranged from

a low of 300 mm in regions of southern and south-

eastern Amazonia to a high of more than 6000 mm in

the northwestern Amazon (Fig. 6). Amazon-wide

annual rainfall varied from an average of 1660 mm in

2001 and 1830 in 1998 to a high of 2050 in 1996.

Meteorological station coverage for the region is

fairly uniform, but sparse. There is an average of one

station per 55 000 km�2 of the Amazon, with important

gaps in the east-central portion of the region and in the

northwest (Fig. 7).

Validation

Modeled PAW was highly correlated with PAW

measured at two Amazon sites (Fig. 8, r25 0.67,

Po0.001). The slopes of the modeled vs. measured

PAW line and the 1 : 1 line were not significantly

different (F5 0.0998; P5 0.75). The difference between

the intercepts of these curves was significant, however

(F5 28.1875; Po0.0001), indicating that RisQue tends to

underestimate PAW at the validation sites. Forty-seven

percent of the validation points were within 20% of 1 : 1

line, with the greatest errors close to PAW5 0.

Sensitivity analysis

RisQue output of PAW is highly sensitive to spin-up

parameters, rooting depth, and ET error. Given the close

balance between rainfall and ET in much of the region

(Figs 5 and 6), the level of PAW used to initiate the

model can influence model output for up to 10 years.

We therefore initiated the model with initial PAW equal

to 50% of PAWmax, with a 12-year spin-up time using

Fig. 4 (a) Locations (1) of RADAMBRASIL soil profiles used

to develop empirical relationships between soil texture proper-

ties and critical soil water parameters. (b) Map of groups of soil

classes based on texture properties, used to constrain the spatial

interpolation of profile data in development of (c) the map of

maximum plant available water (PAWmax) for 10 m rooting

depth. Validation sites are indicated for the Tapajós National

Forest (T) (Nepstad et al., 2002) and Paragominas (P) (Nepstad

et al., 1994).
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two repetitions of rain layers and ET layers for the

6-year study period (Figs 5 and 6).

Rooting depth influences PAW by affecting PAWmax

and the amount of moisture that is potentially stored in

the soil to sustain ET during periods of low rainfall. A

halving of rooting depth from 10 to 5 m results in a

doubling of the Amazon forest area in which PAW

drops below 25% of PAWmax, during most years (Figs 9

and 10). Using a rooting depth of 5 m, RisQue estimates

that virtually the entire Amazon had dropped below

50% of PAWmax by the end of 2001 (Fig. 9).

ET errors also have a large influence on RisQue

estimates of PAW. A 15% error in ET results in

approximately a twofold change in the area of severe

soil water depletion (�25% PAWmax, Figs 9 and 11).

When ET is reduced by 15%, the area of moderate soil

water depletion (�50% PAWmax) changes little for the

driest month of the 6-year study period, December 2001

(Fig. 9).

RisQue underestimates PAW along the Andes moun-

tain range because of the strong influence of the desert

meteorological stations along the Pacific coast on the

interpolated rain fields (Figs 6 and 7).

Patterns of drought-induced forest flammability

These results allow us to conduct an initial analysis of

the potential effect of soil moisture depletion on forest

flammability for the 1996–2001 study period. If we

assume a 10 m rooting depth (Figs 9 and 10), no

correction of ET (Figs 9 and 11), and a 12-year spin-up

period with an initial PAW equal to 50% of PAWmax,

then important spatial and temporal patterns of forest

flammability emerge. First, there is a strong seasonal

march of soil water depletion, as illustrated with data

from 2001 (Fig. 12). The Amazon dry season begins in

May along the southern rim of the region, advancing

northward so that the dry season along the northern

Fig. 5 Annual total evapotranspiration in millimeters of water per year.
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Fig. 6 Annual total precipitation in millimeters per year. Note: desert meteorological stations located along the Pacific coast, outside of

the Amazon (Fig. 7) caused an underestimate of rainfall in the interpolated (kriged) rain field of the far western Amazon.

Fig. 7 Locations of meteorological stations (1 ) used to create

maps of precipitation and evapotranspiration.

Fig. 8 Correspondence between field-measured and modeled

% PAWmax for the Tapajós and Paragominas validation sites.
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rim begins only in December. Hence, the end of the dry

season, when soil water depletion is highest, occurs in

September along the southern rim, in December along

south-central Amazonia, and in March along the

northern rim (Fig. 12, Table 1).

If the assumptions of this model run are accurate,

then approximately 31% of the forests of Amazonia had

less than 25% PAWmax in December 2001, and may have

been susceptible to fire (Fig. 12, Table 1). Moderate soil

moisture depletion (�50% PAWmax) affected 51% of

Amazon forests during this month (Table 1, Fig. 12).

Most of these flammable forests are located along the

southern and eastern margins of the region, where the

Amazon’s agricultural and logging frontier is concen-

trated (Nepstad et al., 1999a). Hence, the forests that are

most susceptible to fire because of drought-induced

reductions in LAI (Figs 1 and 2) are the most likely to

Fig. 9 Model output maps of % PAWmax for December 2001, showing the effect of manipulating soil depth and evapotranspiration

parameters. (a) Soil depth of 10 m, evapotranspiration unaltered; (b) soil depth of 5 m, evapotranspiration unaltered; (c) soil depth of

10 m with 15% depression in evapotranspiration; (d) soil depth of 10 m with 15% increase in evapotranspiration. See Note in Fig. 6

concerning underestimates of rainfall (and, hence, PAW) in the western Amazon.

Fig. 10 Sensitivity of model to variations in rooting depth.
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suffer logging and further increases in flammability

(Uhl & Kauffman, 1990), and they are also the most

likely to be ignited through escaped agricultural fires

(Nepstad et al., 1999b, 2001a).

Drought-induced reductions in tree growth

An initial estimate of the effect of severe soil moisture

deficits on annual Amazon-wide carbon storage in tree

stemwood was made by reducing the monthly stem-

wood increment from 0.2% of aboveground biomass to

0.1% of aboveground biomass during months when

PAW fell below 25% of PAWmax (Fig. 3). Aboveground

biomass was mapped using 1600 RADAMBRASIL

(1968) forest inventories, to which allometric equations

were applied (Brown & Lugo, 1982). The resulting

forest biomass map (U. Lopes, unpublished data)

provides values of forest biomass that are intermediate

to those values summarized by Houghton et al., (2002)

for the Brazilian Amazon. Stemwood production tallied

for 2001, the driest year that we studied, was 0.19 Pg of

carbon less than stemwood production that would be

expected during a year without drought-induced

inhibition of stemwood production (i.e., without

forested pixels that fell below 25% PAWmax). Hence,

drought can potentially double the flux of carbon to the

atmosphere associated with forest clearing and re-

growth (0.2 Pg, Houghton et al., 2000) by merely inhi-

biting tree growth, and can therefore counteract the net

carbon sink that has been suggested by some studies for

the region (Grace et al., 1995; Phillips et al., 1998).

Discussion

This study points to the widespread effect of drought

on Amazon forests, and the vulnerability of Amazon

forests to small declines in rainfall or increases in ET.

Rainfall and ET are nearly equal across the Amazon

during most years, with total rainfall falling below ET

during years of severe drought. Such droughts may

become more common if ENSO events continue to be

frequent and severe, if rainfall is inhibited by defor-

estation or smoke, and if warming trends continue.

Increases in ET of only 15% or similar reductions in

rainfall can lead to severe soil moisture deficits over

roughly half of the Amazon (Fig. 9).

The increase in forest flammability associated with

severe drought poses one of the greatest threats to the

ecological integrity of Amazon forests. By the end of

2001, we estimate that nearly one-third of the forests of

this region had depleted all but 25% of plant-available

soil moisture to a depth of 10 m (Fig. 9, Table 1). Milder

drought during the 1997/1998 ENSO episode were

associated with widespread burning that may have

affected 40 000 km�2 of standing forest (Nepstad et al.,

1999a, 2001a; Mendoça et al., in press). We do not

Fig. 11 Sensitivity of model to variations in evapotranspiration.
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know the areal extent of forest understory fire in 2001 or

2002, but active fires detected by the weather satellite

(NOAA-12, 14) were more abundant in 2002 than

during any of the previous 6 years. Forest understory

fires provoke high levels of tree mortality (Holdsworth

& Uhl, 1997; Cochrane & Schulze 1998; Barlow et al.,

2003; O. Carvalho & D. Nepstad, unpublished data),

and therefore trigger a large release of carbon to the

atmosphere that is similar in magnitude to the annual

release of carbon associated with deforestation and

forest regrowth of 0.2 Pg (Houghton et al., 2000;

Mendoça et al., in press) while increasing the prob-

ability of recurrent fire (Nepstad et al., 1995, 2001a;

Cochrane et al., 1999).

Drought can also increase carbon emissions to the

atmosphere by inhibiting NPP. The recent finding that

tree stemwood growth is one of the most sensitive

components of NPP to drought (Nepstad et al., 2002)

signifies that the long-term (decade-scale) storage of

carbon in Amazon forest tree wood can be reduced by

drought, corroborating the predictions of modeling

experiments (Potter et al., 1998; Tian et al., 1998). Tree

growth is also essential to polycyclic forest manage-

ment in the Amazon region. Hence, greater drought

would reduce the viability of sustainable forest man-

agement in the region, which is currently advanced as a

promising basis for the regional economy (Barreto et al.,

1998; Verissı́mo et al., 2002). We did not evaluate the

Amazon-wide carbon emissions that may result from

drought-induced tree mortality (Williamson et al.,

2000), which may substantially increase drought effects

on forest carbon content and forest flammability, and

further reduce the viability of forest timber manage-

ment.

We present these findings as a preliminary assess-

ment of the spatial and temporal patterns of drought in

the Amazon and their implications for forest flamm-

ability and forest tree growth. There are many

uncertainties present in this analysis that should be

the themes of further research. We have validated our

Fig. 12 % PAWmax for March, June, September, and December 2001 showing seasonal variability of soil moisture deficits. See Note in

Fig. 6 concerning underestimates of rainfall (and, hence, PAW) in the western Amazon.
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PAW model with field measurements from only two

forests. We have assumed, conservatively, that the

forests of the Amazon do not have root-impeding

layers that would make them more susceptible to

drought except for small patches of Lithosols (Fig. 4).

And we have not attempted to map those forests that

have shallow water tables supplied by subsurface flow

from regions of high rainfall, where our model would

underestimate PAW, nor have we estimated surface

runoff. These are some of the topics warranting further

investigation to better understand drought and its

effects on Amazon forests.
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