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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 fluctuations expected from measurement un-

certainty. Examination of theMODIS quality flags 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 flags 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 confirms that the variability of the observed summertime data is

primarily physical in origin.
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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
−Σ0/Σcrown . (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.
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Here, Σ0 is the forest surface density pre-disturbance and Σcrown 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−Σ0/Σcrown). (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−Σ0/Σcrown). (6)

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

net radiation2 such that

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

Σcrown =
V1tree

d2crown

, (9)
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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 θ
, (10)

where hcrown is the typical crown height and θ 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

Σcrown ∼ 16 V1tree
tan2 θ

h2
crown

. (11)

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

We take θ as half this value (θ ∼ 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
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becomes significant is approximately:

Σcrown ∼ 13, 000m3 km−2 V1tree

0.25m3

(
tan θ

tan 30◦

)2(25m

htree

)2( 0.4

fcrown

)2

, (12)

in good agreement with the value of Σcrown 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 (∆λE " 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↓ = λE +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 λ is the latent heat of vaporization per unit

mass, such that λE 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
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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↓) # ∆(λE) + ∆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↓) # ∆(λE) + ∆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:

∆(λE) # −(∆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 = σ(Ts + 273.15)4, (17)

where σ 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 = −ρCp
Ta − Ts

ra
, (18)

where ρ 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
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forests, air temperature varies approximately linearly with surface temperature (Ta # mTs)8, such

that

H # ρCp
(1−m) Ts

ra
. (19)

Differentiating equations 17 and 19, equation 16 becomes

∆(λE) # −
(
4σ(Ts + 273.15)3 +

ρCp

ra
(1−m)

)
∆Ts. (20)

This equation can be written in terms of observables using the conversion factors, cE ≡ ∆(λE)/∆E

and cT ≡ ∆Ts/∆(T11 − T21), derived in the next section:

∆E # − cT
cE

(
4σ(Ts + 273.15)3 +

ρCp

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 ∆(λE) to estimate the sensible heat flux sensitivity, ρCp(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
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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∆(λE) (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 ≡ ∆(λE)/∆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(ωt) +

TMax + TMin

2
. (23)

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

2π/24 hr. Nighttime latent heat fluxes are small, such that we expect the minimum temperature
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change post-disturbance is negligible11, 12:

∆T (t) # ∆TMax

2
sin(ωt) +

∆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(ωt11)− sin(ωt21)] . (25)

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

equation 25 yields

∆(T11 − T21)

∆Ts
# sin(ωt11)− sin(ωt21). (26)

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

and nighttime temperatures as δtMax,Day ≡ t11 − t(TMax) and δtMax,Night ≡ t21 − t(TMax),

∆Ts #
∆(T11 − T21)

cos(ω δ tMax,Day)− cos(ω δ 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, δtMax,Day = −2.5 hr and

δtMax,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(ω δ tMax,Day) + cos(ω δ tMax,Night)

cos(ω δ tMax,Day)− cos(ω δ 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.
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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 Σ0 and flive. Changes to albedo are "

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