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A primer on land-atmosphere feedbacks
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The Global Carbon Project (2019)

• Negative feedback from land and ocean 

sink is reducing greenhouse effect and 

slowing down global warming. 
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In order to accurately reproduce land-atmosphere feedbacks 
models need to (i) represent the underlying processes and (ii) be 
informed by appropriate data, BUT …

Rotach et al. (2014)

 The incorporation of mesoscale circulations would increase the  
accuracy of global (or regional) atmospheric carbon budget models— 

A finding that calls for more much-needed research.
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A nthropogenic activities, such as combustion  
 of fossil fuels plus cement production and  
 land use changes, result in large CO2 emissions 

into Earth’s atmosphere. The corresponding CO2 
emission values for the year 2011 are 9.5 ± 0.5 and 
0.9 ± 0.5 PgC yr–1, respectively (Le Quéré et al. 
2013). About half of the manmade CO2 remaining 
in the atmosphere (the so-called airborne fraction) 
contributes to a steady increase in atmospheric CO2 
concentration that strongly supports global warming 
(Peters et al. 2012). The rest is absorbed approxi-
mately in equal shares by the oceans and the land 
surface (Le Quéré et al. 2009, 2013; Raupach 2011). 

Whether oceans and land ecosystems will continue 
to substantially take up CO2, without which warming 
would proceed at double speed (Raupach 2011), is 
the topic of controversial discussions (Le Quéré 
2010; Ballantyne et al. 2012). Current estimates of 
the terrestrial and oceanic sinks are associated with 
considerable uncertainties [35% and 20%, respec-
tively, according to Le Quéré (2010), or 100% and 
30%, respectively, according to Ciais et al. (2010)]. 
Together with the uncertainties of the other carbon 
budget components (in particular those of land use 
changes), this yields a residual (unexplained) carbon 
flux that is of similar magnitude as the oceanic or 
terrestrial sinks (Le Quéré et al. 2009; Raupach 2011).

The land surface exchange of CO2 with vegetation 
and soils bears by far the largest uncertainty in under-
standing the global carbon budget. This component 
is therefore often estimated as the residual from the 
others (e.g., Le Quéré et al. 2009, 2013; Peters et al. 
2012). The comparison between CO2 land exchange 
estimated by the residual approach and the model-
based bottom-up approach shows a considerable 
disagreement of up to ±2.1 PgC yr–1 (Le Quéré et al. 
2009). On average, the residual approach implies 
a 0.7 PgC yr–1 more negative net land–atmosphere 
exchange (i.e., a larger sink) than global inversion 
estimates (Gurney and Eckels 2011; Le Quéré et al. 
2009). Reducing these uncertainties is key to making 
more reliable projections of future climate change, as 

1021JULY 2014AMERICAN METEOROLOGICAL SOCIETY |



Page 4

In order to accurately reproduce land-atmosphere feedbacks 
models need to (i) represent the underlying processes …

Lehner & Rotach (2018)
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Galvagno et al. (2017)

In order to accurately reproduce land-atmosphere feedbacks 
models need to (i) represent the underlying processes …
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In order to accurately reproduce land-atmosphere feedbacks 
models need to (i) represent the underlying processes and (ii) be 
informed by appropriate data

Rotach et al. (2013)

• Compared to their aerial extent, flux 

measurements in mountainous 

topography are underrepresented. 
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At the same time, many mountain regions are experiencing rapid 
changes in climate …

www.zamg.ac.at/histalp Gottfried et al. (2012)

more warm-adapted species
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At the same time, many mountain regions are experiencing rapid 
changes in climate …

Scholz et al. (2018)

• Earlier snow melt causes 

increase in carbon uptake.  
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At the same time, many mountain regions are experiencing rapid 
changes in climate …

Jolly et al. (2005)

Summer 2003
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At the same time, many mountain regions are experiencing rapid 
changes in climate …

Wohlfahrt et al. (2013)

• Earlier snow melt causes a lengthening of

the time required by grassland to

become carbon sink.

• This effect is more pronounced at lower

elevations, where snow melt occurs

earlier in the season with shorter days. 
(1000 m)

(1500 m)
(2400 m)
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J. Schwaab et al.: Carbon storage versus albedo change 473

Figure 3. (a) Mean yearly global radiation. (b) Days with snow
cover per year. (c) Albedo difference without snow (difference be-
tween intensively and extensively used open land and closed for-
est). (d) Albedo difference with snow (difference between inten-
sively and extensively used open land and closed forest). (e) Carbon
sequestration (difference between intensively and extensively used
open land and closed forest). (f) Treeline elevation calculated using
the Swiss area statistics of 1997 and applying the method of Paulsen
and Körner (2001).

3 Results

In the forest, average C stocks in biomass ranged from 95 to
170 tC ha�1 (NFI). In the soil (mineral soil 0–100 cm + or-
ganic layer) the average across Switzerland was 143 tc ha�1
(Nussbaum et al., 2012). In the intensively used open land,
the average value for biomass was 4.34 tc ha�1 (Heldstab
et al., 2012) and 91 tc ha�1 in the soils. In comparison, the
C stocks of the extensively used open land amounted to
7 tc ha�1 in the biomass and 63 tc ha�1 in the soil. Minimum
and maximum carbon sequestration in Switzerland of transi-
tions from intensively or extensively used open land to closed
forest thus ranged from 143 to 241 tc ha�1 (Fig. 3e). This cor-
responded to a CO2 RF of �16 to �27Wm�2 (Fig. 4b).
The albedos of snow-covered closed forests ranged from

0.168 to 0.267, while those of snow-free closed forests
ranged from 0.101 to 0.139. Similarly, the albedos of snow-
covered open forests ranged from 0.217 to 0.307 and those of
snow-free open forests from 0.117 to 0.141 (Fig. 5). The av-
erage albedo of intensively used open land was 0.170/0.475

Figure 4. (a) Albedo RF, (b) CO2 RF, (c) offset: albedo RF/CO2
RF and (d) net RF: albedo RF plus CO2 RF. All data sets were
derived for transitions from intensively used open land (< 1000m)
and extensively used open land (> 1000) to closed forest.

Figure 5. Radiative forcings of the forest expansion between 1985
and 1997 for three elevations in the biogeographical regions Jura,
Plateau, northern Prealps, Central Alps and southern Prealps.

(snow free/snow covered) while that of extensively used open
land was 0.154/0.549 (snow free/snow covered). The albedo
differences between transitions from intensively or exten-
sively used open land to closed forest thus ranged from 0.208
to 0.375 (snow covered) and from 0.023 to 0.066 (snow free)
(Fig. 3c, d). Albedo change in Switzerland caused albedo RF
ranging from 2 to 21Wm�2 (Fig. 4a).
The net RF at different locations in the study area ranged

from �24 to 2Wm�2 and the offset of CO2 RF caused by

www.biogeosciences.net/12/467/2015/ Biogeosciences, 12, 467–487, 2015

Schwab et al. (2015)

At the same time, many mountain regions are experiencing rapid 
changes in climate and land use
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At the same time, many mountain regions are experiencing rapid 
changes in climate and land use

Willeit et al. (in prep.)

Meadow

Pasture

4. Ergebnisse

4.3.3 Latenter Wärmefluss

Aus dem kumulierten latente Wärmefluss � E lässt sich die Evapotranspiration
in mm bestimmen, wobei dieser kumulierte Verlauf der Evapotranspiration für
die einzelnen Messjahre im Vergleich zwischen Mähwiese und Weide in Abb. 91
dargestellt ist. Interessant ist der Vergleich zwischen den zwei Versuchsflächen ab
dem Jahr 2015. In diesem Jahr überwiegt die Weide nämlich durchgehend über
die Mähwiese, während 2016 die Mähwiese deutlich stärker transpiriert und diese
Tatsache im Jahr 2017 noch deutlicher wird. 2017 war die Evapotranspiration auf
der Mähwiese in etwa doppelt so hoch wie die auf der Weide.

Abb. 91 Kumulierte Summe der Lücken gefüllten �E-Datensätze für Mähwiese und Weide
über die Messjahre 2015 bis 2017. Angabe in mm, welche durch Umwandlung über die latente
Verdunstungswärme von Wasser berechnet wurde.

Abb. 91 stellt die jährlichen Unterschiede im latenten Wärmefluss sowie auch
die Abweichungen zwischen Mähwiese und Weide dar. In Abb. 92 sind mittlere
monatliche Tagesgänge vom latenten Wärmefluss im Vergleich zwischen Mähwiese
und Weide dargestellt. Mit der Hilfe dieser Grafik ist es möglich, die intra- sowie
auch die interannuelle Variabilität des latenten Wärmeflusses zu erkennen.

Ganz klar auch hierbei ist das Überwiegen des latenten Wärmeflusses auf der
Mähwiese im Jahr 2017, während die anderen Messjahre einen kleineren Unter-
schied in den mittleren monatlichen Tagesgängen vom latenten Wärmefluss zwischen
Mähwiese und Weide aufzeigen. Im Jahre 2016 sind die Auswirkungen der Mahd
auf den latenten Wärmefluss der Mähwiese klar erkennbar, nach der Mahd nimmt
der latenten Wärmefluss klar ab. Dies lässt sich für die Messjahre 2015 und 2017
nicht sagen.
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At the same time, many mountain regions are experiencing rapid 
changes in climate and land use

Viviroli et al. (2007)

PPT - ET ≈ Runoff
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• Mountain ecosystems are undergoing rapid changes in climate, often in combination with land use.

• Changes in ecosystem structure and function result in both positive and negative feedbacks to climate.

• Effects not confined to mountain areas (e.g. water towers).

TeamX can help to better understand the underlying processes by

• advancing the theory that underlies the measurement and modelling of the land-atmosphere 

exchange in complex mountainous topography,

• improving data availability and 

• pointing the spotlight to mountain areas. 
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