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During the 1997 to 1998 El Niño, drought conditions triggered widespread
increases in fire activity, releasing CH4 and CO2 to the atmosphere. We eval-
uated the contribution of fires from different continents to variability in these
greenhouse gases from 1997 to 2001, using satellite-based estimates of fire
activity, biogeochemical modeling, and an inverse analysis of atmospheric CO
anomalies. During the 1997 to 1998 El Niño, the fire emissions anomaly was
2.1� 0.8 petagrams of carbon, or 66� 24% of the CO2 growth rate anomaly.
The main contributors were Southeast Asia (60%), Central and South America
(30%), and boreal regions of Eurasia and North America (10%).

Global atmospheric CO2 and CH4 levels are

increasing, but at variable rates from year to

year (1–5). Because both are greenhouse gases,

our ability to predict future changes in climate

depends, in part, on our understanding of the

sources of this variation (6). Atmospheric CO2

has been systematically measured since 1958, and

during this time, the annual growth rate has

ranged from nearly zero to roughly the rate at

which fossil fuels were being combusted (1, 3). A

combination of atmospheric measurements (3),

inverse modeling (7), and ocean observations and

modeling (8) has attributed most of this variability

to changes within the terrestrial biosphere.

Proposed mechanisms to explain the ob-

served variability in CO2 growth rate have fo-

cused primarily on the balance between terres-

trial photosynthesis and ecosystem respiration

(7, 9–11). A recent study by Langenfelds et al.

(12), however, provided evidence that parallel

changes in atmospheric CO2, CO, CH4, and

other trace gas species emitted by fires imply

that a large part of the CO2 variability in the

1990s was a result of variability in global fire

emissions. This result is consistent with reports

of increased fire activity during the 1997 to

1998 El Niño in Indonesia (13), Central Amer-

ica (14), parts of Amazonia (15, 16), multiple

countries in Africa (14), and boreal regions of

North America and Eurasia (17, 18). Although

inverse studies have connected the fires in In-

donesia and Southeast Asia with the spatial-

temporal pattern of global atmospheric CO2

anomalies during this period (19, 20), a quan-

titative partitioning of global fire emissions

among the continental regions has not yet been

attempted. This information may provide in-

sight into the biogeochemical and socioeco-

nomic processes that regulate biosphere-

atmosphere exchange of CO2 and CH4.

Here we present a means of isolating the

contributions of fire emissions from different

continents to atmospheric CO2 and CH4 con-

centration anomalies for the 5-year period

from January 1997 through December 2001.

This time period includes a strong El Niño

(1997 to 1998) and a La Niña (1999 to 2000)

(21). Our analysis consisted of two steps.

First, we combined satellite observations of

fire activity over this period from the Tropi-

cal Rainfall Measuring Mission–Visible and

Infrared Spectrometer (TRMM-VIRS), Euro-

pean Remote Sensing Satellite–Along Track

Scanning Radiometer (ERS-ATSR), and Ter-

ra MODerate resolution Imaging Spectrora-

diometer (Terra-MODIS) sensors with the

Carnegie-Ames-Stanford Approach (CASA)

biogeochemical model (22) to estimate inter-

annual fire emissions at a 1° by 1° spatial

resolution and with a monthly time step. We

converted TRMM-VIRS (1998 to 2001) and

ERS-ATSR (1997 to 2001) fire activity data

to time series of burned area using MODIS

burned area estimates (available for limited

10° by 10° areas starting in 2001) in the

tropics, and using country-level burned-area

statistics in the northern extratropics (23).

The CASA model used this burned-area time

series to estimate carbon emissions from

fires, taking into account local variations in

fuel type, fuel density, and combustion com-

pleteness (22, 23). Carbon emissions from

CASA were multiplied by biome-dependent

emission factors (24) to obtain CO, CO2, and

CH4 fire emissions (25). We then used the

Goddard Earth Observing System Atmo-

spheric Chemistry Transport Model (GEOS-

CHEM) atmospheric chemistry transport

model (26) to predict the temporal and spatial

distribution of the emitted CO, CO2, and CH4

during the 1997 to 2001 period, separately

tracking the unique space-time pattern of the

emitted trace gases from seven continental-

scale regions (listed in Table 1).

In the second step of our analysis, using a

least squares inversion, we solved for the

linear combination of the seven patterns of

CO concentration anomalies generated from

our forward model that minimized the dif-

ference with observed CO concentration

anomalies at flask stations from the National

Oceanic and Atmospheric Administration

Climate Monitoring and Diagnostics Labora-

tory (NOAA/CMDL) (27). In this step, we

assumed that fires caused all of the observed

monthly anomalies of atmospheric CO from

1997 through 2001. In addition to fire emis-

sions, other major sources of tropospheric

CO include emissions from fossil fuel and

biofuel combustion, CH4 oxidation by OH,

and oxidation of volatile organic compounds

(28). Although these sources contribute sub-

stantially to mean latitudinal and seasonal

variations of atmospheric CO (28), our as-

sumption that these sources influenced the

anomalies only minimally over the 1997 to

2001 period was predicated by the large

variations in fire emissions during this period

[e.g., (27)]. Because satellite and biogeo-

chemical model information was used to

construct the form of the basis function in

each region, no additional a priori constraints

were applied in the inversion. We assumed a

5 parts per billion (ppb) error for the monthly

mean CO concentrations from each station on

the basis of observed variations and measure-

ment precisions (27). The seven scalars that

we solved for in the inversion were then used

to separately adjust the regional time series of

carbon, CO2, and CH4 emissions that we

obtained from our forward model (23).

Widespread increases in fire emissions

occurred across multiple continents during

the August 1997 to September 1998 period

(Fig. 1A) and appeared to be linked in many

regions with El Niño–induced drought (29).

Over the entire 1997 to 2001 period, contri-

butions to mean annual emissions were great-

est from southern South America (23%),

northern Africa (23%), and southern Africa

(29%) (Fig. 1B and Table 1). Other important

but smaller contributions came from South-

east Asia (10%), Central America and north-
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ern South America (8%), the boreal region

(4%), and other regions (4%) (Table 1). The

calculated anomalies did not scale linearly

with mean annual emissions; some regions

with low average emissions (notably tropical

and boreal forests) had high anomalies, in-

cluding Southeast Asia in late 1997, Central

and northern South America in early 1998,

and northern boreal forests in mid-1998.

Observed atmospheric CO anomalies over

the 1997 to 2001 period are shown in Fig. 2A.

The largest positive anomalies occurred in re-

gions north of 60°N during October of 1998

and were in excess of 70 ppb (27). Our forward

biogeochemical and atmospheric modeling ap-

proach captured the timing and latitudinal dis-

tribution of the observed northern hemisphere

CO anomalies but underestimated their magni-

tude (Fig. 2B). In addition, the forward model-

ing approach substantially underestimated pos-

itive CO anomalies between 30°N and 30°S in

late 1997. In Fig. 2, C to E, we show examples

of CO anomalies solely arising from variability

in fire emissions from three important fire re-

gions: boreal regions of North America and

Eurasia, Central America and northern South

America, and Southeast Asia. Inspection of the

CO anomaly patterns from our forward model

provided insight about several aspects of the

relation between regional fire emissions and the

distribution of atmospheric CO. Increased lev-

els of fire emissions from boreal forests, for

example, appeared to be largely responsible for

the positive CO anomaly observed north of

30°N in late 1998. CO anomalies arising from

tropical fires (Fig. 2, D and E) were almost an

order of magnitude smaller than those from

boreal fires at stations north of 30°N, and even

if these signals were greatly amplified, they

would not have had the correct space-time pat-

tern to explain all of the northern CO anoma-

lies. Another observation is that we underesti-

mated the contribution of fire anomalies from

Southeast Asia between 0° and 30°S in late

1997 (Fig. 2E).

A quantitative perspective on these features

is provided by the atmospheric CO inversion;

the least squares solution required higher CO

emissions anomalies than predicted by our for-

ward modeling approach during the August

1997 to September 1998 period from Southeast

Asia (300 � 62 Tg CO), Central America and

northern South America (90 � 40 Tg CO),

northern boreal forests (57 � 4 Tg CO), and

southern South America (48 � 23 Tg CO)

(table S1). On a global basis, emissions anom-

alies from these four regions accounted for 95%

Table 1. Fire emissions from the forward biogeochemical modeling and inversion approaches.

Region

Forward biogeochemical modeling Inversion-constrained anomalies

Fire emissions
Emission factor (g species per kg

dry matter*)
Yearly anomaly (Pg C yr–1)

1997–2001
average

(Pg C yr–1)

El Niño
anomaly
(Pg C)†

CO2 CO CH4

Inversion
scalar‡

1997 1998 1999 2000 2001
El Niño
anomaly
(Pg C)†§

Central and northern
South America�

0.27 0.24 1596 � 97 84 � 22 4.2 � 1.4 1.86 � 0.83 –0.09 0.41 –0.16 –0.11 –0.04 0.45 � 0.31

Southern South America� 0.80 0.34 1598 � 96 82 � 21 4.1 � 1.4 0.69 � 0.33 0.09 0.13 0.08 –0.21 –0.08 0.23 � 0.16
Northern Africa� 0.80 –0.12 1608 � 96 70 � 21 2.8 � 1.0 1.13 � 1.12 0.06 0.08 –0.06 0.07 –0.15 –0.14 � 0.15
Southern Africa� 1.02 0.25 1611 � 96 67 � 20 2.5 � 1.0 0.16 � 0.47 –0.03 0.04 –0.01 –0.01 0.00 0.04 � 0.12
Southeast Asia¶ 0.37 0.34 1592 � 93 90 � 21 5.1 � 1.6 3.90 � 0.81 0.71 0.26 –0.14 –0.60 –0.23 1.34 � 0.67
Boreal (regions

north of 38°N)
0.14 0.14 1577 � 125 100 � 33 4.3 � 1.7 1.62 � 0.12 –0.13 0.32 –0.08 –0.01 –0.09 0.23 � 0.12

Other# 0.13 –0.03 1605 � 101 73 � 23 2.7 � 1.1 1.13 � 1.67 –0.01 –0.06 0.04 0.01 0.04 –0.03 � 0.04
Global 3.53 1.17 1603 � 97 76 � 21 3.4 � 1.2 – 0.59 1.17 –0.34 –0.87 –0.56 2.13 � 0.79

*The emissions factors and standard deviations (24) represent the contribution of each biome (tropical forest, savanna and grassland, and extratropical forest) to total emissions over
the 1997 to 2001 period. †The El Niño anomaly period was defined as August 1997 through September 1998. ‡Reported uncertainties represent 95% confidence limits.
§Reported uncertainties represent 95% confidence limits and were obtained by combining, in quadrature, uncertainties from the CO inversion with uncertainties from the CO
emissions factor. �Northern and southern continental regions were divided at the equator. ¶Southeast Asia defined here as Asia east of Pakistan and south of
China. #“Other” regions included Australia, the United States and Europe south of 38°N, and Asia south of 38°N (but not including Southeast Asia).

Fig. 1. (A) Emissions anomalies from fire during the August 1997 to
September 1998 period (g C m–2). This period had the highest emissions
during 1997 to 2001 and is defined in the text as the El Niño period
because it overlaps substantially with negative indices of the Southern
Oscillation Index. Elevated emissions occurred across Central America,

South America, southern Africa, Southeast Asia, Canada, and the Russian
Far East. Emissions anomalies in each 1° by 1° grid cell were estimated
with VIRS, ATSR, and MODIS satellite data and the CASA biogeochemical
model. (B) Mean annual carbon emissions from fires during 1997 to 2001
(g C m–2 year–1).
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of the variability in CO as predicted by our

inversion over the 1997 to 2001 period (table

S2). Low interannual variability was required

from fire emissions from northern and southern

Africa and from the combination of regions

defined as “Other” in Table 1.

Converting these CO emissions anomalies

to total carbon emissions anomalies by using

published emissions factors (23), we found that

Southeast Asia accounted for �60% of the

carbon emissions during the El Niño period

(Table 1), with other important and previously

underestimated contributions from Central

America and northern South America (20%),

boreal forests (10%), and southern South Amer-

ica (10%). The emissions anomaly from Cen-

tral and northern South America comprised

about a third of that from Southeast Asia and

influenced atmospheric trace gas anomalies in

early 1998 at flask stations in low latitudes of

the Northern Hemisphere. Globally, the carbon

emissions anomaly from fires during the El

Niño period was 2.13 � 0.79 Pg C. Year by

year, carbon emissions from fires were highest

in 1998, and lowest in 2000, with a difference

of more than 2 Pg C year–1 between these two

extreme fire years.

Figure 3 shows the atmospheric growth rate

anomalies of CO, CO2, and CH4. The lack of

agreement between the forward model and the

observed CO growth rate anomaly in 1997

reflects the underestimation in the CASA mod-

el of the CO emissions anomaly arising from

fires in Southeast Asia at that time (Fig. 3A and

Table 1). As expected, the CO growth rate

anomaly calculated from the inversion-

optimized fluxes closely matched the observed

atmospheric growth rate anomaly. Neverthe-

less, the close match between the observed and

fitted values is marked, given that only seven

parameters (one scaling factor for each region

over the full 60-month period) were adjusted in

the inversion (Fig. 3 and fig. S1). For CO2 and

CH4, the contribution of fire emissions to the

observed atmospheric growth rates was calculated

independently of trace gas observations of these

species; our estimate only depended on the opti-

mal fluxes of CO derived from our CO inversion

and the emission factors connecting these other

trace gases to CO (24) as reported in Table 1.

The CO2 growth rate anomaly caused by

fire emissions (as obtained from the inversion)

had the same general shape as the observed

CO2 growth rate anomaly but was smaller in

magnitude (accounting for 66 � 24% of the

observed growth rate during the El Niño peri-

od). Thus, in our study, fires were not able to

explain the entire observed CO2 anomaly, and

other processes, such as an offset between res-

piration and photosynthesis in response to

drought stress, must account for the remainder.

Although evidence from multiple spatial scales

shows that terrestrial net primary production

decreases during El Niño events (9, 10), it

remains highly uncertain whether heterotrophic

respiration decreases in parallel or to a greater

or lesser extent (supporting online text).

The CH4 anomaly predicted by our ap-

proach was higher than observed in the latter

half of 1997 (Fig. 3C). The dry conditions in

late 1997 that triggered increases in fire activity

may have also reduced anaerobic conditions in

tropical soils, lowering CH4 emissions. This

response could have caused our fire-driven

model to overestimate the growth rate of CH4

during this period. Although a previous study

has identified wetlands as the primary source of

the anomaly in the northern extratropics (5),

our analysis suggests that almost all of the CH4

anomalies observed during 1997 and 1998 in

this region can be attributed to fires (fig. S2).

There are several reasons why our estimate

of the global carbon emissions anomaly from

fire during the 1997 to 1998 El Niño is likely to

represent an upper bound, including a lack of an

explicit treatment of peat lands in our forward

model (13), attribution of fluxes to boreal re-

gions (that lead to larger surface concentration

anomalies per unit of emitted trace gas), and a

linear approximation of OH chemistry in the

inversion [e.g., (27)]. Each of these processes is

discussed in greater detail in (23). Other major

uncertainties in our approach included the use

of a repeating set of atmospheric winds from

2000 in our atmospheric chemistry model and

our methodology for deriving burned area from

Fig. 2. Global CO con-
centration anomalies for
1997 to 2001 (in ppb).
(A) Observed anomalies
from the NOAA-CMDL
flask network. (B) Simu-
lated CO anomalies ob-
tained from our biogeo-
chemical model and
the GEOS-CHEM atmo-
spheric chemistry mod-
el. (C) Model-simulated
CO anomalies caused
solely by fire emissions
from the boreal forests
of North America and
Eurasia. (D) Same as (C)
but for Central America
and northern South
America (north of the
equator). (E) Same as (C)
but for Southeast Asia.
Note that the color scal-
ing in (C) to (E) was in-
dividually adjusted to
highlight the space-
pattern of CO anomalies
unique to each region.
(F) The distribution of CO anomalies obtained from our inversion. The inversion-derived estimate shown in
(F) represents a linear combination of the CO anomaly patterns obtained from our forward model for the
seven regions listed in Table 1 [including those shown in (C) to (E)]. At each station, we removed a mean
seasonal cycle derived from CO concentrations over the 1997 to 2001 period.

Fig. 3. Atmospheric CO (A), CO2 (B), and CH4 (C)
growth rate anomalies from the NOAA/CMDL
network (solid lines). Fire contributions to the
observed growth rates from the forward model
are represented with a dotted line, and inversion
model estimates are represented with a dashed
line (with 1 � error bars). The error estimates
were obtained by combining the errors (in
quadrature) from the emission factors reported in
Table 1 with the uncertainties on the scalars
obtained from the least squares inversion.
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the satellite data, although time-invariant biases

in burned area or emissions were corrected for

by the inversion. We have chosen to limit our

inversion to estimating seven parameters on the

basis of the availability of a global, multiyear

satellite data set of fire activity and the relative

sparseness of trace gas measurements used in the

inversion. Potential aggregation errors in time and

space (30, 31) associated with this choice are other

sources of uncertainty in our approach.

We have provided a set of constraints on the

distribution of global fire emissions by combin-

ing satellite measurements with atmospheric

data. Without the use of satellite data, it is

difficult to attribute trace gas sources to differ-

ent tropical regions with standard inversion

techniques (32). Our analysis reaffirmed the

importance of fires in Southeast Asia but also

identified fires from other regions as substantial

contributors to CO2 and CH4 anomalies during

1997 to 2001. This work suggests that the vari-

ability and intensity of El Niño may be one of

the most critical components of climate regu-

lating future carbon loss. It also indicates that

regions that have long served as carbon sinks

may suddenly become sources (33). An impor-

tant next step is to develop a means of separat-

ing fire emissions from land clearing, pasture

maintenance, agricultural waste burning, and

forest and savanna fires by using new high-

resolution satellite data.
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Crystal Structure of Biotin Synthase,

an S-Adenosylmethionine–

Dependent Radical Enzyme
Frederick Berkovitch,1 Yvain Nicolet,1 Jason T. Wan,2

Joseph T. Jarrett,2 Catherine L. Drennan1*

The crystal structure of biotin synthase from Escherichia coli in complex with
S-adenosyl-L-methionine and dethiobiotin has been determined to 3.4 ang-
strom resolution. This structure addresses how “AdoMet radical” or “radical
SAM” enzymes use Fe4S4 clusters and S-adenosyl-L-methionine to generate
organic radicals. Biotin synthase catalyzes the radical-mediated insertion of
sulfur into dethiobiotin to form biotin. The structure places the substrates
between the Fe4S4 cluster, essential for radical generation, and the Fe2S2
cluster, postulated to be the source of sulfur, with both clusters in unprece-
dented coordination environments.

Biotin synthase (BioB) catalyzes the final step

in the biotin biosynthetic pathway, the conver-

sion of dethiobiotin (DTB) to biotin. This re-

markable reaction uses organic radical chemis-

try for the insertion of a sulfur atom between

nonactivated carbons C6 and C9 of DTB

(Scheme 1). BioB is a member of the “AdoMet

radical” or “radical SAM” superfamily, which

is characterized by the presence of a conserved

CxxxCxxC sequence motif (C, Cys; x, any

amino acid) that coordinates an essential Fe4S4

cluster, as well as by the use of S-adenosyl-L-

methionine (AdoMet or SAM) for radical gen-

eration (1–3). AdoMet radical enzymes act on a

wide variety of biomolecules. For example,

BioB and lipoyl–acyl carrier protein synthase

(LipA) are involved in vitamin biosynthesis;

lysine 2,3-aminomutase (LAM) facilitates the

fermentation of lysine; class III ribonucleotide

reductase (RNR) activase and pyruvate

formate-lyase (PFL) activase catalyze the for-

mation of glycyl radicals in their respective

target proteins; and spore photoproduct lyase

repairs ultraviolet light–induced DNA damage.

AdoMet has been referred to as the “poor

man’s adenosylcobalamin” (4) because of the

ability of both cofactors to generate a highly

reactive 5�-deoxyadenosyl radical (5�-dA�),

formed through homolytic cleavage of a

C-Co bond in the case of adenosylcobalamin

(AdoCbl) and through reductive cleavage of a

C-S bond in the case of AdoMet (5). In

AdoMet radical enzymes, the formation of

5�-dA� requires the addition of one electron,

provided in E. coli by reduced flavodoxin and

transferred first into an Fe4S4 cluster and then

into AdoMet (3). In the reaction catalyzed by

BioB, there is general agreement that 5�-dA�

generated from AdoMet oxidizes DTB (6),

but the number and types of FeS clusters and

of other cofactors involved in the reaction

have been a subject of controversy (7–14).

Protein preparation–dependent cofactor dif-

ferences have led to two mechanistic propos-

als for the method of S insertion in BioB. One

proposal involves the use of an Fe2S2 cluster
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