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1. Introduction and Background
Urban areas impact the climate globally through greenhouse gas emissions, as well as locally and
regionally through alterations to the surface energy balance. As rural ecosystems are replaced by
impermeable surfaces, with high density of anthropogenic activity in cities, areas with net carbon
dioxide sinks are replaced by net sources. Densely populated large cities with low vegetation cover have
been shown to have large average diurnal fluxes, such as Mexico City at +35 grams of carbon per meter
squared per day [gC m-2 d-1](Velasco 2005), while more sprawling areas with large vegetation density
have much smaller average diurnal fluxes, such as such as Baltimore, MD, USA at +1.0 gC m-2 d-1
(Crawford et al. 2011). Even with periods of net sequestration at some sites, urban areas contribute
significantly to global climate change, acting as major annual sources of CO2, with cities ranging from
less than +0.5 kgC m-2 y-1 in Baltimore, MD, USA to nearly +10.0 kg m-2 y-1 in London, UK (Crawford et al.
2011). For example, Baldocchi (2008), compared carbon dioxide fluxes measured via the eddy
covariance method at 504 natural sites and obtained a mean flux value of -0.2 kgC m-2 y-1. However,
there was great variability in his results, with flux values ranging from -1.0 kgC m-2 y-1 to +1.3kgC m-2 y-1.

Additionally, urban areas experience increased temperatures locally compared to their surrounding rural
areas in an effect known as the urban heat island [UHI] (Oke 1982). Built from concrete, gravel, glass,
metal, treated wood and other impervious surfaces, typical urban surfaces are capable of storing much
more heat than most natural ecosystems, and contribute to significant nocturnal heat release (Oke
1982). These surfaces decrease the rate of evapotranspiration in urban areas, limiting the amount of
sensible heat [QH] that would otherwise be converted to latent heat [QE] (Susca et al. 2011). As a result,
urban surfaces have large exchanges of sensible heat and little to no exchange of latent heat
(Takebayashi and Moriyama 2007), creating high Bowen ratios [β≡ QH/QE] compared to most vegetated
surfaces. In addition, anthropogenic heat flux from sources such as heating, ventilation and air
conditioning [HVAC] units and combustion engines warm cities further. With increased ambient
temperatures and large thermal conduction from the exterior, buildings require greater HVAC demands
as a direct result of the UHI. This creates a positive feedback within the UHI as anthropogenic heat flux
increases with HVAC demands, worsening the UHI. Globally, urban areas have a large influence on the
climate. With an ever increasing global urban population, UHI intensifies these large sources of
atmospheric carbon dioxide. The magnitude of a UHI has been measured up to 12°C warmer than
surrounding rural areas, while more commonly observed in the range of 0.5°C to 2.0°C (Rizwan et al.
2008). The UHI has been shown to have great variability within a city, depending greatly on sun angle,

cloud cover, and turbulence due to strong winds (Rizwan et al. 2008). In most cases, the UHI peaks just
after sunset as heat dissipates from large storages in concrete and asphalt (Oke 1982).

Green spaces, such as parks, street trees and gardens, have been shown to help mitigate the influence
of an UHI (Shashua-Bar and Hoffman 2000). By area, urban parks account for a majority of urban green
spaces, and can produce a localized cooling effect, often referred to as a park cool island (PCI). For
example, Cowles (2013) found temperatures in Golden Gate Park in San Francisco, CA to be 2-4°C cooler
than the surrounding neighborhoods. Smaller greens spaces are much less studied, but should
theoretically exhibit similar benefits on smaller spatial scales (Oke 1989). In addition to lessening the
UHI, green spaces have the potential to sequester greenhouse gases (Currie and Bass 2008; Rowe 2010),
helping to mitigate large CO2 emissions from urban sources.

Covering up to 32% of the planimetric area of cities (Oberndofer et al. 2007), roofs play a significant role
in the urban boundary layer and provide an important micrometeorological control on the urban surface
energy balance. Adding soil and vegetation to the roofs of urban structures provides green space to
cities, using often-underutilized urban areas within a preexisting building footprint. These ‘living’ or
‘green’ roofs can limit heat exchange between the atmosphere and the building through shading,
increased thermal mass and evapotranspiration; these factors can reduce HVAC demands of a building
by up to 75% (Liu and Baskaran 2003) compared to traditional black tar roofs. Evaporative cooling and
reduced heat storage can also help mitigate against the effects of the UHI. Furthermore, through
photosynthetic uptake, green roofs can act as a net sink of atmospheric carbon dioxide: Getter et al.
(2009) found that a Sedum green roof system was able to sequester 0.375 kgC m-2 over three growing
seasons. Comparing emissions associated with construction and maintenance against potential future
sequestration and energy savings, green roofs have been reported to become carbon neutral in a
relatively short time compared to the life of the building, ranging from less than two years (Whittinghill
et al. 2014) to seven years (Getter et al. 2009).

These previous studies on the carbon sequestration potential of green roofs utilized biomass sampling.
Every two months, random samples were taken from individual plots, dried and weighed to track longterm carbon biomass content. While valuable for annual carbon budget totals, biomass sampling
methods have limited temporal resolution and do not provide insight to environmental controls over
diurnal, synoptic or seasonal timeframes. Likewise, other studies have observed the net radiation, heat

and water budgets of green roof for comparison against black tar roofs: Takebayashi and Moriyama
(2007) used radiometers and soil measurements to create an energy budget for the roof. However,
latent heat measurements relied solely on profiles of water content ratio, thus not measuring any direct
fluxes of latent heat between the green roof and the atmosphere.

The objective of this study is to use micrometeorological techniques to measure components of the
carbon dioxide, water and surface energy budgets of an extensive living roof on the California Academy
of Sciences building in San Francisco, CA during the summer. Specifically the study aims to
•

quantify exchanges of carbon dioxide, water vapor, radiation and heat fluxes over the living roof
at timescales of 30-minutes

•

determine the summertime diurnal average carbon dioxide, energy and water budgets over the
living roof to compare them with similar urban and natural ecosystem examples

•

examine the main environmental controls on these variables

2. Methods
a. Study Site
The California Academy of Sciences [CAS] building is located in Golden Gate Park in northwestern San
Francisco, CA, approximately 4.0 km from the Pacific coast (Figure 1). The living roof consists of a 15 cm
substrate and approximately 1.7 million plants of coastal California native species (Appendix III),
covering just under 1.0 hectare. The dominant species by surface cover in order of area consist of
Fragaria chiloensis, Achillea millefolium, Lupinus spp, and Festuca spp. with an average canopy height of
about 12 cm. Vegetation covers a vast majority of the roof, with a small fraction of exposed dark soil.
Though the living roof was originally planned to be self-propagating and require no irrigation, the roof is
watered regularly during the dry summer months and the soil is supplemented with compost to
maintain a vibrant, aesthetically pleasing ecosystem appearance year round. In addition, regular
weeding takes place in order to remove non-native species.

Summertime weather in San Francisco is driven by upwelling along the coast, resulting in cool,
persistent coastal fog and predominantly westerly winds (Null 1995). From May to August, temperatures
usually vary from approximately 10 to 20°C with few extreme outliers. Precipitation is entirely rainfall,
which averages 600 mm y-1 and falls almost entirely between October and April. May to September only
account for about 5% of yearly accumulations (Null 1995). Fog drizzle is frequent, but usually below

measurement limits. This drizzle and dew condensation may factor into the water budget of the rooftop,
but more study is required to reasonably quantify the influence of fog drizzle. Over our deployment,
May 3 – August 8, we observed a high temperature of 22.2°C and a low of 7.2°C, with an overall mean of
13.3°C. Due to sensor malfunction, rain/irrigation data were only collected June 21 – August 8; we
measured 21.5 mm total accumulation over this time. Further investigation into local precipitation data
and irrigation schedules are necessary to separate the two. (See Appendix II for collected meteorological
data over the study period.)

Figure 1: Series of Google Earth images of the study site including (a) Western US with location of San
Francisco, CA designated; (b) San Francisco, CA with location of California Academy of Sciences
designated and (c) California Academy of Sciences with location of micrometeorological station
designated.
b. Deployment Methods
The eddy covariance [EC] method is widely utilized to measure atmosphere-surface fluxes of heat and
trace gases. While not perfect, the eddy covariance method produces errors less than 7% and 12%
during the day and night, respectively (Baldocchi 2003). The method necessitates large upwind fetches
of expansive, homogeneous terrain and surface cover to satisfy assumptions of negligible mean vertical
wind velocity and horizontal gradients of scalars. More specifically, EC operates under the following
assumptions: fetch/footprint is adequate and fluxes are measured only at area of interest, fluxes are
fully turbulent so that most of the net vertical transfer is done by eddies, terrain is horizontal and
uniform so that the average fluctuations of density and flow convergence/divergence are negligible, and
that instruments are deployed at a location and height to represent the source area (Burba 2007).
Instruments must be able to record high frequency (on the order of 10 Hz) measurements of threedimensional wind velocities and gas concentrations. Typically, EC is performed with 3-D sonic
anemometers and open- or closed-path infrared gas analyzers. When assumptions are satisfied, the
eddy flux simply becomes the product of average air density and the mean covariance between the
instantaneous deviations in vertical wind speed and mixing ratio (Equation 1) (Burba 2007). For example,

CO2 flux is the mean covariance between the deviations in instantaneous vertical wind speed and
density of CO2 in the air. In this study, a positively signed covariance represents a net transfer into the
atmosphere [net source], while a negative sign represents a net transfer out of the atmosphere into the
biosphere [net sink].

𝐹 = ̅̅̅̅̅̅̅̅
𝜌𝑎 𝑤𝑠 ≈ ̅̅̅̅
𝜌𝑎 ∙ ̅̅̅̅̅̅
𝑤 ′𝑠′
Equation 1: where F ≡ measured fluxes, ρa ≡ density of air parcel, w ≡ vertical wind component, s ≡ mixing
ratio of study gas in air parcel, and w’ and s’ are the instantaneous deviations from longer term means.
Following the conservation of energy in the surface energy balance, available energy represented by
measurements of net radiation and ground heat fluxes [Qnet – QG] should be balanced (yield a slope of
one with intercept at zero) by the remaining two terms in the surface energy balance [QH + QE] which
are both terms driven by turbulent transport and both are measured by the eddy covariance system.
However, a common flaw of eddy covariance surface energy budget observations is the consistent lack
of closure of the surface energy budget. In particular, the turbulent (EC) fluxes tend to be consistently
lower than available energy (Twine et al. 2000; Wilson et al. 2002; Stoy et al. 2013 ). This lack of closure
could be a result of one of four false calculations: over estimation of available energy (perhaps through
false assumptions of ground conductivity); under estimation of fluxes by the eddy covariance method;
mismatches between the footprints of measurements of net radiation, ground heat fluxes and turbulent
fluxes; or miscalculation of other terms in the surface energy budget, such as advection through scale
limitations in the experimental design.

The experiment was conducted from May 3 to August 8, 2013 (ordinal days 123-189). The station was
installed in the southeast quadrant of California Academy of Sciences, approximately 20 m from the
eastern edge and 12 m from the southern edge (Figure 1). Instruments were mounted to a 2.5 m pole
on a tripod (Figure 2) and buried in the substrate, ranging from 15 cm below to 1.32 m above the
surface (Table 1). Deployed at 1.04 m, a CSTAT3 three dimensional sonic anemometer and a Li-7500 fast
response infrared gas analyzer were used in the eddy covariance calculations of carbon dioxide, water
vapor (latent heat) and sensible heat fluxes. Also mounted to the tower were sensors to measure solar,
terrestrial and photosynthetically-active radiation [PAR], temperature, humidity and
precipitation/irrigation. Near the tripod, sensors were buried in the soil to measure temperature,
moisture content and heat conductance in the substrate. Prior to installation on CAS, the instrument
array was tested in a mountain basin near Mt. Hamilton in Santa Clara County, CA over April 20-28,
2013, and subsequently calibrated at San Jose State University. The data collected by the instruments

were stored in a CR3000 data logger, powered by two 12V deep-cycle marine batteries and a 75 W
solar-panel. Instruments were sampled at 10Hz and eddy covariance fluxes were calculated in 30-minute
blocks, and all variables were stored as 30-minute averages. In the eddy covariance processing, a
stream-wise planar fit rotation was used to remove any error generated from mean wind components
due to imperfect leveling of the sonic anemometer (Lee et al. 2004), as well as so called ‘WPL’
corrections for density fluctuations (Webb et al. 1980).
Table 1: Full instrumentation table with deployment height/depth and purpose. Instruments
manufactured by: 1LiCOR Instruments, Lincoln, NE; 2 Campbell Scientific Inc, Logan, UT; 3Vaisala, Helsinki,
Finland; 4HukseFlux, Helsinki, Finland; 5Delta-T, Cambridge, UT.
Placement

Atmospheric
Instruments
(on tower)

Instrument

Measurement

Li-7500A Infrared

CO2 & water vapor

Gas Analyzer 1

concentrations

CSAT3 3-D Sonic

wind velocity &

Anemometer 2

sonic temperature

HMP45c Thermistor 3

air temperature &

1.09 m

relative humidity

Radiometer 4

radiation

Hz, stored as 5-

BF5 Sunshine

diffused &

& 30-min

global PAR

averages

precipitation &

Bucket Rain Gauge

2

top layer heat

Temperature Probe 2

storage

(2) HFP01
Heat Flux Plate

4

ground heat flux

Recorded at 10
Hz, stored as 5-

volumetric water

& 30-min

Moisture Probe 2

content

averages

Soil Thermistor 2

soil temperature

1.32 m

1 cm – 5 cm

CS616
(2) CS107

1.24 m

0.5 m

irrigation

(5) CS109

1.04 m

30-min averages

Recorded at 10

TE525 Tipping

(below ground)

Hz, stored as

solar & long-wave

5

Height/Depth

Recorded at 10

NR01 4-component

Sensor

Soil Instruments

Frequency

5 cm
0 cm – 14cm
5 cm, 15 cm

Ground flux [Qg] was calculated as an aggregate of heat fluxes from the 5 cm plates [Qg-5cm] with the
heat storage in the top soil layer [S1-5cm] (Equation 2a). The top layer storage was based on the observed
change in temperature of the top layer [ΔT1-5cm] by the CS109 probes (from the previous 30-minute
period to the current period), and the specific heat of the soil [Csoil] (Equation 2b). Finally, specific heat of

the soil was calculated using an estimated bulk density of this dry soil [ρdry], the volumetric water
content of the soil [θ], the specific heat of dry soil [Cdry] and water [Cwater] respectively, and the density of
water [ρwater] (Equation 2c).

𝑄𝑔 = 𝑄𝑔5𝑐𝑚 + 𝑆1−5𝑐𝑚 →
𝑆1−5𝑐𝑚 = ∆T1−5cm 𝐶𝑠𝑜𝑖𝑙 →
𝐶𝑠𝑜𝑖𝑙 = 𝜌𝑑𝑟𝑦 𝐶𝑑𝑟𝑦 + 𝜃𝜌𝑤𝑎𝑡𝑒𝑟 𝐶𝑤𝑎𝑡𝑒𝑟
Equation 2: (a) Ground flux calculation based on estimations of (b) top layer storage and (c) specific heat.

Figure 2: Fully deployed
micrometeorological station on California
Academy of Sciences roof. View is facing
west, in the prevailing upwind direction of
most frequent footprint fetch.

c. QA/QC and Processing
During the study period, data were retrieved fortnightly from the logger on site and checked for any
egregious instrumentation error. After decommission, data quality control focused on assuring that only
reasonable rooftop estimates were selected for analysis. Data were subject to three rejection criteria:
First, data with a friction velocity (u*) below 0.15 m s-1 were rejected due to insufficiently developed
turbulence for measurement. Second, the flux source area [footprint] was estimated for every 30minute period using the Hsieh et al. (2000) analytical footprint model. All periods when the 80th
percentile of the cumulative flux distance fell outside of the roof area was rejected following commonly
used rejection criteria (e.g. Velasco et al. 2005). Third, additional manual spike detection was conducted
to remove remaining physically unreasonable values and large implausible spikes.

The three criteria resulted in considerable data rejection: Over the study period, 3170 30-minute points
were collected. Of these, 1992 were collected during daylight periods (defined in this study as PARglobal >
2.0 µmol m-2 s-1) and 1178 at night. A total of 1367 data points were retained for further analysis.
Considerably more of the accepted data were collected during daylight periods, 1052, than night

periods, 284 (Figure 3). This represents 47% rejection by day and 76% rejection by night, for a total of
58% rejection over the study period. This difference in rejection frequency is commonly found in eddy
covariance estimates (Baldocchi 2003), mainly due to stable atmospheric conditions during the night,
which leads to low u* values as well as (in this case) footprints that extend beyond the fetch of the roof.
In order to reduce daytime bias in the data, daily averages and totals were based on ensemble averages
of each of the 48 30-minute periods in each day over the study period.

The carbon dioxide fluxes measured by eddy covariance estimated the net ecosystem exchange [NEE] of
the living roof. Partitioning NEE into respiration [Re] and gross primary production [GPP] was conducted
using methods commonly used for natural ecosystems (e.g. Xu 2004). First, the nocturnal CO2 flux was
assumed to be solely due to ecosystem respiration (NEEnight = Renight), and that respiration rates were
driven predominantly by soil temperature. A linear model was then derived for the relationship between
Renight and soil temperature at 15 cm. This model was then used to estimate Re during daylight periods,
and GPP was calculated as a residual [GPP = NEE – Re]. Once processed, data was partitioned into three
sky conditions based on the diffuse PAR fraction [D ≡ PARdiffuse/PARglobal]: direct beam periods [D > 0.225],
mixed light periods [0.225 ≤ D ≤ 0.925], and diffuse light periods [D > 0.925] (Figure 4). While the mixed
light condition spreads a much larger span, the binomial nature of diffuse PAR fraction resulted in
loosely even categories. Of the 1992 daylight data points collected, 633 were classified as diffuse
conditions. 632 as mixed, and 727 direct beam. After rejection, 421, 346 and 284 remained, respectively.
These conditions were created to compare the response of the ecosystem to meteorological drivers.
Direct periods represented clear, mostly sunny conditions, while diffuse periods represented mostly
cloudy conditions, with mixed conditions in between.

Figure 3: Data rejection by time of day.

Figure 4: Frequency distribution of diffuse PAR
fraction during daylight periods.

d. Uncertainty
Despite usual assumptions of homogenous, flat terrain and large upwind fetches (Burba 2007), this
study utilized the eddy covariance method to measure fluxes over a rather complex surface. Our study
site features dozens of plant species over a complex, relatively small source area (Figure 1c). The rolling
terrain could force wind flow and transport, including horizontal and vertical divergence, flaunting the
assumptions in the measurement technique. In order to minimize possible associate error, instruments
were located so that the prevailing wind came between the hills, meaning the flux footprint covered the
mostly flat “valley floor” between them. We did not attempt to calculate the magnitude of this error
directly, nor correct for it. Rooftops are typically poor locations for use of the eddy covariance method,
producing forced vertical motion and transport from the surface below as parcels are forced up the
windward side of the building. However, the goal of this study is not to measure eddies approaching the
building, but rather the eddy fluxes between the roof and atmosphere. To ensure this, instruments were
mounted as low as possible to keep the footprint contained on the rooftop ecosystem. Most building
edge effects should have been removed through the rigorous rejection by footprint analysis described
earlier. Our assertion is that the upwind fetch across the roof (on the order of 100 m at most times), is
large enough that air parcels being sampled by instruments are derived from within the internal
boundary layer of the building roof and that most effects caused by the windward edge of the building
should be dissipated over the fetch of the roof. In addition, the results from the footprint model (Figure
5) show that the peak source area of our measurements were approximately 4 m from the station
(which was in a flat area with relatively homogenous surface cover), with the 80th percentile on average
approximately 60 m from the station. It is also possible however, that turbulent motions were
influenced by the downward flows at the leeward edge of the building; these possible effects are not
estimated nor corrected.

The ecosystem does not completely cover the entire roof; within the flux footprint there are: a glass
atrium roof (approximately 625 m2), a concrete viewing deck (approximately 275 m2), and dozens of
small circular windows distributed through the hills. Although a significant distance from the
instruments, these surfaces will provide a contribution to the carbon dioxide, water and energy fluxes
measured by eddy covariance. These surfaces can alter the reflection and transmission of radiation. In
addition, the atrium vents are often opened (usually at night), allowing exchanges of heat, CO2 and
water from the building below. However, footprint analysis showed that the peak of the flux footprint
was never closer than 30 m to the atrium roof and even further from the viewing platform, so we expect

their contributions to the fluxes to be small. Nevertheless, these fluxes cannot be separated from those
derived from the roof ecosystem. Therefore, our measurements of turbulent fluxes (especially of CO2)
are not solely due to ecosystem functioning, but probably include sources from these non-biological
surfaces. As a result, we may be overestimating the magnitudes of Re and GPP, while underestimating
the total sequestration of CO2 by the ecosystem.

Finally, knowledge of soil bulk density is required to calculate the ground heat flux (Equation 2c) and this
has yet to been measured. A bulk density of 1.3 kg m-3 was used in this case based on estimates
provided by Saxton et al. (1986) for a sandy clay soil, which was chosen based on visual observation.
Using a reasonable range of soil textures, the size of this uncertainty is likely to be about +/-0.2 kg m-3.

Figure 5: Radial diagrams of source
area footprint modeling base on
Hsieh (2000), including (a) mean
directional peak and 80%ile of
footprint distances, (b) the
distribution of wind direction for all
periods when u* > 0.15 m s-1, and
(c) the mean directional 80%ile
footprint distance under stable and
unstable conditions.
3. Results
a. Carbon Dioxide Fluxes
Over the study period, May 3 – August 8, 2013, the California Academy of Sciences acted as a net
atmospheric sink of carbon dioxide. The roof had an average net ecosystem exchange [NEE] of -1.5 gC m2

day-1. The system also showed a strong diurnal signal (Figure 6). The system acted as a net source of

CO2 to the atmosphere from about 18:00 to 06:00 PST. Given the flux footprint climatology (Figure 5),
this is probably driven mostly by respiration of the roof ecosystem [Re] but may include sources from
building vents. During these times, the roof was a source of CO2 at an average rate of +0.1 mg m-2 s-1.
Just after sunrise, the NEE shifted from a source to a sink once the rate of photosynthetic uptake, gross
primary production [GPP], became greater than Re of the system. Modeled Re increased gradually
throughout the day by just 0.02 mgC m-2 s-1 reflecting the best predictor for the Re model, soil
temperature (Figure 7). Due to the small amplitude in the Re signal, the main cause in the consistent

diurnal pattern of NEE is GPP (Figure 7). From the onset of photosynthesis, NEE and GPP dropped rapidly
to reach peak uptake (of -0.27 and -0.37 mgC m-2 s-1 respectively) around mid-morning (10:00 PST)
before slowly declining until GPP reached zero at sunset. Daily average ecosystem Re was +10.2 gC m-2 d1

and GPP was -11.7 gC m-2 d-1. These daily CO2 fluxes with opposite signs, and a ratio of magnitudes of

Re to GPP of 0.87, produce a relatively small but very consistent net daily sink.

Figure 6: Diurnal ensembles of 30-minute averages
of NEE. Error bars represent ± one standard
deviation.

Figure 7: Diurnal ensembles of 30-minute averages
of average NEE, and the results of partitioning into
Re and GPP.

Ecosystem GPP is shown to respond quickly and positively to low levels of light but the slope of the line,
the light use efficiency [LUE], flattens rapidly above about 600-800 mols m-2 s-1. Above these moderate
light levels, the relative increase of photosynthesis per unit of light rapidly diminishes (Figure 8). To
these data we fit a standard rectangular hyperbola light use efficiency model after Wofsy et al. (1999)
(Equation 3). The light response patterns were similar under direct beam [clear], mixed light, and diffuse
light [cloudy] conditions (Figure 8). Light was more efficiently used when arriving in diffuse beam rather
than direct beam since both  and Amax were higher under predominantly diffuse light conditions. While
the model fit was reasonable for mixed and diffuse conditions, it was very weak under direct beam light
(Table 2). The mixed light condition was not intermediate between the two extremes: Under low
insolation (PAR < 600 µmol m-2 s-1), the mixed light conditions were actually less efficient than both
diffuse and direct beam periods. Under high insolation (PAR > 1300 µmol m-2 s-1), the mixed light proved
to be the most efficient, with a transition in between. It should be noted that the frequency of direct
beam periods under low insolation was minimal, as was the density of diffuse periods under high
insolation (Figure 8) – this produces a trade-off for GPP (Oliphant et al. 2011). Despite being more
efficient under diffuse than direct beam light, the ecosystem consistently had greater GPP during direct
than diffuse periods (Figure 9). However, the mixed light periods proved to be the most productive of
the three (Table 3). As the Re was nearly constant, NEE followed a similar response to varying sky

conditions, with greatest net uptake during mixed light conditions, followed by direct beam and diffuse
light conditions.

𝐺𝑃𝑃 =

𝛼 × 𝐴𝑚𝑎𝑥 × 𝑃𝐴𝑅
𝐴𝑚𝑎𝑥 + 𝛼 × 𝑃𝐴𝑅

Equation 3: Rectangular hyperbola for LUE, where α ≡ the initial slope of the LUE curve, and Amax ≡ point
of maximum carbon assimilation.

Figure 8: LUE curves of the ecosystem under
varying sky conditions.

Figure 9: Comparison of 30-minute ensemble
averages of GPP under three sky conditions.

Table 2: Terms of the rectangular hyperbola (Equation 3) defining the LUE of each sky condition.
Direct

Mixed

Diffuse

All

𝜶

0.0759

0.0559

0.1070

0.0912

Amax

28.993

37.291

29.761

29.237

RMSE

6.8712

6.6709

6.2801

6.7662

R2

0.0440

0.5616

0.5774

0.4792

Table 3: NEE, Re and GPP partitioned into day (and into sky conditions), night and diurnal periods; roof
totals represent estimate for aggregate exchanges across the 1.0 hectare surface.
Day light periods
gC m-2 day-1

NEE (observed)

Direct
-6.29

Rehybrid

Diffuse

-6.73

-3.79

--

Remodel
GPP (hybrid)

Mixed

-11.13

-13.05

Daily

Nightly

Diurnal

Diurnal Roof

Totals

Totals

Totals

Totals

-5.20
6.21

-10.03

-11.66

4.11
4.14
0

-1.53

-15 kgC day-1

10.16

100 kgC day-1

9.98

98 kgC day-1

-11.66

-115 kgC day-1

b. Water Vapor, Energy and Radiation Fluxes
Over the study period, the living roof averaged an evapotranspiration rate of 1.8 mm d-1 (Figure 10). This
rate equates to 4.3 MJ m-2 d-1 of latent heat flux. However, evapotranspiration was heavily dependent

on the diffuse PAR fraction, with much greater rates under direct beam conditions (Figure 11).
Comparing the surface energy budgets under varying sky conditions, the roof responded with much
more uniformity than with the CO2 exchanges (Figure 13). Under diffuse light conditions, the roof had
the smallest daily net radiation flux, and this corresponded with the smallest fluxes of sensible, latent
and ground heat fluxes. Mixed light periods had greater respective values than diffuse light periods, but
less than those under direct beam conditions (Table 4). Diurnally, the roof surface had an average
Bowen ratio of 1.4, and an average daylight Bowen ratio of 1.6. Under sufficiently high insolation (Kdn >
100 W m-2) the rooftop had an average albedo [reflectivity] of 0.19. Our measurements and analysis
consistently yielded only 69% energy balance closure, with a positive intercept of 6.21 (R2 = 0.95) (Figure
13), representing a sizable gap between the turbulent energy fluxes and the available energy fluxes. The
residual fluxes (seen as the magenta lines in Figure 13) also followed a diurnal pattern. However, this
pattern varied with sky conditions, skewing earlier in the day during direct beam and mixed light
conditions compared to diffuse light conditions. Nonetheless, the magnitude of the residual term
(usually greater than ground and latent heat fluxes) further exemplifies the lack of closure in the surface
energy budget.

Figure 10: Diurnal ensembles of 30-minute
averages of ET. Error bars represent ± one
standard deviation within each 30-minute period.

Figure 11: Comparison of 30-minute ensemble
averages of ET under three sky conditions.

Figure 12: Energy balance closure over the study
period.

Table 4: Partitioned diurnal surface energy flux totals, evapotranspiration totals and average Bowen
ratios; roof totals represent estimate for aggregate exchanges across the 1.0 hectare surface.
Daylight periods

Daily

Nightly

Diurnal

Diurnal

Mixed

Totals

Totals

Totals

Roof Totals

Direct
Qnet

MJ m-2 d-1

Diffuse

18.57

16.21

9.39

15.55

-1.08

14.60

144 GJ day-1

Qh

MJ m-2 d-1

7.06

6.42

4.13

6.22

-0.12

6.11

60 GJ day-1

Qe

MJ m-2 d-1

4.68

3.75

2.32

3.97

0.35

4.29

42 GJ day-1

Qg

MJ m-2 d-1

2.21

1.19

0.18

1.26

-1.10

0.29

3 GJ day-1

residual MJ m-2 d-1

4.62

4.86

2.77

4.10

-0.21

3.91

39 GJ day-1

ET

1.91

1.53

0.94

1.62

0.14

1.75

17 kL day-1

1.51

1.71

1.78

1.57

-0.34

1.43

mm d-1

Bowen ratio

--

Figure 13: Diurnal ensembles of 30-minute averages of the diurnal/daily surface energy budget at: (a) all
times; (b) diffuse light periods; (c) mixed light periods; (d) direct beam periods. Budgets follow: Qnet = QH +
QE + QG; residual = Qnet – (QH + QE + QG).
4. Discussion
a. Energy budget closure and EC underestimation
The deficit in the surface energy balance, 31%, over the living roof is higher than average, but has the
same sign and is within the range of other published studies (Wilson et al. 2002). Considering the
marginal application of the assumptions in the eddy covariance method, this reasonable closure (with
statistical significance of R2=0.95) suggests that this study was successful in implementing the eddy

covariance method over a complex rooftop. Better estimations of soil properties (i.e. bulk density and
specific heat) could result in greater closure by reducing relatively large residuals in the surface energy
budget (Table 4) with more accurate measurements of ground heat flux.

The living roof was able to act as a net sink of atmospheric carbon dioxide over the study period (Table
3). However, the lack of energy balance closure presents a significant probability that our system
underestimated the heat fluxes through EC. If our implementation of the eddy covariance method
greatly underestimated latent and sensible heat fluxes, then it follows that the carbon dioxide fluxes
could have been underestimated on a similar magnitude. Additionally, it should be noted that the
nightly fluxes values we observed and used to calculate Re contain some contribution from the building
vents; thus, the actual Re rate of the roof ecosystem should be less than the +10.2 gC m-2 d-1 we
observed. This overestimation of Re would further increase the underestimation of the carbon uptake
by the living roof. Combining possible underestimations due to the EC method with vast uncertainties in
the nightly anthropogenic CO2 from the museum below, the actual uptake of the living roof ecosystem
could be greater than the value of -1.5 gC m-2 d-1 that we observed (assuming a 30% increase, uptake
could have been as high as approximately 2 gC m-2 d-1).

b. Carbon Dioxide Fluxes
The living roof of the California Academy of Sciences had exchanges of carbon dioxide more indicative of
natural ecosystems than urban areas, acting as a net atmospheric sink over the course of the study.
Compared to a synthesis study of grasslands, croplands and forests (including coniferous, deciduous,
evergreen and rainforests) by Falge et al. (2002), GPP measured over the living roof, -11.7 gC m-2 d-1, was
less than the seasonal peaks of all sites. Some coniferous forests and grasslands were the near (in the
range 13.6 – 16.6 gC m-2 d-1) our observed values, but the rest were generally in the range of two- to
three-times greater than the GPP of the living roof over the spring/summer period. Additionally, we
found the Re of the living roof, +10.2 gC m-2 d-1, to be within the range of seasonal maxima claimed by
Falge et al. (2002), our measured Re was greater than that of many of the study sites; most sites Re
values ranged 3.4 – 9.0 gC m-2 d-1, with a few grasslands, crops, and coniferous and deciduous forests
peaking with Re values as high as 15.5 – 22.32 gC m-2 d-1. The roof proved to be a small, steady sink with
ratio of magnitudes [Re/GPP] of 0.87; this is similar to a large number of CO2 flux measurements over
both natural and managed ecosystems, with a mean ratio of 0.86 reported for 16 different biomes
(Oliphant 2012).

Within a large range of observed NEE by EC (Fig. 8 of Baldocchi 2008), our observed NEE -1.5 gC m-2 d-1
from May 3 – August 8 was most similar to the spring/summer over Mediterranean macchia shrubland.
Additionally, the NEE of the living roof actually was quite similar to summertime observations in
Baltimore, MD, -1.3 gC m-2 d-1 (Crawford et al. 2011). This is exemplifies the importance of vegetation
within a city; the great area of leafy vegetation found within a low population density urban area is able
to offset large emissions during the peak months of GPP of the vegetation. While Baltimore acts as an
annual source, the magnitude of its carbon dioxide source is far less than many other urban areas of
similar size and population density (Velasco and Roth 2010) as a direct result of its vast green space.
While many cities may not have the available space to add vegetation to street-level areas, if other
green roofs can perform similarly to the CAS living roof, conversion of black tar roofs to green roofs
holds great potential for additional carbon dioxide sequestration within a pre-existing city layout. While
previous studies have shown green roofs to be net carbon dioxide sinks over multiple growing seasons
(Getter et al. 2009; Whittinghill et al. 2014), some urban green spaces have been shown to act as a sink
in the summer months – as we have observed on the living roof – only to act as a net carbon source year
round as daily GPP declines seasonally (Kordowski and Kuttler 2010). Therefore, further investigation
into the CAS living roof, including samplings of all seasons or over a full twelve month deployment, is
necessary to properly assess the annual NEE of the living roof.

The relative strength of GPP during mixed light periods could be a result of competing factors associated
with LUE (Oliphant et al. 2011). While the roof tended to be more efficient during diffuse light periods, it
was presumably limited by global PAR unlike direct beam periods; during mixed light periods, the roof
had high efficiency associated from high levels of diffuse light, while having access to greater amounts of
total PAR.

c. Radiation, energy and water fluxes
The vegetation and soil appeared to have a great impact on the surface energy budget of the CAS roof.
Without the 4.3 MJ m-2 d-1 of latent heat from the rooftop, the surface would have experienced a
proportional increase partitioned to convective and conductive sensible heat fluxes. This would have
resulted in higher roof surface and air temperatures. While not as great as highly-reflective white roofs
(Takebayashi and Moriyama 2007), our observed albedo of 0.19 is a significant increase over black tar
roofs, typically around 0.05. This increased reflectivity resulted in a decrease in the amount of radiation
absorbed (approximately 3.3 MJ m-2 d-1). Further study into the thermal resistance of the living roof is

necessary to properly assess the conduction to building below, but following previous studies (e.g. Liu
and Baskaran 2003; Takebayashi and Moriyama 2007), we assume that the vegetation and soil substrate
decreased heat conduction to the building through increased insulation. Nonetheless, with these three
alterations to the surface energy budget, the living roof should provide a major reduction in HVAC
demands, reducing associated greenhouse gas emissions and the anthropogenic heat flux contribution
to the UHI. Our observed Bowen ratio of 1.6 on the irrigated living roof proved to be much less than
those of typical urban surfaces, ~5.0 (Oberndorfer et al. 2007), while similar to regularly irrigated
suburban areas, ~1.3 (Arnfield and John 2003), and much greater than typical rural sites, ~0.5 (Arnfield
and John 2003). However, we expect that a semi-arid Mediterranean native coastal grass and scrubland
would have a Bowen ratio higher than most rural sites, and closer to our observed value. Despite
decreased sensible and latent heat fluxes in diffuse periods compared to mixed and direct beam
periods, the Bowen ratio increased slightly from diffuse to mixed light to direct beam periods. This
suggests that evapotranspiration played a major role in the surface energy budget, and that the roof had
the greatest impact during direct beam conditions.

5. Conclusions
The living roof on the California Academy of Sciences in San Francisco, CA proved to have a measureable
impact on its immediate surrounding atmosphere. Our findings suggest that if implemented across
urban areas, green roofs have great potential to mitigate the Urban Heat Island and to reduce urban CO2
fluxes. Through alterations to the surface energy budget and increased thermal insulation, the living
roof plausibly reduced HVAC demands for the museum below, resulting in fewer greenhouse emissions
and anthropogenic heat flux to the surrounding environment. The roof exhibited characteristics of Park
Cool Islands, by producing evaporative cooling across the surface and plausibly reducing the UHI and
thereby reducing broader HVAC demands for the urban area. This indirectly helps mitigate global
climate change through decreased greenhouse emissions from fossil fuels for electricity production. The
roof also showed the potential to directly mitigate global climate change by sequestering carbon
dioxide. The living roof had the greatest impacts to the urban climate under clear sunny sky conditions,
suggesting that green roofs could have more impact in clear than cloudy climates. Further study is
required to access the annual contribution of the California Academy of Sciences living roof to urban
fluxes, to investigate seasonal variations in CO2, water vapor and energy balance fluxes, and to more
accurately characterize the vegetation and soil substrate of the living roof.
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Appendix I: Additional photographs of study site

Figure 14: Fully installed
micrometeorological tower

Figure 15: Soil measurements in
living roof soil substrate.

Figure 16: Facing west from site
location, in direction of most
common upwind fetch

Appendix II: Additional plots of meteorological data.

Appendix III: Complete list of plant species on roof at California Academy of Sciences, December 2013
Scientific Name

Common Name

Scientific Name

Common Name

Achillea millefolium

Common Yarrow

Heuchera micrantha

Alumroot

Acmispon glaber
(syn. Lotus scoparius)

Deerweed

Iris douglasiana

Douglas Iris

Ambrosia chamissonis

Beach Bur

Juncus balticus

Baltic Rush

Anaphalis margaritacea

Pearly Everlasting

Juncus patens

Spreading Rush

Anthoxanthum occidentale
(syn. Hierochloe occidentalis)

California
Sweet Grass

Juncus xiphioides

Irisleaf Rush

Aquilegia formosa

Western Colombine

Lasthenia californica

Goldfields

Arctostaphylos edmundsii

Little Sur Manzanita

Layia platyglossa

Tidy Tips

Arctostaphylos uva-ursi

Kinnikinick

Leymus mollis

American Dune Grass

Armeria maritima
ssp. californica

Sea Pink

Lonicera hispidula

Pink Honeysuckle

Artemisia californica

California Sagebrush

Lupinus arboreus

Yellow Bush Lupine

Artemisia douglasiana

Mugwort

Lupinus bicolor

Miniature Lupine

Artemisia pycnocephala

Beach Sagewort

Lupinus nanus

Sky Lupine

Astragalus nuttallii

Nuttall's Milkvetch

Lupinus variicolor

Manycolored Lupine

Baccharis pilularis

Coyote Bush

Mimulus aurantiacus

Sticky Monkeyflower

Baccharis pilularis 'Twin Peaks'

Coyote Bush
'Twin Peak'

Mimulus cardinalis

Scarlet Monkeyflower

Carex pansa

Sand Dune Sedge

Mimulus guttatus

Seep Monkeyflower

Carex praegracilis

Clustered Field Sedge

Monardella villosa

Coyote Mint

Ceanothus maritimus

Maritime Ceanothus

Morella californica
(syn. Myrica californica)

California Wax Myrtle

Ceanothus thyrsiflorus var. griseus
(syn. Ceanothus griseus var. horizontalis)

Yankee Point Lilac

Muhlenbergia rigens

Deer Grass

Clinopodium douglasii
(syn. Satureja douglassi)

Yerba Buena

Nemophila menziesii

Baby Blue Eyes

Corethrogyne filaginifolia
(syn. Lessingia filaginifolia var. filaginifolia)

Common Sandaster

Oenothera elata
ssp.hookeri

Yellow Evening
Primrose

Dudleya caespitosa

Coast Dudleya

Penstemon heterophyllus

Foothill Penstemon

Dudleya cymosa

Canyon Liveforever

Perideridia kelloggii

Yampah

Dudleya farinosa

Powdery Liveforever

Phacelia californica

California Phacelia

Dudleya lanceolata

Lanceleaf Liveforever

Plantago erecta

California Plaintain

Dudleya pulverulenta

Chalk Dudleya

Polystichum munitum

Western Sword Fern

Epilobium canum
ssp. canum

California Fuchsia

Prunella vulgaris
ssp. lanceolata

Selfheal

Epilobium canum
ssp. canum ‘Everetts Choice’

California Fuchsia
'Everetts Choice'

Pteridium aquilinum
var. pubescens

Bracken Fern

Equisetum hyemale

Scouringrush Horsetail

Ranunculus californicus

California Buttercup

Erigeron glaucus

Seaside Daisy

Ribes speciosum

Fuchsia-Flowered
Gooseberry

Eriogonum grande
var. rubescens

Redflower Buckwheat

Rosa californica

California Wild Rose

Appendix III (continued):
Eriogonum latifolium

Coast Buckwheat

Rubus ursinus

California Blackberry

Eriogonum parvifolium

Seacliff Buckwheat

Salvia mellifera

Black Sage

Eriogonum umbellatum

Sulphur Flower
Buckwheat

Salvia sonomensis

Sonoma Sage

Eriophyllum staechadifolium

Lizard Tail

Salvia spathacea

Hummingbird Sage

Eschscholzia californica

California Poppy

Scrophularia californica

Bee Plant

Eschscholzia californica ‘maritima’

California Poppy
'Maritima'

Sedum spathulifolium

Stonecrop

Festuca brachyphylla
ssp. breviculmis ‘Pt. Joe’

Point Joe Fescue

Sidalcea malvaeflora

Checker Mallow

Festuca californica

California Fescue

Sisyrinchium bellum

Blue-Eyed Grass

Festuca rubra ‘Patricks Point’

Red Fescue

Sisyrinchium bellum
‘Rocky Point’

Rocky Point Blue-Eyed
Grass

Fragaria chiloensis

Beach Strawberry

Sisyrinchium californicum

Golden-Eyed Grass

Grindelia hirsutula

Hairy Gumweed

Stachys bullata

California Hedge
Nettle

Grindelia stricta

Gumweed

Stipa pulchra
(syn. Nassella pulchra)

Purple Needle Grass

Heuchera maxima

Island Alumroot

Symphyotrichum chilense
(syn. Aster chilensis)

Pacific Aster

