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UVic ESCM 
(Weaver et al., 2001) 

- Earth system model of  
intermediate complexity (EMIC) 

- horizontal resolution:  
3.6° longitude x 1.8° latitude 

- spun-up following CMIP6 protocol

Energy moisture balance model 
(Fanning and Weaver, 1996;  

Weaver et al., 2001, Eby et al., 2013) 
- 2 dimensional 

- prescribed cloud map and wind fields  
with thermodynamic feedback 

Dynamic vegetation model 
(Meissner et al., 2003 & 2012) 

- 5 plant functional types

Land surface model 
(Avis et al., 2011; MacDougall et al., 2012) 

- 14 subsurface levels 
- top 8 layers are hydrologically active 

- multi-layer representation of soil carbon

Permafrost carbon model 
(MacDougall & Knutti 2016) 

- diffusion based scheme

Sea ice model 
(Bitz et al., 2001; Hunke and Dukowicz, 1997) 

- thermodynamic-dynamic scheme  
- elastic visco-plastic rheology 

Ocean general circulation model 
(Pacanowski, 1995) 

- Modular Ocean Model Version 2 
- tidal mixing scheme 

- updated air-sea gas exchange 

Ocean biogeochemistry  
(Keller et al., 2012) 

- organic and inorganic carbon

Marine sediment model (Archer, 1996)
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 2 
Figure 3: September (top row) and February (bottom row) sea ice concentration from passive microwave observations (Meier et 

al., 2013) and the UVic ESCM 2.10 for the northern and southern hemisphere for the period of 2003-2013 in %. 4 
 

Observed global mean terrestrial precipitation between 1961-1990 amounts to 818mm (Hulme et al., 1998). The 6 
adjusted CO2 fertilization strength in the UVic ESCM 2.10 results in global mean terrestrial precipitation of 814mm for the 

same period (Table 1), bringing it close to the observed amount. Concerning terrestrial precipitation trends the UVic ESCM 8 
2.10 shows a negative trend in terrestrial precipitation of -0.43 mm decade-1 for the period between 1930 to 2004 (Table 1). 

This is in agreement with the range of terrestrial precipitation trends of [-4.2 – 1.2] mm decade-1 given by Kumar et al. (2013). 10 
The simulated pattern of annual mean precipitation flux for the last 30 years generally agrees well with the observed pattern 

(Fig. 4). Similar to the seasonal temperature maps, the UVic ESCM slightly underestimates the most extreme amplitudes of 12 
annual mean precipitation located in the tropical areas. The latitudinal mean values agree well in magnitude, but the tropical 

rain bands are extending too far north and south. Total terrestrial precipitation with 814 mm agrees well with the observed 14 
1961-1990 mean value of 818 mm (Hulme et al., 1998). The terrestrial precipitation trend of -1.2 mm per decade also agrees 

well with the observed terrestrial precipitation changes for the recent historical period (1951 to 2005) of −7 to +2 mm per 16 
decade, with error bars ranging 3–5 mm per decade (IPCC AR4) (Table 1).  

 18 
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the transient climate response to cumulative emissions (TCRE) is with 2.2 K (1000 PgC)-1 higher than in previous model 

version but still within the likely range reported by the IPCC AR5 (Table 1). 2 
 

 4 
Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 1850-1900 (red line) in comparison with the 

average observed warming using the Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the IPCC’s special 6 
report on 1.5C GSAT temperature change for 2006-2015 (light grey cross) (b) Atmospheric CO2 concentrations in the UVic 

ESCM 2.10 (red line) in comparison with the Keeling curve from the Mauna Loa observatory (Keeling et al., 2005; grey line) (c) 8 
Zonal means of temperature change of the HadCRUT median near surface temperature anomaly (grey line) (Morice et al., 2012) 
in comparison to the UVic ESCM 2.10. All temperature changes are for a 30-years mean around 1995 with respect to the 1961-10 
1990 period in K. (d) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil fuel carbon and land-use carbon 

emissions and atmosphere, land and ocean sinks, compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 12 
from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018). 

 14 
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Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 
1850-1900 (red line) in comparison with the average observed warming using the 

Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the 
IPCC’s special report on 1.5C GSAT temperature change for 2006-2015 (light grey 
cross) (b) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil 
fuel carbon and land-use carbon emissions and atmosphere, land and ocean sinks, 
compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 

from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018).

14 
 

 
Figure 4: Mean precipitation flux for the period 1979-2013 in units of mm day-1 from Obs4MIP (Adler et al., 2003) (left, and grey 2 

line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 
 4 

 The simulated air-sea carbon flux for 2000 to 2010 agrees with observations from Takahashi et al. (2009) (Fig. 5). 

Oceanic carbon uptake takes place at high latitudes and carbon is mainly released in the tropical Pacific. In the Southern Ocean 6 
observations show slightly positive values (i.e. carbon being released to the atmosphere) which are not reproduced by the UVic 

ESCM 2.10. This is also evident in the latitudinal means, where the UVic ESCM 2.10 generally shows good agreement with 8 
the observations, but simulates ocean carbon uptake south of 50 °S, where the observations show low or slightly positive air 

to sea carbon fluxes.  10 
 

 12 
Figure 5: Air - sea carbon flux for the year 2005 in units of mol C m-2 yr-1 from the revised dataset from Takahashi et al. (2009) 

(left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 14 
 

  The UVic ESCM overestimates vegetation carbon density of in tropical rainforest regions, such as in South America, 16 
and Central Africa when compared to the revised estimates of Olson (1983,1985,2001) (Fig. 6). More recent biomass studies 

have challenged Olson’s estimates for some regions of the world, but Olson (1983,1985) still provides the only globally-18 
consistent estimate of global carbon stored in vegetation. This positive bias in the UVic ESCM 2.10 in the tropics is due to an 

overestimation of broadleaf trees, which is the plant functional type with the highest carbon density in the UVic ESCM (see 20 
Fig. S7). This overestimation of broadleaf trees leads to a small overestimation of global mean gross primary production in 

2005 on land, 146 PgC yr-1, compared to the observation-based estimate of 123 ± 8 PgC yr-1 using eddy covariance flux data 22 
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and various diagnostic models (Beer et al., 2010) (Table 2). In contrast, the simulated vegetation coverage of carbon densities 

of 2-5 kgC m-2 is lower than observations especially in Central Asia and at higher northern latitudes. This, however, does not 2 
imply that the dominant plant functional types, namely C3/C4 grasses, are underrepresented in this area. In the UVic ESCM 

2.10 the representation of C3/C4 grasses, as well as needleleaf trees, in high northern latitudes improved compared to earlier 4 
versions (see Fig. S7) thanks to the more complex soil module and the corresponding vegetation tuning. In summary, the UVic 

ESCM overestimates broadleaf tree cover in the tropics, but improved the representation of the vegetation cover at latitudes 6 
north of 20 °N compared to previous model versions.  

 8 

 
Figure 6: Vegetation carbon density for the 1960-2000 period in units of kg C m-2 from the revised CDIAC NDP-017 dataset 10 

(Olson et al., 2001) (left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function 
of latitude (right). 12 

 

 Simulated soil carbon densities at high northern latitudes compare reasonably well with the map of permafrost soil 14 
carbon based on observations by Hugelius et al. (2014) (Fig. 7). While there are regional biases especially in Eastern Canada, 

the simulated carbon densities in the permafrost areas do have the correct order of magnitude. The total global permafrost 16 
carbon of 497 PgC and the total soil carbon in the permafrost region of 1009 PgC, agree well with the reported ~500 PgC and 

1035 ± 150 PgC, respectively (Hugelius et al., 2014). The simulated permafrost area is limited to about 60 °N and does not 18 
extend as far south as what is observed.  

 20 
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Figure 7: Soil organic carbon content in permafrost affected soils for the 1980-2000 period in the top 3m of soil in units of kg C m-2 2 

from the dataset by Hugelius et al. (2014) and for the UVic ESCM 2.10, and zonally averaged values as a function of latitude 
(right). 4 

 

Smith and Burgess (2002) provide a dataset of permafrost depth observations for Canada based on temperature 6 
readings, which is a compilation of borehole data across Canada ranging in observation date from between 1966 to 1990. Each 

borehole is a single observed value, this compares the simulation to a snapshot in time, rather than a temporal average. 8 
Permafrost depth in the observational dataset was determined based on the bottom boundary identified by the temperature 

gradient to be below 0 °C. Permafrost depth distribution in North America simulated by the UVic ESCM broadly agrees with 10 
the observed distribution (Fig. 8). The UVic ESCM 2.10 simulates permafrost thicknesses of up to 250 m all around the Arctic 

circle. Recall that the depth of the UVic ESCM is limited to 250 m and that the vertical resolution is coarser at deeper soil 12 
layers. As already seen for the soil organic carbon content the simulated permafrost areas do not extent as far south as what is 

observed. However, for the purpose of this comparison, the scale for observed permafrost depths was limited to 250 m, but 14 
actually many observations show deeper PF thicknesses. 

 16 
Figure 8: Observed depth of permafrost for the region of Northern Canada (left) (data source: Smith and Burgess, 2002, figure 
source: Avis (2012)), the colour bar has been restricted to 250 m depth to aid in comparison despite the fact many locations are 18 

deeper, (Avis, 2012); simulated mean permafrost depth for 1966-1990 of the UVic ESCM 2.10 (right). 
 20 
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3.3. Ocean metrics – physical and biogeochemical 

In the following section we will compare simulated ocean metrics with observations from the World Ocean Atlas 2 
2018 (WOA18) (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 2018a; Garcia et al., 2018b) and the Global Ocean 

Data Analysis Project (GLODAP) and the new mapped climatologies version 2 (Key et al., 2004; Lauvset et al., 2016) for the 4 
period of 1980 to 2010.  

The Taylor diagram for eight different ocean metrics illustrates that the UVic ESCM 2.10 improves ocean GC14, and 6 
slightly improves in ocean temperature, salinity, nitrate and phosphate distributions (dots in Fig. 9), relative to the UVic ESCM 

2.9 (crosses in Fig. 9), given the same forcing. In contrast, mainly ocean alkalinity, but also dissolved inorganic carbon and 8 
oxygen, show either a larger deviation or lower correlation compared to observations than the previous model version. 

Generally, the model demonstrates skill in simulating these ocean properties, with correlation coefficients higher than 0.9 for 10 
all but the salinity and alkalinity fields, and root mean square deviation (rmsd) of below 50% of the global standard deviation 

of the observations, again with the exception of salinity and alkalinity.  In the following we will discuss these features in more 12 
detail. 

 14 
Figure 9: Taylor diagram (Taylor, 2001) of multiple global UVic ESCM 2.10 fields (dots) and the UVic ESCM 2.9 fields (x) with 

respect to re-gridded observations from the World Ocean Atlas 2018 (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 16 
2018a; Garcia et al., 2018b), GLODAP and GLODAP Mapped climatologies v2 2016b (Key et al., 2004; Lauvset et al., 2016), 

NASA-GSFC precipitation (Adler et al., 2003), air-sea gas fluxes from Takahashi et al. (2009) and vegetation carbon data from 18 
CDIAC NDP-017 dataset (Olson et al., 2001). All datasets are normalized by the standard deviation of the observations. A perfect 

model with zero rmsd, correlation coefficient of 1, and normalized standard deviation of 1 would plot at (1,0). 20 
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FIGURE 2.  Schematic diagram of the global mean energy balance of the Earth. Numbers indicate best estimates for the 

magnitudes of the globally averaged energy balance components together with their uncertainty ranges, representing present day 
climate conditions at the beginning of the 21th century. Units Wm-2. Figure adapted from Wild et al. (2013) [1] with slight 

modifications as outlined in the text.  
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Schematic diagram of the global mean energy balance of the UVic ESCM 2.10 adapted from Wild et al., 
2013. Magnitudes of the globally averaged energy balance components, black numbers indicate estimates 

directly taken from the model output, grey numbers have been derived by calculations given albedo values 
from the model, and the latent heat was calculated using the evaporation estimates from the model 
assuming a conversion factor of 2,260 kJ/kg. Uncertainty ranges are taken from (Wild et al., 2013), 

representing present day climate conditions at the beginning of the 21th century. Units Wm-2.
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Figure 14: Ocean section of apparent oxygen utilization (AOU) in units of µmol kg-1 for the Atlantic Ocean including the 2 

Arctic Ocean (left column), the Pacific Ocean (middle left column), the Indian Ocean (middle right column) and the global average 
(left column) compared to World Ocean Atlas 2018 (Garcia et al., 2019). From top to bottom are shown the published UVic ESCM 4 

version 2.9 by Eby et al. (2013) spun-up and forced with CMIP6 forcing, the UVic ESCM version 2.10, both as a mean of the 
periods 1980-2010 and the observed ocean sections. 6 

 

 8 
Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, OMZ) in units of 
µmol kg-1 for the published UVic ESCM version 2.9-02 (Eby et al., 2013) spun-up and forced with CMIP6 forcing, for the UVic 10 

ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019). 
  12 

4. Summary, Conclusion and Outlook 

In order to obtain a new version of the University of Victoria Earth System Climate Model (UVic ESCM) that is to 14 
be used in the 6th phase of the coupled model intercomparison project (CMIP6), we have merged previous versions of the 

UVic ESCM to bring together the ongoing model development of the last decades. In this paper we evaluated the model’s 16 
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Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, 
OMZ) in units of μmol kg-1 for the UVic ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019).
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the transient climate response to cumulative emissions (TCRE) is with 2.2 K (1000 PgC)-1 higher than in previous model 

version but still within the likely range reported by the IPCC AR5 (Table 1). 2 
 

 4 
Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 1850-1900 (red line) in comparison with the 

average observed warming using the Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the IPCC’s special 6 
report on 1.5C GSAT temperature change for 2006-2015 (light grey cross) (b) Atmospheric CO2 concentrations in the UVic 

ESCM 2.10 (red line) in comparison with the Keeling curve from the Mauna Loa observatory (Keeling et al., 2005; grey line) (c) 8 
Zonal means of temperature change of the HadCRUT median near surface temperature anomaly (grey line) (Morice et al., 2012) 
in comparison to the UVic ESCM 2.10. All temperature changes are for a 30-years mean around 1995 with respect to the 1961-10 
1990 period in K. (d) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil fuel carbon and land-use carbon 

emissions and atmosphere, land and ocean sinks, compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 12 
from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018). 
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Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 
1850-1900 (red line) in comparison with the average observed warming using the 

Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the 
IPCC’s special report on 1.5C GSAT temperature change for 2006-2015 (light grey 
cross) (b) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil 
fuel carbon and land-use carbon emissions and atmosphere, land and ocean sinks, 
compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 

from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018).

➡ the model is able 
to reproduce 
historical mean 
temperature 
change and 
carbon cycle 
dynamics well
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FIGURE 2.  Schematic diagram of the global mean energy balance of the Earth. Numbers indicate best estimates for the 

magnitudes of the globally averaged energy balance components together with their uncertainty ranges, representing present day 
climate conditions at the beginning of the 21th century. Units Wm-2. Figure adapted from Wild et al. (2013) [1] with slight 

modifications as outlined in the text.  
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Schematic diagram of the global mean energy balance of the UVic ESCM 2.10 adapted from Wild et al., 2013. Magnitudes of the 
globally averaged energy balance components, black numbers indicate estimates directly taken from the model output, grey 
numbers have been derived by calculations given albedo values from the model, and the latent heat was calculated using the 

evaporation estimates from the model assuming a conversion factor of 2,260 kJ/kg. Uncertainty ranges are taken from (Wild et al., 
2013), representing present day climate conditions at the beginning of the 21th century. Units Wm-2.

➡ the simulated 
values of the 
radiation balance 
are mostly within 
the range of 
uncertainty
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3.3. Ocean metrics – physical and biogeochemical 

In the following section we will compare simulated ocean metrics with observations from the World Ocean Atlas 2 
2018 (WOA18) (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 2018a; Garcia et al., 2018b) and the Global Ocean 

Data Analysis Project (GLODAP) and the new mapped climatologies version 2 (Key et al., 2004; Lauvset et al., 2016) for the 4 
period of 1980 to 2010.  

The Taylor diagram for eight different ocean metrics illustrates that the UVic ESCM 2.10 improves ocean GC14, and 6 
slightly improves in ocean temperature, salinity, nitrate and phosphate distributions (dots in Fig. 9), relative to the UVic ESCM 

2.9 (crosses in Fig. 9), given the same forcing. In contrast, mainly ocean alkalinity, but also dissolved inorganic carbon and 8 
oxygen, show either a larger deviation or lower correlation compared to observations than the previous model version. 

Generally, the model demonstrates skill in simulating these ocean properties, with correlation coefficients higher than 0.9 for 10 
all but the salinity and alkalinity fields, and root mean square deviation (rmsd) of below 50% of the global standard deviation 

of the observations, again with the exception of salinity and alkalinity.  In the following we will discuss these features in more 12 
detail. 

 14 
Figure 9: Taylor diagram (Taylor, 2001) of multiple global UVic ESCM 2.10 fields (dots) and the UVic ESCM 2.9 fields (x) with 

respect to re-gridded observations from the World Ocean Atlas 2018 (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 16 
2018a; Garcia et al., 2018b), GLODAP and GLODAP Mapped climatologies v2 2016b (Key et al., 2004; Lauvset et al., 2016), 

NASA-GSFC precipitation (Adler et al., 2003), air-sea gas fluxes from Takahashi et al. (2009) and vegetation carbon data from 18 
CDIAC NDP-017 dataset (Olson et al., 2001). All datasets are normalized by the standard deviation of the observations. A perfect 

model with zero rmsd, correlation coefficient of 1, and normalized standard deviation of 1 would plot at (1,0). 20 
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➡ the models 
performance 
compared to 
previous versions  
has improved for 
most ocean 
variables


➡most notable 
exception is 
alkalinity
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Figure 4: Mean precipitation flux for the period 1979-2013 in units of mm day-1 from Obs4MIP (Adler et al., 2003) (left, and grey 2 

line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 
 4 

 The simulated air-sea carbon flux for 2000 to 2010 agrees with observations from Takahashi et al. (2009) (Fig. 5). 

Oceanic carbon uptake takes place at high latitudes and carbon is mainly released in the tropical Pacific. In the Southern Ocean 6 
observations show slightly positive values (i.e. carbon being released to the atmosphere) which are not reproduced by the UVic 

ESCM 2.10. This is also evident in the latitudinal means, where the UVic ESCM 2.10 generally shows good agreement with 8 
the observations, but simulates ocean carbon uptake south of 50 °S, where the observations show low or slightly positive air 

to sea carbon fluxes.  10 
 

 12 
Figure 5: Air - sea carbon flux for the year 2005 in units of mol C m-2 yr-1 from the revised dataset from Takahashi et al. (2009) 

(left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 14 
 

  The UVic ESCM overestimates vegetation carbon density of in tropical rainforest regions, such as in South America, 16 
and Central Africa when compared to the revised estimates of Olson (1983,1985,2001) (Fig. 6). More recent biomass studies 

have challenged Olson’s estimates for some regions of the world, but Olson (1983,1985) still provides the only globally-18 
consistent estimate of global carbon stored in vegetation. This positive bias in the UVic ESCM 2.10 in the tropics is due to an 

overestimation of broadleaf trees, which is the plant functional type with the highest carbon density in the UVic ESCM (see 20 
Fig. S7). This overestimation of broadleaf trees leads to a small overestimation of global mean gross primary production in 

2005 on land, 146 PgC yr-1, compared to the observation-based estimate of 123 ± 8 PgC yr-1 using eddy covariance flux data 22 
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➡ the model is able to reproduce the 
overall structure of precipitation 
patterns without simulation any 
extreme values
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and various diagnostic models (Beer et al., 2010) (Table 2). In contrast, the simulated vegetation coverage of carbon densities 

of 2-5 kgC m-2 is lower than observations especially in Central Asia and at higher northern latitudes. This, however, does not 2 
imply that the dominant plant functional types, namely C3/C4 grasses, are underrepresented in this area. In the UVic ESCM 

2.10 the representation of C3/C4 grasses, as well as needleleaf trees, in high northern latitudes improved compared to earlier 4 
versions (see Fig. S7) thanks to the more complex soil module and the corresponding vegetation tuning. In summary, the UVic 

ESCM overestimates broadleaf tree cover in the tropics, but improved the representation of the vegetation cover at latitudes 6 
north of 20 °N compared to previous model versions.  

 8 

 
Figure 6: Vegetation carbon density for the 1960-2000 period in units of kg C m-2 from the revised CDIAC NDP-017 dataset 10 

(Olson et al., 2001) (left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function 
of latitude (right). 12 

 

 Simulated soil carbon densities at high northern latitudes compare reasonably well with the map of permafrost soil 14 
carbon based on observations by Hugelius et al. (2014) (Fig. 7). While there are regional biases especially in Eastern Canada, 

the simulated carbon densities in the permafrost areas do have the correct order of magnitude. The total global permafrost 16 
carbon of 497 PgC and the total soil carbon in the permafrost region of 1009 PgC, agree well with the reported ~500 PgC and 

1035 ± 150 PgC, respectively (Hugelius et al., 2014). The simulated permafrost area is limited to about 60 °N and does not 18 
extend as far south as what is observed.  

 20 
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➡ tropical vegetation carbon 
density values experience a 
positive bias
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 2 
Figure 3: September (top row) and February (bottom row) sea ice concentration from passive microwave observations (Meier et 

al., 2013) and the UVic ESCM 2.10 for the northern and southern hemisphere for the period of 2003-2013 in %. 4 
 

Observed global mean terrestrial precipitation between 1961-1990 amounts to 818mm (Hulme et al., 1998). The 6 
adjusted CO2 fertilization strength in the UVic ESCM 2.10 results in global mean terrestrial precipitation of 814mm for the 

same period (Table 1), bringing it close to the observed amount. Concerning terrestrial precipitation trends the UVic ESCM 8 
2.10 shows a negative trend in terrestrial precipitation of -0.43 mm decade-1 for the period between 1930 to 2004 (Table 1). 

This is in agreement with the range of terrestrial precipitation trends of [-4.2 – 1.2] mm decade-1 given by Kumar et al. (2013). 10 
The simulated pattern of annual mean precipitation flux for the last 30 years generally agrees well with the observed pattern 

(Fig. 4). Similar to the seasonal temperature maps, the UVic ESCM slightly underestimates the most extreme amplitudes of 12 
annual mean precipitation located in the tropical areas. The latitudinal mean values agree well in magnitude, but the tropical 

rain bands are extending too far north and south. Total terrestrial precipitation with 814 mm agrees well with the observed 14 
1961-1990 mean value of 818 mm (Hulme et al., 1998). The terrestrial precipitation trend of -1.2 mm per decade also agrees 

well with the observed terrestrial precipitation changes for the recent historical period (1951 to 2005) of −7 to +2 mm per 16 
decade, with error bars ranging 3–5 mm per decade (IPCC AR4) (Table 1).  

 18 
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Figure 7: Soil organic carbon content in permafrost affected soils for the 1980-2000 period in the top 3m of soil in units of kg C m-2 2 

from the dataset by Hugelius et al. (2014) and for the UVic ESCM 2.10, and zonally averaged values as a function of latitude 
(right). 4 

 

Smith and Burgess (2002) provide a dataset of permafrost depth observations for Canada based on temperature 6 
readings, which is a compilation of borehole data across Canada ranging in observation date from between 1966 to 1990. Each 

borehole is a single observed value, this compares the simulation to a snapshot in time, rather than a temporal average. 8 
Permafrost depth in the observational dataset was determined based on the bottom boundary identified by the temperature 

gradient to be below 0 °C. Permafrost depth distribution in North America simulated by the UVic ESCM broadly agrees with 10 
the observed distribution (Fig. 8). The UVic ESCM 2.10 simulates permafrost thicknesses of up to 250 m all around the Arctic 

circle. Recall that the depth of the UVic ESCM is limited to 250 m and that the vertical resolution is coarser at deeper soil 12 
layers. As already seen for the soil organic carbon content the simulated permafrost areas do not extent as far south as what is 

observed. However, for the purpose of this comparison, the scale for observed permafrost depths was limited to 250 m, but 14 
actually many observations show deeper PF thicknesses. 

 16 
Figure 8: Observed depth of permafrost for the region of Northern Canada (left) (data source: Smith and Burgess, 2002, figure 
source: Avis (2012)), the colour bar has been restricted to 250 m depth to aid in comparison despite the fact many locations are 18 

deeper, (Avis, 2012); simulated mean permafrost depth for 1966-1990 of the UVic ESCM 2.10 (right). 
 20 
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➡ the model is able to reproduce the 
order of magnitude of soil organic 
carbon content in permafrost 
affected soils


➡ regional biases remain high 
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Figure 14: Ocean section of apparent oxygen utilization (AOU) in units of µmol kg-1 for the Atlantic Ocean including the 2 

Arctic Ocean (left column), the Pacific Ocean (middle left column), the Indian Ocean (middle right column) and the global average 
(left column) compared to World Ocean Atlas 2018 (Garcia et al., 2019). From top to bottom are shown the published UVic ESCM 4 

version 2.9 by Eby et al. (2013) spun-up and forced with CMIP6 forcing, the UVic ESCM version 2.10, both as a mean of the 
periods 1980-2010 and the observed ocean sections. 6 

 

 8 
Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, OMZ) in units of 
µmol kg-1 for the published UVic ESCM version 2.9-02 (Eby et al., 2013) spun-up and forced with CMIP6 forcing, for the UVic 10 

ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019). 
  12 

4. Summary, Conclusion and Outlook 

In order to obtain a new version of the University of Victoria Earth System Climate Model (UVic ESCM) that is to 14 
be used in the 6th phase of the coupled model intercomparison project (CMIP6), we have merged previous versions of the 

UVic ESCM to bring together the ongoing model development of the last decades. In this paper we evaluated the model’s 16 
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Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, 
OMZ) in units of μmol kg-1 for the UVic ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019).

➡ the overall representation of oxygen minimum 
zones (OMZs) in the model has been improved


➡but now there is a bias in the Southern Ocean 
oxygen concentrations



Based on the publication: Mengis, N., Keller, D. P., MacDougall, A., Eby, M., Wright, N., Meissner, K. J., Oschlies, A., Schmittner, A., Matthews, H. D., and Zickfeld, K.: 
   Evaluation of the University of Victoria Earth System Climate Model version 2.10 (UVic ESCM 2.10), Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2019-373, 
   in review, 2020. contact: nmengis@geomar.de

13 
 

 

 2 
Figure 3: September (top row) and February (bottom row) sea ice concentration from passive microwave observations (Meier et 

al., 2013) and the UVic ESCM 2.10 for the northern and southern hemisphere for the period of 2003-2013 in %. 4 
 

Observed global mean terrestrial precipitation between 1961-1990 amounts to 818mm (Hulme et al., 1998). The 6 
adjusted CO2 fertilization strength in the UVic ESCM 2.10 results in global mean terrestrial precipitation of 814mm for the 

same period (Table 1), bringing it close to the observed amount. Concerning terrestrial precipitation trends the UVic ESCM 8 
2.10 shows a negative trend in terrestrial precipitation of -0.43 mm decade-1 for the period between 1930 to 2004 (Table 1). 

This is in agreement with the range of terrestrial precipitation trends of [-4.2 – 1.2] mm decade-1 given by Kumar et al. (2013). 10 
The simulated pattern of annual mean precipitation flux for the last 30 years generally agrees well with the observed pattern 

(Fig. 4). Similar to the seasonal temperature maps, the UVic ESCM slightly underestimates the most extreme amplitudes of 12 
annual mean precipitation located in the tropical areas. The latitudinal mean values agree well in magnitude, but the tropical 

rain bands are extending too far north and south. Total terrestrial precipitation with 814 mm agrees well with the observed 14 
1961-1990 mean value of 818 mm (Hulme et al., 1998). The terrestrial precipitation trend of -1.2 mm per decade also agrees 

well with the observed terrestrial precipitation changes for the recent historical period (1951 to 2005) of −7 to +2 mm per 16 
decade, with error bars ranging 3–5 mm per decade (IPCC AR4) (Table 1).  

 18 
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8 
 

the transient climate response to cumulative emissions (TCRE) is with 2.2 K (1000 PgC)-1 higher than in previous model 

version but still within the likely range reported by the IPCC AR5 (Table 1). 2 
 

 4 
Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 1850-1900 (red line) in comparison with the 

average observed warming using the Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the IPCC’s special 6 
report on 1.5C GSAT temperature change for 2006-2015 (light grey cross) (b) Atmospheric CO2 concentrations in the UVic 

ESCM 2.10 (red line) in comparison with the Keeling curve from the Mauna Loa observatory (Keeling et al., 2005; grey line) (c) 8 
Zonal means of temperature change of the HadCRUT median near surface temperature anomaly (grey line) (Morice et al., 2012) 
in comparison to the UVic ESCM 2.10. All temperature changes are for a 30-years mean around 1995 with respect to the 1961-10 
1990 period in K. (d) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil fuel carbon and land-use carbon 

emissions and atmosphere, land and ocean sinks, compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 12 
from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018). 

 14 
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Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 1850-1900 (red line) in comparison with the 

average observed warming using the Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the IPCC’s special 6 
report on 1.5C GSAT temperature change for 2006-2015 (light grey cross) (b) Atmospheric CO2 concentrations in the UVic 

ESCM 2.10 (red line) in comparison with the Keeling curve from the Mauna Loa observatory (Keeling et al., 2005; grey line) (c) 8 
Zonal means of temperature change of the HadCRUT median near surface temperature anomaly (grey line) (Morice et al., 2012) 
in comparison to the UVic ESCM 2.10. All temperature changes are for a 30-years mean around 1995 with respect to the 1961-10 
1990 period in K. (d) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil fuel carbon and land-use carbon 

emissions and atmosphere, land and ocean sinks, compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 12 
from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018). 

 14 
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Figure 1: (a) Global mean temperature change for the UVic ESCM 2.10 relative to 
1850-1900 (red line) in comparison with the average observed warming using the 

Global Warming Index dataset from (Haustein et al., 2017) (grey line) and the 
IPCC’s special report on 1.5C GSAT temperature change for 2006-2015 (light grey 
cross) (b) The global carbon budget for the UVic ESCM 2.10 partitioned into fossil 
fuel carbon and land-use carbon emissions and atmosphere, land and ocean sinks, 
compared to cumulative carbon fluxes between 1850 and 2005 and 1850 and 2015 

from the Global Carbon Project 2018 (grey lines) (LeQuéré et al., 2018).

14 
 

 
Figure 4: Mean precipitation flux for the period 1979-2013 in units of mm day-1 from Obs4MIP (Adler et al., 2003) (left, and grey 2 

line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 
 4 

 The simulated air-sea carbon flux for 2000 to 2010 agrees with observations from Takahashi et al. (2009) (Fig. 5). 

Oceanic carbon uptake takes place at high latitudes and carbon is mainly released in the tropical Pacific. In the Southern Ocean 6 
observations show slightly positive values (i.e. carbon being released to the atmosphere) which are not reproduced by the UVic 

ESCM 2.10. This is also evident in the latitudinal means, where the UVic ESCM 2.10 generally shows good agreement with 8 
the observations, but simulates ocean carbon uptake south of 50 °S, where the observations show low or slightly positive air 

to sea carbon fluxes.  10 
 

 12 
Figure 5: Air - sea carbon flux for the year 2005 in units of mol C m-2 yr-1 from the revised dataset from Takahashi et al. (2009) 

(left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function of latitude (right). 14 
 

  The UVic ESCM overestimates vegetation carbon density of in tropical rainforest regions, such as in South America, 16 
and Central Africa when compared to the revised estimates of Olson (1983,1985,2001) (Fig. 6). More recent biomass studies 

have challenged Olson’s estimates for some regions of the world, but Olson (1983,1985) still provides the only globally-18 
consistent estimate of global carbon stored in vegetation. This positive bias in the UVic ESCM 2.10 in the tropics is due to an 

overestimation of broadleaf trees, which is the plant functional type with the highest carbon density in the UVic ESCM (see 20 
Fig. S7). This overestimation of broadleaf trees leads to a small overestimation of global mean gross primary production in 

2005 on land, 146 PgC yr-1, compared to the observation-based estimate of 123 ± 8 PgC yr-1 using eddy covariance flux data 22 
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and various diagnostic models (Beer et al., 2010) (Table 2). In contrast, the simulated vegetation coverage of carbon densities 

of 2-5 kgC m-2 is lower than observations especially in Central Asia and at higher northern latitudes. This, however, does not 2 
imply that the dominant plant functional types, namely C3/C4 grasses, are underrepresented in this area. In the UVic ESCM 

2.10 the representation of C3/C4 grasses, as well as needleleaf trees, in high northern latitudes improved compared to earlier 4 
versions (see Fig. S7) thanks to the more complex soil module and the corresponding vegetation tuning. In summary, the UVic 

ESCM overestimates broadleaf tree cover in the tropics, but improved the representation of the vegetation cover at latitudes 6 
north of 20 °N compared to previous model versions.  

 8 

 
Figure 6: Vegetation carbon density for the 1960-2000 period in units of kg C m-2 from the revised CDIAC NDP-017 dataset 10 

(Olson et al., 2001) (left, and grey line) and the UVic ESCM 2.10 (middle, and red line), and zonally averaged values as a function 
of latitude (right). 12 

 

 Simulated soil carbon densities at high northern latitudes compare reasonably well with the map of permafrost soil 14 
carbon based on observations by Hugelius et al. (2014) (Fig. 7). While there are regional biases especially in Eastern Canada, 

the simulated carbon densities in the permafrost areas do have the correct order of magnitude. The total global permafrost 16 
carbon of 497 PgC and the total soil carbon in the permafrost region of 1009 PgC, agree well with the reported ~500 PgC and 

1035 ± 150 PgC, respectively (Hugelius et al., 2014). The simulated permafrost area is limited to about 60 °N and does not 18 
extend as far south as what is observed.  

 20 
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Figure 7: Soil organic carbon content in permafrost affected soils for the 1980-2000 period in the top 3m of soil in units of kg C m-2 2 

from the dataset by Hugelius et al. (2014) and for the UVic ESCM 2.10, and zonally averaged values as a function of latitude 
(right). 4 

 

Smith and Burgess (2002) provide a dataset of permafrost depth observations for Canada based on temperature 6 
readings, which is a compilation of borehole data across Canada ranging in observation date from between 1966 to 1990. Each 

borehole is a single observed value, this compares the simulation to a snapshot in time, rather than a temporal average. 8 
Permafrost depth in the observational dataset was determined based on the bottom boundary identified by the temperature 

gradient to be below 0 °C. Permafrost depth distribution in North America simulated by the UVic ESCM broadly agrees with 10 
the observed distribution (Fig. 8). The UVic ESCM 2.10 simulates permafrost thicknesses of up to 250 m all around the Arctic 

circle. Recall that the depth of the UVic ESCM is limited to 250 m and that the vertical resolution is coarser at deeper soil 12 
layers. As already seen for the soil organic carbon content the simulated permafrost areas do not extent as far south as what is 

observed. However, for the purpose of this comparison, the scale for observed permafrost depths was limited to 250 m, but 14 
actually many observations show deeper PF thicknesses. 

 16 
Figure 8: Observed depth of permafrost for the region of Northern Canada (left) (data source: Smith and Burgess, 2002, figure 
source: Avis (2012)), the colour bar has been restricted to 250 m depth to aid in comparison despite the fact many locations are 18 

deeper, (Avis, 2012); simulated mean permafrost depth for 1966-1990 of the UVic ESCM 2.10 (right). 
 20 
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3.3. Ocean metrics – physical and biogeochemical 

In the following section we will compare simulated ocean metrics with observations from the World Ocean Atlas 2 
2018 (WOA18) (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 2018a; Garcia et al., 2018b) and the Global Ocean 

Data Analysis Project (GLODAP) and the new mapped climatologies version 2 (Key et al., 2004; Lauvset et al., 2016) for the 4 
period of 1980 to 2010.  

The Taylor diagram for eight different ocean metrics illustrates that the UVic ESCM 2.10 improves ocean GC14, and 6 
slightly improves in ocean temperature, salinity, nitrate and phosphate distributions (dots in Fig. 9), relative to the UVic ESCM 

2.9 (crosses in Fig. 9), given the same forcing. In contrast, mainly ocean alkalinity, but also dissolved inorganic carbon and 8 
oxygen, show either a larger deviation or lower correlation compared to observations than the previous model version. 

Generally, the model demonstrates skill in simulating these ocean properties, with correlation coefficients higher than 0.9 for 10 
all but the salinity and alkalinity fields, and root mean square deviation (rmsd) of below 50% of the global standard deviation 

of the observations, again with the exception of salinity and alkalinity.  In the following we will discuss these features in more 12 
detail. 

 14 
Figure 9: Taylor diagram (Taylor, 2001) of multiple global UVic ESCM 2.10 fields (dots) and the UVic ESCM 2.9 fields (x) with 

respect to re-gridded observations from the World Ocean Atlas 2018 (Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 16 
2018a; Garcia et al., 2018b), GLODAP and GLODAP Mapped climatologies v2 2016b (Key et al., 2004; Lauvset et al., 2016), 

NASA-GSFC precipitation (Adler et al., 2003), air-sea gas fluxes from Takahashi et al. (2009) and vegetation carbon data from 18 
CDIAC NDP-017 dataset (Olson et al., 2001). All datasets are normalized by the standard deviation of the observations. A perfect 

model with zero rmsd, correlation coefficient of 1, and normalized standard deviation of 1 would plot at (1,0). 20 
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FIGURE 2.  Schematic diagram of the global mean energy balance of the Earth. Numbers indicate best estimates for the 

magnitudes of the globally averaged energy balance components together with their uncertainty ranges, representing present day 
climate conditions at the beginning of the 21th century. Units Wm-2. Figure adapted from Wild et al. (2013) [1] with slight 

modifications as outlined in the text.  
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Schematic diagram of the global mean energy balance of the UVic ESCM 2.10 adapted from Wild et al., 
2013. Magnitudes of the globally averaged energy balance components, black numbers indicate estimates 

directly taken from the model output, grey numbers have been derived by calculations given albedo values 
from the model, and the latent heat was calculated using the evaporation estimates from the model 
assuming a conversion factor of 2,260 kJ/kg. Uncertainty ranges are taken from (Wild et al., 2013), 

representing present day climate conditions at the beginning of the 21th century. Units Wm-2.
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Figure 14: Ocean section of apparent oxygen utilization (AOU) in units of µmol kg-1 for the Atlantic Ocean including the 2 

Arctic Ocean (left column), the Pacific Ocean (middle left column), the Indian Ocean (middle right column) and the global average 
(left column) compared to World Ocean Atlas 2018 (Garcia et al., 2019). From top to bottom are shown the published UVic ESCM 4 

version 2.9 by Eby et al. (2013) spun-up and forced with CMIP6 forcing, the UVic ESCM version 2.10, both as a mean of the 
periods 1980-2010 and the observed ocean sections. 6 

 

 8 
Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, OMZ) in units of 
µmol kg-1 for the published UVic ESCM version 2.9-02 (Eby et al., 2013) spun-up and forced with CMIP6 forcing, for the UVic 10 

ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019). 
  12 

4. Summary, Conclusion and Outlook 

In order to obtain a new version of the University of Victoria Earth System Climate Model (UVic ESCM) that is to 14 
be used in the 6th phase of the coupled model intercomparison project (CMIP6), we have merged previous versions of the 

UVic ESCM to bring together the ongoing model development of the last decades. In this paper we evaluated the model’s 16 
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Figure 15: Maps of apparent oxygen utilization in approx. 300 m depth (i.e. the depth of oxygen minimum zones, 
OMZ) in units of μmol kg-1 for the UVic ESCM 2.10, and for the World Ocean Atlas 2018 (Garcia et al., 2019).
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The UVic ESCM 2.10 performs well in in many respects. The biggest 
biases are found for tropical vegetation carbon and the Southern Ocean 

oxygen concentration.  
Continuous efforts from the UVic ESCM community will hopefully 

provide a solution for some of these biases. 

For more details please have a look at the corresponding publication: 
https://www.geosci-model-dev-discuss.net/gmd-2019-373/ 
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