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Summertime climate response to mountain pine
beetle disturbance in British Columbia
H. Maness1,2*, P. J. Kushner1 and I. Fung2

The present mountain pine beetle infestation in forests in British Columbia ranks among the largest ecological disturbances
recorded in Canada so far. These recent outbreaks are thought to have been favoured by large-scale climatic shifts, and may
foreshadow outbreaks of a similar magnitude in North American forests over the coming decades. The associated forest
dieback could result in substantial shifts in evapotranspiration and albedo, thereby altering the local surface energy balance,
and in turn regional temperature and climate. Here we quantify the impact of the Canadian pine beetle disturbance on
the local summertime surface energy budget, using measurements of evapotranspiration, albedo and surface temperature,
obtained primarily through remote sensing. We show that over the 170,000 km2 of affected forest, the typical decrease in
summertime evapotranspiration is 19%. Changes to the absorbed short-wave flux are negligible, in comparison. As a result,
outgoing sensible and radiative heat fluxes increased by 8%and 1%, respectively, corresponding to a typical increase in surface
temperature of 1 ◦C. These changes are comparable to those observed for other types of disturbance, such as wildfire, and may
have secondary consequences for climate, including modifications to circulation, cloud cover and precipitation.

O
ver the past decade, mountain pine beetle attacks in British
Columbia have impacted nearly 20% of the total provincial
area1 (or 170,000 km2; Fig. 1). Similarly unprecedented

levels of beetle outbreaks are also claiming large forested areas of the
western United States2, and there is mounting evidence that these
recent changes in outbreak rates are favoured by large-scale climatic
shifts3. Indeed, outbreak frequency and geographic extent are
expected to bemarkedly affected by global warming4. A recent study
combining regional climate projections with an empiricalmodel for
spruce beetle development, for example, suggests that boreal forests
across central Canada that are unthreatened at present may be
potentially converted to regions of high outbreak probability by the
turn of the century5. Such continental-scale outbreaks are expected
to have substantial consequences for the global carbon budget6.

Resulting changes to the surface energy balance may also present
important effects for regional climate. Research is ongoing to
document and understand changes at the local level7–9; however,
the larger-scale impact has remained largely unstudied10, especially
during the growing season.Qualitatively, we expect that throughout
the growing season, significant forest mortality leads to decreased
canopy transpiration. For affected stands, incoming solar radiation
previously spent evaporating water now heats the surface, elevating
local surface temperatures. Convective transport of sensible heat
also probably accounts for some fraction of the excess outgoing
energy flux. Ultimately, this change to the surface energy balance
may potentially alter the atmospheric boundary layer, with regional
consequences for cloud formation and precipitation.

Here, we provide a first attempt to quantify surface energy
budget impacts of ecological disturbance on the regional scale.
We use publicly available data products together with previously
published measurements and simple biophysical modelling in an
effort to retrospectively diagnose post-disturbance changes. We
place bounds on the climatic responses of surface temperature and
turbulent heat and moisture fluxes that can be compared with
simulations. Our results indicate that ecological disturbance can
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have a significant effect on the surface energy balance, with typical
changes to latent, sensible and radiative heat fluxes of −19%, 8%
and 1%, respectively. These shifts may be sufficient to drive further
changes in climate, potentially impacting secondary processes, such
as circulation, cloud formation and precipitation.

Observed post-disturbance changes to the energy balance
As orientation, Fig. 2 shows time series for several variables at the
1-km scale, averaged over multiple pixels and segregated by the
degree of mortality. Figure 2a shows cumulative volumetric forest
mortality, �Σ , taken from forest survey data. Figure 2b,c shows
Moderate Resolution Imaging Spectroradiometer (MODIS) June–
July–August seasonal averages for evapotranspiration, E , and the
day–night temperature difference, T11 −T21, where the subscripts
denote local observation times, which are 11:30 and 21:30 to within
one hour for all pixels. Before averaging, each individual time series
was shifted in time according to the year of maximum forest surface
density change between 2000 and 2010 (seeMethods).

The time series in Fig. 2 show post-disturbance changes consis-
tent with expectations. Specifically, decreases in evapotranspiration
and increases in daytime relative to night-time temperature are
observed. Furthermore, the magnitude of change depends on the
level of mortality, with severely affected regions showing larger
changes than areas with comparatively modest levels of mortality.
The observed changes in E and T11 − T21 thus represent highly
localized shifts, with their significance for climate lying in the large
magnitude of affected area.

Although Fig. 2 clearly shows a post-disturbance decrease
in evapotranspiration, the a priori reliability of this result is
questionable. Unlike surface temperature, which is closely linked
to observed long-wave radiances, evapotranspiration is not directly
observed. Its retrieval instead relies on land surface variables that
are directly observable, coupled with a model describing how the
observed surfaces deliver water to the atmosphere. The optimal
algorithm for describing all types of surface remains an area of
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Figure 1 | Forest mortality between 1999 and 2010, generated from data
published by the British Columbia Forest Ministry1. a, Fractional
volumetric mortality, with the Fraser River Basin in grey. b, Pre- and
post-disturbance histograms of live forest density. The blue and red dashed

lines indicate the median densities in 1999 and 2010, respectively. The

difference in the median values is �Σ =6,000m
3
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ongoing research; at present, different approaches to the retrieval
of evapotranspiration often result in estimates for the same region
that differ by as much as a factor of several11,12. The large spatial
extent of the disturbance and the retrospective nature of our
investigation prohibit a fully exhaustive validation. Our approach
is instead to gauge the extent to which available data constrain the
observed disturbance and tell a self-consistent story. The scale of the
MODIS evapotranspiration in BritishColumbia and its partitioning
between transpiration and evaporation are supported by three lines
of evidence described in the following three sections.

MODIS evapotranspiration satisfies a closed water balance.

Figure 3 shows monthly time series for MODIS evapotranspiration
averaged over the 217,000 km2 Fraser River Basin within which
most of the infestation is contained (Fig. 1). Also shown is the
evapotranspiration inferred by combining Global Precipitation
Climatology Centre (GPCC) precipitation data, Water Survey of
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Figure 2 |Multi-pixel average time series for several summertime
variables at the 1-km scale, segregated by the degree of forest mortality.
a, Cumulative volumetric forest mortality (�Σ). b, MODIS

evapotranspiration (E). c, The MODIS-observed day–night temperature

difference (T11−T21). Error bars reflect 2σ Poisson counting uncertainties.

Canada (WSC) river gauge data and Gravity Recovery and Cli-
mate Experiment (GRACE) storage data. The red and blue hori-
zontal lines further indicate the average summertime evapotran-
spiration calculated from the MODIS and GPCC/WSC/GRACE
time series, respectively. Translucent bars indicate the error
in these climatologies, assuming measurements in consecutive
years are independent.

Within the calculated errors, MODIS average summertime
evapotranspiration (58± 2mmmon−1) agrees with that inferred
from water balance (56±5mmmon−1). Thus, assuming the Fraser
Basin average is representative of the beetle-killed forests contained
within it, these measurements set an upper limit to the amount of
transpiration that can be lost post-disturbance.

Stand-level measurements support MODIS evapotranspiration.

Figure 4a shows all available MODIS data binned in terms of
Σ0, the volumetric forest surface density pre-disturbance, and
flive, the fraction of living trees. The binning is such that an
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Figure 3 | Fraser River Basin evapotranspiration time series for MODIS
compared with that inferred from water balance. The red and blue

horizontal lines indicate the average summertime evapotranspiration

calculated from the two time series, with translucent bars (corresponding

colours) indicating the error in these climatologies, assuming

measurements in consecutive years are independent.

approximately equal number of unbinned data points contribute
to each binned data point.

Figure 4a reveals that when virtually all trees are dead (black
line, flive = 0.0–0.1), MODIS evapotranspiration is independent of
the initial forest surface density. Tree transpiration in this case is
near zero and the near-constant value of 35–40mmmon−1 can
be attributed to evaporation. This estimate is in line with the
upper limit placed by summertime precipitation (see Methods). In
contrast to the case in which all trees are dead, Fig. 4a shows that
when virtually all trees are live (red line, flive = 0.9–1.0), MODIS
evapotranspiration initially increases with forest surface density
and then asymptotes to a maximal value for Σ0 ∼> 20,000m3 km−2.
This behaviour is consistent with a scenario in which transpiration
is limited by net radiation to the surface. Indeed, MODIS actual
evapotranspiration tends to be well correlated with potential
evapotranspiration (the theoretical maximum evapotranspiration
possible based on available energy); the median correlation
coefficient for the individual time series is r =0.6.

Assuming tree transpiration is limited by net radiation,
evaporation from soil and vegetation is water-limited, and dead
trees retain their needles for the first several years following attack13,
a simplemodel for forest evapotranspiration can bewritten as:

E = Ecanopy,maxflive(1−e−Σ0/Σcrown )+Eevap (1)

Here, Ecanopy,max is the maximum canopy transpiration correspond-
ing to a fully live canopy and a fully shaded soil surface,Σcrown is the
forest density at which the optical depth to the forest floor is unity
and Eevap is soil and vegetation evaporation. Equation (1) is derived
in the Supplementary Information.

Figure 4b shows a nonlinear least-squares fit of equation (1)
to the binned data. The fitted parameters are Σcrown = 12,000±
1,000m3 km−2, Ecanopy,max = 37± 1mmmon−1 and Eevap = 35.1±
0.3mmmon−1. To test the MODIS results, we independently
estimateΣcrown, Ecanopy,max and Eevap using previously reported in situ
measurements. Assuming the maximum optical depth through a
single tree is of order unity, the first parameter can be estimated
from simple geometric arguments: Σcrown ∼ 13,000m3 km−2 (see
Supplementary Information); this estimate agrees with the value
fitted to theMODIS data to within the fitted error.

In the summer of 2001, net evapotranspiration and its
components were measured in a 125-year-old lodgepole pine
stand in south central British Columbia14. Assuming a typical
tree volume of 0.25m3 (ref. 15), the forest surface density was

20,000m3 km−2. Sapflow measurements suggested 31mmmon−1

of tree transpiration. Combined with rainfall, interception, soil
moisture and soil composition measurements, the total inferred
evapotranspiration was 74mmmon−1. Adopting flive = 1 and
Σ0/Σcrown = 20,000m3 km−2/13,000m3 km−2 in equation (1),
these stand-level results suggest Ecanopy,max = 39mmmon−1

and Eevap = 42mmmon−1, in agreement with the MODIS re-
sults to within 20%.

MODIS latent heat loss satisfies a closed energy balance. The
reduction in latent heat flux post-disturbance is expected to raise
daytime surface temperature, as solar energy previously spent
evaporating water now heats the surface. The energy balance at the
surface is maintained by increasing surface temperature, which in
turn increases both the outgoing convective and radiative fluxes to
fully compensate for the loss of latent heat flux.

Night-time evapotranspiration is small such that increases in
minimum daily temperatures are negligible11,16, and the post-
disturbance change to the diurnal temperature range can be used to
independently estimate the corresponding decrease in transpiration
(seeMethods). Keeping only first-order terms, the perturbed energy
balance predicts the post-disturbance change in E from that in
T11−T21 according to:

�E � − cT
cE

�
4σ (Ts +273.15)3 + ρCp

ra
(1−m)

�
�(T11 −T21) (2)

Here,σ is the Stefan–Boltzmann constant (5.67×10−8 Wm−2 K−4),
Ts is the daily average surface temperature (◦C), ρ is the density
of air (kgm−3), Cp = 1,005 J kg−1 K−1 is the heat capacity of air, ra
is the aerodynamic resistance to heat transfer (sm−1) and m is a
constant near unity relating surface temperature to near-surface air
temperature (m≡ Ta/Ts). The coefficients, cE and cT, account for
the conversion from evaporative flux to latent heat flux and from
the post-disturbance change in T11 −T21 to that in Ts, respectively.
Equation (2) treats the surface as a blackbody and neglects
potential post-disturbance changes to surface conduction, albedo
and the incident radiative fluxes. Supplementary Information
presents justification for these assumptions, as well as a full
derivation of equation (2).

The coefficient in parentheses on the right-hand side of
equation (2) has been measured through flux tower observations
at twenty-two coniferous forest FLUXNET sites17. The mean
value is 4σ (Ts + 273.15)3 + ρCp(1 − m)/ra = 12.2Wm−2 ◦C−1;
the standard deviation is 1.8Wm−2 ◦C−1. Assuming a sinu-
soidal diurnal temperature variation, and that post-disturbance
changes to daily minimum temperatures are negligible, cT/cE
can also be estimated (see Supplementary Information): cT/cE ≈
0.91mmmon−1 (Wm−2)−1. Thus, equation (2) suggests a linear
relationship between �(T11 −T21) and �E , with an expected slope
of approximately−11.1±1.6mmmon−1 ◦C−1.

Figure 4c shows the analogue to Fig. 4a for T11 − T21, binned
as before in terms of Σ0 and flive. For most stands (Σ0 ∼>
11,000m3 km−2), Fig. 4a and c mirror each other, suggesting a
linear relationship between �(T11 −T21) and �E , in accordance
with equation (2). To test the predicted slope, post-disturbance
changes in �E and �(T11 −T21) are calculated as the difference
between the binned data points with flive = 0.9–1.0 (red curves
in Fig. 4a,c) and the binned data points with flive < 0.9 (all other
colours in Fig. 4a,c). Figure 4d shows the resulting differences
plotted against each other for each Σ0 bin. For clarity, data with
Σ0 ≤11,000m3 km−2 are not shown, as the linear relationship seems
to break down in this low surface density regime.

The linear relationship between �(T11 −T21) and �E predicted
by equation (2) is clear in Fig. 4d. The slope of the linear least-
squares fit to all data points in Fig. 4d (black dashed line) is
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Figure 4 |MODIS-observed variables as a function of initial forest surface density,Σ0, and fraction of remaining live forest, flive. a, Evapotranspiration.
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−13.2±0.5mmmon−1 ◦C−1. Thus, to within the errors, the fitted
slope matches the expected slope for typical coniferous forests
(−11.1± 1.6mmmon−1 ◦C−1), based on previously reported flux
tower measurements. The linear relationship shows a modest
dependency on initial forest surface density, probably owing to
systematic variations in Ts and ra. For comparison, the left and right
dash–dotted lines in Fig. 4d represent linear fits to the lowest and
highest initial surface density bins plotted.

In addition to allowing a closure test for the perturbed energy
balance equation, the least-squares slope in Fig. 4d can be used to
assess the relative contributions of post-disturbance enhancements
in radiative and convective transport. The right and top axis labels
in Fig. 4d represent the post-disturbance changes in latent heat flux
and daily average surface temperature, respectively, where we have
scaled the left and bottom axes by the aforementioned conversion
factors:�(λE)= cE�E and�Ts = cT�(T11−T21). The least-squares
slope for these scaled variables is 4σ (Ts + 273.15)3 + ρCp(1 −
m)/ra = 14.5±0.6Wm−2 ◦C−1, where the first and second terms in
turn represent the temperature sensitivity of the outgoing radiative
and convective fluxes. Adopting a typical stand temperature of Ts =
12 ◦C (see Supplementary Information), the blackbody sensitivity is
4σ (Ts+273.15)3 ≈5.3Wm−2 ◦C−1. Subtracting this value from the
least-squares slope, the inferred value for the convective sensitivity
is ρCp(1−m)/ra ≈ 9.2Wm−2 ◦C−1. Thus, the partitioning of the
fitted slope suggests that approximately one- and two-thirds of
the latent heat flux lost post-disturbance is converted to outgoing
radiative and sensible heat flux, respectively.

The regional impact of the beetle infestation in British Columbia
can further be inferred by comparing Figs 1 and 4. Figure 1
suggests a typical decrease in forest surface density of 30% for
all affected areas. In Fig. 4d, the average change in latent heat
flux for �flive = 20–40% is �(λE) = −10.4 ± 0.3Wm−2, where
the listed average includes the four low surface density bins not

shown, and the error represents the standard deviation in the
mean, assuming the contributing values are independent. The
corresponding average change in surface temperature is �Ts =
1.00 ± 0.03 ◦C. Referring to the convective sensitivity derived
previously, the inferred increase in sensible heat flux is therefore
�H = 9.2± 0.7Wm−2, where the listed error is dominated by
uncertainties in the least-squares slope in Fig. 4d.

Averaged over all affected stands in all years considered, the
mean latent heat flux is λE = cEE = 0.93Wm−2/(mmmon−1)×
58mmmon−1 = 54Wm−2. The fractional change in latent heat
flux is therefore �(λE)/(λE) = −10Wm−2/54Wm−2 = −19%.
The fractional increase in sensible heat flux, on the other
hand, is �H/H ≈ �Ts/Ts = 1 ◦C/12 ◦C = 8%, resulting in an
increased Bowen ratio (the ratio of sensible to latent heat
flux) of �B/B ≈ 27%. The fractional increase in outgoing
radiative flux is �R/R ≈ 4�Ts/(Ts + 273.15) = 1%. Note that
the above results reflect mean changes, whereas the severity of
the impact is highly variable. Referring to Fig. 4, the highest
mortality areas affect fractional changes to the latent heat flux
of �(λE)/(λE)= −25Wm−2/54Wm−2 = −46%. The maximum
surface temperature change of �Ts = 2 ◦C results in increased
radiative and sensible heat fluxes of 3% and 17%, respectively. The
maximum Bowen ratio increase is 63%.

Energy balance effects on other climate variables
Post-disturbance changes to the surface energy balance can have
secondary impacts on regional climate. Heterogeneous land cover
change, for example, induces contrasts in land surface temperature
post-disturbance, which are observed in both measurement and
simulation to significantly impact mesoscale circulations, cloud
formation and precipitation18–21. Directly assessing the impact of
the beetle infestation on each of these processes is beyond the scope
of this work. However, the changes to the surface energy deduced
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here can be compared to results for other types of disturbance in
which secondary processes are known to be affected.

The changes to the latent and sensible heat fluxes we observe are
comparable to those observed followingwildfires, inwhich reported
changes to the latent heat flux, sensible heat flux and Bowen
ratio are �(λE)/(λE)≈ −35%, �H/H ≈ 15% and �B/B≈ 50%,
respectively22. Regional modelling results of wildfires produce
comparable changes to the surface energy balance23. Secondary
changes in these simulations are also evident. For sufficiently large
burned areas (>600 km2), horizontal gradients in sensible heat
flux drive mesoscale circulations, which further induce changes
in the spatial and temporal distribution of cloud cover and
precipitation in the region.

Although the observed consequences for sensible and latent
heat flux are similar to those reported in the case of fire,
the size of typical wildfires is much smaller than that of the
present mountain pine beetle infestation. The meteorological
consequences of this difference are not clear, as the scale
of land cover heterogeneity is one of the primary drivers
in determining the extent to which land cover changes are
able to induce the mesoscale circulations that in turn impact
cloud cover and precipitation. For scales smaller than a few
kilometres, diffusion destroys the thermal gradients needed to
drive mesoscale circulations affecting clouds and precipitation;
scales greater than ∼100 km, on the other hand, cannot produce
sufficient gradients in surface temperature. Heterogeneity scales
of order 10 km are thought to be optimal18,20,21. However,
inferring the characteristic heterogeneity scales from Fig. 1 is
not straightforward. Land cover change in the case of insect
infestation is less well ordered than in other types of disturbance,
because both the scale of the impacted areas and the level
of mortality within affected areas are variable. Future work is
needed to understand the circumstances under which patchy
and variable forest mortality drive significant secondary changes
in regional climate.

Methods
Data and processing. We employ the following data sets.

Annual forest and pine volume surface density, 1999–2010, 400-m grid,
British Columbia Forest Survey1 (ftp://ftp.for.gov.bc.ca/hre/external/!publish/
web/BCMPB/): densities represent the standing volume per unit area for
trees with diameters ≥12.5 cm at breast height. Data combine forest cover
inventory, management information and provincial aerial overview data. For
comparison to MODIS, we fill each 1-km MODIS pixel with the area-weighted
average of each contributing 400-m forest survey pixel. We analyse only
pixels in which no more than 20% of MODIS pixel area is missing in the
corresponding inventory data.

Monthly evapotranspiration, 2000–2010, 1-km grid, MODIS product MOD16
(refs 24,25) (http://www.ntsg.umt.edu/project/mod16): retrieval is based on the
Penman–Monteith equation, and uses MODIS leaf area index, land cover and
albedo for characterizing the vegetation. Meteorological data from the Global
Modelling andAssimilationOffice reanalysis supply the remaining inputs.

Eight-day land surface temperature, 2000–2010, 1-km grid, MODIS product
MOD11A2 (refs 26,27) (ftp://ladsweb.nascom.nasa.gov/allData/5/). Data are
derived from radiance measurements in the thermal infrared bands processed
according to land cover and the atmospheric temperature and water vapour
profiles. Before seasonal averaging, we fill cloud-contaminated and missing data
using linear interpolation between data available at adjacent time steps. We also
exclude bad data in 2007 not originally flagged by the quality algorithm (Z. Wan,
private communication, January 2012).

Sixteen-day white-sky albedo, 2000–2010, 1-km grid, MODIS product
MCD43B3 (refs 28–30; ftp://e4ftl01.cr.usgs.gov/MOTA/MCD43B3.005/): data are
retrieved by inverting multi-band surface reflectance observations. We again use
linear interpolation to fill quality-flagged data.

Monthly precipitation, 2000–2009, 0.5◦ grid, GPCC Full Data Reanalysis
product (version 5; refs 31,32; http://gpcc.dwd.de): this is a station product
appropriate for water balance studies. For comparison to MODIS, we assign
each 1-km MODIS pixel the precipitation value associated with its overlying,
courser-resolution GPCC pixel.

Monthly terrestrial water storage, 2002–2010, 1◦ grid, GRACE (ref. 33;
http://grace.jpl.nasa.gov/data/gracemonthlymassgridsland/): gravimetrically based
GRACE land data are processed by S. Swenson through the NASA MEASURES

Program. The nominal resolution is 300 km, set by a Gaussian filter applied to the
data during processing. A scaling grid computed from the Community LandModel
has been applied to the data to restore flux removed by filtering.

Monthly river discharge, 2000–2009, WSC (ref. 34; ftp://arccf10.tor.ec.gc.ca/
wsc/software/HYDAT/): gauge data at Hope Station are used to calculate Fraser
Basin-averaged runoff.

The MODIS data are vital to the results presented here. An assessment of
MODIS data quality is therefore included in the Supplementary Information.

Multi-pixel average time series. For clarity, only pixels in which the maximum
period of disturbance occurred over one year were used in the composite in Fig. 2.
However, composites averaged over pixels with multiple years of disturbance
yielded very similar results. Confirming the visual impression, post-disturbance
changes in Fig. 2 are statistically significant; application of a Student’s t -test
showed the four-year pre- and post-disturbance means to be discrepant at 99%
confidence for all time series.

The time series in Fig. 2 further suggest that the observed changes are very
unlikely to be caused by large-scale shifts in climatic variables such as temperature
and precipitation. The multi-year compositing technique helps isolate the effects of
disturbance from natural climatic fluctuations, which tend to be comparable to or
greater than the observed changes following disturbance. Moreover, Fig. 1 shows
that the level of mortality is highly heterogeneous. The observed post-disturbance
changes in E and T11 −T21 are, on the other hand, segregated by level of mortality
rather than by spatial location.

Summertime precipitation limit on evaporation. Whereas trees draw on deep
stored water from winter and spring, the water evaporated from shallow soil
layers and vegetation may not exceed the water supply provided by summertime
precipitation. The MODIS algorithm calculates evaporation based on atmospheric
pressure, temperature and humidity supplied by reanalysis, and thus does
not explicitly use precipitation. As a consistency check, we therefore compare
GPCC summertime precipitation to evaporation suggested by the MODIS
product. Averaged over all MODIS pixels for all years with coincident GPCC
data (2000–2009), the implied summertime precipitation is 49±4mmmon−1,
which exceeds MODIS-derived summertime evaporation by approximately
10–15mmmon−1. The MODIS evaporative component of evapotranspiration is
therefore consistent with this continuity constraint.

Independence of MODIS evapotranspiration and surface temperature. The
MODIS evapotranspiration and land surface temperature retrievals are derived
from largely independent data. MODIS evapotranspiration takes 1◦ reanalysis
average surface temperature as an input. However, observed changes at the 1 km
scale averaged over multiple years are driven by changes in remotely sensed
leaf area, derived from observations in the optical and near-infrared. MODIS
retrievals of surface temperature, on the other hand, are based on thermal infrared
measurements. Differencing the daytime and night-time measurements further
has the effect of removing systematic regional and interannual variations such that
local, post-disturbance changes are readily apparent (Fig. 2).
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Supplementary Material for Summertime Climate Response to a Mountain

Pine Beetle Disturbance in British Columbia

Assessment of MODIS Data Quality

Several techniques are applied to investigate MODIS data quality prior to analysis of the multi-

pixel averages presented in Figures 2, 4, and S3. First, visual inspection of the individual time

series suggests that interannual variations between pixels are strongly correlated, indicating that

large-scale climatic variations exceed the statistical uctuations expected from measurement un-

certainty. Examination of theMODIS quality ags available for daytime and nighttime temperature

lends further evidence to this hypothesis. For example, while the reported uncertainty for the 8-day

daytime temperature measurements is< 1!, the typical interseasonal variation is much larger, with

a mean value of 4.2!.

Data quality ags are not included in the the MODIS broadband albedo and monthly evapo-

transpiration products. To systematically examine the statistical properties of all three products, we

therefore construct power spectra for the individual pixels. The average power spectrum for each

variable analyzed is shown in Figure S1, which demonstrates that all three variables considered are

of relatively high quality. The noisiest is T11!T21, which implies signal-to-noise ratios on seasonal

timescales of ! 10. This analysis con rms that the variability of the observed summertime data is

primarily physical in origin.

1
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The analysis described here considers statistical errors only, neglecting potential system-

atic effects. Systematic errors are diagnosed in the results section of the main text, through the

consistency checks provided by the water and energy balance analyses, and the comparison to

precipitation and sapflow measurements.

Simple Model for Canopy Evapotranspiration

To help validate the MODIS evapotranspiration data pre- and post-disturbance, we require a sim-

ple functional form for evapotranspiration that describes its dependence on pre-disturbance forest

surface density and the fraction of remaining live trees post-disturbance. Total evapotranspiration

for a forest canopy can be idealized as the sum of living tree transpiration and evaporation from

soil and vegetation:

E = Elive + Eevap. (1)

Total net radiation to the tree-soil surface is divided between the soil, the living tree canopy, and

the dead tree canopy:

RN = RN, soil +RN, live +RN, dead. (2)

The radiation incident on the soil surface depends on the level of extinction by overlying living and

dead trees† and is thus assumed to be governed by a Beer-Lambert law:

RN, soil = RNe
!!0/!crown . (3)

†Based on the observation that beetle-killed trees begin to lose their needles 2-4 years following attack 1 and the

majority of mortality was 2005-2006, we assume dead trees are just as capable of shading the ground and adjacent

trees as their living counterparts.

2

© 2012 M acmillan Publishers Limited.  A ll rights reserved. 



Here, !0 is the forest surface density pre-disturbance and !crown is the surface density at which

the optical depth to the forest floor in the direction of incoming radiation is unity. Combining

equations 2 and 3 yields

RN, live +RN, dead = RN(1! e!!0/!crown). (4)

Defining flive as the number of living trees post-disturbance relative to the total,

flive =
RN, live

RN, live +RN,dead
. (5)

Therefore, the net radiation to the living trees increases with forest surface density as

RN, live = fliveRN(1! e!!0/!crown). (6)

In the case that trees have plentiful water, transpiration scales approximately in proportion to

net radiation2 such that

Elive = Ecanopy,maxflive(1! e!!0/!crown), (7)

where Ecanopy,max is the maximum canopy transpiration corresponding to a fully live canopy and

a fully shaded soil surface. The full model for forest evapotranspiration is then written as

E = Ecanopy,maxflive(1! e!!0/!crown) + Eevap. (8)

Estimate of Forest Surface Density for a Fully Shaded Soil Surface

The forest volume surface density at which the optical depth at the forest floor is unity is

!crown =
V1tree

d2crown

, (9)

3
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where V1tree is the typical tree volume and dcrown is the characteristic tree spacing.

From the standpoint of tree physiology, we expect the maximum optical depth in the direc-

tion of the Sun through a single tree to be of order unity. In this case, all light travels through

approximately one tree (see Figure S2). The characteristic tree spacing at which the optical depth

at the forest floor is unity is therefore

dcrown !
hcrown

2f tan !
, (10)

where hcrown is the typical crown height and ! is the characteristic solar elevation at which evap-

oration takes place. The factor f depends on how the trees are spaced in two dimensions. For

hexagonal close packing and a stationary Sun, f = 1; in the case that the tree crowns are infinitely

thin, f = 2. Lodgepole pine crowns are much taller than they are wide3, and we therefore adopt

f = 2.

Combining equations 9 and 10, the volumetric forest surface density corresponding to dcrown

is then

!crown ! 16 V1tree
tan2 !

h2
crown

. (11)

The maximum solar elevation on the summer solstice at 55!N is 90! " (55! " 23.5!) = 58.5!.

We take ! as half this value (! ! 30!), or approximately the mean daytime solar elevation in

summer. Adopting a typical tree volume, height, and crown-to-height ratio of V1tree = 0.25m3,

htree = 25m, and fcrown = 0.4, respectively3,4, the expected forest density at which shading

4
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becomes significant is approximately:

!crown ! 13, 000m3 km!2 V1tree

0.25m3

!
tan !

tan 30"

"2!25m

htree

"2! 0.4

fcrown

"2

, (12)

in good agreement with the value of !crown fitted to the MODIS data (see main text, Stand-level

sapflow measurements support MODIS transpiration).

Albedo Changes Post-Disturbance

Figure S3 shows the analog to Figure 2 for MODIS albedo, demonstrating that changes to albedo

are small (! 1%) for all surface densities and levels of mortality. The suggested change to the

absorbed shortwave flux at the surface is "AS# ! 2Wm!2, which is small in comparison to

observed changes in evapotranspiration (""E ! 30Wm!2, Figure 4). Thus, we may neglect

changes to the surface energy balance resulting from albedo changes.

Relationship between Changes in Evapotranspiration and Changes in Surface Temperature

For a land surface that radiates as a blackbody, the energy balance at the surface is5

(1" A)S# + L# = "E +R +H +G. (13)

Here, S# and L# are the incident shortwave and longwave radiative fluxes, respectively, and A is

the albedo. The mass flux of evaporated water is E and " is the latent heat of vaporization per unit

mass, such that "E is the latent heat flux to the atmosphere. The radiative and sensible heat fluxes

to the atmosphere are R and H , respectively, and G is the conductive flux into the surface. The

5
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change to the surface energy balance post-disturbance, denoted by!, is obtained by differentiating

equation 13. If the disturbance does not change the incoming radiative fluxes,

!!(AS!) " !(!E) +!R +!H +!G. (14)

The equilibrium conductive flux in forested areas is generally small compared to the other

terms (! 10% of the net radiation6), such that to first order, we expect !G # 0:

!!(AS!) " !(!E) +!R +!H. (15)

The previous section showed that changes in the absorbed shortwave flux are small compared

to changes in the latent heat flux, allowing equation 15 to be yet further simplified:

!(!E) " !(!R +!H). (16)

Thus, changes to the latent heat flux are fully compensated by changes to the sum of the

outgoing radiative and convective heat fluxes. The outgoing radiative flux is governed simply by

the Stefan-Boltzmann law,

R = "(Ts + 273.15)4, (17)

where " is the Stefan-Boltzmann constant (5.67$ 10"8Wm"2K"4) and Ts is the surface temper-

ature (#C). In a bulk formulation, the sensible heat flux is7

H = !#Cp
Ta ! Ts

ra
, (18)

where # is the density of air (kgm"3), Cp = 1005 J kg"1K"1 is the heat capacity of air, ra is the

aerodynamic resistance to heat transfer (sm"1), and Ta is the air temperature (#C). In coniferous

6
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forests, air temperature varies approximately linearly with surface temperature (Ta ! mTs)8, such

that

H ! !Cp
(1"m) Ts

ra
. (19)

Differentiating equations 17 and 19, equation 16 becomes

!("E) ! "
!
4#(Ts + 273.15)3 +

!Cp

ra
(1"m)

"
!Ts. (20)

This equation can be written in terms of observables using the conversion factors, cE # !("E)/!E

and cT # !Ts/!(T11 " T21), derived in the next section:

!E ! " cT
cE

!
4#(Ts + 273.15)3 +

!Cp

ra
(1"m)

"
!(T11 " T21). (21)

In the main text, we use equation 20 together with the typical stand temperature and the linear

least squares slope of !Ts versus !("E) to estimate the sensible heat flux sensitivity, !Cp(1 "

m)/ra, to a given change in temperature, !Ts. This technique may slightly overestimate the

convective sensitivity, as even in this linear approximation, we more precisely derive the sum of

the convective and conductive sensitivities. However, as discussed above, previous measurements

in forested areas suggest that post-disturbance changes in G are likely to be small. Furthermore,

the convective sensitivity we derive is in good agreement with that expected from measurements

at typical coniferous forest flux tower sites, giving us additional confidence that changes in G are

indeed small.

We note that previous work has also shown that post-disturbance, decreases in winter and

spring surface temperatures may occur9, which could potentially result in modest decreases in

7
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summertime soil temperatures. In equilibrium, the conductive flux is parameterized as

G = k
Ts ! Tg

!z
, (22)

where Tg is the soil temperature at depth !z, and k is the thermal conductivity. Thus, in addition

to post-disturbance changes in Ts, large changes in Tg (or k) could in principle lead to observable

changes in G. We see no evidence for significant departures from linearity in our plot of !Ts

versus!(!E) (Figure 4d). Therefore in this first study, we are able to explain present observations

without requiring changes in these variables. Further investigating the interplay between seasons

and potential departures from linearity will be a topic for future work.

Temperature and Evapotranspiration Conversion Factors

The conversion between evapotranspiration and latent heat flux simply requires multiplication by

the latent heat of vaporization, which varies onlymodestly over the range of observed temperatures.

Adopting a typical temperature of 12 !C, cE " !(!E)/!E = 0.93Wm"2/(mmmon"1). The

second conversion between the change in the day-night temperature difference and the change in

mean surface temperature requires assumptions about the diurnal temperature cycle. We adopt a

sinusoidal variation, consistent with mid-summer station measurements10,

T (t) =
TMax ! TMin

2
sin("t) +

TMax + TMin

2
. (23)

Here, TMax and TMin are the daily maximum and minimum temperatures, respectively, and " =

2#/24 hr. Nighttime latent heat fluxes are small, such that we expect the minimum temperature

8
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change post-disturbance is negligible11, 12:

!T (t) ! !TMax

2
sin(!t) +

!TMax

2
. (24)

Employing equation 24 at the times of the MODIS day- and night-time observations (t11 and t21),

!T11 "!T21 !
!TMax

2
[sin(!t11)" sin(!t21)] . (25)

The mean daytime temperature is Ts = (TMax + TMin)/2 such that !Ts = !TMax/2. Rearranging

equation 25 yields

!(T11 " T21)

!Ts
! sin(!t11)" sin(!t21). (26)

Defining the hourly differences between the daily maximum temperature and the measured daytime

and nighttime temperatures as "tMax,Day # t11 " t(TMax) and "tMax,Night # t21 " t(TMax),

!Ts !
!(T11 " T21)

cos(! " tMax,Day)" cos(! " tMax,Night)
# cT!(T11 " T21). (27)

Station measurements suggest daily peak temperatures at 14:00 local solar time10, whereas

the MODIS observation times are approximately 11:30 and 21:30. Thus, "tMax,Day = "2.5 hr and

"tMax,Night = 7.5 hr such that cT = 0.85.

From equation 23, the average surface temperature is

Ts =
T11 + T21

2
" T11 " T21

2

cos(! " tMax,Day) + cos(! " tMax,Night)

cos(! " tMax,Day)" cos(! " tMax,Night)
, (28)

which evaluates to 11.5 !C, averaged over all affected stands in all years considered. The standard

deviation in this value is 2.5 !C.

9
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Figure S1 Normalized average power spectra for MODIS evapotranspiration (left), ob-

served day-night temperature difference (middle), and shortwave albedo (right). Prior to

computation of the power spectra, all time series were first apodized with a Hanning win-

dow function to minimize spectral leakage. Peaks at a frequency of 1 yr!1 correspond

to the annual cycle; higher frequency peaks represent harmonics. The redness of the

spectra for all three variables suggests high signal-to-noise on seasonal timescales.
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Figure S2 Geometry used in deriving equation 10.
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Figure S3 MODIS albedo, A, binned in terms of !0 and flive. Changes to albedo are !

1% for all levels of mortality, suggesting minimal impact on the surface energy balance.
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