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This introduction to  th e  Special Feature presents th e  context for science during th e  Deepwater Horizon oil spill response, summarizes 
how  scientific know ledge w as integrated across disciplines and statu tory  responsibilities, identifies areas w here scientific information 
w as accurate and w here it w as not, and considers lessons learned and recom m endations for future research and response. Scientific 
information w as integrated within and across federal and sta te  agencies, w ith input from nongovernm ental scientists, across a diverse 
portfolio of needs—stopping the  flow  of oil, estim ating th e  am ount of oil, capturing and recovering the  oil, tracking and forecasting 
surface oil, protecting coastal and oceanic wildlife and habitat, managing fisheries, and protecting th e  safety of seafood. Disciplines 
involved included atmospheric, oceanographic, biogeochemical, ecological, health, biological, and chemical sciences, physics, geology, and 
mechanical and chemical engineering. Platforms ranged from satellites and planes to  ships, buoys, gliders, and rem otely operated  vehicles 
to  laboratories and com puter simulations. The unprecedented response effort depended directly on intense and extensive scientific 
and engineering data, information, and advice. Many valuable lessons w ere learned th a t should be applied to  future events.
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“We are fighting an omnidirectional, al­
most indeterm inate threat here. We are 
trying to protect the entire Gulf Coast at the 
same time.”

Coast Guard Commandant Thad Allen, May 
18, 2010 before the Senate Committee on 
Commerce, Science, and Transportation

T he Deepwater Horizon (DWH) 
disaster, which began on April 
20, 2010 with a blowout of BP 
Exploration and Production, 
Inc.’s Macondo well located in lease block 

MC252 in water ~1,500 m deep and 84 km 
from Venice, Louisiana, resulted in the 
largest mobilization of resources to ad­
dress an environmental emergency in the 
history of the United States. From day 1 to 
well shut in on day 87 and the present 
(timeline in Fig. SI), we oversaw or as­
sisted the tactical and strategic responses 
of our agencies and supported the overall 
US Government’s effort. The papers in 
this Special Feature focus on how scien­
tific information was used to inform 
the response.

Although the US Coast Guard (USCG), 
the National Oceanic and Atmospheric 
Administration (NOAA), and the Envi­
ronmental Protection Agency (EPA) were 
well-versed in oil response and remediation 
and the National Response Team respon­
ded quickly, the level and scope of DW H 
taxed our organizations in unprecedented 
ways, requiring substantial mobilization 
of resources and people inside and outside 
of the government and extraordinary 
interagency coordination.

As Admiral Allen’s quote emphasizes, 
the situation of the Macondo blowout was 
unprecedented, with oil spewing forth into 
an extreme ocean environment—deep, 
cold, dark, and high pressure—but rapidly 
spreading to midwaters, the surface, and

the atmosphere. These circumstances 
resulted in a constantly changing set of 
logistical and policy challenges (1) (Fig. 1). 
Although predicted as likely (2, 3), the 
presence of deep suspended microscopic oil 
droplets was not part of BP’s federally ap­
proved spill response plan and had never 
before been confronted as an operational 
response priority. Assessing the quantity of 
subsurface oil and its likely environmental 
consequences (e.g., threats to biota and 
potential for inducing hypoxia) required 
considerable human and material 
resources.

Experience and response methods ap­
plicable for other oil spills in many cases 
proved either impossible to apply or in­
effective. New science needed to be de­
veloped and delivered rapidly to allow 
appropriate decisions and actions to be 
taken—day in and day out for months. We 
applied lessons from the Exxon Valdez Oil 
Spill (EVOS), such as using caution in 
choice of shore cleanup techniques to 
avoid doing more harm than good and 
paying attention to the vulnerability of 
juvenile stages of living organisms. From 
EVOS, we know that oil exposure has both 
acute toxicity and chronic effects (4), 
especially for juvenile stages. However, 
DW H was different from EVOS; the latter 
occurred in a cold environment near the 
surface and the shore, and it entailed 
a different type and known quantity of oil.

This introduction to the Special Feature 
integrates much of the key science mobi­
lized or conducted during DWH. We 
highlight ways in which science was used 
in real time to inform the response and 
the public. We draw on our experiences, 
papers in this Special Feature, and other 
published literature. We highlight areas 
where scientific information used was later 
determined to be accurate and areas where 
it was not. We identify lessons learned

about use and communication of scientific 
information and priority areas for research.

This Special Feature focuses on the 
physical and environmental science and 
engineering that guided the response. We 
do not address environmental health, hu­
man health, social impacts, or economic 
impacts; as of November of 2012, they are 
still being documented and evaluated as 
part of the Natural Resource Damage 
Assessment (NRDA) and the Gulf Long 
Term Follow-up Study of the National 
Institute of Environmental Health 
Sciences, for example.

To understand how science informed the 
response, knowledge of the response 
structure and process is essential. The basic 
legal authorities and responsibilities in 
place to deal with a major oil spill stem 
from the Oil Pollution Act, which was 
amended in 1990 (OPA90) and imple­
mented through the National Contingency 
Plan (NCP). Oil spill provisions of the NCP 
specify a role in response for Responsible 
Parties (RPs; here, BP): specifically, the 
responsibility for costs associated with
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Evolution of Selected Science Issues Related to  the Deepwater Horizon Oil Spill, 2010

N IApril I May I June

Technology and analysis fo r well 
con ta in m en t, "shu t-in"

D eterm ining well flow  rate  

Evaluation o f  Relief Well

Surface slicks and near-field 
tra jec to ry  modeling

Seafood sa fe ty  m onitoring 

Loop c u rren t and  d is tan t tran s p o rt

Deep p lum e discovery and  
m onitoring

Air quality  m onitoring (coastal and 
offshore)

Dissolved 0 2 and microbial 
degradation

Coastal Im pacts, m itigation and 
m onitoring

Oil in /on  sed im ents -  d e e p  and 
shallow

Im pacts on p ro tec ted  resou rces 

Im pacts on fishery resources 

Im parts on  deep  sea com m unities

Diagnostic o f BOP and Riser 

K il^val.
Well Integrity Test 

5 J u ly - 3  Aug
^  Static Kill Evaluation 15  Ju ly- 7  Aug

flow  estim a tes  6-15 June  Flow e stim a te s  from  Well d iagnostics

i Capping Stack installed 12 July

Seismic and acoustic  m onitoring once  sh u t In 
NOAA Ship Pisces cru ise  14  July-3 Sep

2 Aug final official e stim a te

#  In terc ep t 16  Sept

Satellite  and aircraft im agery; and ensem ble  of up  to  6  tra jec to ry  m odels

First baseline sam ples 22 April; Fishery c lo su res  19 April 2 01 0  -  2  February  2011

Eddy "Franklin" form s 21 May Loo^ C urren t m onito ring  discontinued 22  July 

NOAA Ship Nancy Foster c ruise 29 Jun-18 Jul 

RAf Pelican cruise 5-18 May NOAA Ship Henry B. Bigelow  cruise 29 July-21 Aug 

NOAA FSV Gunter c ruise 27 May-4 June

WP-3D flights offshore; 9-11 June  on sh o re  air quality  m onito ring  th ro u g h o u t (EPA)

D ispersants used 22 April -  12  July; DOSS te s t  developed  and  im plem ented

JAG repo rt on DO released  23  July

Design and m onitoring of mitigation m easures (boom s, burning, skim m ing, d ispersan ts) 

RA/ Jack Fitz c ru ise, RA/ Weatherbird II; ALVIN dives; m onitoring  con tinues

DWH sinks 20 April

Aircraft surveys of tu rtle s  & m am m als, passive acoustic m onitoring of w hales &  dolphins 

Ichthyoplankton, juveniles, adu lt abundance  m onitoring, o y ste rs  Fish d isease  surveys

NOAA Ship Ronald H. Brown cruise 14 Oct-4 Nov 

NOAA Ship Nancy Foster c ruise 21 Jul-8 Aug

Well shut In 15  July

Fig. 1. T im e lin e  o f  v a r io u s  sc ie n c e - re la te d  issues d u r in g  t h e  DWH oil p o llu tio n  e v e n t .  S o m e  a d d i tio n a l 
s c ie n c e - re la te d  issues c o n t in u e  b e y o n d  2010 .

removal, cleanup, and claims resulting 
from discharge or threat of discharge and 
costs of much of the response under the 
direction of the federal government. The 
USCG, as the On-Scene Coordinator 
(OSC) for maritime spills, is charged with 
ensuring that the RP takes appropriate 
action. NOAA is designated by Congress to 
be the scientific advisor to the OSC and act 
as the Scientific Support Coordinator for 
scientific issues that include “expertise in 
environmental chemistry, oil slick track­
ing, pollutant transport modeling, natural 
resources at risk, environmental tradeoffs 
of countermeasures and cleanup, and in­
formation management.” (5)

The NCP provides for an extraordinary 
determination that the spill is one of na­
tional significance on the basis of several 
factors, including a substantial threat to 
public health or welfare. In this case, the 
USCG established a National Incident 
Command that assumes specified duties of 
the OSC in directing the response. Under 
the NCP, on day 10, DWH was declared 
a Spill of National Significance, giving the 
RP significant responsibilities under the 
direction of the OSC and the newly named 
National Incident Commander (NIC), 
USCG Commandant Admiral Thad Allen.

The NCP has been used to respond to 
a number of oil spills but never one of this 
magnitude and complexity. Moreover, 
DW H was unlike conditions envisioned in 
the tanker-centric OPA90 (passed in the 
wake of EVOS). Drilling technology had 
evolved significantly since OPA90 was

passed, but comparable advances in re­
sponse capacity had not been achieved.

A  key role of the NIC was to coordinate 
the whole of government response. The 
response included multiple interagency 
command centers in Washington, DC and 
three states (National Incident Command, 
Unified Area Command Center, and In­
cident Command Centers in Houma, LA, 
Mobile, AL, and Miami, FL—moved to 
St. Petersburg, FL). In addition, the NIC, 
a Senior Advisor to President Obama, 
and the US Government Principals (Sec­
retaries of the Departments of Interior, 
Homeland Security, and Energy and the 
Administrators of EPA and NOAA) met 
at least daily throughout most of the event.

Scientific Responsibilities and Timeline 
of Scientific Support
Some scientific responsibilities are p re­
scribed in legislation or regulations (de­
scribed above). However, the unique 
nature of DW H posed unanticipated needs 
for scientific information. In response to 
these novel challenges, new scientific 
working groups were formed. These groups 
were established during the first several 
weeks as the scope and scale of the accident 
and the resulting oil spill began to emerge 
(Fig. 1 and Fig. SI). Most teams were 
constituted by the NIC under the auspices 
of the Federal Interagency Solutions 
Group and drew on expertise within and 
outside the federal government. They re­
viewed and evaluated scientific and tech­

nical information, devised solutions to 
specific problems, and advised the NIC, 
the Principals, and the President. Not well- 
integrated initially, these teams became 
better coordinated in time through the 
NIC and the Principals’ group (6). New 
scientific teams created for DW H included 
the following:

i) The Flow R ate Technical Group 
(FRTG), chaired by US Geological 
Survey (USGS) D irector M arcia 
McNutt, was com posed of more than 
six research groups and independent 
experts that developed assessments 
of the rate of escaping oil from the 
M acondo blowout.

ii) The Oil Budget Calculator Science 
and Engineering Team (Oil Budget 
Team), co-led by Bill Lehr of NOAA, 
Sky Bristol of USGS, and Antonio 
Possolo of the National Institute of 
Standards and Technology and com­
posed of government, academic, and 
industry experts, estimated the amount 
of oil in different categories to enable 
effective oil recovery efforts.

iii) The Government-Led Science Team 
(GLST), led by the Secretary of E n­
ergy Steven Chu and Tom H unter 
(Sandia National Laboratories, retired) 
and consisting of Department of Energy 
National Laboratories and USGS, and 
outside scientists developed technical 
analysis and paths forward for flow con­
trol in close collaboration with BP and 
provided an independent determination 
of leak rate.

iv ) The Operational Science Advisory Team, 
chaired initially by Cari Childs (NOAA) 
and later by Lieutenant Commander 
Kenneth Boda (USCG), directed and 
then synthesized information on the 
amount of residual oil in the subsurface, 
on the bottom, and in the water column 
to devise response and potential recov­
ery strategies, 

v) The Joint Analysis Group (JAG), 
chaired by NOAA Fisheries Chief 
Scientist Steven Murawski, analyzed the 
plethora of data produced by govern­
ment, academic, and industry-sponsored 
monitoring activities to determine the 
concentration, distribution, and im­
pacts of subsurface oil, particularly 
the evidence for dissolved oxygen de­
pletion in subsurface waters as a result 
of the DW H spill.

This paper provides an overview of the 
overall response and emphasizes in­
formation from the last two teams, other 
agency’s scientific efforts, and papers in 
this Special Feature. Results from efforts 
of the first three groups are presented in 
the work by McNutt et al. (7).

The interagency scientific coordinating 
mechanisms relied heavily on new intra­
agency coordination bodies. For example,
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NOAA stood up coordinating bodies to 
integrate scientific efforts across its sat­
ellite, weather, oceanographic, atm o­
spheric chemistry, fisheries, seafood 
safety, p rotected  species, habitat, oil spill 
cleanup expertise, research, mapping, 
impacts, and restoration units. W ith 
partners at the University of New 
Hampshire, NOAA adapted its spatially 
explicit management tool, the Emergency 
Response Management Application 
(ERMA) (SI Text), for broad interagency 
use, populating it with relevant data and 
information to enable efficient evaluation 
of assets and needs as well as rapid de­
cision-making. Consistent with policies 
on openness and transparency, the Obama 
Administration decided to make large 
portions of ERM A available to the public 
on day 56. On the first day of going public, 
ERM A (http://gomex.erma.noaa.gov) re­
ceived 3.5 million hits—a powerful in­
dicator of the intensity of public interest 
in DWH.

Nongovernmental scientists played a vi­
tal role during the response. Traditionally, 
academic and private institutions provide 
scientific input primarily through con­
tracting mechanisms on various aspects of 
spills, which are determined by needs of 
science agencies (e.g., documenting dam­
age to natural resources through the 
NRDA process as outlined in OPA90). 
DW H triggered an unprecedented re­
sponse by the academic community. Not 
only were numerous academics under 
contract by federal and state agencies and 
BP, but the National Science Foundation 
also awarded 88 grants totaling over $11 
million in its Rapid Response program to 
study various aspects of the spill. Addi­
tionally, on day 35 (May 24, 2010), BP 
committed $500 million over 10 y to fund 
a broad independent research program, the 
Gulf of Mexico Research Initiative, al­
though the first funds were not available for 
months. Additionally, numerous academic 
and private institutions launched in­
dependent investigations. As described 
above, numerous academic scientists also 
participated in the ad hoc scientific working 
groups that advised the NIC.

Given the enormous interest by the ac­
ademic community, there was difficulty in 
mobilizing unified approaches and com­
munication systems. The White House 
Office of Science and Technology Policy, 
federal agencies, universities, and partners, 
such as the Consortium for Ocean Lead­
ership, convened a series of meetings with 
government, academic, and independent 
research scientists (SI Text). Each meeting 
was productive, but collectively, they were 
insufficient to satisfy the need for near 
real-time transmittal of new findings and 
discussions of priorities moving forward. 
Many independent and university scien­
tists were frustrated, and misunderstand­
ings resulted from scientists obtaining 
most of their information from the news 
media rather than scientific reports.

From the outset, scientific support 
was necessary to address a diverse and 
continually evolving suite of issues and 
potential threats to worker safety, human 
health, and ecosystems (Fig. 1). The re­
sponse and mitigation of the spill grew to 
encompass over a dozen major sets of 
scientific investigations, all requiring mul­
tiple agencies, review mechanisms, and 
collaboration with academic and in some 
cases, international partners. Balancing 
the portfolio of resources (both human 
and logistic) among these many diverse 
issues was a management challenge. Even 
collectively, we did not possess all of the 
ships, aircraft, laboratory access, or per­
sonnel necessary to evaluate every issue to 
the satisfaction of all.

The following sections address major 
questions that drove the scientific support 
effort. W here is the oil going? Should 
dispersants be used and if so, at the surface, 
at depth, or both? How should oil be 
removed, captured, and cleaned up? Is 
seafood safe? How should wildlife and 
habitats be protected? The work by 
McNutt et al. (7) summarizes the parallel 
efforts to estimate the flow rate, control 
the source, test for well integrity, and de­
termine the oil budget. We conclude by 
reflecting on improving the use of science 
for future events with the hope that it will 
never be needed.

Where Is the  Oil? Where Will It Go? 
Where Did It Go?
Tracking and predicting surface oil was 
a clear priority, even before the extent of 
the Macondo blowout was known. Within 
hours of the explosion, NOAA’s oil tra­
jectory models and spot weather forecasts 
began providing at least daily guidance to 
first responders and then later, those in­
dividuals involved in all aspects of the re­
sponse. The location and amount of oil on 
the surface of the water varied consider­
ably from day to day (Movie SI). Early 
modeling of surface trajectories involved 
three separate models—by NOAA, Texas 
A&M University, and the Navy; these 
models evolved into an ensemble of six 
models providing short- and longer-term 
forecasts of surface trajectories for oil. 
These models used ever more sophisti­
cated ground truthing to document distri­
bution of surface oil and inform the 
models with oceanographic data (oceano­
graphic modeling for DW H is archived 
at http://www.aoml.noaa.gov/phod/dhos/ 
index.php, and detailed oceanographic 
cruise data are archived at http://www.nodc. 
noaa.gov/General/DeepwaterHorizon/ 
ships.html). Satellite imagery (coordi­
nated by the National Aeronautics and 
Space Adm inistration and NOAA) and 
images and reports from fixed-wing 
and helicopter aircraft provided model 
starting conditions daily. Comparison 
of results from the ensemble of surface 
trajectory models allowed evaluation of 
forecast uncertainty. SI Text and Fig. S2

have inform ation about longer-term 
modeling and the Loop Current.

An oil budget was developed and 
maintained by the NIC (8) specifically to 
target efforts to recover oil (7). The oil 
budget depended on estimates of flow 
rate, finally determined to be 62,000 ± 
10% barrels per day (bpd) at the beginning 
of the event and 53,000 ± 10% bpd on 
day 87 at well shut in (7, 9). Despite ag­
gressive recovery and removal efforts, only 
around one-quarter of the oil was removed 
by the federally directed response. Most 
of the oil on the surface was too distrib­
uted for efficient skimming and burning. 
The final tallies for recovered oil indicate 
that around 5% was burned, 3% was 
skimmed, and 17% was recovered directly 
through the riser pipe (8).

Airborne, surface, and subsurface 
chemical measurements (10) were used to 
independently calculate a total hydro­
carbon flow rate. Those analyses showed 
that ~5%  by mass of the discharged 
hydrocarbons evaporated to the atm o­
sphere and 10% contributed to the sur­
face slick; the balance dissolved or 
dispersed within the water column, with 
about one-third directly detected in the 
deep persistent plumes.

Unexpected new methodologies to esti­
mate flow rate emerged (e.g., estimating 
flow rate from air chemistry measure­
ments). NOAA and academic scientists 
flew a special mission to evaluate air quality 
for workers on vessels in the Gulf near the 
spill. They discovered that not all con­
stituents in the hydrocarbon fluids ema­
nating from the well reached the surface or 
evaporated. However, with a sample of 
the original well fluid (11), the study by 
Ryerson et al. (12) was able to determine 
those components that passed through the 
ocean filter to the atmosphere unabated 
and use the detection of those components 
to estimate the total flow rate from the 
well. In addition, by observing the de­
pletion of the other constituents, the study 
by Ryerson et al. (12) estimated the frac­
tion of hydrocarbons dissolved in the 
ocean. Because this methodology is not 
dependent on access to the well or well 
shut in, it shows considerable promise for 
future spills.

Combined with the total flow rate and 
hydrocarbons remaining on the ocean 
surface (13), a consistent picture emerged 
about where the oil went. Only about one- 
half of the oil and none of the methane gas 
ever reached the ocean surface (10). A 
third remote-sensing estimate of flow rate, 
consistent with other values, was provided 
by imaging oil droplets in the water col­
umn using a narrow-beam echo sounder 
deployed from a surface ship sonar (14). 
This methodology is also independent of 
direct access to the well, but it is inherently 
less accurate than a direct measurement. 
Nonetheless, both indirect methods should 
be pursued as useful tools during any fu­
ture catastrophic spill.
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What Remains of DWH Oil in 
the Environment?
Repeated sampling of offshore waters 
revealed that, by August 3, 2010 (106 
d after oil began flowing and 19 d after shut 
in of the well), oil had dissipated to back­
ground levels in offshore water samples
(15). Sediment sampling in deep (15) and 
shallow (16) waters revealed grounded 
oil in deep areas around the wellhead, 
deep-water sites to the northeast and 
southwest of the well, and many shallow 
coastal areas around oiled marshes and 
near some beaches (SI Text).

The assessment of oil in deep-water 
benthic animals (15) concluded that there 
were areas that experienced significant ac­
cumulation of oil on sediments. Some deep 
coral communities around the well have 
been impacted, mostly less than 20 km 
from the wellhead (17). In the beach and 
near-shore environment, weathered oil 
samples showed 86-98% depletion of total 
polycyclic aromatic hydrocarbons (PAHs)
(16). Models predict that PAH concen­
trations in supratidal buried oil will de­
crease to 20% of current levels within 5 y, 
except under isolated conditions (16). Two 
particular routes of exposure pose poten­
tially elevated risks to aquatic and wildlife 
resources in the beach environment: in­
gestion of tar balls by adult subsurface- 
probing shore birds and contact between 
buried oil and sea turtle eggs and hatch­
lings (16). A  comprehensive assessment of 
DWH-associated injuries to natural re­
sources is underway as part of NRDA.

Should Oil Be Dispersed Chemically? 
How?
The decision to apply chemical dispersants 
in response to the DW H oil spill was driven 
by two initial goals: accelerate natural 
degradation of hydrocarbons by changing 
the surface-to-volume ratio, thus exposing 
more oil to naturally occurring bacteria, 
and keep oil from sensitive coastal eco­
systems, fisheries, and estuaries. The sci­
entific literature and lessons learned from 
previous spills provided some insights into 
the conditions and circumstances under 
which dispersants would be more or less 
effective (sea-state conditions, geographic 
location of the spill, and physical properties 
of spilled material) (3) as well as the en­
vironmental tradeoffs associated with sur­
face dispersant application (18).

Novel subsea application of dispersants 
was raised early in the event as a potential 
response strategy. Arguments in favor in­
cluded (i) direct injection of dispersant 
into the leaking wellhead 1,500 m below 
the water surface could maximize the ex­
posure of oil to dispersant before it sig­
nificantly weathered and emulsified with 
water, (ii ) compared with surface appli­
cations to slicks, significantly less disper­
sant would be required to achieve the 
same goal, and (iii ) potential exposure of 
spill response workers to both airborne 
dispersants from surface application and
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volatile organic compounds associated 
with the spill could be minimized (19). 
This latter concern was not trivial consid­
ering the hundreds of workers on the 
rigs drilling the relief wells and the 
dozens of support vessels on scene directly 
above the leaking well (SI Text). Argu­
ments opposing subsea application of 
dispersants included (i ) lack of under­
standing of potential consequences, (ii ) 
potential to trigger severe hypoxia as mi­
crobial action rapidly degraded oil drop­
lets and methane gas in the water column, 
and (iii ) potential for dispersed oil and 
dispersants to cause damage to subsea 
flora and fauna. Balancing these tradeoffs 
was not easy, but the potential for more 
rapid degradation of hydrocarbons 
was compelling.

Because of the unprecedented nature of 
this technique, the EPA administrator re­
sponsible for making the final decision, in 
consultation with the NIC, decided that 
implementation should be contingent on 
(i) strict monitoring of dissolved oxygen, 
particle size, rotifer toxicity, and water and 
sediments, (ii ) additional toxicity screen­
ing of dispersants, and (iii ) rapid commu­
nication of data to responders and the 
public (20, 21). Results from daily toxicity 
testing on rotifers using commercially 
available Rototox testing kits indicated no 
significant biological impacts on test 
organisms (22).

Repeated sampling in the waters sur­
rounding the spill detected an oxygen “sag,” 
but this reduction never approached levels 
considered hypoxic (Fig. 2) (23-25). Dis­
solved oxygen (DO) measurements col­
lected along vertical profiles and in discrete 
water samples remained above the 2 mL/L 
hypoxia threshold set by the EPA, the 
USCG, and the NIC that would trigger 
possible suspension of subsea dispersant 
injection (25).

An important technical issue also arose 
during this monitoring. DO is customarily 
measured using electronic meters with 
a semipermeable membrane. Researchers 
and one instrument manufacturer raised 
concerns that the membrane might be 
fouled in oiled waters and provide unreliable 
measurements. Accordingly, the JAG ad­
vised that the DO measurements be con­
firmed by traditional Winkler titrations to 
supplement the meter-derived observations 
(Fig. 2). In some instances, contemporane­
ous observations with both methods con­
firmed the advisability of dual sampling 
methodologies (25, 26).

Aerial surveys and shallow fluorometric 
monitoring are typically used to measure 
particle size of near-surface oil as an in­
dicator of dispersant efficacy. Particle size 
monitoring in the deep sea required 
modified approaches, such as vertical 
profiling and sampling at the ocean floor 
(27, 28). Cumulative particle size data 
suggest that the range of observed droplet 
diameters was consistent with chemically 
dispersed oil (25).
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Fig. 2. C om parison  o f  DO p ro files  in th e  vicinity 
o f  th e  DWH site : c o n d u c tiv i ty - te m p e ra tu re -d e n s ity  
(CTD )/02 (SBE43) a n d  W in k le r 0 2 v a lu es  fo r  Re­
search  V essel O cean V e ritas  s ta t io n  153 (occup ied  
o n  A u g u s t 2, 2010), R esearch  Vessel B ro o ks  M cC a ll 
s ta t io n  161 (occup ied  o n  A u g u s t 5 ,2 0 1 0 ), a n d  W orld  
O cean  A tlas  200 9  (W O A 09) (56) a n n u a l m e a n  a n d  
S D fro m a  1 °g rid  box  c e n te re d  a t  28 .5°N a n d  8 8 .5°W . 
T h e  f ig u re  a n d  o th e r  ana lyses (57) su g g e s t t h a t  th e  
CTD/O2 sen so rs  o n  b o th  ships w e re  c o m p a ra b le  an d  
w ith in  ~0.1 mLYL o f  th e  W in k le r 0 2 analyses. T h e  0 2 
dep ress io n s  a t  ~ 1 ,200  m  sh o w n  by th e  SBE43 sen so r 
a r e  a lso  re f lec te d  in th e  W ink le r values, a n d  th e s e  
p ro file s  a re  re p re s e n ta tiv e  o f  m e a su re m e n ts  ta k e n  
e a rlie r  in th e  s u m m e r in th e  vicinity o f  th e  w e llh ead  
(24). T hey  also  illu s tra te  th e  im p o rta n c e  o f  b o th  
m e a s u re m e n t te c h n iq u e s  in accu ra te ly  assessing  DO 
levels in th e  p re se n c e  o f  oil.

These measurements and others led to 
revisions of the relative amount of chem­
ically vs. naturally dispersed oil in the Final 
Oil Budget (8). The amount of chemically 
dispersed oil doubled from the initial es­
timates (from 8% to 16% of the total).

In response to concerns about potential 
persistence of dispersants in the environ­
ment, thousands of water and sediment 
samples from near-shore and offshore were 
collected and tested for major dispersant 
constituents, such as butoxyethanol, 
dipropylene glycol M-butyl ether, pro­
pylene glycol, and dioctyl sodium sulfo- 
succinate (DOSS). Few w ater and sedi­
m ent samples showed detectable levels. 
None of the water samples showing de­
tectable concentrations exceeded EPA’s 
aquatic life benchmarks (22). Although 
the NCP requires manufacturers to submit 
toxicity information for approved products 
(29), additional data on oil-dispersant 
mixtures, endocrine effects, and other pa­
rameters were and are needed.

The EPA conducted in vitro and whole- 
animal toxicity tests on eight dispersants 
listed on the NCP product schedule, in­
cluding the product predominantly used in 
DW H (Corexit 9500A) as well as mixtures 
of dispersants with Sweet Louisiana Crude 
(SLC) oil and SLC oil alone. Whole-animal
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tests were conducted on two test species 
commonly found in the Gulf: mysid shrimp 
(Americanmysis bahia) and silverside fish 
(Menidia beryllina). Results indicate that 
none of the dispersants tested displayed 
biologically significant endocrine-disrupt­
ing activity (30); dispersants alone were 
less toxic than dispersant-oil mixtures. 
SLC oil alone was generally similarly toxic 
to both test species as dispersant-oil mix­
tures, and the toxicity of Corexit9500A 
was generally similar to the toxicities of 
other available dispersants (31).

Additional studies are required before 
a more complete understanding of trade­
offs with use of dispersants is known (SI 
Text), including potential impacts of dis­
persants, dispersed oil, and oil alone on 
the plethora of other species in the Gulf, 
especially plankton and juvenile stages.

Is Seafood Contam inated w ith 
Hydrocarbons?
Before DWH, around one-fifth of the 
seafood caught commercially in US waters 
came from the Gulf of Mexico (32). 
Keeping Gulf seafood safe was a crucial 
part of the response (33). NOAA has au­
thority to close federal waters to fishing 
during an oil spill; states regulate fisheries 
in their waters. The first step was to close 
oiled or potentially oiled waters based on 
the observed presence of oil or model 
projections of where oil was expected to be 
in the next 24, 48, and 72 h. The first 
fishery closure in federal waters occurred 
on day 13 (May 2, 2010); at its peak in 
early June of 2010, ~88,500 square miles 
(~37%) of federal waters in the Gulf were 
closed to fishing.

New scientific protocols were developed 
by NOAA, the US Food and Drug A d­
ministration (FDA), and the Gulf Coast 
states to determine when waters were safe 
to be reopened to fishing or harvest of 
oysters. Knowledge of differential uptake, 
metabolism, and disposition of PAHs in 
fish, crustaceans, and bivalves informed the 
tests (34): fish were known to metabolize 
PAHs relatively rapidly, crustaceans me­
tabolized PAHs less rapidly, and bivalves 
metabolized PAHs almost not at all. The 
bivalves of greatest concern in the Gulf 
were oysters. Once contaminated, they 
should not be eaten. (Oyster fisheries oc­
cur in state, not federal, waters.) For an 
area to be reopened to fishing, it had to 
meet three criteria: be free of oil for at 
least 30 d, be free of expected oil for the 
next 72 h based on model trajectories, and 
pass repeated tests on different types of 
seafood (fish and crustaceans) sampled 
over multiple days for PAHs and DOSS 
(the dispersant component of greatest po­
tential concern). Of oil contaminants, the 
high molecular weight PAHs are of greatest 
health concern because of their environ­
mental persistence and potential for toxic 
or carcinogenic effects in humans (35).

Lessons learned from previous oil spills 
guided efforts to ensure that consumers

would not be exposed to contaminated 
seafood (33, 36, 37). Risk management 
analyses informed reopening protocols 
(37); specifically, a human health risk as­
sessment was conducted to determine 
maximum PAH exposure levels believed 
to be safe and associated with negligible 
risk for consumers. Because uncertainty is 
inherent in any risk assessment process, 
various assumptions are made to estimate 
human population risks, with some sub­
populations being at higher risk because of 
higher seafood consumption per unit body 
weight or more susceptible to PAH effects 
because of compromised health. The in­
puts used in the health risk assessment 
were derived to be overly protective to 
account for uncertainty and variability. 
Subsequent testing of Gulf seafood re­
vealed very low levels of PAHs or levels 
below quantification. Thus, even when 
higher consumption values were applied to 
the risk model and at-risk subpopulations 
(e.g., pregnant mothers), seafood tested 
did not seem to pose a health risk (33).

Extensive sampling across a large geo­
graphic area and a wide range of species 
was required. Testing for PAH and DOSS 
was needed to respond to public concerns. 
In total, more than 8,000 seafood speci­
mens were tested for PAHs and DOSS.

Before DWH, tests for PAH were time 
consuming, and no validated routine tests 
existed for dispersants. During the re­
sponse to DWH, a rapid method to mea­
sure PAHs in seafood was developed and 
validated by the FDA (38); NOAA and the 
FDA developed and validated a sensitive 
method to measure DOSS (39, 40). The 
rapid PAH method allowed larger num­
bers of samples to be analyzed faster. In 
developing a more rapid PAH method, 
there were tradeoffs in both sensitivity and 
specificity; however, these tradeoffs were 
offset by also using a well-validated com­
prehensive GC/MS method (41) as the 
standard for measuring PAHs in seafood 
and confirming PAH screening results.

Of the compounds in the dispersant 
mixture, DOSS was the greatest potential 
concern because of its bioactivity, ex­
tremely low volatility, and potential to 
persist in the environment longer than 
other dispersant components. Although 
previous research suggested that DOSS 
posed a low risk to seafood consumers (42), 
the new methods allowed quantification of 
presence in Gulf seafood. Development 
and application of analytical methods 
during DW H were key scientific achieve­
ments. Beginning on day 130, federal wa­
ters that met all criteria (absence of oil on 
the water, and if oil had been present, 
seafood passing repeated laboratory tests 
for PAHs and DOSS) were successively 
opened to fishing, progressing from least to 
most oiled areas. By day 210 (November 15, 
2010), all but 0.4% of federal waters had 
been opened. The final closed area, in the 
immediate vicinity of the well, was opened 
on day 365 (April 19, 2011) (Fig. SI).

This extraordinary effort to protect the 
integrity of seafood seems to have been 
successful: no tainted seafood was reported 
to have reached the market. An inde­
pendent assessment arrived at the same 
conclusion (43). Nevertheless, public per­
ceptions about seafood safety continued 
throughout the event and beyond. This 
area is ripe for social science research. 
After seeing images of oil and gas flowing 
from the riser pipe and images of oil-cov­
ered shores and birds day after day and 
week after week, many people had diffi­
culty believing that oil was disappearing 
rapidly from open waters, fish could me­
tabolize PAHs, and seafood testing 
was reliable.

What Is th e  Process for Assessing the 
Environmental Impact of th e  Spill? 
What Is th e  Best Path to  Restoration? 
What Is the  Role of Science in Damage 
Assessment?
Science was as important to assessment of 
damage and design and monitoring of 
restoration as it was to the response. 
Among the numerous potential economic, 
social, human health, and environmental 
impacts of DWH, injury to natural re­
sources and the public’s access to them is 
regulated under OPA90 (specifically, the 
NRDA regulations) (44). [NRDA statute 
is 15 CFR § 990 et seq. Trustees (or nat­
ural resource trustees) means those offi­
cials of the federal and state governments, 
Indian tribes, and foreign governments 
designated under 33 USC 2706(b) of OPA 
15 CFR § 990.30. There are seven primary 
trustees involved in the DW H NRDA, the 
five affected states (Texas, Louisiana, 
Mississippi, Alabama, and Florida), and 
two federal agencies (the Department of 
Interior and the Department of Com­
merce through NOAA). Baseline means 
the condition of the natural resources and 
services that would have existed had the 
incident not occurred. Baseline may be 
estimated using historical data, reference 
data, control data, or data on incremental 
changes (e.g., number of dead animals) 
alone or combined as appropriate.] These 
regulations designate federal, state, and 
tribal natural resource trustees to con­
duct NRDAs on behalf of the public. To 
m eet this mandate, the trustees seek to 
restore to baseline (the condition that 
they would have been in had the spill not 
occurred) injured resources and services 
and compensate the public for interim 
losses (i.e., the losses that occur during 
the time that it takes the resources to 
recover to baseline).

In view of the size, duration, and four­
dimensional and complex nature of the 
spill in the Gulf, the DW H NRDA (in­
cluding restoration; see below) may con­
tinue for years. Federal and state trustees 
are working together to determine how the 
oil spill affected the Gulf of Mexico’s 
natural resources and the human use of 
those resources. With potential natural
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resource injury spanning five states and 
their waters as well as federal waters, this 
damage assessment is the largest 
ever undertaken.

Under OPA90, NRDA has three phases: 
the preassessment phase, in which the 
trustees determine whether impacts to 
natural resources have occurred; the injury 
assessment/restoration planning phase, in 
which the trustees quantify injuries and 
identify possible restoration projects; and 
the restoration implementation phase, in 
which the trustees implement restoration 
to baseline and monitor its effectiveness. 
Typically, the information in all three 
phases is initially retained outside the 
public domain. During DWH, in support of 
a commitment to openness and trans­
parency and after determining that doing 
so would not jeopardize their case, the 
trustees decided to allow public access to 
most of the data collected during phase one 
before assessment of injury (SI Text).

Conclusion, Lessons Learned, and 
Research Priorities
The DWH event required real-time science 
to inform responders on varied aspects 
of the spill—from directly collaborating 
with BP to mitigate risks associated with 
stopping the release and determining the 
flow rate to measuring and modeling the 
fate of the oil to assessing effects on the air, 
seafood, species, and habitats (Fig. 1). Sci­
entists from government, industry, and the 
broader research community responded 
with novel applications of existing 
methods—e.g., reservoir modeling (45), 
echo sounder flow detection (14), en- 
hanced-resolution y-ray imaging of the blow 
out preventer (BOP) (46), and use of 
technologies originally adapted for re­
searching deep-sea geological processes
(47). New methods were also developed 
such as testing for dispersant in seafood (33, 
42) and estimating flow rate from atmo­
spheric measurements (12). The science of 
deep spill containment, mitigation, and 
impacts has rapidly accelerated because of 
the necessity of responding to this event. 
Response to future deep spills globally will 
benefit from the many scientific break­
throughs applied to DW H and emerging 
after the response as well as the lessons 
learned. The scale of this spill and the sci­
entific efforts directed to assessing its mag­
nitude and containing it deserve attention, 
both for what was revealed about subsurface 
processes and the ability of public in­
stitutions and industry to respond to such
a disaster and for what new approaches and 
tools that we now have at our disposal.

Scientific revelations from the DWH 
spill are many, and we continue to be 
surprised by numerous aspects, such as the 
discovery of novel microbial communities
(48) and the conditions that led to rapid 
decomposition of hydrocarbons during 
this event (49). Full conclusions about the 
impact of the oil on species, ecosystems, 
and people will necessarily await ongoing
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analyses for detecting long-term impacts. 
Some results are beginning to emerge, 
such as effects on marsh fish (killifish)
(50), but sweeping conclusions about im­
pacts are premature. Similar to the EVOS 
spill, some effects may be unknown or 
unappreciated for years, if ever (4).

Based on the DW H experiences, we 
compiled a list of scientific priorities for 
future oil spill response preparedness (51).

• Gather adequate environmental base­
lines for all regions at risk.

• Develop new technologies for rapid precise 
reconnaissance and sampling to support 
a timely and robust response effort.

• Support the development of models and 
decision support tools, such as scenario 
planning (52), to enhance response and 
damage assessment.

• Fill large information gaps regarding 
biological effects of oil, changing climate, 
and other simultaneous drivers of variabil­
ity in coastal and aquatic ecosystems.

• Build coupled ecosystem-scale routine 
monitoring/research/communications for 
every large marine ecosystem (LME) in 
US waters, including the coastal zone, to 
provide integrated interdisciplinary un­
derstanding of how the ecosystem works 
and is changing, ideally as a partnership 
with academic institutions in the region.

• Put greater emphasis on social science 
data collection, including adequate 
baselines, to understand costs to the re­
gion and the nation of oil spill disasters.

• Conduct research on impacts of disper­
sants and dispersants plus oil on a broad 
array of species and life stages.

• Develop more efficient methodologies 
for capturing oil at the surface.

• Conduct social science studies to un ­
derstand public perceptions about sea­
food safety.

Additional lessons and suggestions for 
improvements related to preparedness and 
coordination with the scientific community 
are below.

Although there was much criticism of the 
pace of response efforts, we witnessed a 
tremendous effort on the part of our sci­
entific institutions, various ad hoc and 
standing committees, and individuals to be 
nimble, think outside the box, and work in 
collaborative ways unanticipated under 
the provisions of OPA90. Throughout the 
crisis, we provided integrated and com­
prehensive information to guide the re­
sponse—to stop, contain, track, measure, 
and remove the oil, protect the integrity of 
the seafood supply from the Gulf, and 
safeguard wildlife. Coordination of these 
efforts required a monumental effort and 
careful attention to scientific information.

Throughout the crisis, we also shared 
new information publicly as soon as we had 
good reason to believe that it was accurate 
given the information at hand. Notably, 
we did not speculate. We were criticized

PNAS

both for sharing information and not 
speculating about consequences or signif­
icance when pertinent facts were not 
available. Some thought that we were 
minimizing the extent and severity of the 
spill. Therefore, it is relevant to ask: “how 
accurate was the information released 
during the event?” With the benefit of 
postcrisis information, much, although not 
all, of the information that we released 
during the crisis is now known to have 
been accurate. Here is a short summary of 
both based on information provided in this 
paper and the work by McNutt et al. (7).

i) The basic conclusions of the prelimi­
nary oil budget released on August 4 
were correct (7, 8): approximately one- 
half the oil was, indeed, gone (recov­
ered, burned, skimmed, evaporated, or 
dissolved).

ii) However, the science team underesti­
mated the amount of oil that had been 
dispersed chemically (8% of the total 
in the preliminary oil budget vs. 16% 
in the final budget) and slightly over­
estimated the amount of naturally dis­
persed oil (16%; later determined to 
be 13%). (The total amount of dis­
persed oil was originally estimated at 
24% and later revised to 29%.)

iii ) As we reported in early August, to the 
disbelief of many people, much of the 
oil that had been dispersed (either nat­
urally or chemically) was rapidly being 
consumed by bacteria (23, 26, 48, 49). 

tv) Fishery closures plus newly developed 
and rigorously implemented protocols 
for testing of seafood for the compo­
nents of hydrocarbons and dispersant 
that were of potential concern seem to 
have been successful, because no 
tainted seafood was reported to have 
entered the seafood supply.

v) The lack of DOSS in tested seafood 
(fishes and crustaceans) seems to sup­
port our expectation that either dis­
persant degraded rapidly or it was 
metabolized quickly by exposed ani­
mals. (This finding does not mean that 
dispersants had no environmental im­
pact but only that the information in 
hand is consistent with the expectation 
that this component of dispersant de­
graded or was metabolized rapidly with 
respect to contamination in these taxa.)

vi) Luckily, the Loop Current (SI Text) did 
not behave in an average fashion. 
Based solely on climatology, there 
was concern early in the disaster (by 
numerous scientists, including govern­
ment scientists) that the Loop Current 
might transport oil to the Florida Keys 
and possibly beyond. Fortunately, 2010 
was an atypical year.

vii ) Although there was much speculation in 
the scientific community (government 
and academic) and some modeling 
results predicted hypoxia caused by
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oxidation of deep dispersed oil and 
m ethane, such an event never oc­
curred. The evidence suggests that this 
result is because of two factors: rapid 
biodégradation of hydrocarbons by bac­
teria (23, 26, 48, 49) and use of disper­
sants where hydrocarbons were spewing 
forth. The use of deep injection of dis­
persants was carefully monitored on 
a daily basis along with the levels of dis­
solved oxygen in the 1,000- to 1,200-m 
depths, where dispersed oil was known 
to be accumulating. The full extent of 
environmental damage caused by the 
use of such dispersants is not yet fully 
known, but if we are faced with such 
a choice in the future, information avail­
able to us now would lead to a similar 
recommendation to proceed with cau­
tion and an abundance of monitoring. 

viii ) Although the flow rate announced as
5.000 bpd on day 9 was suspected 
by government scientists as well as 
others of being a significant underes­
tim ate (7), the absence of a single 
credible methodology available to de­
rive an accurate flow rate quickly led 
the NIC to establish the FRTG  and 
charge it with devising the best possi­
ble estimate using a combination of 
methodologies. Successive estimates 
were announced on days 37 (12,000-
19.000 bpd), 53 (20,000-40,000 bpd), 
and 57 (35,000-60,000 bpd) as new 
information came to light, with a final 
estimate derived from pressure meas­
urements of 62,000 bpd at the outset 
and 53,000 bpd at well shut in for a to ­
tal of 4.9 ±  10% million barrels (7) 
(Fig. SI). Note that it is misleading 
to compare the FRTG  flow rates di­
rectly with higher flow rates from 
nongovernment researchers, because 
the FRTG  rates are oil flow rates on­
ly, whereas the early nongovernment 
flow rates are total discharge: oil plus 
liquid natural gas. The total discharge 
(oil + liquid gas) numbers should be 
multiplied by 0.29 before being com­
pared with days 37 and 53 FR TG  es­
timates and 0.41 to compare with day 
57 FRTG  flow rate to account for only 
the oil fraction.

The lack of reasonable estimates of flow 
rate early on was problematic from the 
perspectives of both communications and 
response, but the lack was caused by real 
uncertainty rather than any attempt to hide 
information or underestimate numbers.
It is true that much of the response did not 
depend on knowing the exact rate, but 
some of it did, particularly the capacity to 
capture oil directly from the well. It is 
reasonable to suggest that future permits 
be conditional on having mechanisms to 
rapidly assess flow rate to ameliorate the 
problem in the future.

Still unresolved are issues having to 
do with environmental impacts (impact of 
oil, dispersants, and dispersed oil on 
coastal, midwater, and benthic taxa and 
communities, marine mammals, turtles, 
and birds), human health, and economic 
and social impacts.

Based on these conclusions and our 
broader experiences, some of the lessons that 
we learned include the following:

i) The importance of preparedness can­
not be overstated. The consequences 
of lack of investment over the last 
few decades in scientific understand­
ing and technological development 
were obvious during DWH. Despite 
significant advances in technology that 
allowed drilling in deep waters, com­
parable progress had not been made in 
devising methods that would have en­
abled us to stop the flow from deep 
wells or deal with a spill of the magni­
tude seen in DWH. Both could and 
should have been anticipated. Scien­
tific and technological expertise had 
to be mobilized de novo to create 
solutions. Cleanup technologies had 
advanced little since EVOS. The H er­
culean efforts expended during the 
event were admirable, but planning 
for events like those that began on 
April 20, 2010 and investing in devel­
oping the capacity to deal with them 
would likely have made a significant 
difference. In view of how important 
it is to know flow rate to mobilize part 
of the response effort, preparedness 
should include devices installed on ex­
traction equipment to provide flow rate 
information if needed as well as redun­
dant mechanisms in case of failure. 

ii ) Preparedness also extends to acquiring 
a basic understanding of the places 
likely to be affected by a spill at the 
LME scale (e.g., the Gulf of Mexico). 
Accidents during exploration, extrac­
tion, transport, or offloading take 
place within coupled human and natu­
ral systems. Basic understanding of the 
dynamics of the ecosystem and conse­
quences of changes to people requires 
a comprehensive, integrated monitor­
ing/research/communication effort fo­
cused on an LME, ideally through 
the development of regional scientific 
collaboration networks. This under­
standing must be more than spatially 
explicit descriptions of the species 
present. It should include an inte­
grated understanding of the physical 
and ecosystem dynamics sufficient to 
know where oil is likely to flow (along 
the shallow and deep inner shelf and 
not just open surface waters), which 
species and life stages would be af­
fected at different times of the year, 
and how impacts to those species would

affect other species, the functioning 
of the ecosystem, the provision of eco­
system services, and other impacts on 
people. This knowledge is needed 
for every LME in the US Exclusive Eco­
nomic Zone (and adjacent waters, where 
relevant), and it would vastly enhance 
effective response and understanding of 
impacts. Moreover, it has the added ben­
efit of significantly enhancing a variety of 
other management efforts—water qual­
ity, invasive species, fisheries, shipping, 
recreation, and conservation. Achieving 
this integrated knowledge and sharing 
it publicly require stable funding and 
mechanisms to integrate monitoring, 
research, and communication activities 
across a region and the nation. 

iii ) The DW H spill highlighted the need 
for enhanced capacity to respond to 
spills and conduct training and other 
preparedness activities before spills 
occur. Capacity includes trained peo­
ple, technical knowledge, equipment 
for oil removal, and protocols and net­
works that can be activated quickly. 
The spill pushed our agencies to the 
limit. Had another significant spill or 
natural disaster (such as a major hur­
ricane) occurred at that time, our abil­
ity to respond would have been 
severely limited. The government and 
industry have taken some steps to in­
crease response capacity, such as with 
the establishment of two containment 
consortia, but more progress is needed 
on an adequate funding mechanism 
for research and development focused 
on improving oil spill response, espe­
cially in frontier areas such as the 
Arctic (53). The DW H incident also 
saw the willingness of the academic 
community to act in disaster-response 
mode. New arrangements for training 
and funding need to be developed to 
enable greater participation from aca­
demic and other sectors, 

tv) Mechanisms are needed for rapid mo­
bilization of more funding for research 
during a spill, especially early in an 
event. Although some funds were 
available through mission agencies 
and the National Science Foundation 
early in the response, they were insuf­
ficient to enable the broader array of 
knowledge acquisition that researchers 
were ready to tackle and that could 
assist in providing a more complete 
understanding of DW H impacts as 
well as better response to future events 
(54). Mission agencies rapidly mobi­
lized numerous preexisting relation­
ships (e.g., with university or inde­
pendent scientists) through ongoing 
research relationships financed through 
competitive grants and preexisting 
contracts to provide services in the 
event of a spill. For example, all of
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the seven NOAA vessels deployed for 
DW H response in the Gulf had aca­
demic researchers on board doing re­
search at one time or another. In 
parallel, the National Science Founda­
tion quickly provided funds to many 
other researchers. However, taken to­
gether, these mechanisms were insuffi­
cient to provide adequate funds with 
the rapidity required. Moreover, legal 
constraints stipulated in OPA90 on 
funding provided by the RP during 
the event meant that only response ac­
tivities, not research, could be sup­
ported with those funds, 

v) Effective mechanisms are needed to 
enable rapid two-way communication 
with the broader scientific community. 
No single mechanism existed for us to 
communicate easily with the large, un­
defined, and interdisciplinary commu­
nity of scientists. The US Government 
set up daily calls with governors, mem­
bers of Congress from Gulf Coast 
states, parish presidents, and journal­
ists. Unlike those easily identified 
groups, “scientists interested in the 
spill” were a challenging group to 
identify quickly and communicate with 
frequently and in the depth required 
for meaningful exchanges. New ve­
hicles for that communication needed 
to be created. Universities in the Gulf 
region and the Consortium for Ocean 
Leadership were helpful but did not 
begin to represent the universe of in­
terested scientists. Meetings and work­
shops were valuable but did not begin 
to meet the ongoing desire for credible 
scientific information. For the most 
part, many scientists could get and 
share updates only through informa­
tion in the public press, which led to 
considerable misunderstandings and 
great frustration. Solutions include the 
development of regional scientific col­
laboration networks (discussed in les­
son ii) that could serve as a starting 
point and better use of web-based 
communication tools.

v í ) A new dialogue within the scientific 
community and possible new mecha­
nisms are needed to resolve the ten­
sions around the appropriate time to 
share preliminary findings with the 
public. The public demand for infor­
mation created a challenging dynamic. 
A  clash of three cultures emerged: the 
media/public appetite for instanta­
neous information regardless of accu­
racy, the need for rapid but accurate 
information to inform the response, 
and the scientific convention of wait­
ing for journal peer review and publi­
cation before sharing results. Some 
academics waited for results of the 
journal peer review before talking 
about any of their results. Agencies
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and some academic scientists held 
themselves accountable for ensuring 
quality assurance and quality control 
(QA/QC) of results (but not peer re­
view) before releasing data or inter­
preting findings; then, there was peer 
review for final results. Other academ­
ics talked about new findings with the 
media well before any QA/QC, much 
less any peer review. Our rationale for 
sharing new data and preliminary re­
sults after they had gone through the 
QA/QC process reflected a commit­
ment to rapid but accurate results 
and openness and transparency in the 
midst of a crisis and a recognition of 
the additional, sometimes significant 
time required for peer review. One op­
tion is to explore ways for very rapid 
peer review.
A  parallel problem concerns intellec­
tual property. The community cur­
rently lacks effective processes to 
provide rapid but accurate information 
for decision-making while still respect­
ing many journals’ interests in report­
ing new knowledge not previously 
shared. During DWH, some nongov­
ernmental researchers did not want 
their findings widely disseminated in 
the press, because they thought it 
would prevent subsequent publication. 
Some prestigious journals, like Sci­
ence, sent clear signals that, in light 
of the need for all credible informa­
tion to inform the response, the jour­
nal would make an exception (55). 
Responders need to make decisions 
in a timely way that takes advantage 
of diverse science and views. Protect­
ing intellectual capital is also impor­
tant. However, some scientists com ­
m unicated misleading or wrong 
information and conclusions in the 
press before results had been substan­
tiated, leading to massive and avoid­
able confusion, waste of resources, 
and loss of public confidence. There 
is a need for a vigorous debate among 
scientists, editors, and agencies to find 
common ground to act on best sci­
ence in a crisis while still protecting 
scientific discovery. 

vii ) During a crisis, scientists must respect 
that the priority needs of the response 
must come before acquisition of new 
knowledge when the two are in direct 
conflict. In parallel, responders must 
support gathering new data, unless 
those activities interfere with the re­
sponse. Another culture clash ensued 
in the immediate vicinity of the well­
head. Academic and independent re­
searchers wanted access to the well 
site at depth, but their presence had 
strong potential to interfere with oper­
ations to stop the flow of oil. Remotely 
operated vehicles (ROVs) controlled

PNAS

from the surface with acoustic com­
mands were attem pting delicate ma­
neuvers at depth in the dark. Scientific 
ROVs had strong potential to inter­
fere physically or acoustically with re­
sponse ROVs. After one response 
ROV accidentally bumped into and 
dislodged the riser insertion tube tool 
(an early device for collecting oil in­
side the riser), the NIC declared 
a “no go” zone in the critical area 
around the well. Permission to enter 
that zone was then allowed by the 
NIC only if activities would not in ter­
fere with response operations. A l­
though some researchers understood 
and respected the “no go” zone, others 
complained that a heavy-handed gov­
ernment was preventing science from 
proceeding, 

vm ) Although a new standard for transpar­
ency and rapidity of data sharing was 
set with DWH, it was not enough to 
satisfy everyone. The federal agencies 
made an unprecedented effort—in the 
midst of the response—to provide 
data about the spill in raw and synthe­
sized form using the web and other 
vehicles, (/) A  spatially explicit man­
agement tool previously available only 
to responders, the innovative ERMA, 
was rapidly transformed into a publicly 
accessible platform that could serve 
the millions of hits per day expected 
(and received). This tool made very 
large datasets available as soon as they 
could be go through the QC process. 
In some cases, private businesses, such 
as ESRI, Inc. and Google, assisted in 
developing data visualization capabil­
ities specifically for oil spill communi­
cation. (ii) New web vehicles were 
developed to communicate both spill 
and restoration efforts (SI Text), (iii) 
In light of the keen interest in the 
question of “where did the oil go?,” 
the Administration chose to share 
a preliminary version of the oil budget, 
consistent with its commitment to 
transparency, (iv) The NRDA Trust­
ees, at the urging of NOAA, took the 
unprecedented step of releasing much 
of the preassessment data collected for 
the NRDA. Notwithstanding this 
significant and ongoing effort at trans­
parency, public and media interest 
in the event created a demand for al­
most instantaneous collection and syn­
thesis of information far beyond the 
capabilities of existing science and in­
stitutions to collect, process, and verify 
as accurate.

ix) The scientific teams (FRTG, Oil Bud­
get, GLST, Operational Science Advi­
sory Team, and JAG) created during 
DW H were highly successful in trou­
ble-shooting, designing solutions, ana­
lyzing and synthesizing data, and
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evaluating options. Similar mecha­
nisms should be used for future Spills 
of National Significance or other ma­
jor crises, where interagency, interdis­
ciplinary, broad-based scientific input 
is needed. Equally important is the 
commitment of leadership during the 
response to use information from sci­
ence teams. These teams ensured that 
strong scientific expertise was avail­
able to inform the response. An im­
portan t elem ent of these teams was 
the inclusion of outside experts. Equally 
important were scientists at the helms 
of agencies who articulated the need 
for these scientific teams, supported 
the inclusion of expertise within and 
outside government, and ensured the 
groups’ reports and recommendations 
were understood and incorporated in­
to the response. These teams provided 
an excellent complement to the Scien­
tific Support Coordinators advising 
the OSC in the region. The newly cre­
ated science teams during DW H pro­
vided broader interdisciplinary expertise 
to deal with the many new challenges 
faced in the DW H disaster. Strong 
support by the NIC for the science 
teams and a firm com mitm ent to use 
their input in responding was fortuitous 
and essential. Planning for future event 
should include similar mechanisms and 
specific roles for scientific information 
and scientists in the process at multiple 
levels of decision-making.

x) Intimate engagement with industry is 
essential. The government did not 
have the equipment needed to per­
form the mechanical operations re­
quired near the sea floor, but it 
played an unprecedented role in help­
ing BP gain control of the well. Al­
though formal guidance was issued to 
BP through directives from the NIC, 
intimate engagement with BP in 
Houston allowed independent assess­
ments of events to support timely de­
cisions in support of the government’s 
role in the crisis (7). In the process of 
understanding the issues of the well 
and well control, the GLST found that

1. Anastas PT, Sonich-Mullin C, Fried B (2010) Designing 
science in a crisis: th e  Deepwater Horizon  oil spill. En­
viron Sei Techno! 44(24):9250-9251.
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deep-water drilling technologies would 
have benefited from an improved sys­
tems perspective. Instrumentation built 
into the BOP capable of providing ac­
curate and redundant data that would 
allow cross-verification of the situation 
was missing. For example, a system of 
ROV-accessible electronic and visual 
measurements of the position and lock 
status of the BOP’s rams would have 
been greatly helpful. There was no 
pressure instrumentation installed on 
the Top Hat, and several pressure 
gauges on the BOP and capping stack 
failed during the DW H incident. Other 
examples of needed deep-water tech­
nologies include autonomous underwa­
ter vehicles capable of station-keeping 
in the deep sea with methods for de­
livering data for satellite transmission 
at the ocean surface to remotely mon­
itor the well during storms. Another im­
portant contribution of the GLST was 
its insistence that relevant data be taken 
whenever possible. These data proved 
to be critical to the most significant eval­
uation of the crisis—the determination 
that the capped well was not leaking (7). 
The GLST required enhanced ROV 
monitoring, more seismic monitoring 
and analysis, and the addition of unique 
acoustic monitoring provided by the 
NOAA vessels. This information ulti­
mately proved to be invaluable in reach­
ing agreement with BP to install the 
capping stack, conduct the well integrity 
test, and proceed with the Top Kill.
To engage wider participation from 
the scientific community, it would be 
advisable to consider establishing legal 
protocols and agreement with industry 
that would allow those individuals in­
volved in any future response access to 
necessary proprietary data. The oil/gas 
industry had information that was key 
to response—video, access to ROV 
feeds of imagery and data, oil samples, 
formulations of dispersants, detailed 
geological maps of the region, and other 
information. Although the GLST had 
access to the information that it needed, 
it was often difficult—especially early
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on—for other science teams to obtain 
information from BP in a timely m an­
ner. F or academic scientists, it was 
even m ore difficult (e.g., access to 
M acondo samples).

Despite these challenges, the response 
effort was effective, because in large part, 
high-quality scientific and engineering in­
formation was available and used. It is our 
hope that lessons learned from this disaster 
will be implemented before and used 
during any future events.
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