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Abstract The fate of the terrestrial biosphere is highly uncertain given recent and projected changes in
climate. This is especially acute for impacts associated with changes in drought frequency and intensity on
the distribution and timing of water availability. The development of effective adaptation strategies for
these emerging threats to food and water security are compromised by limitations in our understanding of
how natural and managed ecosystems are responding to changing hydrological and climatological regimes.
This information gap is exacerbated by insufficient monitoring capabilities from local to global scales. Here,
we describe how evapotranspiration (ET) represents the key variable in linking ecosystem functioning, car-
bon and climate feedbacks, agricultural management, and water resources, and highlight both the out-
standing science and applications questions and the actions, especially from a space-based perspective,
necessary to advance them.

1. Introduction

The response of the terrestrial biosphere to changes in climate remains one of the largest sources of
uncertainty in climate projections [Friedlingstein et al., 2014]. Tightly coupled to the water cycle, ecosys-
tems can act as either carbon sinks (photosynthesis, primary production) or carbon sources (respiration,
decomposition, mortality, combustion), and provide climate feedbacks through latent heat fluxes, albe-
do, and water cycling. However, the water cycle is rapidly changing, resulting in greater variance and
more extremes [Ziegler et al., 2003; Syed et al., 2010]. For example, the worst drought in its recorded his-
tory struck the Amazon basin in 2005, reversing this long-term carbon sink into a carbon source [Phillips
et al., 2009]. In 2010, an even stronger drought hit the Amazon basin, which had not fully recovered from
the impacts of the earlier event, and 2015 saw yet another recurrence [Lewis et al., 2011; Saatchi et al.,
2013; Jim!enez-Mu~noz et al., 2016]. The United States Midwest also experienced its worst drought in deca-
des in 2011, followed by an even stronger one in 2012, which impacted 80% of US agriculture; in parallel,
a multiyear drought from 2012 to 2015 along the West coast significantly impacted food production for
the entire country [Long et al., 2013; Mallya et al., 2013; AghaKouchak et al., 2014; Wolf et al., 2016]. Over-
all these patterns of extreme drought have been mirrored throughout nearly all major terrestrial vegetat-
ed biomes of the world, as well as in the key food production regions of every inhabited continent [Ciais
et al., 2005; Soja et al., 2007; Cook et al., 2010; Schwalm et al., 2012; Fisher et al., 2013b; van Dijk et al.,
2013; Famiglietti, 2014].

Key Points:
! ET science and applications have

significantly advanced across a wide
array of fields over the past several
decades
! Critical outstanding ET-based

research and applied science
questions from local to global scales
remain due to deficiencies in our
observational capabilities
! National and international research

priorities should include ET-focused
satellite observational investments
and programs
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ECOSYSTEMS THRIVE (β) 

ECOSYSTEMS COLLAPSE (γ) 

CO2 fertilization (β) versus drought-induced ecosystem collapse (γ) 

Friedlingstein et al 2006 



Uncertainty in our knowledge of carbon response is 
directly dependent on water response uncertainty  

W AT E R  

C A R B O N  



•  More energy 
 → More evaporation 
•  Atmosphere can’t hold all that evaporation 
  → More precipitation 

•  BUT, in places where there’s already 
precipitation 

•  Atmospheric moisture rains out before 
it reaches semi-arid places 

•  More intense storms; more intense 
droughts 

   → Wet get wetter, 
dry get drier. 

Syed et al 2010 

Rainfall is increasing Evaporation is increasing 

River runoff is increasing 
HYDROLOGICAL ACCELERATION 
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Amazon forests are a key but poorly understood component of the global carbon cycle. If, as
anticipated, they dry this century, they might accelerate climate change through carbon losses and
changed surface energy balances. We used records from multiple long-term monitoring plots across
Amazonia to assess forest responses to the intense 2005 drought, a possible analog of future events.
Affected forest lost biomass, reversing a large long-term carbon sink, with the greatest impacts
observed where the dry season was unusually intense. Relative to pre-2005 conditions, forest subjected
to a 100-millimeter increase in water deficit lost 5.3 megagrams of aboveground biomass of carbon per
hectare. The drought had a total biomass carbon impact of 1.2 to 1.6 petagrams (1.2 × 1015 to
1.6 × 1015 grams). Amazon forests therefore appear vulnerable to increasing moisture stress, with the
potential for large carbon losses to exert feedback on climate change.

Old-growth forests in Amazonia store
120 Pg (1.2 × 1017 g) of carbon in their
biomass (1), and through photosynthesis

and respiration they process 18 Pg C annually
(2), more than twice the rate of anthropogenic
fossil fuel emissions. Relatively small changes
in Amazon forest dynamics therefore have the
potential to substantially affect the concen-
tration of atmospheric CO2 and thus the rate
of climate change itself. A key parameter in
determining the magnitude of this effect is the
sensitivity—or resilience—of tropical forests

to drought. Increased moisture stress is a domi-
nant feature of some modeled 21st-century
climate scenarios for Amazonia, particularly
for southern Amazonia (3–5), and there is some
evidence that this has already commenced (6).
Prolonged tropical droughts can kill trees (7–10),
and some models predict climate-induced Am-
azon dieback this century (4, 11, 12). But it has
also been suggested that dry conditions may
cause Amazon forests to “green up” (13, 14) and
that increases in solar radiation during drier
periods boost tropical productivity (15–17).

Large-scale on-the-ground assessments of the
ecological impacts of tropical droughts are com-
pletely lacking, precluding tests of these ideas.

In 2005, large areas of the Amazon Basin
experienced one of the most intense droughts
of the past 100 years (18), providing a unique
opportunity to directly evaluate the large-scale
sensitivity of tropical forest to water deficits.
The 2005 event was driven not by El Niño, as
is often the case for Amazonia, but by elevated
tropical North Atlantic sea surface temperatures
(18), which affected the southern two-thirds of
Amazonia and especially the southwest through
reduced precipitation as well as higher-than-
average temperatures (18, 19). Both the anom-
alous North Atlantic warming and its causal
link to Amazon drought are reproduced in some
recent modeled scenarios for 21st-century cli-
mates (5, 12), and thus the event of 2005 may
provide a proxy for future climate conditions.
Through a large long-term research network,
RAINFOR, we have monitored forest plots across
the basin for 25 years. After the drought we con-
ducted an emergency recensus program cover-
ing all major Amazon nations, climates, soils,
and vegetation types. Here we report the results
of this large-scale natural experiment to assess
the impact of tropical drought on the ground.

By 2005 the RAINFOR network consisted
of 136 permanent plots located in old-growth
forest distributed across 44 discrete landscapes
(“sites”) (20). We used tree diameter, wood den-
sity, and allometric models to compute biomass
at each point in time, as well as rates of biomass
gain (“growth”) and loss (“mortality”) between
censuses, correcting for possible sampling ef-
fects (20). To establish the pre-2005 Amazon
baseline, we first determined the long-term bio-
mass changes in our plots. To assess drought im-
pacts, we focused on the 2005 event, evaluating
net biomass change, growth, and mortality and
the differences in these relative to earlier records,
focusing on the 55 plots that were regularly
censused both before and after the drought. To
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The 2010 Amazon Drought
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Several global circulation models (GCMs)
project an increase in the frequency and
severity of drought events affecting the

Amazon region as a consequence of anthropo-
genic greenhouse gas emissions (1). The proximate
cause is twofold, increasing Pacific sea surface
temperatures (SSTs), which may intensify El Niño
Southern Oscillation events and associated peri-
odic Amazon droughts, and an increase in the fre-
quency of historically rarer droughts associatedwith
high Atlantic SSTs and northwest displacement of
the intertropical convergence zone (1, 2). Such
droughts may lead to a loss of some Amazon for-
ests, which would accelerate climate change (3).
In 2005, a major Atlantic SST–associated drought
occurred, identified as a 1-in-100-year event (2).
Here,we report on a second drought in 2010,when
Atlantic SSTs were again high.

We calculated standardized anomalies from a
decade of satellite-derived dry-season rainfall data
(Tropical Rainfall Measuring Mission, 0.25° res-
olution) across 5.3 million km2 of Amazonia for
2010 and 2005 (4). We used identical reference
periods to allow a strict comparison of both drought
events (4). On the basis of this index, the 2010
drought wasmore spatially extensive than the 2005
drought (rainfall anomalies ≤ –1 SD over 3.0
million km2 and 1.9million km2 in 2010 and 2005,
respectively; Fig. 1 and fig. S1). Because dry-season

anomalies do not necessarily correlate with water
stress for forest trees, we also calculated the max-
imum climatological water deficit (MCWD) for
each year as the most negative cumulative value of
water input minus estimated forest evapotranspira-
tion (5). This measure of drought intensity corre-
lates with Amazon forest tree mortality (6). In
2010, the difference in MCWD from the decadal
mean that significantly increases tree mortality
(≤ –25 mm) spanned 3.2 million km2, compared
with 2.5 million km2 in 2005. The 2010 drought
had three identifiable epicenters in southwestern
Amazonia, north-central Bolivia, and Brazil’sMato
Grosso state. In 2005 only a single southwestern
Amazonia epicenter was detectable (fig. S1).

The relationship between the change inMCWD
and changes in aboveground carbon storage
derived from forest inventory plots affected by
the 2005 drought (6) provides a first approximation
of the biomass carbon impact of the 2010 event.
Summing the change in carbon storage predicted
by the 2010 MCWD difference across Amazonia
gives a total impact of 2.2 Pg C [95% confidence
intervals (CI) 1.2 and 3.4], comparedwith 1.6 PgC
for the 2005 event (CI 0.8, 2.6). These values are
relative to the predrought carbon uptake and rep-
resent the sum of (1) the temporary cessation of
biomass increases over the 2-year drought mea-
surement interval (~0.8 Pg C) and (2) biomass lost

via tree mortality, a committed carbon flux from
decomposition over several years (~1.4 Pg C after
the 2010 drought). Inmost years, these forests are a
carbon sink; drought reverses this sink.

Considerable uncertainty remains, related to the
soil characteristics within the epicenters of the
2010 drought, which couldmoderate or exacerbate
climatic drying, whether a second drought will kill
more trees (i.e., those damaged by the initial
drought) or fewer (i.e., if most drought-susceptible
trees are already dead), and whether drought slows
soil respiration (temporarily offsetting the biomass
carbon source). New field measurements will be
required to refine our initial estimates.

The two recent Amazon droughts demonstrate
a mechanism bywhich remaining intact tropical for-
ests of South America can shift from buffering the
increase in atmospheric carbon dioxide to accelerat-
ing it. Indeed, two major droughts in a decade may
largelyoffset thenetgainsof~0.4PgCyear−1 in intact
Amazon forest aboveground biomass in nondrought
years. Thus, repeated droughts may have important
decadal-scale impacts on the global carbon cycle.

Droughts co-occur with peaks of fire activity
(5). Such interactions among climatic changes, hu-
man actions, and forest responses represent
potential positive feedbacks that could lead to
widespread Amazon forest degradation or loss (7).
The significance of these processes will depend on
the growth response of tropical trees to increases in
atmospheric carbon dioxide concentration, fireman-
agement, and deforestation trends (3, 7). Nevertheless,
any shift to drier conditions would favor drought-
adapted species, and drier forests store less carbon
(8). If drought events continue, the era of intact
Amazon forests buffering the increase in atmo-
spheric carbon dioxide may have passed.
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Fig. 1. (A andB) Satellite-derived standardized anomalies for dry-season rainfall for the twomost extensive
droughts of the 21st century in Amazonia. (C andD) The difference in the 12-month (October to September)
MCWD from the decadal mean (excluding 2005 and 2010), a measure of drought intensity that correlates
with tree mortality. (A) and (C) show the 2005 drought; (B) and (D) show the 2010 drought.
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The El Niño-Southern Oscillation (ENSO) is the main driver of interannual climate extremes in Amazonia 
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show that this protracted EN event, combined with the regional warming trend, was associated with 
unprecedented warming and a larger extent of extreme drought in Amazonia compared to the earlier 
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eastern Amazonia, whilst in western Amazonia there was an unusual wetting. We attribute this wet-
��������������������������������������������������������������������������������������������Ƥ�Ǥ�����
impacts of this climate extreme on the rainforest ecosystems remain to be documented and are likely to 
�����ơ����������������������������������Ǥ

The Amazon basin has warmed by 0.5 °C since 1980, with stronger warming during the dry season and over the 
southeast1,2. Together with warming, the last decade has experienced two major droughts in a very short period3–6, 
raising concerns about the resilience of tropical forests to extreme droughts and impacts of global warming over 
this biome. Extreme climatic events over Amazonia are mainly linked to El Niño-Southern Oscillation (ENSO) 
conditions in the tropical Pacific, but also to sea surface temperature (SST) anomalies in the tropical Atlantic, or 
to a combination of both7. The occurrence of these extreme events severely disrupts the livelihood of riverine 
populations7 as well as the water and carbon cycling of the extensive tropical forests2,8–11.

Warm EN events are associated to periodic droughts in Amazonia because of a suppression of the convection 
and thus rainfall in northern, eastern and western Amazonia5,7,12. Because of the different pattern observed in the 
tropical Pacific SST anomalies during El Niño events, two types of El Niño have been recently suggested depend-
ing on whether the maximum warming is located in the Eastern Pacific (EP) or the Central Pacific (CP). The 
impacts of these two types of El Niño on the Amazon climate and ecosystems can be markedly different because 
of the particular convection patterns and atmospheric response linked to EP and CP warmings13. These two EN 
flavours do not imply a dichotomy, as events can be found in-between14. In fact, the EN of 1982/83 and 1997/98 
can be considered to belong to a separate strong EN regime, with particularly large warming in the EP, as opposed 
to a moderate regime as occurs for the other observed EN, thus leading to a reinterpretation of the canonical and 
Modoki El Niño commonly associated to EP and CP anomalies, respectively15,16.
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Abstract

For about three decades, there have been many predictions of the potential ecological response in boreal regions to the currently
warmer conditions. In essence, a widespread, naturally occurring experiment has been conducted over time. In this paper, we describe
previously modeled predictions of ecological change in boreal Alaska, Canada and Russia, and then we investigate potential evidence
of current climate-induced change. For instance, ecological models have suggested that warming will induce the northern and upslope
migration of the treeline and an alteration in the current mosaic structure of boreal forests. We present evidence of the migration of
keystone ecosystems in the upland and lowland treeline of mountainous regions across southern Siberia. Ecological models have also
predicted a moisture-stress-related dieback in white spruce trees in Alaska, and current investigations show that as temperatures
increase, white spruce tree growth is declining. Additionally, it was suggested that increases in infestation and wildfire disturbance
would be catalysts that precipitate the alteration of the current mosaic forest composition. In Siberia, 7 of the last 9 yr have resulted in
extreme fire seasons, and extreme fire years have also been more frequent in both Alaska and Canada. In addition, Alaska has
experienced extreme and geographically expansive multi-year outbreaks of the spruce beetle, which had been previously limited by
the cold, moist environment. We suggest that there is substantial evidence throughout the circumboreal region to conclude that the
biosphere within the boreal terrestrial environment has already responded to the transient effects of climate change. Additionally,
temperature increases and warming-induced change are progressing faster than had been predicted in some regions, suggesting a
potential non-linear rapid response to changes in climate, as opposed to the predicted slow linear response to climate change.
© 2006 Elsevier B.V. All rights reserved.
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Global and Planetary Change 56 (2007) 274–296
www.elsevier.com/locate/gloplacha

⁎ Corresponding author. Tel.: +1 757 864 5603; fax: +1 757 864 7996.
E-mail address: a.j.soja@larc.nasa.gov (A.J. Soja).

0921-8181/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.gloplacha.2006.07.028

Atmos. Chem. Phys., 11, 7925–7942, 2011
www.atmos-chem-phys.net/11/7925/2011/
doi:10.5194/acp-11-7925-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric

Chemistry

and Physics

Satellite- and ground-based CO total column observations over 2010
Russian fires: accuracy of top-down estimates based on thermal IR
satellite data
L. N. Yurganov1, V. Rakitin2, A. Dzhola2, T. August3, E. Fokeeva2, M. George4, G. Gorchakov2, E. Grechko2,
S. Hannon1, A. Karpov2, L. Ott5, E. Semutnikova6, R. Shumsky2, and L. Strow1
1Joint Center for Earth Systems Technology, University of Maryland Baltimore County, Baltimore, MD, USA
2Obukhov Institute of Atmospheric Physics, Moscow, Russia
3EUMETSAT, Darmstadt, Germany
4UPMC, Univ. Paris 06, Univ. Versailles St-Quentin, CNRS/INSU, LATMOS-IPSL, Paris, France
5NASA, Goddard Space Flight Center, Greenbelt, MD, USA
6Mosecomonitoring, Moscow, Russia

Received: 18 March 2011 – Published in Atmos. Chem. Phys. Discuss.: 19 April 2011
Revised: 22 July 2011 – Accepted: 1 August 2011 – Published: 4 August 2011

Abstract. CO total column data are presented from three
space sounders and two ground-based spectrometers in
Moscow and its suburbs during the forest and peat fires
that occurred in Central Russia in July–August 2010. Also
presented are ground-based in situ CO measurements. The
Moscow area was strongly impacted by the CO plume from
these fires. Concurrent satellite- and ground-based observa-
tions were used to quantify the errors of CO top-down emis-
sion estimates. On certain days, CO total columns retrieved
from the data of the space-based sounders were 2–3 times
less than those obtained from the ground-based sun-tracking
spectrometers. The depth of the polluted layer over Moscow
was estimated using total column measurements compared
with CO volume mixing ratios in the surface layer and on the
TV tower and found to be around 360m. The missing CO
that is the average difference between the CO total column
accurately determined by the ground spectrometers and that
retrieved by AIRS, MOPITT, and IASI was determined for
the Moscow area between 1.6 and 3.3⇥ 1018 molec cm�2.
These values were extrapolated onto the entire plume; sub-
sequently, the CO burden (total mass) over Russia during the
fire event was corrected. A top-down estimate of the total
emitted CO, obtained by a simple mass balance model in-
creased by 40–100% for different sensors due to this cor-
rection. Final assessments of total CO emitted by Russian
wildfires obtained from different sounders are between 34
and 40 TgCO during July–August 2010.

Correspondence to: L. N. Yurganov
(yurganov@umbc.edu)

1 Introduction

Carbon monoxide (CO) is recognized as a useful tracer of
biomass burning and anthropogenic pollution (Logan et al.,
1981; Edwards et al., 2004, 2006; McMillan et al., 2010).
CO total source is estimated by Holloway et al. (2000) as
2491 Tg yr�1 for the 1990’s and by Duncan et al. (2007)
in the range between 2236 and 2489Tg yr�1 depending on
biomass burning emissions. Duncan et al. (2007) found a 2%
per year downward trend from 1988 to 1997. They explained
this trend by a decrease in European emissions. Contribu-
tions from wildfires were counted using the GFED3 model
by van derWerf et al. (2010), and vary from year to year, both
globally and regionally. From 2000 to 2009, global fire emis-
sions varied between 253 (2001) and 388 (2006) Tg yr�1,
i.e. between 11% and 16% of total source. Uncertainties
in these bottom-up calculations are connected with estimates
of burned areas, fuel loads, emission factors, etc. As a way to
carry out top-down estimates of CO fire emissions, satellite
measurements of CO are of great importance.
CO has been measured from space since 1981 (Reichle et

al., 1986). Those pioneering observations revealed biomass
burning, especially over Africa, as the most prominent global
CO feature and confirmed the North-South CO total column
(TC) gradient discovered earlier using a ship-based spec-
trometer (Malkov et al., 1976). CO is now measured op-
erationally by several satellite-borne sounders, and the re-
sults of most retrievals are available on the Web. CO has
very distinct spectral features; the fundamental band and its
first overtone, which are located in the Thermal Infrared Red

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Mountain pine beetle and forest carbon feedback to
climate change
W. A. Kurz1, C. C. Dymond1, G. Stinson1, G. J. Rampley1, E. T. Neilson1, A. L. Carroll1, T. Ebata2 & L. Safranyik1

The mountain pine beetle (Dendroctonus ponderosae Hopkins,
Coleoptera: Curculionidae, Scolytinae) is a native insect of the
pine forests of western North America, and its populations peri-
odically erupt into large-scale outbreaks1–3. During outbreaks, the
resulting widespread tree mortality reduces forest carbon uptake
and increases future emissions from the decay of killed trees. The
impacts of insects on forest carbon dynamics, however, are gene-
rally ignored in large-scale modelling analyses. The current out-
break in British Columbia, Canada, is an order of magnitude
larger in area and severity than all previous recorded outbreaks4.
Here we estimate that the cumulative impact of the beetle out-
break in the affected region during 2000–2020 will be 270 mega-
tonnes (Mt) carbon (or 36 g carbon m22 yr21 on average over
374,000 km2 of forest). This impact converted the forest from a
small net carbon sink to a large net carbon source both during and
immediately after the outbreak. In the worst year, the impacts
resulting from the beetle outbreak in British Columbia were equi-
valent to 75% of the average annual direct forest fire emissions
from all of Canada during 1959–1999. The resulting reduction in
net primary production was of similar magnitude to increases
observed during the 1980s and 1990s as a result of global change5.
Climate change has contributed to the unprecedented extent and
severity of this outbreak6. Insect outbreaks such as this represent
an important mechanism by which climate change may under-
mine the ability of northern forests to take up and store atmo-
spheric carbon, and such impacts should be accounted for in
large-scale modelling analyses.

Forest insect epidemics can have severe impacts on ecosystem
dynamics by causing mortality and reducing the growth of millions
of trees over extensive areas7. Native insects and alien invasive species
affect both managed and natural forests. Beyond the ecological
impacts are the associated economic (for example, disrupted timber
supply to mills) and social (for example, unemployment, crime rates)
effects8. The impact of insects on carbon (C) dynamics and global
climate are not well documented9.

The current outbreak of mountain pine beetle in western Canada is
an order of magnitude greater in area than previous outbreaks owing
to the increased area of susceptible host (mature pine stands) and
favourable climate4 (see also Supplementary Fig. 3). An expansion in
climatically suitable habitat for the mountain pine beetle, including
reduced minimum winter temperature, increased summer tempera-
tures and reduced summer precipitation, during recent decades has
facilitated expansion of the outbreak northward and into higher
elevation forests4,10. This range expansion, combined with an increase
in the extent of the host, has resulted in an outbreak of unprece-
dented scale and severity. By the end of 2006, the cumulative out-
break area was 130,000 km2 (many stands being attacked in multiple
years), with tree mortality ranging from single trees to most of a

stand in a single year11. Timber losses are estimated to be more
than 435 million m3, with additional losses outside the commercial
forest12. The forest sector has responded by increasing harvest rates
and reallocating some harvest, increasing the pine portion of the
provincial total volume harvested from 31% to 45% over four years
(2001–2004).

We estimated the combined impact of the beetle, forest fires and
harvesting on forest productivity and carbon balance from 2000 until
2020 for the south-central region of British Columbia (Fig. 1). This
area includes 374,000 km2 of productive forest, largely dominated by
pine (Pinus) and spruce (Picea) species. We used a Monte Carlo
design for simulating future net biome production (NBP) using a
forest ecosystem model (the Carbon Budget Model of the Canadian
Forest Sector, CBM-CFS3). This model accounts for annual tree
growth, litterfall, turnover and decay, and it explicitly simulates
harvest, beetle-caused mortality, and fire-caused mortality and fuel
consumption. We developed regional probability distribution func-
tions of the annual area burned and projected future beetle dynamics
on the basis of the characteristics of the remaining host (that is, pine
stands of suitable age) and the judgement of regional entomologists.
We conducted 100 Monte Carlo simulations with different random
draws from the probability distributions for the annual area of beetle
outbreak and the annual area burned.

For the period 2000–2020, the average annual NBP was 215.8 6
7.9 Mt C yr21 (or 242.4 6 21 g C m22 yr21; Fig. 2). Carbon losses
result from emissions from decomposition and fires and from
the transfer of timber to the forest product sector. In a separate
analysis13, we estimated that the study area was a net sink from
1990 to 2002. The first two years of this study also reported a net
sink (0.59 Mt C yr21), but with increasing beetle impact (Fig. 3), the
forest converted to a source of 17.6 Mt C yr21from 2003 to 2020.
With decreasing beetle impact (Fig. 3), NBP began to recover, but
by 2020, the estimated NBP had not yet returned to pre-outbreak
levels. Although we can expect that forests will eventually recover
from the beetle outbreak, we are reluctant to extend projections
beyond 2020 or to speculate on the rate of recovery beyond 2020
given uncertainties about non-host responses, rates of regeneration,
and future fires in a region in which major climate change impacts are
forecast14.

One component of the uncertainty in future NBP is that we do not
know the future area that will be infested by the beetle. We projected
the area infested during 2007–2020 using random draws from
regionally calibrated probability distributions of outbreak area and
duration that were based on: the 2000–2006 area; mortality and host
statistics; historical, spatial and temporal dynamics; remaining host
population; and judgment from entomologists. The outbreak was
projected to peak between 2006 and 2008, with the maximum area
infested ranging from 74,000 km2 to 94,000 km2 (Fig. 3).

1Natural Resources Canada, Canadian Forest Service, Pacific Forestry Centre, Victoria, British Columbia, V8Z 1M5, Canada. 2British Columbia Ministry of Forests and Range, Victoria,
British Columbia, V8W 9C2, Canada.
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Current US drought prediction capabilities failed to predict the 
intensity and magnitude of the 2012 US Midwest drought 
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Evapotranspiration is the 
key climate variable linking the 

water, energy, and carbon cycles 

what is evapotranspiration (ET)?

ET describes the net exchange 
of water vapor between the 
l a n d s u r f a c e a n d t h e 
atmosphere, and is comprised 
of water evaporated directly 
from the soil or other surfaces 
and water transpired (i.e., used; 
consumptive use) by plants. 
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and managed ecosystems through plant water dynamics. 
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P A T H  F O R W A R D  



High accuracy: The higher the accuracy, the 
greater the ability to differentiate water use and 
water stress among different crops, species, and 
ecosystems, as well as to enable more efficient 

water management (<10% relative error). 



MODIS – 1 km Landsat 7 – 60 m 

High spatial resolution: The length scales 
required to detect spatially heterogeneous 

responses to water environments must consider 
the “field-scale” of agricultural plots, narrow 

riparian zones, and mixed-species forest/ 
ecosystem assemblages (<100 m). 
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High temporal resolution: ET is highly variable 
from day to day, thus management necessitates 
accurate ET information provided in sync with 

daily irrigation schedules; ET also varies 
throughout the day, and, under water stress, 
vegetation may shut down transpiration by 
closing leaf stomata pores, impacting both 
water management as well as atmospheric 

feedbacks (daily, diurnal).  
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Large spatial coverage: Global coverage 
enables detection of large-scale droughts, is 

necessary to understand climate feedbacks, is 
required to close the global water and energy 

budgets, and ensures consistency and 
dependability in measurements across regions 

and shared resources (global land). 



Long-term monitoring: Because heatwaves, 
droughts and drought responses evolve over 
the course of multiple years, and as climate 
becomes increasingly variable, the need for 

long-term observations will likewise be 
increasingly critical (decadal scale). 



Evapotranspiration is the 
key climate variable linking the 

water, energy, and carbon cycles 

what is evapotranspiration (ET)?

ET describes the net exchange 
of water vapor between the 
l a n d s u r f a c e a n d t h e 
atmosphere, and is comprised 
of water evaporated directly 
from the soil or other surfaces 
and water transpired (i.e., used; 
consumptive use) by plants. 
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Mexicali: 23 March 2017 



LE W m-2 

PT-JPL: 30 m (MODIS/Landsat) 

Mexicali: 23 March 2017 



ET Partitioning 

LEtotal 

LEc LEs LEi 

Soil Evaporation 
Transpiration 
Interception 



ET Uncertainty 

1 JUL 2005 

Evapotranspiration 

1 JUL 2005 

Uncertainty 

1 JUL 2005 

PM-MOD16 

1 JUL 2005 

PT-JPL 

1 JUL 2005 

SEBS 



Quality Flags 
As part of preprocessing pipeline: 

Loop over 23 ancillary datasets 

QualityFlag added to  
L3 PT-JPL ET, L4 ESI, L4 
WUE output HDF5 files 

From downloaded ancillary 
data, get quality field 

Resample onto ECOSTRESS 
scene, using Nearest Neighbor 

Re-open cumulative QualityFlag 
file per ECOSTRESS scene, 

concatenate new flag on pixel 
level, with padding if needed 

L3 PT-JPL ET,  
L4 ESI, L4 WUE  

output from Science code 

•  Collect quality flags from all input ancillary files; 
•  Place in pixel-based concatenated QualityFlag 

data field in output HDF5 file; 
•  Retain original conventions for quality flag usage 

and meaning from ancillary data sources; 

•  Original quality flags can have different lengths; 
padded to uniform length in concatenated file 
(ensure compatibility with secondary data 
sources). 



														

Results – ET Diurnal Cycle 

PT-JPL ET using MODIS and MERRA2 compared to La Thuile FLUXNET 
aggregated by hour at all sites with absolute and percentage bias 

MERRA-2 

PT-JPL diurnal 
processing 

Air  
Temperature 

Dew-Point  
Temperature 

Incoming  
Shortwave 
Radiation 

Incoming  
Longwave 
Radiation 

150 FLUXNET Sites 

Diurnal Testing 
𝜌 = 0.98  = 0.98 
R² = 0.97 
RMSE = 6.65 W/m²  



E C O S T R E S S: 

A technology that will help us 
understand how plants react to 

our changing planet
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ET Spaceborne Measurements Requirements 
Parameters Minimal Optimum Landsat 8 MODIS HyspIRI* ECOSTRESS 

Return Cycle 
(days) 

≤8 ≤4 16 1 5 3-5 

Number of 
TIR bands 

1 >2 2 3 8 5 

Spatial 
resolution (m) 

120 30 100 1000 60 38x57 

Coverage US  
always on 

World 
always on 

US  
always on 

World 
always on 

World 
always on 

World 
always on+ 

Source: Letter to Anne Castle on “Water Resources Needs” dated November 22, 2011, R. 
Allen, U. Idaho, referencing Allen 2010, Allen et al 2011. 
* Proposed mission >2023. 



The	Future	of	Evapotranspiration 	
•  ET science and applications have significantly advanced 

across a wide array of fields over the past few decades; 
•  Critical outstanding ET-based science and application 

questions remain from local to global scales due to 
deficiencies in our observational capabilities; 

•  National and international public policies need to 
prioritize ET-focused investments and programs.  


