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The response of the terrestrial biosphere to changing climate 
is one of the largest uncertainties in future climate projections. 
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•  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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The response of the terrestrial biosphere to changing climate 
is one of the largest uncertainties in future climate projections. 

Friedlingstein et al 2006 
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Figure 5. Change in the potential climatological niche of HTFs, as inferred from AOGCM data. (a) HTF niche at 2◦C and (b) 4◦C global warming.
This scenario accounts for the decrease in ecosystem water demand in new climate regimes, modelled in the land-surface scheme (see also figure 4).
Dark grey areas mark the niche derived from the current climatological conditions, and are predicted to remain by all AOGCMs. Shades of red and
green mark the potential HTF niche contraction and expansion, respectively. Areas too cold for HTFs are marked in blue. In mountainous areas
adjacent to HTFs, they define the boundary between lowland and montane tropical forests. Inset bar plots show the percentage of models that agree
on a change up to the plotted level.
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Zelazowski, P., Malhi, Y., Huntingford, C., Sitch, S., Fisher, J.B., 2011. Changes in the potential distribution of humid tropical forests 
on a warmer planet. Philosophical Transactions of the Royal Society A – Mathematical, Physical & Engineering Sciences. 
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estimate the moisture stress at each location, we
compiled meteorological data sets and determined
the maximum dry-season intensity for each year
in the 2005 measurement interval and for each
year in the entire pre-2005 measurement period.
Forest sensitivity to drought was then determined
by relating the change in biomass dynamics to
the change in mean maximum moisture stress.
The results presented below are based on the
sampling unit of individual plots; in (20) we ex-
plore the sensitivity of our findings to varying
both the spatial scale of the sampling unit and the
method of estimating moisture stress.

Before 2005, plots recorded a long-term net
increase in aboveground (dry-weight) biomass,
weighted by sampling effort, of 0.89 Mg ha−1

year−1 (bootstrapped 95% confidence intervals:
0.65, 1.12). This increase occurred through a
multidecadal period spanning dry and wet epi-

sodes, including several El Niño events. The net
biomass gain was widespread and is not a sam-
pling artifact (20). These results confirm pre-
vious measured and modeled indications of a
persistent biomass carbon sink—now based on
a much larger data set—and are consistent with
Amazon forest productivity increasing with time
(21–25).

By contrast, through the 2005 drought pe-
riod there was no net biomass increase in moni-
tored plots [net rate of change –0.71 (–1.93,
+0.30) Mg ha−1 year−1; n = 55, interval mean
1.97 years]. Before 2005, 76% of plots (93 of
123) gained biomass, but during the 2005 inter-
val only 51% did so (28 of 55); this difference is
highly significant (P < 0.01, Mann-Whitney U
test). To assess whether biomass changes were
drought-related, we developed meteorological and
soil data sets to estimate evapotranspirational

demand and soil moisture stress (20). For plots
with longer and more intense moisture deficits
than normal, there were clear net losses [–1.62
(–3.16, –0.54) Mg ha−1 year−1; n = 38, inter-
val mean 1.96 years]. The distribution through
time of all measured biomass dynamics (Fig.
1) reveals that the drought coincided with the
first substantial decline in measured biomass in
Amazonian plots since measurements started.
However, fingerprinting the drought impact is
complicated by switching among plots being
monitored, the nonequilibrium initial conditions,
divergent climatologies and soils, and contrast-
ing conditions in 2005 itself. Within-plot anal-
yses help to control for such effects and confirm
the drought’s impact: Relative to their extended
period of earlier biomass gains, plots monitored
through 2005 experienced negative change
[difference = –1.50 (–3.01, –0.44) Mg ha−1

year−1; n = 43]. Among the 28 plots with longer
and more severe water deficits than normal dur-
ing 2005, the rate of aboveground woody bio-
mass accumulation declined by 2.39 (1.12 to 3.97)
Mg ha−1 year−1, whereas by contrast the 15 non-
droughted plots continued to gain [difference =
+0.76 (–0.78, +2.00) Mg ha−1 year−1].

The Amazon forest spans a large climatic range,
from the almost aseasonal high-precipitation
northwest to the strongly seasonal southern fringes
with frequent prolonged moisture deficits (26, 27).
Distributions of neotropical trees reflect their
drought sensitivity (28), so we hypothesized that
any drought impacts will be experienced by plants
as a function of relative departure from their long-
term environmental conditions. For each site, we
therefore estimated the magnitude of the drought
experienced during the 2005 interval relative to
local, long-term estimates of water balance. We
find that relative drought is indeed strongly

Fig. 1. Interval-by-interval, plot-by-plot net bio-
mass change measured in Amazonia since 1980.
The multidecadal carbon sink is evident, strongly
reversed in 2005. Long sampling intervals may
have obscured earlier fluctuations (see fig. S1).
Red line (scale on right) represents the total cu-
mulative biomass increase of Amazon trees ≥10 cm
in diameter as actually measured in permanent
plots, as a function of the mid-date of each census
interval, with a running mean of 50 intervals. Black
and blue distributions (scale on left) represent
mean and 95% bootstrapped confidence intervals
for interval-by-interval biomass change weighted
by sampling effort (20). Black distributions indi-
cate predefined periods (1980–1989, 1990–1994,
1995–1999) where the chronological span of each
bin represents the interval mid-dates that fall
within that period. Blue distributions align intervals with the 2005 drought event to reveal its impact,
contrasting all 2000–2004 predrought measurements with all droughted plots monitored in 2005.

Fig. 2. Biomass dynamics
response to the relative in-
tensity of the 2005 drought.
Differences in (A) plot bio-
mass change (blue) and (B)
mortality rate (red) and
growth rate (green) are
shown for trees ≥10 cm in
diameter for the drought in-
terval relative to pre-2005 as
a linear function of drought
relative intensity, weighted
by monitoring effort (20).
Change in drought intensity
is measured by change in
maximum climatological wa-
ter deficit (MCWD, accounts
only for rainfall). Uncertainty
in precipitation is included in
the bootstrapped estimates
of the relationship of dif-
ference in biomass change
versus difference in MCWD
and confidence intervals (20). Plots known to have different 2005 interval MCWD are treated as independent; values are otherwise averaged across contributing plots.
Alternative models that account for variation in soil properties, evapotranspiration, and plot definitions give very similar results (20). Polynomial or break-point
functions do not provide closer fits.
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estimate the moisture stress at each location, we
compiled meteorological data sets and determined
the maximum dry-season intensity for each year
in the 2005 measurement interval and for each
year in the entire pre-2005 measurement period.
Forest sensitivity to drought was then determined
by relating the change in biomass dynamics to
the change in mean maximum moisture stress.
The results presented below are based on the
sampling unit of individual plots; in (20) we ex-
plore the sensitivity of our findings to varying
both the spatial scale of the sampling unit and the
method of estimating moisture stress.

Before 2005, plots recorded a long-term net
increase in aboveground (dry-weight) biomass,
weighted by sampling effort, of 0.89 Mg ha−1

year−1 (bootstrapped 95% confidence intervals:
0.65, 1.12). This increase occurred through a
multidecadal period spanning dry and wet epi-

sodes, including several El Niño events. The net
biomass gain was widespread and is not a sam-
pling artifact (20). These results confirm pre-
vious measured and modeled indications of a
persistent biomass carbon sink—now based on
a much larger data set—and are consistent with
Amazon forest productivity increasing with time
(21–25).

By contrast, through the 2005 drought pe-
riod there was no net biomass increase in moni-
tored plots [net rate of change –0.71 (–1.93,
+0.30) Mg ha−1 year−1; n = 55, interval mean
1.97 years]. Before 2005, 76% of plots (93 of
123) gained biomass, but during the 2005 inter-
val only 51% did so (28 of 55); this difference is
highly significant (P < 0.01, Mann-Whitney U
test). To assess whether biomass changes were
drought-related, we developed meteorological and
soil data sets to estimate evapotranspirational

demand and soil moisture stress (20). For plots
with longer and more intense moisture deficits
than normal, there were clear net losses [–1.62
(–3.16, –0.54) Mg ha−1 year−1; n = 38, inter-
val mean 1.96 years]. The distribution through
time of all measured biomass dynamics (Fig.
1) reveals that the drought coincided with the
first substantial decline in measured biomass in
Amazonian plots since measurements started.
However, fingerprinting the drought impact is
complicated by switching among plots being
monitored, the nonequilibrium initial conditions,
divergent climatologies and soils, and contrast-
ing conditions in 2005 itself. Within-plot anal-
yses help to control for such effects and confirm
the drought’s impact: Relative to their extended
period of earlier biomass gains, plots monitored
through 2005 experienced negative change
[difference = –1.50 (–3.01, –0.44) Mg ha−1

year−1; n = 43]. Among the 28 plots with longer
and more severe water deficits than normal dur-
ing 2005, the rate of aboveground woody bio-
mass accumulation declined by 2.39 (1.12 to 3.97)
Mg ha−1 year−1, whereas by contrast the 15 non-
droughted plots continued to gain [difference =
+0.76 (–0.78, +2.00) Mg ha−1 year−1].

The Amazon forest spans a large climatic range,
from the almost aseasonal high-precipitation
northwest to the strongly seasonal southern fringes
with frequent prolonged moisture deficits (26, 27).
Distributions of neotropical trees reflect their
drought sensitivity (28), so we hypothesized that
any drought impacts will be experienced by plants
as a function of relative departure from their long-
term environmental conditions. For each site, we
therefore estimated the magnitude of the drought
experienced during the 2005 interval relative to
local, long-term estimates of water balance. We
find that relative drought is indeed strongly

Fig. 1. Interval-by-interval, plot-by-plot net bio-
mass change measured in Amazonia since 1980.
The multidecadal carbon sink is evident, strongly
reversed in 2005. Long sampling intervals may
have obscured earlier fluctuations (see fig. S1).
Red line (scale on right) represents the total cu-
mulative biomass increase of Amazon trees ≥10 cm
in diameter as actually measured in permanent
plots, as a function of the mid-date of each census
interval, with a running mean of 50 intervals. Black
and blue distributions (scale on left) represent
mean and 95% bootstrapped confidence intervals
for interval-by-interval biomass change weighted
by sampling effort (20). Black distributions indi-
cate predefined periods (1980–1989, 1990–1994,
1995–1999) where the chronological span of each
bin represents the interval mid-dates that fall
within that period. Blue distributions align intervals with the 2005 drought event to reveal its impact,
contrasting all 2000–2004 predrought measurements with all droughted plots monitored in 2005.

Fig. 2. Biomass dynamics
response to the relative in-
tensity of the 2005 drought.
Differences in (A) plot bio-
mass change (blue) and (B)
mortality rate (red) and
growth rate (green) are
shown for trees ≥10 cm in
diameter for the drought in-
terval relative to pre-2005 as
a linear function of drought
relative intensity, weighted
by monitoring effort (20).
Change in drought intensity
is measured by change in
maximum climatological wa-
ter deficit (MCWD, accounts
only for rainfall). Uncertainty
in precipitation is included in
the bootstrapped estimates
of the relationship of dif-
ference in biomass change
versus difference in MCWD
and confidence intervals (20). Plots known to have different 2005 interval MCWD are treated as independent; values are otherwise averaged across contributing plots.
Alternative models that account for variation in soil properties, evapotranspiration, and plot definitions give very similar results (20). Polynomial or break-point
functions do not provide closer fits.
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DROUGHT	  	  
=	  	  

TREE	  DEATH	  

As drought 
increases, live 
trees decrease. 

Phillips, O.L., Aragão, L., Lewis, S.L.., Fisher, J.B., et al., 2009.  
Drought sensitivity of the Amazon rainforest. Science. 



Vergopolan, N. and Fisher, J.B., in review. The impact of deforestation on the hydrological cycle in Amazonia 
as observed from remote sensing. Geophysical Research Letters. 
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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.

Keywords: climate change evidence; fire; infestation disturbance; treeline progression; boreal; montane
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Satellite- and ground-based CO total column observations over 2010
Russian fires: accuracy of top-down estimates based on thermal IR
satellite data
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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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2012 LAND CARBON UPTAKE ANOMALY

( GPP2012 − GPP2008−2010 ; g C m−2   month−1 )

Current US drought prediction capabilities failed to predict the 
intensity and magnitude of the 2012 US Midwest drought 



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

W A T E R  

C A R B O N  



E V A P O T R A N S P I R A T I O N 



carbon cycle  energy cycle 

water cycle 

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. 



Plants regulate water loss (transpiration) by closing the pores on their 
leaves, but at the expense of shutting off CO2 uptake for photosynthesis 

and risking carbon starvation. Transpiration also performs the same 
cooling function as sweat; if plants cannot adequately cool themselves, 

they risk overheating and mortality due to heat stress. 







H O W  D O  D I F F E R E N T  P L A N T S  R E S P O N D  T O  
C H A N G E S  I N  W A T E R  A V A I L A B I L I T Y ?  



W H I C H  P L A N T S  D I E  F I R S T ?  



How plants respond to changes in water availability can be expressed in 
terms of Water Use Efficiency (WUE), defined as the amount of 
carbon fixed per unit water used (gross primary production, GPP, 
divided by ET). Some plants have high WUE and can fix a large amount 
of carbon using a small amount of water; other plants are less efficient. 

Low WUE plants risk replacement with increasing droughts.



E C O S T R E S S  K E Y  S C I E N C E  Q U E S T I O N S  
 
 
1. HOW IS THE TERRESTRIAL BIOSPHERE RESPONDING TO 

CHANGES IN WATER AVAILABILITY? 
 
2. HOW DO CHANGES IN DIURNAL VEGETATION WATER STRESS 

IMPACT THE GLOBAL CARBON CYCLE? 
 
3. CAN AGRICULTURAL VULNERABILITY BE REDUCED THROUGH 

ADVANCED MONITORING OF AGRICULTURAL CONSUMPTIVE 
USE AND IMPROVED DROUGHT DETECTION? 



E C O S T R E S S  S C I E N C E  O B J E C T I V E S  
 
 
1. IDENTIFY CRITICAL THRESHOLDS OF WATER USE AND WATER 

STRESS IN KEY CLIMATE SENSITIVE BIOMES (E.G., TROPICAL/
DRY TRANSITION FORESTS, BOREAL FORESTS); 

 
2. DETECT THE TIMING, LOCATION, AND PREDICTIVE FACTORS 

LEADING TO PLANT WATER UPTAKE DECLINE AND/OR 
CESSATION OVER THE DIURNAL CYCLE; 

 
3. MEASURE AGRICULTURAL WATER CONSUMPTIVE USE 

GLOBALLY AT SPATIOTEMPORAL SCALES APPLICABLE TO 
IMPROVING DROUGHT ESTIMATION ACCURACY. 



A P P R O A C H  



What we need: accurate, high spatial, 
high temporal, diurnal cycle, global, ET. 
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MODIS – 1 km Landsat 7 – 60 m 
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GOES	  Landsat	  



The International Space 
Station (ISS)!



Gray shading represents mean diurnal variation in ET over 14-days. The 
afternoon decline in ET is related to water stress (clear day).  

 I  Xylem refilling after initial water release.  
 II  ET at maximum/potential rate in the morning.  
 III  Stomata shut down water flux in the afternoon.  
 IV  ET resumes at maximum/potential in early evening when demand is reduced. 



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. 
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P T- J P L  G L O B A L  E T 

MONTHLY, 0 .5  DEGREE Fisher, J.B., Tu, K.P., Baldocchi, D.D., 2008. 
Remote Sensing of Environment. 



P T- J P L  E T  VA L I D AT I O N 

y = 1.07x 
r2 = 0.90

Fisher, J.B., Tu, K.P., Baldocchi, D.D., 2008. 
Remote Sensing of Environment. 



EVAPORATIVE)STRESS)INDEX)(ESI))

Aug$2012$ High$water$stress$ Low$water$stress$

Anderson, M.C., et al., 2008: ALEXI.  
Remote Sensing of Environment. 



ECOSTRESS will provide critical insight into plant–water dynamics 
and how ecosystems change with climate via high spatiotemporal 

resolution thermal infrared radiometer measurements of 
evapotranspiration from the International Space Station (ISS). 

ECOSTRESS Science Data Products 
L2 Surface Temperature  

Surface Emissivity 
L3 Evapotranspiration 
L4 Water Use Efficiency  

Evaporative Stress Index 



0 0.005
Uncertainty in WUE (GPP/ET)

(1901−2009)

Tropical/dry	  
transi0on	  forests	  

Agriculture	  

Boreal	  forests	  

0 0.005
Uncertainty in WUE (GPP/ET)

(1901−2009)
Uncertainty	  in	  WUE	  (GPP/ET;	  1901-‐2009)	  

Nine land surface models were run with only a perturbed climate (i.e., 
CO2, land use constant) over the 20th century, representing the γ-
response, or climate sensitivity to identify key WUE uncertainty hotspots. 





E C O S T R E S S  C O R E  S C I E N C E  H Y P O T H E S E S  
 
 
H1: THE WUE OF A CLIMATE SENSITIVE HOTSPOT IS SIGNIFICANTLY 
LOWER THAN NON-HOTSPOTS OF THE SAME BIOME TYPE; 
 
H2: DAILY ET IS OVERESTIMATED WHEN EXTRAPOLATING FROM 
MORNING-ONLY OBSERVATIONS; 
 
H3: REMOTELY SENSED ET MEASURED AT THE FIELD SCALE WILL 
IMPROVE DROUGHT PREDICTION OVER MANAGED ECOSYSTEMS. 
 



Our first objective on climate sensitivity and biome response, focused on water limitation and 
droughts, is specifically called out in: 
•  Decadal Survey: recommended observations, key questions and science themes [US NRC, 

2007; Chapter 2: p27; Chapter 7: p196]; 
•  WCRP: grand science challenges [WCRP, 2012];  
•  NASA Earth Science: big questions [NASA Earth Science, 2013]. 
 
Our second objective on plant-water dynamics and the functioning of terrestrial ecosystems over 
the diurnal cycle is encompassed within: 
•  Decadal Survey: role of satellites in understanding ecosystems [US NRC, 2007; Chapter 7: 

p192; Chapter 9: p257]; 
•  NASA Terrestrial Hydrology, Ecology, and Carbon Cycle Programs: primary scientific 

objective and goals [e.g., A.20-1 ROSES2013]. 
 
Our third objective with relevance to agricultural applications and water management is 
specifically called for in: 
•  NRC: “Global Change and Extreme Hydrology” [US NRC, 2011], “Assessment of Intraseasonal 

and Interannual Climate Prediction and Predictability” [US NRC, 2010], and “Landsat and 
Beyond: Sustaining and Enhancing the Nation’s Land Imaging Program” [US NRC, 2013] ; 

•  Decadal Survey: key questions and science themes [US NRC, 2007; Chapter 7: p196]; and 
•  USGCRP: strategic goals [USGCRP, 2012]. 
•  White House: National Drought Resilience Partnership [Council on Environmental Quality, 

2013]. 
 
ECOSTRESS also addresses many of the science goals of the NRC Decadal Survey HyspIRI 
mission and Landsat mission [US NRC, 2013], providing lower cost, higher spatial, spectral and 
temporal resolution thermal infrared measurements.  



EVOLVING	  ECOSTRESS,	  AND	  BEYOND…	  
•  →	  HyspIRI	  →	  
•  →	  Landsat/SLI	  →	  


