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Abstract. As a result of climate change warmer temperatures are projected through the 21st century and are already 27 

increasing above modelled predictions. Apart from increases in the mean, warm/hot temperature extremes are expected to 28 

become more prevalent in the future, along with an increase in the frequency of droughts. It is crucial to better understand 29 
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the response of terrestrial ecosystems to such temperature extremes for predicting land-surface feedbacks in a changing 30 

climate. While land-surface feedbacks in drought conditions and during heat waves have been reported from Europe and 31 

the US, direct observations of the impact of such extremes on the carbon and water cycles in Australia have been lacking. 32 

During the 2012/2013 summer, Australia experienced a record-breaking heat wave with an exceptional spatial extent that 33 

lasted for several weeks. In this study we synthesised eddy-covariance measurements from seven woodlands and one 34 

forest site across three biogeographic regions in southern Australia. These observations were combined with model results 35 

from BIOS2 (Haverd et al., 2013, Biogeosciences, 10: 2011-2040) to investigate the effect of the summer heat wave on 36 

the carbon and water exchange of terrestrial ecosystems which are known for their resilience toward hot and dry 37 

conditions. We found that water-limited woodland and energy-limited forest ecosystems responded differently to the heat 38 

wave. During the most intense part of the heat wave, the woodlands experienced decreased latent heat flux (23% of 39 

background value), increased Bowen ratio (154%) and reduced carbon uptake (60%). At the same time the forest 40 

ecosystem showed increased latent heat flux (151%), reduced Bowen ratio (19%) and increased carbon uptake (112%). 41 

Higher temperatures caused increased ecosystem respiration at all sites (up to 139%). During daytime all ecosystems 42 

remained carbon sinks, but carbon uptake was reduced in magnitude. The number of hours during which the ecosystem 43 

acted as a carbon sink was also reduced, which switched the woodlands into a carbon source on a daily average. 44 

Precipitation occurred after the first, most intense part of the heat wave, and the subsequent cooler temperatures in the 45 

temperate woodlands led to recovery of the carbon sink, decreased the Bowen ratio (65%) and hence increased 46 

evaporative cooling. Gross primary productivity in the woodlands recovered quickly with precipitation and cooler 47 

temperatures but respiration remained high. While the forest proved relatively resilient to this short-term heat extreme the 48 

response of the woodlands is the first direct evidence that the carbon sinks of large areas of Australia may not be 49 

sustainable in a future climate with an increased number, intensity and duration of heat waves. 50 

1 Introduction 51 

Average temperatures in Australia have increased by 0.9°C since 1910 (CSIRO and BOM, 2014), which represents the 52 

most extreme of modeling scenarios, and even further warming is projected with climate change (IPCC, 2013). In addition 53 

to increased mean temperature, warm temperature extremes are becoming more frequent in Australia and worldwide 54 

(Lewis and King, 2015, Steffen, 2015) and an increased prevalence of drought is expected for the future (Dai, 2013). 55 

Increases in temperature variability also affect the intensity of heat waves (Schär et al., 2004). Extreme heat and drought 56 

often co-occur (King et al. 2014), and soil water limitations can exacerbate the intensity of heat waves (Fischer et al., 57 

2007; Seneviratne et al., 2010) due to reduced evaporative cooling and increased sensible heat flux (Sheffield et al., 2012). 58 

This combination of reduced water availability and increased evaporative demand places increased stress on terrestrial 59 

ecosystems. 60 

 61 
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During summer 2012/2013, Australia experienced a record-breaking heat wave that was deemed unlikely without climate 62 

change (Steffen, 2015). The Australian summer 2012/2013 was nicknamed the ‘Angry Summer’ or the ‘Extreme 63 

Summer’, as an exceptionally extensive and long-lived period of high temperatures affected large parts of the continent in 64 

late December 2012 and the first weeks of January 2013 (Bureau of Meteorology, BOM, 2013). Record temperatures were 65 

observed in every Australian State and Territory, and the record for the hottest daily average temperature (32.4°C) for 66 

Australia was recorded on the 8th of January (Karoly et al., 2013). On the Western Australian South Coast, the maximum 67 

temperature record was broken in Eucla on the 3rd of January with 48.2°C. In South Australia maximum temperature 68 

records were broken at four weather stations between the 4th and 6th of January. Victoria also observed record heat on the 69 

4th of January at its south coast in Portland (42.1°C). In New South Wales, record temperatures were recorded on the 5th of 70 

January and were broken again on the 19th, reaching 46.2°C before the heat wave subsided. Besides being the hottest year 71 

since 1910, summer 2012/2013 was also considerably drier than average in most parts of the continent, but particularly in 72 

the densely populated east of Australia. King et al. (2014) have shown that extreme heat was made much more likely by 73 

contributions from the very dry conditions over the inland eastern region of Australia as well as by anthropogenic 74 

warming. 75 

 76 

Heat waves are becoming hotter, they last longer, and they occur more often (Steffen, 2015). As many ecological 77 

processes are more sensitive to climate extremes than to changes in the mean state (Hanson et al. 2006), it is imperative to 78 

understand the effect of climate extremes in order to predict the impact on terrestrial ecosystems. Processes and 79 

sensitivities differ among biomes, but forests are expected to experience the largest detrimental effects and the longest 80 

recovery times from climate extremes due to their large carbon pools and fluxes (Frank et al. 2015). There is increasing 81 

evidence that climate extremes may result in a decrease in carbon uptake and carbon stocks (Zhao and Running, 2010, 82 

Reichstein et al., 2013). It is therefore crucial to better understand ecosystem responses to climate extremes. The role of 83 

climate extremes could be critical in shaping future ecosystem dynamics (Zimmermann et al. 2009), but the sporadic and 84 

unpredictable nature of these events makes it difficult to monitor how they affect vegetation through space and time 85 

(Mitchell et al., 2014). 86 

 87 

Australian forest and woodland ecosystems are strongly influenced by large climatic variability, characterised by recurring 88 

drought events and heat waves (Beringer et al., 2016, Mitchell et al., 2014). Eucalyptus regnans ecosystems in southeast 89 

Australia, for example, have an exceptional capacity to withstand drought and the ability to recover almost instantly after 90 

heat waves (Pfautsch and Adams, 2013). However, drought and heat related forest die-back events have been observed in 91 

southwestern Australia (Matusick et al. 2013, Evans and Lyons 2013), where drought stress from long-term reductions in 92 

rainfall have been exacerbated by short heat wave periods. This suggests that these ecosystems, even though they are 93 

resilient to dry and hot conditions, are susceptible to mortality events once key thresholds have been exceeded (Evans et 94 

al., 2013). Similar large-scale droughts and heat waves in Europe during 2003 (Ciais et al., 2005), in Canada during 2000 95 
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to 2003 (Kljun et al. 2007) and in the US during 2012 (Wolf et al. 2016) caused substantial reductions in summer carbon 96 

uptake, and vegetation-climate feedbacks were found to contribute to enhanced temperatures (Teuling et al., 2010, Wolf et 97 

al., 2016). However, direct observations of the ecosystem response to large-scale extremes in Australia have been lacking 98 

until very recently. 99 

 100 

The large spatial extent of the heat wave in early 2013 across Australia and direct observations from the OzFlux network 101 

enable us for the very first time to analyse the effect of extreme hot and dry conditions on the carbon, water and energy 102 

cycles of the major woodland and forest ecosystems across southern Australia. In this study, we combined eddy-103 

covariance measurements from seven woodland and forest sites with model simulations from BIOS2 (Haverd et al. 2013) 104 

to investigate the impact of the 2012/2013 summer heat wave and drought on the carbon and water exchange of terrestrial 105 

ecosystems across climate zones in southern Australia and to assess the influence of land-surface feedbacks on the 106 

magnitude of the heat wave. 107 

2 Materials and Methods 108 

We compared hourly data from seven OzFlux sites (Fig. 1, Table 1) measured during the heat wave period 1 January 2013 109 

– 18 January 2013 to observations from a background reference. We used eddy covariance data to compare hourly data 110 

and the daily cycle of latent and sensible heat as well as carbon fluxes. We used the measured hourly data of a background 111 

period (BGH) one year later from 2/1/2014 – 6/1/2014. During these time periods all towers were actively taking 112 

measurements, although data gaps were present after 18 January in 2013. The reference period was shorter than the heat 113 

wave period because another significant heat wave event affected southeastern Australia in late January 2014 during a 114 

time period when not all sites had comparable data available in 2013. Temperatures during the background reference 115 

period were also somewhat warmer than average climatology (Fig. 2). We therefore expect the relative severity of the 116 

effects of the heat wave to appear smaller than they otherwise would when compared against a climatological reference. 117 

To ensure the representativeness of our results, we also compared daily data against a climatology derived from daily 118 

BIOS2 (see below) output for the time period 1982-2013 (background climatology, BGC). BIOS2 results for the whole 119 

time period were only available as daily values. 120 

2.1 Sites 121 

We analysed data from seven southern Australian sites (Beringer et al., 2016) grouped in three distinct ecosystem and 122 

climate types: Mediterranean woodlands (MW), temperate woodlands (TW) and temperate forests (TF) (Fig. 1, Table 1).   123 

 124 

MW sites included i) a coastal heath Banksia woodland (Gingin: AU-Gin); ii) a semi-arid eucalypt woodland dominated 125 

by Salmon gum (Eucalyptus salmonophloia), with Gimlet (E. salubrious) and other eucalypts (Great Western Woodlands: 126 
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AU-Gww); and iii) a semi-arid mallee ecosystem (Calperum: AU-Cpr), which is characterised by an association of mallee 127 

eucalypts (E. dumosa, E. incrassata, E. oleosa and E. socialis) and spinifex hummocks (Triodia basedowii) (Sun et al. 128 

2015, Meyer et al., 2015). TW sites are classified as dry sclerophyll woodlands and include: i) Wombat (AU-Wom), a 129 

secondary re-growth of Messmate Stringybark (E. oblique), Narrow-Leaved Peppermint (E. radiate) and Candlebark (E. 130 

rubida); ii) Whroo (AU-Whr), a box woodland mainly composed of Grey Box (E. microcarpa) and Yellow Gum (E. 131 

leucoxylon) with smaller numbers of Ironbark (E. sideroxylon) and Golden Wattle (Acacia pycnantha); iii) Cumberland 132 

Plains (AU-Cum), where the canopy is dominated by Gum-topped Box (E. moluccana) and Red Ironbark (E. fibrosa), 133 

which host an expanding population of mistletoe (Amyema miquelii). Temperate Forests (TF) are represented by the 134 

Tumbarumba site (AU-Tum), which is in a wet sclerophyll forest dominated by Alpine Ash (E. delegatensis) and 135 

Mountain Gum (E. dalrympleana) (Leuning et al., 2005). 136 

 137 

The sites fall into the classifications “Mediterranean Forests, Woodland and Scrub” (AU-Gin, AU-GWW and AU-Cpr) or 138 

the “Temperate Broadleaf and Mixed Forest” (AU-Wom, Au-Cum, AU-Whr and AU-Tum) classifications of IBRA 139 

(Interim Biogeographic Regionalisation for Australia v. 7; Environment, 2012). In temperate Australia both woodlands 140 

and forests are mainly dominated by Eucalyptus species. Forests occur in the higher rainfall regions and woodlands form 141 

the transitional zone between forests and grass-shrublands of the drier interior. We therefore classified temperate 142 

ecosystems with mean annual precipitation > 1000 mm and tree height > 30 m as forests.  There was only one temperate, 143 

wet sclerophyll forest for which data was available during this heat wave, but we are confident that it is representative of 144 

the energy limited temperate forests of southern Australia (e.g. van Gorsel, 2013). None of the sites is continental, but 145 

elevations range from 33 m asl (AU-Cum) to 1260 m asl (AU-Tum). The mean annual temperature for the years 1982 - 146 

2013 ranged from 9.8 °C in AU-Tum to 18.7°C in AU-Gww (Table 1). Mean annual precipitation also covered a large 147 

range from 265 mm year-1 in AU-Cpr to 1417 mm year-1 in AU-Tum. 148 

2.2 OzFlux Data 149 

We analysed data collected by the OzFlux network (www.OzFlux.org.au). Each site has a set of eddy covariance (EC) 150 

instrumentation, consisting of an infrared gas analyser (LI-7500 or LI-7500A, LI-COR, Lincoln, NE, USA) and a 3D 151 

sonic anemometer (generally a CSAT3 (Campbell Scientific Instruments, Logan, UT, USA) except for AU-Tum, where a 152 

Gill-HS is operational (Gill Instruments, Lymington, UK)). Supplementary meteorological observations include radiation 153 

(4 component CNR4 or CNR1, Kipp and Zonen, Delft, Netherlands) and temperature and humidity (HMP45C or HMP50, 154 

Vaisala, Helsinki, Finland). Soil volumetric water content was measured with CS616 (Campbell Scientific). EC data were 155 

processed using the OzFlux-QC processing tool (Isaac et al., 2016). Processing steps and corrections included outlier 156 

removal, coordinate rotation (double rotation), frequency attenuation correction, conversion of virtual heat flux to sensible 157 

heat flux, and the WPL correction (Tanner and Thurtell, 1969, Wesley, 1970, Webb et al., 1980, Schotanus et al., 1983, 158 

Lee et al. 2004 and references therein). Friction velocity thresholds were calculated following the method of Barr et al. 159 
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(2013). In Tumbarumba, where advection issues are known (van Gorsel et al., 2007, Leuning et al. 2008), only data from 160 

the early evening was used during nighttime hours (van Gorsel, 2009). Gaps in the meteorological time series were filled 161 

using alternate data sets, BIOS2 or ACCESS (Australian Community Climate and Earth-System Simulator) output (Bi et 162 

al., 2013) or climatologies (usually in this order of preference). Gaps in the flux time series were filled using a self-163 

organising linear output model (SOLO-SOFM, Hsu et al., 2002, Abramowitz et al. 2006 and references therein).  The 164 

OzFlux data used in this analysis are available from http://data.ozflux.org.au/portal/. 165 

2.3 BIOS2 166 

The coupled carbon and water cycles were modelled using BIOS2 (Haverd et al., 2013a; Haverd et al., 2013b) constrained 167 

by multiple observation types, and forced using remotely sensed vegetation cover and daily AWAP meteorology 168 

(Raupach et al. 2009), downscaled to half-hourly time resolution using a weather generator. BIOS2 is a fine-spatial-169 

resolution (0.05 degree) offline modelling environment, including a modification of the CABLE biogeochemical land 170 

surface model (Wang et al., 2011; Wang et al., 2010) incorporating the SLI soil model (Haverd and Cuntz, 2010). BIOS2 171 

parameters are constrained and predictions are evaluated using multiple observation sets from across the Australian 172 

continent, including streamflow from 416 gauged catchments, eddy flux data (CO2 and H2O) from 14 OzFlux sites 173 

(Haverd et al., 2016), litterfall data, and soil, litter and biomass carbon pools (Haverd et al., 2013a). In this work, we 174 

updated BIOS2 to use the GIMMS3g FAPAR product (Zhu et al., 2013) instead of MODIS and AVHRR products for 175 

prescribed vegetation cover (Haverd 2013b). The reference period used for BIOS2 (BGC), was 1982-2013, the period over 176 

which remotely sensed data were available. 177 

2.4 Analyses  178 

All data analyses were performed on Jupyter notebooks using Python 2.7.11 and the Anaconda (4.0.0) distribution by 179 

Continuum Analytics. Differences between heat waves and reference periods were determined by calculating z-scores of 180 

temperatures and soil water content during the relevant periods. z-scores represent the number of standard deviations an 181 

observation is above or below the mean, depending upon the sign of the z-score. These were calculated with the z-score 182 

function of the scipy stats module for the period 1st–18th January relative to the mean across all years in the BIOS2 output 183 

(1982-2013). The scipy stats functions bartlett and ttest_ind were used to determine the significance of differences of a 184 

range of variables between the background period (BGH or BGC) and the heat wave periods HW1 (1/1/2013–9/1/2013) 185 

and HW2 (HW2, 10/1/2013–18/1/2013). Boxplots were created using Matplotlib. 186 

2.5 Conventions 187 

We use the terminology and concepts as introduced by Chapin et al. (2006), where net and gross carbon uptake by 188 

vegetation (net ecosystem production (NEP) and gross primary production (GPP)) are positive directed toward the surface 189 
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and carbon loss from the surface to the atmosphere (ecosystem respiration (ER)) is positive directed away from the 190 

surface. 191 

3 Results 192 

3.1 Heat wave characterisation 193 

The heat wave event commenced on the 25th of December 2012 with a build-up of extreme heat in the southwest of 194 

Western Australia. A high pressure system in the Great Australian Bight and a trough near the west coast directed hot 195 

easterly winds over the area (BOM, 2013). From December 31 the high pressure system started moving eastward, and it 196 

entered the Tasman Sea off eastern Australia on January 4th. The northerly winds directed very hot air into south eastern 197 

Australia. Temporary cooling was observed in the eastern states after the 8th of January, but a second high pressure system 198 

moved into the Bight in the meantime, starting a second wave of record breaking heat across the continent. The heat wave 199 

finally ended on the 19th of January, when southerly winds brought cooler air masses to southern Australia. 200 

 201 

Figure 3 shows the meteorological conditions at the sites during the heat wave. Maximum temperatures as high as 46.3°C 202 

were accompanied by vapour pressure deficits up to 9.7 kPa. The soil water fraction was as low as 0.02 in MW but 203 

increased to 0.05 and 0.4 at AU-Gin and AU-Gww respectively after synoptic rainfalls around the 12th of January. The 204 

same, but less pronounced, was also the case for the TW sites where soil water fractions increased from 0.10 to 0.18 after 205 

rain. At the TF site, Au-Tum, soil water content decreased throughout the heat wave (HW) from 0.26 to 0.19. Due to 206 

intermittent precipitation events we analysed two parts of the heat wave separately: heat wave period 1 (HW1, 1st–9th of 207 

January 2013) was characterised by very little precipitation (2 mm over all sites) and low soil water content. During heat 208 

wave period 2 (HW2, 10th–18th of January 2013) precipitation occurred at most sites (12th–15th January 2013) and resulted 209 

in increased soil water content at some sites and lower temperature anomalies at all sites than during HW1. 210 

 211 

During HW1 temperatures were generally more than 1.5-2 standard deviations (σ) higher than the 32-year mean of the 212 

background period (BGC) for these dates. At AU-Tum and AU-Gww z-scores exceeded +2σ. During HW2 all sites 213 

showed lower z-scores for temperature, but they were still more than +1σ higher than average background temperatures. 214 

The background period BGH, against which we compare the hourly data of the heat wave, was also warmer than average 215 

conditions during the past 30 years, but these z-scores were well below 1 for most sites.  216 

 217 

Z-values indicate that soil water content was unusually low for the time of year. It was mostly more than one standard 218 

deviation below average (σ < -1), except at AU-Gww where soil water content was higher than average during HW2. All 219 

sites except AU-Gin and AU-Gww had a lower z-score for soil water content during HW2 than HW1, indicating relatively 220 

drier conditions with respect to the BIOS2 derived climatology despite the presence of rainfall during HW2. The 221 
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background period BGH was generally less dry than the heat wave periods, one noteworthy exception being AU-Tum, 222 

which had very dry conditions (-2σ) in BGC during early January 2014. The z-scores indicate that high temperatures were 223 

more unusual than low soil water content during HW1. HW2 was both hot and dry. 224 

3.2 Ecosystem response to dry and hot conditions 225 

3.2.1 Energy Exchange 226 

Incoming and reflected short-wave radiation were significantly increased by only 70 Wm-2 and 3 Wm-2 respectively in the 227 

energy limited ecosystem AU-Tum during the first period of the heat wave (Fig. 4, Table 2). Otherwise they remained 228 

approximately the same as BGH values except at the MW sites where they were significantly reduced (by -62 Wm-2) 229 

during HW2 (Table 2). The relatively short duration of the extreme heat wave did not result in changes to albedo (not 230 

shown). A warmer atmosphere and potentially increased cloud cover led to a 38 Wm-2 increase in longwave downward 231 

radiation in Western Australia. Due to increased surface temperatures, longwave radiation emitted at the land surface was 232 

significantly increased at all sites for both heat wave periods (28 Wm-2 on average), but more so during HW1 (41 Wm-2 on 233 

average). Net radiation was significantly reduced during HW2, but only at MW sites (-35 Wm-2). At all other sites, net 234 

radiation was approximately the same during HW1, HW2 and BGH. Available energy (not shown), the energy available 235 

to the turbulent heat fluxes, was significantly reduced at MW and TW sites during HW1 (by 25Wm-2 and 24Wm-2 236 

respectively) but was about the same for HW2. It was also about the same during HW1 and HW2 at the TF site. 237 

 238 

Figure 5 demonstrates how remarkably different the energy partitioning was at MW, TW and TF sites, as we would expect 239 

given their large climatological and biogeographic differences (Beringer et al., 2016). While similar fractions of energy 240 

went into latent and sensible heat at the TF site, more energy was directed into sensible heat at TW sites. This energy flux 241 

partitioning toward sensible heat was more pronounced at MW sites, where both the mean and the variability of latent heat 242 

flux were very small due to severe water limitations. Most of the available energy was transferred as sensible heat and 243 

hence contributed to the warming of the atmosphere which was also observed for BGH.  244 

 245 

During HW1, the generally small latent heat flux at the MW sites (38 Wm-2) was further reduced by -12 Wm-2 (Table 2). 246 

During HW2, precipitation temporarily increased water availability, returning latent heat flux to levels observed during 247 

BGH. Latent heat flux did not change significantly at TW sites during the HWs compared to BGH conditions. At TF, 248 

however, latent heat flux increased by 52 and 14 Wm-2 during HW1 and HW2 respectively. This was partly due to the 249 

very dry conditions in the background period BGH, but daily latent heat flux was also increased compared to the 250 

climatology (BGC, Fig. A2), particularly during HW1. 251 

 252 
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With values exceeding 7, the observed ratio of sensible to latent heat, the Bowen ratio (β, Bowen, 1926), was very large in 253 

the Mediterranean woodlands (Fig. 6). Typical values for β reach 6 for semi-arid to desert areas (e.g. Oliver, 1987, 254 

Beringer and Tapper, 2000). During the heat wave these values were larger than 10. With rainfall and increased latent heat 255 

flux, β decreased to below background conditions in HW2 (6.4) across the MW sites. At TW, β was higher than 256 

background values during HW1 (reaching a maximum value of 4.0) but decreased to background values during HW2 257 

(2.8). For the TF site, β was lower (0.7 and 0.8 during HW1 and HW2 respectively) than during the background period 258 

(1.0). It increased steadily in the morning, declined toward the evening and was quite symmetric, while in TW β increased 259 

strongly in the afternoon during the heat waves. This increase of β toward the afternoon hours was observed in MW 260 

during all time periods (including BGH).  261 

 262 

Measured daily latent heat fluxes and β were consistent with flux climatology derived from BIOS2 during the background 263 

(BGC) (Fig. A1). 264 

3.2.2 Carbon Exchange 265 

Patterns of carbon fluxes were similar to between-site patterns of energy fluxes (Fig. 7, note differences in y-axes). All 266 

sites showed that maximum carbon uptake (GPP) occurred in the morning, decreased throughout the afternoon, and 267 

mostly increased again in the late afternoon. NEP followed the diurnal course of GPP, with the offset related to total 268 

ecosystem respiration (ER). ER increased with temperature and reached a maximum in the early afternoon (not shown). 269 

Maximum NEP at MW decreased from 4.16 µmol m-2 s-1 during background conditions to 2.2 µmol m-2 s-1 in HW1 and 270 

3.3 µmol m-2 s-1 in HW2. Not only did the total amount of carbon uptake decrease, but the number of hours during which 271 

the ecosystem was sequestering carbon also decreased from 11.5 hours in background conditions to 10.5 during HW1 and 272 

9.0 in HW2. The same was true in TW and TF in that maximum NEP was lower during the heat wave periods and the 273 

time during which the ecosystems acted as sinks was shortened. 274 

 275 

Carbon uptake was significantly reduced at MW and TW during HW1 (Fig. 8) with daytime averages decreasing from 4.6 276 

µmol m-2 s-1 to 3.1 in MW and from 11.2 to 6.2 µmol m-2 s-1 in TW. In TF, however, carbon uptake was increased from 277 

24.2 µmol m-2 s-1 to 26.5 µmol m-2 s-1 during HW1 and to 27.0 during HW2. Ecosystem respiration increased significantly 278 

in both periods of the heat wave and across all ecosystems. Consequently, NEP was significantly reduced at MW and TW 279 

sites during both heat wave periods, unchanged at the TF site during HW1, but increased at TF during HW2. During 280 

daytime all ecosystems remained carbon sinks during the event but as there were fewer hours and decreased carbon uptake 281 

during the day the woodlands switched into carbon sources. Precipitation after HW1 and cooler temperatures during HW2 282 

led to a recovery of the carbon sink in TW during HW2. TF was a strong sink of carbon and remained so during both HW 283 

periods. 284 

 285 
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Measured GPP and ER showed the same responses in carbon uptake and losses during the heat waves as the flux 286 

climatology derived with BIOS2 (BGC, Fig. A2): GPP was reduced during HW1 in woodland ecosystems and increased 287 

in the forest during both heat wave periods. ER was increased at all sites and during HW1 and HW2 compared to the long-288 

term climatology. 289 

4 Discussion 290 

4.1  Consequences of Australian heat waves on energy fluxes 291 

Persistent anticyclonic conditions during the 'Angry Summer of 2012/13’ led to a heat wave by transporting warm air 292 

from the interior of the continent to southern Australia. Such synoptic conditions are the most common weather pattern 293 

associated with Australian heat waves (Steffen et al., 2014). However, these weather patterns did not result in increased 294 

amounts of available energy at the surface, which was in contrast to heat waves observed in Europe and the US (see 295 

section 4.4). Instead, in our study the energy available for turbulent heat fluxes was similar to or even smaller than 296 

background conditions. Background conditions over Australia tend to have large available energy fluxes, even during very 297 

cyclonic periods (e.g., the 2010–2011 fluvial; Cleverly et al. 2013). Thus, differences in latent and sensible heat fluxes at 298 

the Australian sites used in this study were due to anomalous temperature and soil moisture content rather than to changes 299 

in available energy. 300 

 301 

During the heat wave, available energy preferentially increased sensible heat flux and led to a subsequent increase of β at 302 

drier sites (MW and TW) while at the TF site, available energy preferentially increased latent heat flux. The diurnal cycle 303 

of β at the MW sites generally showed an increase of β toward the afternoon hours. This increase was more pronounced 304 

during the heat wave periods than during BGH, indicating stress-induced reduction of stomatal conductance (Cowan and 305 

Farquhar 1977). At TW sites, β only had a pronounced asymmetry during heat waves, clearly showing stronger stomatal 306 

control than during background conditions. At the TF site, β was lower during heat waves, but the symmetry in β indicates 307 

that a decrease in midday stomatal conductance was either counteracted by increased soil evaporation under a steadily 308 

increasing humidity deficit with rising temperatures from morning to mid-afternoon (Tuzet et al. 2003), or that there was 309 

little stomatal control of the latent heat flux at this site, or a combination of both. Stomatal closure and the associated 310 

partitioning of available energy is important as an increased β in response to heat waves (MW and TW) promotes further 311 

heating of the atmosphere, whereas increased latent heat flux suppresses further atmospheric heating (Teuling et al., 312 

2010). This is only possible as long as the latent heat flux is not limited by soil water, particularly during the period of 313 

peak insolation (Wolf et al. 2016). At TF the relative extractable water was above a threshold of 0.4 (J. Suzuki, pers. 314 

comm.) for all but the last two days of the heat wave (not shown), indicating that for most of the time soil water was not 315 
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limiting the latent heat flux (Granier et al., 1999). Thus, evaporative cooling from latent heat suppressed further heating 316 

but depleted soil moisture at the TF site. Eventually, depleted soil water stores can lead to a positive (enhancing) feedback 317 

on temperatures as more energy goes into the sensible than the latent heat flux further amplifying heat extremes by 318 

biosphere–atmosphere feedback (Whan et al. 2015). Indeed, the data indicate that toward the end of the heat wave, such 319 

positive feedbacks had shifted energy partitioning toward sensible heat flux at all sites. 320 

4.2  Impact of heat waves on carbon fluxes 321 

Heat waves and drought can affect photosynthesis (Frank et al., 2015). By means of stomatal regulation, plants exert 322 

different strategies to balance the risks of carbon starvation and hydrological failure (Choat et al. 2012). These strategies 323 

particularly come into play during extreme events (Anderegg et al. 2012). While the ecosystem response during heat 324 

waves is linked to plant stress from excessively high temperatures and increased evaporative demand (i.e. higher vapour 325 

pressure deficit), drought stress occurs when soil water supply can no longer meet the plant evaporative demand. The 326 

former will lead to reduced carbon uptake through e.g. stomatal closure and disruptions in enzyme activity, the latter can 327 

have direct impacts on carbon uptake by reducing stomatal and mesophyll conductance, the activity and concentrations of 328 

photosynthetic enzymes (Frank et al., 2015 and references therein). Apart from these almost instantaneous responses 329 

additional lagged effects can further impact the carbon balance.  If high temperatures were to occur in isolation we would 330 

expect to observe a decrease in GPP. During the 2012/2013 heat waves in Australia, we observed a diurnal asymmetry in 331 

GPP at all sites and in all measurement periods. This is expected in ecosystems that exert some degree of stomatal control 332 

to avoid excessive reductions in water potential (e.g. in the afternoon), during higher atmospheric demand and when there 333 

is a reduced ability of the soil to supply this water to the roots because of lower matrix potentials and hydraulic 334 

conductivity (Tuzet et al. 2003). Daily average carbon uptake at MW and TW was reduced by up to 32% and 40%, 335 

respectively. At the TF site, however, daily averaged carbon uptake did not change significantly, and daytime carbon 336 

uptake was significantly increased during both periods of the heat wave (see also Fig. 7). This can be explained partly by 337 

the very dry conditions during the background period at this site, which could also have caused below average carbon 338 

uptake, although comparing the site data against the long-term climatology confirmed an increased carbon uptake during 339 

the heat wave (not shown). Although air temperatures clearly exceeded the ecosystem scale optimum of 18°C for carbon 340 

uptake, and vapour pressure deficit exceeded values of 12 hPa, where stomatal closure can be expected at this site (van 341 

Gorsel et al. 2013), increased incoming shortwave radiation (Tab. 2) more than compensated for these factors with 342 

increased carbon uptake in this typically energy limited ecosystem during the heat wave. Overall, we have observed a 343 

strong contrast between the water and energy limited ecosystems with the former (MW and TW) having strongly reduced 344 

GPP during heat waves and the latter (TF) having equal or slightly larger GPP.  345 

 346 



 

12 

Heat waves and drought not only affect photosynthesis but also have an impact on respiration (Frank et al., 2015). 347 

Increases in ER during the heat wave seem intuitive, given the exponential response of respiration to temperature (e.g. 348 

Richardson et al., 2006). Drought can also override the positive effect of warmer temperatures and lead to reduced 349 

respiration due to water limitations, as observed during the 2003 heat wave (Reichstein et al., 2007) or the 2011 spring 350 

drought (Wolf et al. 2013) in Europe. However, during the observed heat waves in Australia, increased air and soil 351 

temperatures led to significantly increased ecosystem respiration at all sites, indicating that the thermal response of 352 

respiration was undiminished despite soil moisture deficits. 353 

 354 

While all sites remained carbon sinks during daytime hours in both heat wave periods, reduced carbon uptake in the 355 

woodlands turned them to a net a source of carbon on a daily average. It can hence be concluded that increased ER 356 

combined with decreased or unchanged GPP likely turned large areas of Southern Australia from carbon sinks to sources. 357 

Unlike the Mediterranean woodlands, the temperate woodlands recovered quickly after rain but the response of these 358 

ecosystems to a short though intense heat wave indicates that future increases in the number, intensity and duration of heat 359 

waves can potentially turn the woodlands into carbon sources, leading to a positive carbon-climate feedback. Heat waves 360 

can also induce a transition from energy-limited to water-limited ecosystems (Zscheischler et al. 2015). Transitioning 361 

toward water limitation, especially for energy-limited forests, can exacerbate the detrimental effects of extreme events. 362 

Recurrent non-catastrophic heat stress can also lead to increased plant mortality, the impact of which would be more 363 

evident over longer timescales (McDowell et al., 2008) and as an increase in the frequency of fires (Hughes, 2003). 364 

Similarly, legacy or carry-over effects of drought result in increased mortality and shifts in species composition during 365 

subsequent years (van der Molen et al. 2011). Future climate change is likely to be accompanied by increased plant water 366 

use efficiency due to elevated CO2 (Keenan et al., 2013), which could lead to more drought and heat resilient plants, but 367 

also to ecosystems with higher vegetation density and thus both higher water demands (Donohue et al., 2013, Ukkola et 368 

al., 2015) and a greater susceptibility to large fires (Hughes, 2003). Furthermore, changes in the prevalence of drought will 369 

affect forest carbon cycling and their feedbacks to the Earth’s climate (Schlesinger et al. 2016). For Australia, there is 370 

evidence that semi-arid ecosystems have a substantial influence on the global land carbon sink (Poulter et al 2014, 371 

Ahlström et al. 2015). Due to their impact on the global carbon cycle, predicting the future influence of heat waves and 372 

drought on the land sink of Australian woodlands thus remains a key research priority. 373 

4.3  The effect of intermittent precipitation during the heat wave 374 

Intervening rain events led to differentiated responses in energy fluxes and lower air temperatures, but soil moisture 375 

content remained mostly low during HW2 (see section 3.1). Available energy was significantly lower (compared to BGH) 376 

during HW2 at MW but remained similar at TW and TF. At TF the latent heat flux in HW2 was still enhanced compared 377 

to BGH yet smaller than during HW1. Following rainfall the energy partitioning at the MW sites changed toward latent 378 
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heat flux, with fractions similar to or larger than background conditions. This indicates that soil moisture feedbacks which 379 

inhibit warming of the lower atmosphere largely led to a return to standard conditions. At TW, β decreased to background 380 

values when precipitation occurred. While the magnitude returned to values similar to BGH, there was still a noticeable 381 

increase of β in the afternoon hours that was more pronounced than under average conditions. An increased fraction of 382 

energy going into the latent rather than the sensible heat during HW2 at the drier sites (MW and TW) does not only have 383 

important consequences on the soil moisture–temperature feedback but also on ameliorating vapour pressure deficit (Fig. 384 

3) and reducing the atmospheric demand that acts as a stressor on plants (Sulman, et al. 2016).  385 

 386 

During HW1, the time of maximum carbon uptake at the woodland sites was earlier in the morning than during BGH, and 387 

we observed strongly reduced carbon uptake throughout the day. During HW2, however, the shift of maximum GPP 388 

toward earlier hours of the day was less pronounced at MW and TW, thus daytime carbon uptake was not significantly 389 

reduced. This was in response to the intermittent precipitation and lower temperatures, which led to a reduction in vapour 390 

pressure deficit and increased soil water availability. Increased ER at all sites and during both HW periods was dominated 391 

by warmer temperatures more than soil moisture limitations. Increased ER combined with decreased or unchanged GPP 392 

likely turned large areas of Southern Australia from carbon sinks to sources, an effect that was reduced but not offset by 393 

the intermittent precipitation.  394 

 395 

When carbon losses exceed carbon gains over a long time period (e.g. through increased respiration) mortality can result 396 

as a consequence of carbon starvation. Eamus et al. (2013) identified increased vapour pressure deficit as detrimental to 397 

transpiration and net carbon uptake, finding that increased vapour pressure deficit is more detrimental than increased 398 

temperatures alone - with or without the imposition of drought. A recent study by Sulman et al. (2016) confirmed that 399 

episodes of elevated vapour pressure deficit could reduce carbon uptake regardless of changes in soil moisture. Here, all 400 

ecosystems responded with increased carbon uptake to the precipitation events and the associated lower temperatures and 401 

vapour pressure deficit. The improved meteorological conditions thus likely decreased the risk of mortality during HW2. 402 

As heat waves increase in frequency, duration and intensity in the future (Trenberth et al. 2014), however, we expect a 403 

decline in the ameliorating effects of intermittent rain events and an increased risk of mortality.  404 

4.4  Comparisons to other heat waves (Europe, N America, China) 405 

Anticyclonic conditions also caused the intense 2003 European heat wave (Black et al., 2004) as well as the even more 406 

intense and widespread heat wave that reached across Eastern Europe, including western Russia, Belarus, Estonia, Latvia, 407 

and Lithuania in 2010 (Dole et al. 2011). Less cloud cover and more clear sky conditions strongly increased incoming 408 

radiation and available energy during the European heat wave and drought in 2003 (Teuling et al., 2010), as well as during 409 
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the recent drought and heat in California (Wolf et al., in revision), in contrast to the current study. Teuling et al. (2010) 410 

observed that surplus energy led to increases in both latent and sensible heat fluxes: over grassland, the energy was 411 

preferentially used to increase the latent heat flux, thereby decreasing β, whereas forest ecosystems generally had a 412 

stronger increase in the sensible heat flux and an increase in β (Teuling et al. 2010, van Heerwaarden & Teuling 2014). 413 

These results highlight the important ecosystem services provided by forests in the long-term, particularly considering the 414 

increased prevalence of droughts and temperature extremes projected in the future (Trenberth et al. 2014). The situation in 415 

our study was somewhat different in that soil water was only briefly limited in TF, where latent heat flux was mainly 416 

driven by temperature and vapour pressure deficit. After an intervening period of precipitation latent heat flux increased at 417 

the drier sites (MW, TW) while sensible heat flux decreased or remained the same, potentially breaking the soil moisture–418 

temperature feedback loop in Australia that maintained the heat wave in 2003 Europe. These findings highlight the 419 

important role of Australian forest and woodland ecosystems in mitigating the effects of heat waves. 420 

 421 

Stomatal control and reductions in GPP at the dry sites (MW and TW) were consistent and of similar magnitude with 422 

observations made during e.g. the 2003 European heat wave (Ciais et al. 2005), the 2010 European heat wave (Guerlet, 423 

2013), the 2012 US drought (Wolf et al. 2016), and the 2013 heat wave and drought that affected large parts of Southern 424 

China (Yuan et al. 2015). During these heat waves and droughts, carbon uptake was strongly reduced in general and 425 

biosphere–atmosphere feedbacks from reduced vegetation activity further enhanced surface temperatures.  This contrasts 426 

with the wet site (TF), where local drought effects were observed only toward the end of the study. We found that the 427 

response of carbon fluxes of Australian woodland (dry) ecosystems were similar to comparable heat waves on other 428 

continents, whereas the detrimental effects of the heat wave were largely ameliorated in wet, energy-limited Australian 429 

ecosystems. 430 

 431 

Temperature anomalies during the 2012/2013 heat wave in Australia were less extreme (≤ -2 σ, Fig. 2) than during the 432 

2010–2011 heat waves in Texas and Russia (-3 σ) and the 2003 European heat wave (> 2 σ) (Hansen et al., 2012; Bastos 433 

et al., 2014), which resulted in smaller ecosystem responses than in Europe (Reichstein et al., 2007).  However, this does 434 

not imply that Australian heat waves are less severe than their Northern Hemisphere counterparts because background 435 

variability in climate, weather and ecosystem productivity are larger in Australia due to periodic synchronisation of El 436 

Niño-Southern Oscillation, the Indian Ocean dipole and the state of the southern annular mode (Cleverly et al., 2016a).  437 

When these climate modes are in phase, continental heat waves are strongly related to drought and reduced soil water 438 

content, although not to the same extent as in Europe during 2003 (Perkins et al., 2015).  Nonetheless, responses of 439 

Australian vegetation to heat waves and drought are consistent with vegetation responses elsewhere. For example during 440 

the 2003 European heat wave, productivity in grasslands was most sensitive to heat and drought, while open shrublands 441 

and evergreen broadleaf forests (like those in our study) were the least sensitive (Zhang et al., 2016). Two-thirds of the 442 

productivity in Australia is due to CO2 uptake in non-woody ecosystems (Haverd et al., 2013), and it was indeed the semi-443 
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arid grasslands that produced the extraordinary CO2 source strength during the drought and heat wave of January 2013 444 

(Cleverly et al., 2016b). Similarly, the semi-arid Mulga woodlands responded to the 2012/2013 heat wave with a large net 445 

source strength, increase in ecosystem respiration and afternoon depression in GPP (Cleverly et al., 2016b). We 446 

demonstrated in this study that Eucalypt forest and woodland ecosystems of southern Australia were more sensitive to 447 

heat waves if those ecosystems also experience moisture limitations.   448 

5 Conclusion 449 

We have shown that extreme events such as the ‘Angry Summer’ 2012 / 2013 can alter the energy balance and therefore 450 

dampen or amplify the event. During this event the woodland sites reduced latent heat flux by stomatal regulation in 451 

response to the warm and dry atmospheric conditions. Stronger surface heating in the afternoons then led to an 452 

amplification of the surface temperatures. Only the forest site AU-Tum had access to readily available soil water and 453 

showed increased latent heat flux. The increased latent heat flux mitigated the effect of the heat wave but continuously 454 

depleted the available soil water. The generally increased atmospheric and soil temperatures led to increased respiration 455 

but unchanged net ecosystem productivity. The woodlands turned from carbon sinks into carbon sources and while the 456 

temperate woodlands recovered quickly after rain, the Mediterranean woodlands remained carbon sources throughout the 457 

duration of the heat wave. This demonstrates that there is potential for positive carbon – climate feedbacks in response to 458 

future extreme events, particularly if they increase in duration, intensity or frequency.  459 

 460 

Appendix A 461 

We have used measurements of a reference period during the same season but one year after the heat wave 2012 / 2013 462 

occurred. Ideally we would have used a climatology derived from observations but OzFlux is a relatively young flux 463 

tower network. The first two towers started in 2001 and even globally, very few flux towers have been measuring for 464 

more than 15 years, which is relatively short compared to typical climatology records of 30-years. To ensure the 465 

representativeness of our results we have therefore compared daily data against a climatology derived from BIOS2 output 466 

for the time period 1982-2013.  467 

Table A1 shows the agreement between BIOS2 output for all sites and the time period the year 2013. Agreement was 468 

generally very good, even more so for the latent heat flux than for the carbon fluxes. Carbon fluxes, and more specifically 469 

respiration at the dry Mediterranean woodlands showed stronger disagreement. It is likely that this to some degree reflects 470 

night time issues with the eddy covariance method (e.g. van Gorsel, 2009) and with the partitioning of the measured 471 

fluxes. This may also be an indication that the model was underestimating drought-tolerance at these sites. The low 472 

modelled carbon uptake corresponded to periods of low soil water. There were long periods when the modelled soil water 473 
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was below wilting point within the entire root zone of 4m. Underestimation could occur if roots were accessing deeper 474 

water, the wilting point parameter was too high or the modelled soil water was too low, relative to the wilting point.  475 

Figure A1 shows that during HW1 the latent heat flux at the MW and TW sites was reduced. During HW2, precipitation 476 

and temporarily increased water availability brought the latent heat flux back to levels observed during BGH for the 477 

woodland sites. At the temperate forest, however, the latent heat flux strongly increased, particularly during HW1. 478 

Increasingly reduced soil water and lower temperatures reduced the effect during HW2.  479 

Figure A2 shows that carbon uptake was decreased at MW and TW during HW1 and similar to background conditions 480 

during HW2. At TF, the forest site, carbon uptake was increased. Respiration (Fig. A2b) was increased at all locations and 481 

during both heat wave periods. 482 
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 834 

Figures 835 

 836 
Figure 1. Map indicating the locations of the OzFlux sites used in this study. The sites are grouped into three distinct 837 

climate and ecosystem types, indicated by red dots for Mediterranean woodlands (MW), light green dots for temperate 838 

woodlands (TW) and a dark green dot for the temperate forest (TF) 839 

 840 
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 841 
Figure 2. z-scores for temperature and soil water across flux tower sites. Solid red stars denote temperature and unfilled 842 

red stars denote soil water scores during the background period (BGH) compared to the climatological background BGC. 843 

Scores for temperature (T) and soil water (Sw) for HW1 and HW2 compared to the same time periods in the years 1982-844 

2013 are shown for HW1 (1/1/2013–9/1/2013) by filled dots and for HW2 (10/1/2013–18/1/2013) by unfilled dots. 845 
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 846 
Figure 3. Time series of daily maximum temperature (T max, top panel), daily maximum vapour pressure deficit (VPD 847 

max), soil water content and precipitation. The legend is given in the top panel. Precipitation (P) is given as the average of 848 

the daily accumulated precipitation of the sites and displayed for each biome. Shaded areas in the background indicate the 849 

time periods HW1 and HW2. 850 
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 851 
Figure 4. Box plot of energy fluxes for Mediterranean woodlands (MW, red), temperate woodlands (TW, light green) and 852 

temperate forests (TF, dark green). Energy fluxes are incoming shortwave radiation (Fsd), reflected shortwave radiation 853 

(Fsu), downward longwave radiation (Fld), emitted longwave radiation (Flu), net radiation (Fn), latent heat flux (Fe), 854 

sensible heat flux (Fh), ground heat flux (Fg) and energy imbalance (ε) during the background period BGH (2/1/2014 – 855 

6/1/2014). The box extends from the lower to upper quartile values of the data, with a line at the median. The mean value 856 

is indicated with a dot. The whiskers extend from the box to show the range of the data. Flier points (outliers, blue dots) 857 

are those past the end of the whiskers. 858 

 859 
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 860 
Figure 5. Diurnal course of net radiation (Fn, light amber), sensible (Fh, red) and latent (Fe, blue) heat at the 861 

Mediterranean woodlands (MW, top row), the temperate woodlands (TW, middle row) and the temperate forest (TF, 862 

lowest row) for the background period BGH (2/1/2014 – 6/1/2014), and the first and second period of the heat wave 863 

(HW1 (1/1/2013–9/1/2013), HW2 (10/1/2013–18/1/2013)). Filled areas indicate the range of smoothed ±1 standard 864 

deviation, average mean values are indicated by symbols.  865 

 866 

 867 
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 868 
Figure 6. Average daytime Bowen ratio measured over Mediterranean woodlands (MW, left panel), the temperate 869 

woodlands (TW, middle panel) and the temperate forest (TF, right panel) for BGH (green line), HW1 (light amber) and 870 

HW2 (dark amber). 871 

872 
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 873 

 874 
Figure 7. Diurnal course of net ecosystem productivity (NEP, light green) and gross primary productivity (GPP, dark 875 

green) at the Mediterranean woodlands (MW, top row), the temperate woodlands (TW, middle row) and the temperate 876 

forest (TF, lowest row) for the background period (BHG), and the first and second period of the heat wave (HW1, HW2). 877 

Filled areas indicate the range of smoothed ±1 standard deviation values, average mean values are indicated by red 878 

symbols. Background GPP values (dark grey) and NEP values (light grey) are also plotted in HW1 and HW2 to allow for 879 

easier comparison. 880 

881 
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 882 

 883 

Figure 8. Boxplot of daytime values (9:00-16:00 local standard time) of gross primary productivity (GPP), ecosystem 884 

respiration (ER) and net ecosystem productivity (NEP) for the background period (BGH) and the first and second period 885 

of the heat wave (HW1, HW2). Daytime average values (DTA) are given below boxes and symbols indicate that they are 886 

significantly different from the background period (o) or not (x). Daily averages (DA, 0:00-23:00, local standard time) and 887 

their significance are also given. Colours as in Fig. 1. 888 

889 
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 890 

 891 
Figure A1. Left panel: Boxplot of the ratio of observed latent heat (Fe(obs)) to the BIOS2 climatology of the latent heat 892 

flux (Fe(BGC)) during the first and second period of the heat wave (HW1, HW2). Right panel: same as left but for the 893 

Bowen ratio. Colours as in Fig. 1. 894 

895 
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 896 

 897 
Figure A2. Left panel: Boxplot of the ratio of observed gross primary productivity (GPP(obs)) to the climatology of GPP 898 

(GPP(BGC)) during the first and second period of the heat wave (HW1, HW2). Right panel: same as left but for the ER. 899 

Colours as in Fig. 1. 900 
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Tables 901 

Table 1. List of OzFlux sites used in this study, abbreviations and site information. MW stands for Mediterranean 902 

woodlands, TW for temperate woodlands and TF for temperate forest. MAT and MAP are the mean annual temperature 903 

and precipitation for the years 1982-2013 (BIOS2). 904 

ID Site Name Latitude 

(deg) 

Longitude 

(deg) 

Eleva-

tion 

(m) 

MAT 

(°C) 

MAP 

(mm) 

LAI 

Modis 

(m2 m-2) 

Tree 

Height 

(m) 

Biome 

AU-Gin Gingin -31.375 115.714 51 18.4 681 0.9 7 MW 

AU-Gww Great Western 

Woodlands 

-30.192 120.654 450 18.7 396 0.4 25 MW 

AU-Cpr Calperum -34.004 140.588 67 17.0 265 0.5 4 MW 

AU-Wom Wombat -37.422 144.094 702 11.4 936 4.1 25 TW 

AU-Whr Whroo -36.673 145.029 155 14.6 533 0.9 30 TW 

AU-Cum Cumberland Plains -33.613   150.723 33 17.6 818 1.3 23 TW 

AU-Tum Tumbarumba -35.657  148.152 1260 9.8 1417 4.1 40 TF 

 905 

 906 

907 
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Table 2. Statistics of radiation and energy exchange for the ecosystems Mediterranean Woodlands (MW), Temperate 908 
Woodlands (TW) and Temperate Forests (TF) and the variables flux of shortwave downward radiation (Fsd), shortwave 909 
upward radiation (Fsu), longwave downward radiation (Fld), longwave upward radiation (Flu), net radiation (Fn), latent 910 
heat (Fe), sensible heat (Fh), ground heat (Fg) and the energy imbalance (ε). Where values during the two periods of the 911 
heat wave (ΔHW1 and ΔHW2) differ significantly from the background (BGH) (P < 0.1) this is indicated by bold fonts. 912 
 913 

 MW TW TF MW TW TF MW TW TF MW TW TF MW TW TF MW TW TF MW TW TF MW TW TF MW TW TF 

  Fsd   Fsu   Fld   Flu   Fn   Fe   Fh   Fg   ε  

BGH 335 264 293 49 30 31 350 383 323 439 444 387 197 175 197 38 63 103 130 90 55 5 1 0 24 21 39 
ΔHW1 -10 4 70 -1 0 3 38 9 0 49 33 41 -19 -20 26 -12 2 52 -5 30 -8 6 4 5 -8 -56 -23 
ΔHW2 -62 20 16 -10 2 14 36 2 -13 19 16 12 -35 3 -8 -3 -2 14 -29 -4 -8 -5 1 0 1 8 -14 
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Table A1. Parameters of robust linear model fit between observations and BIOS2 output for all sites, the variables latent 915 

heat flux (Fe), gross primary productivity (GPP), ecosystem respiration (ER) and the time interval 1/1/2013 – 31/12/2013. 916 

variable ID coeff stderr [95% conf. int.] RMSE r2 

Fe        

 AU-Gin 0.9998 5.87e-06 1.000 1.000 27.52 0.44 

 AU-Gww 0.9285 0.0032 0.867 0.990 23.13 0.58 

 AU-Cpr 0.7464 0.032 0.684 0.809 15.75 0.41 

 AU-Wom 1.1253 0.017 1.093 1.158 18.55 0.89 

 AU-Whr 0.8917 0.031 0.830 0.953 23.66 0.42 

 AU-Cum 1.0385 0.020 0.999 1.078 28.75 0.53 

 AU-Tum 0.8121 0.014 0.784 0.840 36.61 0.65 

GPP        

 AU-Gin 1.0570 0.035 0.988 1.126 1.91 0.42 

 AU-Gww 0.3496 0.031 0.290 0.410 0.95 0.15 

 AU-Cpr 0.2806 0.021 0.240 0.321 1.06 0.10 

 AU-Wom 1.0176 0.015 0.988 1.047 1.53 0.81 

 AU-Whr 1.0194 0.037 0.947 1.092 2.32 0.38 

 AU-Cum 1.8764  0.037 1.803 1.949 2.81 0.48 

 AU-Tum 0.6667 0.006 0.655 0.679 3.20 0.88 

ER        

 AU-Gin 1.1687 0.043 1.084 1.253 2.20 0.13 

 AU-Gww 0.4483 0.015 0.420 0.477 0.66 0.31 



 

40 

 AU-Cpr 0.3492 0.013 0.324 0.374 0.73 0.01 

 AU-Wom 1.2682 0.035 1.199 1.337 2.56 0.48 

 AU-Whr 1.4227 0.039 1.347 1.499 1.87 0.14 

 AU-Cum 2.0017  0.031 1.941 2.063 2.62 0.66 

 AU-Tum 0.8770 0.013 0.852 0.902 1.69 0.77 

 917 
 918 


