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ABSTRACT

In present-day Earth system models, the coupling of land surface and atmosphere is based on simplistic

assumptions. Often the heterogeneous land surface is represented by a set of effective parameters valid for an

entire model grid box. Other models assume that the surface fluxes become horizontally homogeneous at the

lowest atmospheric model level. For heterogeneity above a certain horizontal length scale this is not the case,

resulting in spatial subgrid-scale variability in the fluxes and in the state of the atmosphere. The Max Planck

Institute for Meteorology’s Earth System Model is used with three different coupling schemes to assess the

importance of the representation of spatial heterogeneity at the land surface as well as within the atmosphere.

Simulations show that the land surface–atmosphere coupling distinctly influences the simulated near-surface

processes with respect to different land-cover types. The representation of heterogeneity also has a distinct

impact on the simulated gridbox mean state and fluxes in a large fraction of land surface.

1. Introduction

In a simplistic representation, the link between sur-

face and atmosphere comprises the surface heat, radia-

tion, mass, and momentum fluxes. These fluxes have a

nonlinear dependency on the state of the surface and the

atmosphere. Land surface characteristics such as topog-

raphy, the properties of the soil and hydrological charac-

teristics, land use, vegetation, etc. vary on scales ranging

from millimeters to hundreds of kilometers. Conse-

quently, the state of the land surface and many spatially

heterogeneous processes vary likewise (Sellers 1991). This

wide range of scales, together with the nonlinear nature of

processes involved, poses one of the fundamental diffi-

culties in accurately describing the interaction of the land

surface and the atmosphere, making a realistic represen-

tation a key challenge in Earth system modeling.

Present-day Earth system models (ESMs) employ

different strategies to integrate the spatial subgrid-scale

(SSGS) information of the land surface in the model’s

physical parameterizations and to aggregate the infor-

mation to match the grid of the atmosphere. These

strategies require simplifying assumptions that, because

of the nonlinear nature of the processes involved, result

in a distinct and possibly inaccurate representation of

the land surface–atmosphere interaction. One basic

distinction between different aggregation methods can

be made between the parameter-aggregating and flux-

aggregating methods. Both methods assume that a grid

box can be sectioned into discrete subdivisions, the so-

called ‘‘tiles’’ or ‘‘patches,’’ which themselves exhibit ho-

mogeneous characteristics. In the parameter-aggregating

methods SSGS heterogeneity is not explicitly accounted

for; instead, soil and vegetation parameters of the tiles are

aggregated to one effective value representing the entire

grid box. This is usually done by averaging all SSGS pa-

rameter values weighted by the respective cover fraction.

The fluxes connecting surface and atmosphere are calcu-

lated based on these effective grid parameters (Giorgi and

Avissar 1997). In this study, this will be referred to as the

‘‘parameter aggregation.’’

In the flux-aggregating methods, SSGS heterogeneity

is explicitly represented and fluxes are calculated for

each tile in a grid box individually based on the tile-

specific characteristics. One of these methods is the

‘‘mixture approach’’ (Koster and Suarez 1992). This ap-

proach assumes that heterogeneity at the surface consists

of numerous clusters, that is, homogeneous subareas,

which cover only small areas and are evenly distributed

across the grid box. The surface fluxes that originate from

individual tiles are assumed to have completely blended

horizontally below the lowest atmospheric model level.
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Consequently, the atmosphere interacts only with the

mixed flux and remains horizontally homogeneous. The

term ‘‘simple flux aggregation’’ used in this work refers to

the mixture approach.

Many mostly local studies have compared techniques

that apply an aggregation of parameters to those that

aggregate fluxes (Avissar and Pielke 1989; Polcher et al.

1996; van den Hurk and Beljaars 1996; Cooper et al.

1997; Molod and Salmun 2002; Essery et al. 2003;

Heinemann and Kerschgens 2005; Ament and Simmer

2006). These studies found pronounced differences be-

tween simulations performed with the two coupling

techniques, and they agree that by employing an ag-

gregation of fluxes the representation of processes is

clearly improved. Many of the studies additionally

found an improvement of the simulated climate.

It is evident that the assumption of atmospheric spatial

homogeneity may be valid only in specific circumstances.

Numerous studies, both modeling and observational,

showed that it indeed becomes erroneous when the scale

of surface heterogeneity increases beyond the microscale

(Mason 1988; Claussen 1995; Raupach and Finnigan 1995;

Avissar and Schmidt 1998; Mahrt 2000; Bou-Zeid et al.

2004; Patton et al. 2005; Ma et al. 2008). In this case, the

signal associated with a specific surface feature may be

detectable far above the surface layer, resulting in a spa-

tially heterogeneous state of the atmosphere at heights

above the lowest model level of many ESMs, which is

often located below a height of 50m (Arola 1999).

The present study investigates the importance of an

explicit representation of SSGS heterogeneity at the

surface and in the lowest parts of the atmosphere, using

simulations performed with the Max Planck Institute

Earth System Model (MPI-ESM), more specifically, with

the land surface model JSBACH (Raddatz et al. 2007;

Brovkin et al. 2009; Ekici et al. 2014) coupled to the

general circulationmodel ECHAM6 (Stevens et al. 2013),

which will in the following be referenced as ECHAM–

JSBACH. Section 2 gives a brief overview over themodel

and the different coupling schemes used in the study. In

addition, the simulations will be described in more detail.

In section 3, the investigation is focused on determining

whether different land-cover types display systematic

differences in the near-surface processes with respect to

the different coupling schemes. Section 4 focuses on the

impact of surface and atmospheric SSGSheterogeneity on

the simulated global climate. The main results are sum-

marized and shortly discussed in section 5.

2. Methods

In the operational setup, ECHAM–JSBACH uses a

parameter aggregation scheme to couple land surface

and atmosphere. Here, the determination of an effective

gridbox mean albedo is described in Otto et al. (2011);

the aggregation of the surface roughness length of dif-

ferent tiles follows Mason (1988), Claussen (1991), and

Claussen et al. (1994); and the aggregation of hydro-

logical and soil parameters is done as a weighted (by the

respective cover fractions) average (Kabat et al. 1997;

Feddes et al. 1998). Based on the effective parameters,

the surface fluxes are calculated using a bulk-exchange

formulation (Giorgetta et al. 2013). For the present study,

ECHAM–JSBACH was altered to enable a surface–

atmosphere coupling using a simple flux aggregation

scheme and an improved coupling method that repre-

sents the turbulent mixing process more realistically, that

is, the Vertical Tile Extension (VERTEX) scheme (de

Vrese et al. 2016). In both schemes, the homogeneous

subareas in a grid box are represented by individual tiles

that only interact via the vertical turbulent fluxes. In the

soil, a horizontal transport of water and heat is not

modeled and the soilmoisture and temperature of a given

tile is independent of the other tiles.

The simple flux aggregation scheme implemented into

ECHAM–JSBACH, follows the general method for an

implicit surface–atmosphere coupling proposed by

Polcher et al. (1998) and Best et al. (2004). Similar to the

simple flux aggregation scheme, the VERTEX scheme

explicitly represents surface SSGS heterogeneity by in-

dividual tiles. Additionally, the scheme explicitly rep-

resents SSGS heterogeneity within the three lowest

layers of the atmosphere, that is, up to a height of

roughly 350m. In the atmosphere, the vertical fluxes

within the individual tiles are modeled by a modified

version of the turbulent kinetic energy scheme described

in Brinkop and Roeckner (1995). In the VERTEX

scheme, the fluxes within the individual tiles are not

treated independently of each other but are assumed to

blend horizontally to a certain extent. Thus, the vertical

flux from a given tile can influence the states of all the

tiles on the level above. The extent to which the vertical

fluxes blend horizontally is determined based on the

ratio of the height of a model level and the blending

height. The latter can be estimated as a function of

friction velocity, the horizontal wind speed, and the

characteristic length scale of the respective surface

heterogeneity (Mahrt 2000). To approximate the char-

acteristic length scale of a given land-cover type within a

grid box, the horizontal extents of all clusters (homo-

geneous subareas) of the respective land-cover type

within the grid box need to be determined. These are

derived from the GlobCover dataset (Arino et al. 2012).

The resolution of 300m3 300m of GlobCover allows us

to resolve a T63 model grid box by approximately

390 000 pixels. From the 22 land-cover classes employed
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in the dataset, 10 are selected and matched to the tiles

used in JSBACH. For each pixel within a grid box, the

distance in the north–south, east–west, northwest–

southeast, and northeast–southwest direction to the

nearest pixel with a different land-cover class is de-

termined. These distances provide a rough estimate for

the dimensions (in the given directions) of the pixel’s

superordinate cluster. For each cover type within a given

grid box, a characteristic length scale can be derived

from the average horizontal dimensions of the homo-

geneous subareas belonging to the respective cover type.

Because of themany degrees of freedom incorporated

in global-scale simulations, that is, in this study the at-

mospheric model coupled to a land surface model with

prescribed sea surface temperature and sea ice extent

(AMIP-style; Gates et al. 1999), these can be difficult to

interpret. Single-column simulations, on the other hand,

facilitate the understanding of relevant processes but the

findings are often limited to the specific location the

modelwas applied to.Offline simulations, that is, the land

surface model forced by observations, have the disad-

vantage that a feedback from the surface onto the at-

mosphere is being omitted so that findings may not be

applicable to the fully coupled land surface–atmosphere

system. However, they serve as a compromise between

AMIP-style and single-column simulations in that they

facilitate process understanding on the global scale. In

section 3, a slightly modified version of this type of ex-

periment was conducted as a quasi-offline study.

For a 5-yr AMIP-style simulation, ECHAM–JSBACH

was adapted in such a way that all calculations pertaining

to surface processes, including the calculation of the state

and the surface fluxes, were duplicated twice, effectively

creating three different land surfaces within JSBACH.

Each surface developed an individual state, as they were

all coupled to the same atmospheric conditions but via a

different coupling scheme. These are coupled with param-

eter aggregation (PARAMSRF), a simple flux aggregation

(SIMPLESRF), and the VERTEX scheme (VERTEXSRF).

Differences between the above surfaces will be referenced

by DSRF indexed with two letters indicating the two re-

spective surfaces. For example, DSRFS2P refers to the

differences between SIMPLESRF and PARAMSRF.

The surface–atmosphere feedback is taken from

PARAMSRF, whereas the potential feedback from the

other land surfaces is calculated for each time step but

does not affect the state of the atmosphere in the sub-

sequent time step.

The VERTEX scheme requires the knowledge of at-

mospheric SSGS variations of temperature and specific

humidity at the beginning of each time step. To pre-

serve the SSGS variability in the atmosphere, a refine-

ment was applied to the state variables at the lowest

atmospheric model levels. At the end of a 20-min time

step, the tile-specific SSGS temperature and humidity

deviations from the grid mean were stored and added to

the prescribed grid mean values at the beginning of the

following time step.

The simulation was performed for the period of 1979–

84 and the multiannual mean of the years 1980–84 will

be analyzed for the global scale with a focus on the re-

lation between soil moisture, surface temperature, and

the turbulent heat fluxes. The simulation was performed

at a standard vertical resolution of 47 levels, of which the

lowest is located on a height of approximately 30m and a

horizontal resolution of T63, that is, a grid spacing of

140 km 3 210 km at midlatitudes. Because surface–

atmosphere feedbacks are not taken into account, the

analysis in section 3 only facilitates a qualitative un-

derstanding of the effects on near-surface processes.

To estimate the impact of a given coupling scheme on

the simulated global climate, 3 3 5 AMIP-style simu-

lations were performed, which will be discussed in

section 4. These are an ensemble of five simulations using a

parameter aggregation scheme (PARAMENS), an ensemble

of five simulations performed with the simple flux aggrega-

tion scheme (SIMPLEENS), and an ensemble of five simu-

lations employing the VERTEX scheme (VERTEXENS).

The latter two may also be referred to as the two FLUXENS

as opposed to PARAMENS. The comparison of two of

the above ensembles will be referenced by DENS in-

dexed with two letters indicating the two respective en-

sembles. For example DENSS2P refers to the differences

between SIMPLEENS and PARAMENS.

Each simulation was performed for the same 21-yr

period (1979–99; 1979was required for themodel spinup

and is omitted from the analysis) but initialized with

slightly different conditions. All the above simulations

were performed at a standard vertical resolution of 47

levels and a horizontal resolution of T63.

3. Impact of spatial heterogeneity on the
near-surface processes in individual tiles

The major conceptual difference between parameter

and flux aggregation as realized in JSBACH is the ex-

istence of SSGS variations in the state of the land surface

and in the surface fluxes. In the operational setup (pa-

rameter aggregation), technically SSGS heterogeneity

exists in the form of the different surface tiles. However,

the majority of physical surface and soil processes, in-

cluding the calculation of surface fluxes, surface tem-

perature, and soil moisture content, are modeled based

on grid mean values, and thus de facto heterogeneity is

not being considered. With the introduction of the flux

aggregation, not only was the land surface–atmosphere
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coupling changed, but SSGS variations are considered in

the majority of the surface and soil processes.

In JSBACH, tiles represent different plant functional

types (PFTs; with the exception of glaciers), which in

turn each represent different species aggregated to

groups based on their functional properties. For the

following considerations, one of the most important

properties of a PFT is its ability to transpire, which is

closely related to the photosynthetic activity. In

JSBACH this is reflected by a PFT’s stomatal conduc-

tivity and leaf area. The impact of differences in albedo

was found to be considerably smaller and has been

omitted in the analysis by calculating the absorbed ra-

diation at the surface based on the gridboxmean albedo.

a. Tile-based comparison of SIMPLESRF and
PARAMSRF

Because of the PFT-specific properties determining

the stomatal conductivity and the leaf area, some PFTs

transpire at relatively high rates. In the present model

setup these are tropical and extratropical trees, C3 grass,

andC3 pasture (Figs. 1a–d).When comparing SIMPLESRF

to PARAMSRF, an immediate effect within the respective

tiles is a predominant increase in transpiration. As the

excess in transpiration is not balanced by a decrease in

evaporation, it leads to an increase in evapotranspiration

and in the latent heat flux. Because more energy is ex-

pended in evapotranspiration, a new energetic equilibrium

is reached at the surface with lower surface temperatures

and a reduced sensible heat flux. Precipitation is calculated

based on PARAMSRF and is unaffected by SIMPLESRF;

thus, the shift toward increased evapotranspiration in

SIMPLESRF does not increase precipitation and therefore

mostly leads to lower soil moisture values in these tiles.

In turn, tiles in which the respective PFTs transpire at

relatively low rates such as shrubs, C4 grass, and C4

pasture show an opposite behavior (Figs. 1e–h). Here

the shift toward less transpiration leads to wetter soils,

FIG. 1. The 5-yr mean difference between SIMPLESRF and PARAMSRF for tropical evergreen forest (a) soil

moisture, (b) surface temperature, (c) latent heat flux, and (d) sensible heat flux; for C4 pasture (e) soil moisture,

(f) surface temperature, (g) latent heat flux, and (h) sensible heat flux; and for raingreen shrubs (i) surface–

atmosphere temperature difference and ( j) sensible heat flux. Gray shading indicates absence of tile.
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a shift from latent to sensible heat flux, and higher sur-

face temperatures.

In many regions there are no distinct differences be-

tween SIMPLESRF and PARAMSRF for the dominant

tile, for example, for tropical evergreen trees in the

Amazon basin (Figs. 1a–d). This is related to the high

cover fraction of the tile in these regions, that is, often

more than 90% (not shown). In case of large cover

fractions, the effective parameters and consequently the

gridbox mean states and fluxes are largely determined

by the dominant tile. As a result, PARAMSRF and the

dominant tile in SIMPLESRF and VERTEXSRF are very

similar.

Another important aspect is the vegetation roughness

length associated with the PFTs. Under given wind

conditions, it determines the generation of shear-driven

turbulence and accordingly has a strong impact on the

turbulent fluxes. This characteristic becomes especially

relevant for regions in which the vegetation comprises

PFTs with distinctly differing heights such as savanna.

Here, the vegetation consists of trees or shrubs and very

low vegetation such as grasses or pasture. In tiles with a

surface roughness larger than the grid mean, the con-

sideration of heterogeneity leads to a closer link be-

tween surface and air temperatures, as more turbulence

is created near the surface under given wind conditions.

In turn, in the tiles with low vegetation, less turbulence is

generated, resulting in a looser link between surface and

air temperature. At the southern border of the Sahel

zone and northern Australia, raingreen shrubs consti-

tute vegetation with a comparable large roughness

length, and the link between surface and atmosphere is

relatively close. Therefore, in the respective regions the

sensible heat flux increases distinctly despite the occur-

rence of a cooling of the surface and a reduction of the

surface–atmosphere temperature gradient (Figs. 1i–j).

Essery et al. (2003) found comparable effects for a

comparison of trees and bare soil areas.

b. Tile-based comparison of VERTEXSRF and
SIMPLESRF

When comparing the VERTEX and the simple flux

scheme, the most relevant conceptual change is the re-

duction in horizontal blending of the surface fluxes in

the VERTEX scheme, which results in SSGS variability

in the state of the lowest layers of the atmosphere.

In comparison to the mean state, the tile-specific state

of the atmosphere above PFTs with pronounced tran-

spirational abilities is moister and cooler for VERTEXSRF

as less dry and warm air from other tiles is being mixed

into the local atmosphere. As the surface is usually

warmer and the specific humidity higher than at the

lowest atmospheric model level, this primarily leads to a

reduced surface–atmosphere moisture gradient and an

increase in the surface–atmosphere temperature gradi-

ent within the respective tiles (Figs. 2a,b). Given similar

wind conditions and roughness lengths at the surface,

differences in the surface–atmosphere gradients de-

termine the differences in the surface fluxes between

VERTEXSRF and SIMPLESRF. With a reduced hu-

midity gradient, the latent heat flux decreases and,

because of the increased surface–atmosphere temper-

ature gradient, the sensible heat flux increases (Figs. 2c,d).

Note that the cooling of the atmosphere due to the

reduced horizontal blending is so pronounced that the

surface–atmosphere temperature gradient increases,

even though surface temperatures mostly decrease (not

shown). Furthermore, because of the decrease in

evapotranspiration, the soil moisture in the tiles with

pronounced transpirational abilities is also higher for

VERTEXSRF than for SIMPLESRF (not shown).Note that

the absence of pronounced differences in regions in which

the dominant tile has a large cover fraction, for example,

tropical evergreen trees in the Amazon basin, is related to

the argument given in the section above. Here, the cover

fraction of the dominant tile is so large that the aggregated

surface flux is mainly determined by the flux from this tile.

Therefore, the state in the atmosphere above this tile is

also very similar to themean state without refinement, and

both schemes yield similar results.

For PFTs that transpire at relatively low rates, the

refined atmosphere for the VERTEX scheme is drier

and warmer. This increases the atmospheric moisture

demand and reduces the surface–atmosphere tempera-

ture gradient, which results in a shift from sensible to

latent heat flux (Figs. 2e–h). In the respective tiles, the

increase in atmospheric temperature, due to the reduced

horizontal blending of the surface fluxes, is often so

pronounced that the sensible heat flux decreases despite

increasing surface temperatures (not shown).

c. Effect on the gridbox mean state

Because of the nonlinear dependency of the surface

fluxes on the state of the surface, especially on the plant

available water, SIMPLESRF and VERTEXSRF differ

distinctly from PARAMSRF also with respect to the

gridbox mean. Precipitation is not resolved with respect

to the tiles. This leads to an aggregation of water within

the tiles with poor transpirational abilities and a decline

in soil moisture within tiles with pronounced transpira-

tional abilities, when resolving heterogeneity at the

surface. The increase in transpiration in tiles with pro-

nounced transpirational abilities is often limited by the

availability of water, whereas transpiration in tiles with

less pronounced transpirational abilities does not neces-

sarily increase with increasing soil moisture. Therefore,
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the effect of reduced transpiration in certain tiles clearly

dominates the effect of the increased transpiration in

other tiles when comparing the surfaces coupled with the

flux aggregation schemes to that coupled with the pa-

rameter aggregation scheme. On the grid scale, the effect

of introducing the simple flux aggregation is a distinct

reduction in transpiration in a large part of the land sur-

face that causes a decrease in evapotranspiration and an

increase in soil moisture (Fig. 3a). Accordingly, a shift

from surface latent to sensible heat flux occurs, and there

is a corresponding increase in the surface temperature

(Figs. 3b–d). This agrees well with a conceptual study

performed by Koster and Suarez (1992), who found that

when aggregating SSGS parameters to effective grid

values (as in PARAMSRF), these are dominated by the

tiles that are less effected by water stress. This results in

increased evapotranspiration and lower surface temper-

atures in comparison to using a simple flux aggregation

(as in SIMPLESRF).

In certain tiles the effect of resolving atmospheric

SSGS heterogeneity (DSRFV2S) is of the same order of

magnitude as that of resolving heterogeneity at the

surface (DSRFS2P). For example, with respect to the

average surface temperature for tiles representing

evergreen (deciduous) tropical trees,DSRFV2S amounts

to 75% (80%) of DSRFS2P. For shrubs, evergreens, and

deciduous extratropical trees, these figures still range

between 30% and 50%. However, the differences in soil

moisture and in the surface heat fluxes are mostly an

order of magnitude smaller in the case of DSRFV2S than

for DSRFS2P. This discrepancy is also present in the

comparison of the gridbox mean values. This implies

that, given an identical mean state in the atmosphere,

the surface is comparably insensitive to the representa-

tion of SSGS heterogeneity in the atmosphere. This is in

good agreement with studies that indicate that atmo-

spheric SSGS heterogeneity only has a minor impact on

the magnitude of the surface fluxes (Mahrt and Sun

1995; Ament and Simmer 2006; Schomburg et al. 2012).

This may only be valid when omitting the surface–

atmosphere feedbacks that, in the given experimental

setup, are indicated by the differences in atmospheric

temperature and specific humidity calculated at the end

of each time step (Figs. 3e–h). The omitted feedbacks

are also the reason why the quasi-offline experiment

does not allow any conclusions on the absolute magni-

tude of impacts or their importance in a coupled land

surface–atmosphere system. In some grid boxes, the 5-yr

FIG. 2. The 5-yr mean difference between VERTEXSRF and SIMPLESRF for tropical evergreen forest

(a) surface–atmosphere specific humidity difference, (b) surface–atmosphere temperature difference, (c) latent

heat flux, and (d) sensible heat flux; and for C4 pasture (e) surface–atmosphere specific humidity difference,

(f) surface–atmosphere temperature difference, (g) latent heat flux, and (h) sensible heat flux. Gray shading in-

dicates absence of tile.
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mean temperature (specific humidity) differences at the

end of each 20-min time step may be as large as 0.05K

(0.025gkg21). Hence, by omitting the surface–atmosphere

feedback, a constant heating/cooling (humidifying/drying)

at a rate of 0.15Kh21 (0.075gkg21h21) is introduced.

When considering that even for DSRFS2P the gridbox

mean differences in surface temperature are mostly below

0.5K, it has to be assumed that artificially cooling the

atmosphere by 0.1Kh21 substantially affects the state of

the surface and the surface fluxes.

For the gridbox mean atmospheric state at the end of

each time step, DSRFV2S is comparable to DSRFS2P.

With respect to the average temperature on the lowest

atmospheric model level, DSRFV2S amounts to roughly

two-thirds of DSRFS2P. For specific humidity DSRFV2S

is even larger (by about 10%) than DSRFS2P, which

indicates that the state of the entire atmospheric column

is distinctly modified by accounting for SSGS hetero-

geneity at the lowest atmospheric model levels. This is

also suggested by single-column studies performed with

the VERTEX scheme (de Vrese et al. 2016) and by

other modeling studies (Seth et al. 1994; Arola 1999;

Giorgi et al. 2003; Molod et al. 2004; Salmun et al. 2007;

Dimri 2009; Manrique-Suñén et al. 2013). To further

explore this possibility, in the next section a model setup

is used in which the surface–atmosphere feedback is

accounted for.

4. Impact of spatial heterogeneity on the simulated
global climate

With the atmospheric feedback taken into account,

there is a good agreement between the results obtained

with ECHAM–JSBACH and similar modeling studies,

which gives some confidence that these findings have a

more general validity. For example, the seasonally av-

eraged surface temperature differences (averaging pe-

riod is 20 years) between individual ensemble members

range within roughly 62.5K, which agrees with the

findings of Essery et al. (2003), who compared a flux

aggregation to a parameter aggregation version of the

Met Office Surface Exchange Scheme in combination

with the Met Office GCM. They found that differences

in surface temperature (averaging period 10 years) are

FIG. 3. The 5-yr mean difference between SIMPLESRF and PARAMSRF for gridbox average (a) soil moisture,

(b) surface temperature, (c) latent heat flux, (d) sensible heat flux, (e) specific humidity on the lowest atmospheric

level, and (f) temperature on the lowest atmospheric level; and the 5-yr mean difference betweenVERTEXSRF and

SIMPLESRF relative to SIMPLESRF and PARAMSRF for gridbox average (g) specific humidity on the lowest

atmospheric level and (h) temperature on the lowest atmospheric level. Panels (g) and (h) are masked as to not

include grid boxes in which the absolute value of the differences between SIMPLESRF and PARAMSRF or between

VERTEXSRF and SIMPLESRF are larger than 0.003 g kg21 per time step and 0.005K per time step.
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mostly smaller than 63K. In the following, we focus

exclusively on differences between the annual means, as

these resemble the seasonal averages and no important

effect is neglected because of the higher temporal

aggregation.

The differences in the 20-yr annual mean surface

temperature between the ensembles are much smaller,

rarely exceeding 1K (Fig. 4), and in the majority of the

land surface DENSS2P, DENSV2P, and DENSV2S are

below 0.125K. The differences in the surface energy

fluxes are predominantly below 1Wm22 and with re-

spect to precipitation they mostly do not surpass

0.05mmday21 (Tables 1, 2). For most of the variables

DENSS2P, DENSV2P, and DENSV2S are comparable in

magnitude. This is contrary to expectations based on the

quasi-offline experiment, which suggest that DENSV2S

should be an order of magnitude smaller than DENSS2P

and DENSV2P. It can be seen that DENSV2S is consis-

tently less pronounced, but generally by a factor ranging

between 1.5 and 3 and not by an order of magnitude. In

some cases, such as the relative precipitation differences

of more than 10%, DENSV2S is actually larger than

DENSS2P and DENSV2P.

A two-sample, two-sided Student’s t test is used to

determine the statistical significance of the 20-yr mean

differences between two ensembles. Here, the ensembles

are treated as one series of 100 independent annual

means (Table 3; Fig. 4). The Student’s t test shows that,

FIG. 4. (left) The 20-yr mean difference in surface temperature between (a) SIMPLEENS and PARAMENS,

(c) VERTEXENS and PARAMENS, and (e) VERTEXENS and SIMPLEENS. (right) The p value of statistical sig-

nificance of 20-yr mean difference in surface temperature between (b) SIMPLEENS and PARAMENS,

(d) VERTEXENS and PARAMENS, and (f) VERTEXENS and SIMPLEENS.

TABLE 1. Share of land surface (%) exhibiting differences larger than x (y).

DENSS2P DENSV2P DENSV2S

Temp at surface: 0.125 (0.4) K 44.8 (6.4) 31.8 (4.3) 25.8 (0.7)

Temp at 2m: 0.125 (0.4) K 40.6 (2.8) 27.4 (1.6) 22.1 (0.4)

Surface net shortwave radiation: 1.0 (2.0) Wm22 18.7 (1.0) 13.6 (1.0) 9.1 (0.5)

Surface net longwave radiation: 1.0 (2.0) Wm22 28.2 (6.0) 21.1 (4.3) 6.1 (0.1)

Sensible heat flux: 1.0 (2.0) Wm22 30.3 (10.4) 29.1 (11.7) 18.8 (5.3)

Latent heat flux: 1.0 (2.0) Wm22 35.7 (17.3) 34.1 (16.8) 20.4 (6.6)

Precipitation: 0.05 (0.2) mmday21 35.4 (1.8) 31.0 (3.3) 28.9 (1.3)

Vertically integrated water vapor: 0.1 (0.25) kgm22 41.8 (12.2) 35.1 (8.5) 30.3 (4.4)

Soil moisture: 0.01 (0.025) m 27.2 (10.2) 28.0 (9.4) 10.1 (2.0)
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at a significance level of 0.05, between 9.5% and 48.0%

of the land surface exhibits a significant impact due to

changes in the surface–atmosphere coupling, depending

on the variables and schemes considered. The largest

impact on simulated climate can be found due to the

explicit representation of surface heterogeneity. For

DENSS2P the share of the land surface exhibiting sig-

nificant impacts mostly ranges between 30% and 40%,

whereas the corresponding values for DENSV2S gener-

ally lie in a range between 15% and 20%. ForDENSV2P,

they predominantly range between 15% and 35%. Thus,

the Student’s t test supports the above results, that is,

with respect to statistical significance, the impact of

representing atmospheric SSGS heterogeneity primarily

ranges between one-third and two-thirds of the impact

of an explicit representation of surface SSGS hetero-

geneity. Furthermore, it confirms that the VERTEX

scheme gives results that are more similar to the param-

eter aggregation scheme than the simple flux aggregation

scheme.

In the following, correlations between the quasi-offline

and the AMIP-style experiment are investigated in order

to estimate whether the differences between two en-

sembles can be related to the mechanisms discussed

in section 3. Here, the Pearson correlation coefficient

r is used to test for a linear correlation. Weak (jrj rang-
ing between 0.30 and 0.52) yet statistically significant

(p � 0.01) positive correlations can be found between

DENSS2P and DSRFS2P for surface temperature, soil

moisture, and the surface heat fluxes. This indicates that

the impact of an explicit representation of surface het-

erogeneity on the 20-yr mean state of the surface and

the surface fluxes, which were discussed in this section,

can be partly related to the mechanisms discussed in

section 3. Consequently, the impact of an explicit repre-

sentation of SSGS heterogeneity at the surface is also

similar in the coupled simulation and in the quasi-offline

simulation. In condensed and simplified form, between

508N and 508S, an explicit representation of SSGS het-

erogeneity at the surface (DENSS2P) results in generally

higher temperatures and higher soil moisture values,

less precipitation, larger sensible heat fluxes, and reduced

evapotranspiration and thus lower latent heat fluxes

and a smaller amount of vertically integrated water va-

por (Table 4).

For the surface variables, no such correlations can be

found between DENSV2S and DSRFV2S. This is not sur-

prising as, in the quasi-offline experiment, VERTEXSRF

and SIMPLESRF do not exhibit large differences in

the gridbox mean state and surface fluxes, whereas

VERTEXENS and SIMPLEENS do. It was hypothe-

sized that this is because of the neglect of the surface–

atmosphere feedback in the quasi-offline experiment. To

further investigate this possibility, the surface variables in

DENSV2S are being tested for a correlation with the

differences in the state on the lowest atmospheric model

level between VERTEXSRF and SIMPLESRF, calculated

at the end of each time step in the quasi-offline experi-

ments. For the sensible heat flux and surface temperature,

DENSV2S shows a weak yet statistically significant (p �
0.01) anticorrelation with the differences in atmospheric

temperature and specific humidity for DSRFV2S. A pos-

itive correlation was found for the latent heat flux, soil

moisture, and precipitation. Here, the correlations with

respect to the surface state variables are weaker (jrj
ranging between 0.16 and 0.20) and the correlations with

respect to the surface fluxes and precipitation are

stronger (jrj ranging between 0.30 and 0.43). This in-

dicates that strong differences between VERTEXENS

and SIMPLEENS can be found whenever the differences

in the surface processes have a strong feedback on the

atmospheric processes.

In the following, the relation between surface and

atmospheric processes will be investigated in more de-

tail for two regions that exhibit opposing statistically

significant surface temperature differences between

VERTEXENS and SIMPLEENS (Fig. 5a). The first region,

TABLE 2. Share of land surface (%) exhibiting relative differences

.5% (10%).

DENSS2P DENSV2P DENSV2S

Temp at surface — — —

Temp at 2m — — —

Surface net shortwave

radiation

0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Surface net longwave

radiation

1.6 (0.0) 0.9 (0.0) 0.0 (0.0)

Sensible heat flux 23.9 (10.9) 24.6 (11.6) 15.2 (5.8)

Latent heat flux 23.2 (8.4) 22.5 (9.5) 19.4 (10.1)

Precipitation 20.9 (5.9) 17.2 (6.3) 18.5 (7.3)

Vertically integrated

water vapor

0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Soil moisture 26.2 (15.4) 27.1 (14.9) 5.9 (3.5)

TABLE 3. Share of land surface grid boxes (%) exhibiting significant

differences (p , 0.05).

DENSS2P DENSV2P DENSV2S

Temp at surface 38.6 27.3 17.9

Temp at 2m 36.6 24.6 16.6

Surface net shortwave radiation 28.0 20.0 12.4

Surface net longwave radiation 42.5 34.3 16.9

Sensible heat flux 30.6 30.3 21.6

Latent heat flux 35.8 35.9 21.5

Precipitation 21.6 18.3 16.4

Vertically integrated water

vapor

19.8 15.6 9.5

Soil moisture 47.5 48.0 23.6
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which is located in westernNorthAmerica (42.08–60.68N,

99.48–127.58W), exhibits predominantly higher surface

temperatures, larger sensible heat fluxes, and a reduction

in soil moisture, evapotranspiration, and precipitation.

Here, the land cover consists mainly of extratropical ev-

ergreen trees and C3 grass, which constitute PFTs with

pronounced transpirational abilities (about 74%), as well

as crops and C4 grass (about 26%; Fig. 5b). The second

region is located in East Asia roughly between 36.48 and
53.28N and 101.38 and 129.48E. Here, mainly C3 grass,

extratropical deciduous trees, and extratropical ever-

green trees constitute PFTs that transpire at high rates

(about 62%), while mainly rainfed crops and C4 grass

constitute PFTs that exhibit low transpiration rates

(about 38%; Fig. 5c). In the second region, the land sur-

face exhibits predominantly lower temperatures, smaller

sensible heat fluxes, and an increase in soil moisture,

evapotranspiration, and precipitation for the VERTEXENS.

In the first region, the explicit representation of SSGS

heterogeneity in the atmosphere results in relatively

more humid and colder conditions in the air above the

tiles with pronounced transpirational abilities (Figs. 5d,f).

This reduces the atmospheric moisture demand rela-

tive to the dry tile and consequently leads to a relative

reduction of the latent heat flux in the tiles with pro-

nounced transpirational abilities (Fig. 5j). Conse-

quently, more water remains within the soil, relative to

the tiles with less pronounced transpirational abilities

(Fig. 5l).

However, in region 1, both groups experience a de-

crease in latent heat flux and soil moisture. This is re-

lated to the relatively large eddy diffusivity within the

tiles with pronounced transpirational abilities (Fig. 5h).

The eddy diffusivity denotes the intensity with which

properties are being mixed vertically within the atmo-

sphere. The co-occurrence of a higher specific humidity

and a larger eddy diffusivity results in a relatively in-

tense vertical moisture transport and thus in a larger

specific humidity at greater heights in the atmosphere

while the atmosphere is drier closer to the surface

(Fig. 6b). Additionally, the atmosphere is warmer,

especially close to the surface (Fig. 6c), which has a

negative effect on cloud formation (Fig. 6d). The de-

crease in cloud cover causes a reduction of precipitation

of around 0.04mmday21 and an increase in incoming

shortwave radiation of about 0.8Wm22. This again has a

negative feedback on soil moisture and evapotranspira-

tion while it contributes to the increases in surface tem-

perature and sensible heat flux that in turn feeds back on

the temperature increase within the atmosphere.

In the second region, the latent heat flux in all tiles

within the grid box is slightly larger for VERTEXENS

than for SIMPLEENS (Fig. 5k). However, because the

atmosphere is slightly more humid within the tiles with

pronounced transpirational abilities (Fig. 5e) and there

is a smaller surface–atmosphere moisture gradient (not

shown), the average increase in latent heat flux is smaller

in these tiles. This leads to a more even soil moisture

distribution within the grid box, in which PFTs with

pronounced transpirational abilities are less limited by

water stress (Fig. 5m). Thus, averaged over the grid

box and over the 20-yr period, the latent heat flux in-

creases. As more energy is expended in the latent heat

flux, less energy is available at the surface and the

sensible heat flux and surface temperatures decrease

(not shown).

The average eddy diffusivity is slightly lower for the

PFTs with pronounced transpirational abilities (Fig. 5i).

As the atmosphere within these tiles is relatively more

humid, more moisture remains lower within the atmo-

sphere for VERTEXENS (Fig. 6b). In contrast the lower

atmosphere in tiles with a larger eddy diffusivity is

predominantly drier and warmer (Figs. 5e,g), so that dry

static energy is being mixed relatively faster throughout

the atmosphere. Even though the SSGS variability of

the eddy diffusivity, specific humidity, and temperature

is small, it results in colder and more humid conditions

low within the atmosphere (Figs. 6b,c). These promote

cloud cover (Fig. 6d), which in turn leads to an increase

in annual mean precipitation of about 0.07mmday21

and a decrease in incoming shortwave radiation of about

1.1Wm22. The increase in precipitation has a positive

TABLE 4. AWAD and global land surface mean differences.

DENSS2P DENSV2P DENSV2S

Temp at surface (K) 0.15 (0.09) 0.11 (0.08) 0.09 (20.01)

Temp at 2m (K) 0.13 (0.07) 0.10 (0.07) 0.08 (20.00)

Surface net shortwave radiation (Wm22) 0.57 (0.24) 0.51 (0.25) 0.42 (0.01)

Surface net longwave radiation (Wm22) 0.75 (20.54) 0.64 (20.47) 0.39 (0.07)

Sensible heat flux (Wm22) 0.83 (0.39) 0.89 (0.31) 0.65 (20.08)

Latent heat flux (Wm22) 1.02 (20.68) 1.07 (20.52) 0.67 (0.15)

Precipitation (mmday21) 0.05 (20.02) 0.05 (20.01) 0.04 (0.01)

Vertically integrated water vapor (kgm22) 0.11 (20.07) 0.09 (20.05) 0.08 (0.02)

Soil moisture (m) 0.009 (0.006) 0.009 (0.006) 0.004 (0.000)
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feedback on soil moisture, and thus on evapotranspiration,

while the reduction in incoming solar radiation reduces

the energy available at the surface. This contributes to

the reduction of the sensible heat flux and the surface

temperature.

In the two regions, resolving the vertical turbulent

transport in the atmosphere with respect to the tiles

results in strongly diverging impacts on the state of the

surface and the surface fluxes. Consequently, the cor-

responding impact on the global mean climate is much

smaller than the respective impact of an explicit repre-

sentation of SSGS at the surface (Table 4). When taking

into account that the direction of an impact may vary

regionally, the area-weighted absolute difference be-

tween two ensembles (AWADENS12ENS2) can be used

as a measure for the similarity of two ensembles. The

AWADENS12ENS2 is defined as the sum of the absolute

difference (jxGBj

ENS1 2 x
GBj

ENS2j) over all land surface grid

boxes GBj, weighted by the relative size of grid box

ðAGBj /�n

k51A
GBkÞ:

FIG. 5. (a) Focus regions 1 (black area: 42.08–60.68N, 99.48–127.58W) and 2 (gray area: 36.48–
53.28N, 101.38–129.48E). (b),(c) Cover fraction; (d),(e) VERTEXENS 20-yr mean specific hu-

midity on the lowest atmospheric model level; (f),(g) VERTEXENS 20-yr mean temperature on

the lowest atmospheric model level; (h),(i) VERTEXENS 20-yr mean eddy diffusivity in the

lowest atmospheric layer; ( j),(k) 20-yr mean DENSV2S latent heat flux; and (l),(m) soil moisture

for (left) region 1 and (right) region 2. Black bars indicate PFTs with pronounced transpirational

abilities; gray bars denote PFTs with poor abilities to transpire.
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�
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n

k51

AGBk

�
.

�

(1)

A low AWAD indicates small differences between two

ensembles, that is, a high degree of similarity. A global

comparison of the different AWADs confirms that the

two FLUXENS are generally more similar than one of

the FLUXENS and the PARAMENS (Table 4). However,

the AWADV2S ranges between 60% and 80% of the

AWADS2P, showing that the FLUXENS are much more

different than indicated by the comparison of the sim-

ulated global mean climate.

To evaluate whether the alterations to the standard

model improve the simulated climate, the ensem-

bles were compared to the Water and Global Change

FIG. 6. (a) Focus regions 1 (black area: 42.08–60.68N, 99.48–127.58W) and 2 (gray area: 36.48–
53.28N, 101.38–129.48E) and 20-yr mean DENSV2S in (b) atmospheric specific humidity,

(c) temperature, and (d) cloud cover.
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programme’s forcing data (WFD;Weedon et al. 2011).

Compared to the uncertainty inherent to such a dataset,

the impact of an explicit representation of SSGS het-

erogeneity is only of subordinate importance. In certain

regions precipitation datasets often exhibit differences of

several hundreds of millimeters per year (Fekete et al.

2004), whereas the differences between the ensembles

rarely surpass 50mmyr21. Furthermore, the inherent

model biases are an order of magnitude larger than the

differences between the ensembles. For the standard

operational model setup (PARAMENS), the bias in 2-m

temperature is on the scale of several kelvins

(Hagemann et al. 2013), whereas the difference in 2-m

temperature between any of the ensembles rarely ex-

ceeds 0.5K. Therefore, a clear improvement of the

simulated climate could not be found for any of the

coupling schemes.

5. Conclusions and discussion

The representation of the link between the horizon-

tally heterogeneous land surface and the atmosphere

remains one of the key challenges in Earth system

modeling. It has been argued that a realistic represen-

tation requires the consideration of SSGS variability at

the surface but also within the atmosphere. To in-

vestigate the importance of SSGS heterogeneity, two

surface–atmosphere coupling schemes were imple-

mented into the MPI-ESM, in which a parameter ag-

gregation scheme is currently being used: 1) a simple flux

aggregation scheme, based on the assumption that even

at the lowest model level the state of the atmosphere is

horizontally homogeneous, and 2) the VERTEX

scheme, in which the turbulent fluxes in the lowest at-

mospheric model layers are resolved with respect to the

surface tiles. In a first step, the sensitivity of the near-

surface processes to the representation of SSGS het-

erogeneity was investigated. To preclude large-scale

atmospheric effects, a modified version of the offline

experiment, a quasi-offline experiment, was used in

which the atmospheric state is prescribed. In a second

step, ensembles of global AMIP-style simulations were

used to determine whether the choice of coupling

scheme also has a robust impact on simulated climate.

With the quasi-offline experiments, it could be shown

that the near-surface processes are systematically af-

fected by the differences between two coupling schemes.

When surface heterogeneity is explicitly represented

(simple flux aggregation scheme vs parameter aggrega-

tion scheme), tiles representing plants with a high

stomatal conductance and a large leaf area exhibit

an increase in transpiration and a decrease in sensible

heat flux, surface temperature, and soil moisture. Plants

with a lower stomatal conductance and leaf area show

the opposite effect. By additionally accounting for SSGS

heterogeneity in the atmosphere (VERTEX scheme vs

simple flux aggregation scheme), local surface–atmosphere

moisture gradients are reduced in tiles with pronounced

transpirational abilities while the temperature gradients

increase. This results in a decrease in latent heat flux

and a consequent increase in sensible heat flux. Tiles with

less pronounced transpirational abilities display the op-

posite reaction.

The importance of the surface–atmosphere coupling

was confirmed by the analysis of global AMIP-style

simulations. Depending on the variable and schemes

considered, between 10% and 48% of the land surface is

significantly affected by the differences in the aggrega-

tion technique. Here, the largest impact on simulated

climate is related to the explicit representation of SSGS

heterogeneity at the surface. Simulations with a simple

flux aggregation scheme generally result in higher soil

moisture values, surface temperatures, and sensible heat

fluxes, whereas precipitation and evapotranspiration are

reduced, in comparison to simulations with a parameter

aggregation scheme. But the explicit representation of

SSGS heterogeneity in the atmosphere also has a dis-

tinct impact on the state of the surface and the surface

fluxes. Depending on the variables and measures con-

sidered, the impact is roughly half as large as the impact

of explicitly accounting for SSGS heterogeneity at the

surface. Here, the impact is less unidirectional and

strongly differs between regions. Even though the ex-

plicit representation of SSGS heterogeneity results in a

more accurate physical model, especially for regions

with strongly contrasting surface characteristics, it did

not result in a clear improvement of the simulated global

climate.

Finally, studies suggest that atmospheric SSGS vari-

ability may substantially affect processes such as convec-

tion and cloud formation and precipitation (Koster 2004;

Rieck et al. 2014; Guillod et al. 2015). In the present study,

the simulated SSGS variability on the lowest atmospheric

levels is often large in comparison to the respective surface

values (Fig. 7). This information on atmospheric SSGS

variability could potentially be used to improve the rep-

resentation of many atmospheric processes. Furthermore,

the present study considered heterogeneity only for the

vertical turbulent transport and on the lowest two atmo-

spheric model levels in order to limit the level of com-

plexity. Also, the representation of heterogeneity was

limited to temperature and specific humidity whereas wind

speeds were assumed to be horizontally homogeneous on

and above the lowest atmospheric model level. Hence, it is

plausible that atmospheric SSGS variability plays an even

more important role than has been argued in this study.
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However, additional model development is required

to be able to include more variables and levels into the

scheme. At this point the high computational demand of

solving a matrix for a number of atmospheric levels and

for a number of variables limits the scheme’s applica-

bility. Using the scheme for a model setup with 14 tiles

(land surface and atmospheric model) increases the

computational demand by almost 40% (compared to the

simple flux aggregation scheme). Here, an optimization

with respect to high performance machines is a pre-

requisite for the scheme’s operational use. Additionally,

the computational demand depends nonlinearly on the

number of tiles used in the simulation, and for a simu-

lation with four tiles, the two flux aggregation schemes

have almost identical computational costs. Therefore,

certain structural changes such as a preaggregation of

tiles based on the associated blending heights may also

reduce the computational demand drastically. Possible

optimization strategies are currently being investigated.
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