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Abstract in Atmospheric General Circulation Models (AGCMs) direct radiative forcing (increased CO,
with fixed sea surface temperature) is an imperfect concept because land temperatures are not fixed. Here
the response to direct radiative forcing is decomposed into increased CO, over ocean and land using an
AGCM with spatially dependent CO,. The land versus ocean response is mostly linear. Consistent with
previous work, ocean direct radiative forcing decreases ocean-averaged outgoing longwave radiation,
precipitation, and tropical circulation intensity; however, it cannot explain the regional response to direct
radiative forcing. Increased CO, over land dominates the regional response via energy input over land,
e.g., over deserts where there is no cloud and water vapor masking and a Rossby wave teleconnection.
This mechanism operates across a range of climate perturbations, including decreased CO,. Previous AGCM
decompositions involving direct radiative forcing and indirect sea surface temperature warming must be
reinterpreted to include the importance of increased CO, over land.

1. Introduction

The response of the climate system to increased CO, involves direct and indirect effects. Direct radiative forc-
ing is defined as the response to increased CO, in the absence of surface temperature feedbacks [Mitchell,
1983; Allen and Ingram, 2002]. The CO, direct effect is typically quantified using the response to increased
CO, in atmosphere-only models with prescribed sea surface temperature (SST) [e.g., Mitchell, 1983; Mitchell
et al., 1987; Allen and Ingram, 2002; Deser and Phillips, 2009; Wyant et al., 2012; Bony et al., 2013; Merlis, 2015]
or the initial coupled climate model response to an abrupt increase in CO, [Bony et al., 2013]. Indirect effects
include changes in surface temperature that are typically quantified via uniform or patterned SST increase in
atmosphere-only models [Mitchell, 1983; Mitchell et al., 1987; Taylor et al., 2012].

The decomposition into direct and indirect effects using Atmospheric General Circulation Models (AGCM:s)
has been used to understand the circulation response to increased CO, in coupled climate models. During
Northern Hemisphere (NH) summer the sum of the circulation response to direct radiative forcing and indirect
SST warming in AGCMs agrees with the coupled climate model response to increased CO, [Shaw and Voigt,
2015]. The summertime response includes a westward shift of the Atlantic anticyclone, which is dominated
by direct radiative forcing and is important for future hurricane steering. Direct radiative forcing also weakens
tropical circulation intensity and contributes to precipitation changes [Allen and Ingram, 2002; Bony et al., 2013;
Medeiros et al., 2015]. During NH winter the extratropical circulation response to increased CO, is dominated
by indirect SST warming [He et al., 2014; Grise and Polvani, 2014].

The decomposition into direct radiative forcing and indirect SST warming using AGCMs is imperfect because
land temperatures are not fixed; i.e., the concept of direct radiative forcing only applies over the ocean.
In response to direct radiative forcing there is a small increase in land temperature that can impact clouds
and the circulation [Wyant et al., 2012; Bony et al., 2013]. While the impact of increased CO, over land has
been assessed qualitatively by comparing AGCM and aquaplanet responses over the ocean [Bony et al., 2013;
Medeiros et al., 2015], the impact of land has not been assessed quantitatively.

A systematic comparison of the response to increased CO, over ocean versus land in AGCMs is necessary
for understanding the mechanisms of the circulation response to direct radiative forcing. Previous work has
shown that direct radiative forcing can impact the ocean-averaged circulation by weakening net radiative
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cooling and stabilizing the atmosphere [Bony et al., 2013] and by cloud and water vapor masking [Merlis,
2015]. However, energetic responses to radiative perturbations over ocean and land are different in AGCMs.
Over land, surface temperatures are interactive and the surface energy budget is closed. Hence, top of the
atmosphere (TOA) radiative perturbations directly perturb energy input to the atmosphere (EIA) and moist
static energy transport. In contrast, over ocean, where surface temperatures are fixed, TOA perturbations can
be compensated by a change in the surface energy budget leading to small changes in EIA and moist static
energy transport. Note that there can still be changes in the circulation, but they must be compensated by
changes in stratification.

Here we use novel AGCM simulations with spatially dependent CO, to decompose the direct radiative forcing
response into contributions from increased CO, over ocean (ocean direct radiative forcing) and land. We
address the following questions: Does ocean direct radiative forcing explain the thermodynamic and circu-
lation response to direct radiative forcing in AGCMs? What mechanism dominates the circulation response
to direct radiative forcing? The AGCM simulations are described in section 2. Our results are presented in
section 3 and summarized in section 4.

2. Methods

We make use of AGCM simulations from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive
[Taylor et al., 2012], in particular, the AMIP, AMIP4xCO, (hereafter AMIP4x), and AMIP4K experiments. AMIP
is the standard AGCM protocol with prescribed historical forcings (i.e., radiative forcing, SST, sea ice, etc.)
from 1979 to 2008 [Gates et al., 1999]. AMIP4x involves quadrupling the AMIP CO, while holding SSTs fixed.
Following previous work, we refer to this experiment as “direct radiative forcing” (CO, direct effect) or the
response to increased CO, where fixed SSTs are assumed. In contrast, AMIP4K involves increasing SSTs by
4K while holding CO, fixed. We use monthly data from 10 CMIP5 AGCMs (bcc-csm1-1, CanAM4, CNRM-CM5,
HadGEM2-A, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC5, MPI-ESM-LR, MPI-ESM-MR, and MRI-CGCM3) that per-
formed the AMIP, AMIP4x, and AMIP4K experiments.

We also conduct simulations with the MPI-ESM-LR, hereafter referred to as MPI, AGCM [Stevens et al., 2013]. The
MPI AGCM AMIP4x-AMIP response is consistent with the CMIP5 ensemble (compare Figure 1 (left) to Figure S1
in the supporting information), in particular, there is a westward shift of the Atlantic anticyclone and a pole-
ward shift of the Pacific jet (Table 1). The MPI AGCM is configured to include spatially dependent (latitude and
longitude) CO,; i.e., the CO, concentration is prescribed separately in each grid column. The spatially depen-
dent CO, is used to separately quantify the response to increased CO, only over ocean (ocean direct radiative
forcing) from increased CO, only over land with fixed SSTs. We note that separating the CO, increase geo-
graphically may lead to nondirect effects, e.g., generating gradients of radiative forcing; however, this concern
is minimized by the fact that the response to increased CO, over land and ocean is mostly linear. The response
to increased CO, over land involves radiation and vegetation contributions. The radiation and vegetation
contributions are isolated via increased CO, in the radiation or land surface schemes, respectively. Finally, we
quantify the response to increased CO, over eastern versus western hemisphere continents. Table 1 lists the
various MPI experiments.

We focus on the response to increased CO, in the MPI AGCM during NH summer (June, July, and August),
which includes changes in the Monsoons. Shaw and Voigt [2015] showed the sum of AGCM direct radia-
tive forcing, and indirect SST warming responses agree with coupled climate models during summer. All of
the results discussed below also apply to SH summer (December, January, and February) and annual mean
responses. Finally, the response to increased CO, is discussed in terms of the effective radiative forcing, i.e,
including rapid tropospheric and surface adjustments [Sherwood et al., 2015]. The effective radiative forcing
is more relevant than instantaneous forcing when interpreting circulation changes in AGCMs where SSTs are
prescribed but land temperatures are interactive.

3. Results

3.1. Response to Ocean Direct Radiative Forcing

Direct radiative forcing weakens radiative cooling of the atmosphere, which is expected to decrease precipi-
tation [Allen and Ingram, 2002] and slow down tropical circulation intensity over the ocean [Bony et al., 2013].
The spatial pattern of TOA radiative changes due to direct radiative forcing can also be influenced by clouds
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Figure 1. Response of summertime (June, July, and August) (a, b) TOA radiation (shading) and OLR (contours), (c, d) EIA, (e, f) precipitation (weighted by latent
heat of vaporization), and (g, h) 500 hPa @ to increased CO, everywhere (left) and ocean direct radiative forcing (right) in the MPI AGCM. Contour interval is
2.5 W m~2 (Figures 1a—1f), (g, h) 4.0 hPa day~".

and water vapor masking [Merlis, 2015]. We begin by evaluating the response to ocean direct radiative forc-
ing in the MPI AGCM and assess whether the above mechanisms explain the response when CO, increases
everywhere (AMIP4x-AMIP).

Ocean direct radiative forcing increases TOA radiation (TOA=S;5, — Lyop Where S;o, is net incoming short-
wave radiation and Ly, is OLR) over the ocean (Figure 1b, shading) primarily due to decreased OLR (Figure 1b,
contours). TOA radiation increases by 13.43% in regions of climatological ascent over the ocean and by 27.86%
in regions of descent, suggesting that cloud and water vapor masking is important. The TOA increase is com-
pensated by decreased surface heat fluxes; consequently, ocean direct radiative forcing has a small impact on
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Table 1. MPI AGCM Simulation Description and Shifts of the Circulation?

Simulation Description Adpere °N) A¢re °N) Agpp (°E) Apyc (°N)
AMIP4x 4xCO, everywhere 1.3° 2.8° —-5.8° 1.4°
AMIP4x_O 4xCO, ocean 0.2° -0.1° -1.1° -0.2°
AMIP4x_L 4xCO, land 1.0° 2.5° -4.9° 1.8°
AMIP4x_LR 4xCO, land radiation 0.8° 1.4° —3.5° 1.2°
AMIP4x_LV 4xCO, land vegetation 0.1° 0.8° -1.3° 0.5°
AMIP4x_LRE 4xCO, Eastern hemisphere land 0.6° 0.8° -3.3° 0.8°
AMIP4x_LRW 4xCO, Western hemisphere land 0.0° 0.5° -0.7° 0.3°

aShift of the moist static energy flux equator (A¢gpg), latitude of maximum transient-eddy moist static energy flux
in the NH (A¢rg), longitude of Atlantic anticyclone from 20 to 50°N (A¢ga,), and latitude of North Pacific jet (Agp,),
in response to increased CO,. For comparison, the CMIP5 AMIP4xCO,-AMIP multimodel mean shifts are Aggeg=1.0°N,
Appp=—4.8E and Aghp,c =1.2°N

EIA (EIA=TOA — SFC where SFC=S¢ — Lszc — LH — SH where Sq;( is net surface shortwave radiation, Lgc is
net surface longwave radiation, LH is latent heat flux and SH is sensible heat flux (Figure 1d), as expected.

Ocean direct radiative forcing decreases ocean-averaged precipitation (Figure 1f, A{P}/{P}=—3.57% where
{-} represents an average over the ocean); however, this only accounts for about half of the ocean-averaged
precipitation decrease when CO, increases everywhere (Figure 1e, A{P}/{P}=—6.91%). Consistent with the
precipitation decrease, ocean direct radiative forcing weakens tropical circulation intensity over the ocean
defined as | = @' — @', where &' is the tropical average (35°S-35°N) of downward @& (the vertically aver-
aged vertical velocity between 1000 and 100 hPa), and @' is the average of upward values (Figure 1h, Al/I=
—1.43%). This also represents about half of the ocean-averaged weakening when CO, increases everywhere
(Figure 1g, Al/1=—2.50%).

Overall, the ocean-averaged response to ocean direct radiative forcing agrees with the mechanisms discussed
above. However, ocean direct radiative forcing cannot explain the regional radiation, precipitation,and vertical
velocity response when CO, increases everywhere in the MPI AGCM (compare Figures 1, left and 1, right ).
Furthermore, it does not dominate the westward shift of the Atlantic anticyclone and the poleward shift of the
Pacific jet stream (Table 1). Since the response to increased CO, is linear when decomposed into ocean and
land contributions (Figure S2), we turn to the response to increased CO, over land to understand the response
when CO, increases everywhere.

3.2. Response to Increased CO, Over Land

How is the response to increased CO, over land different from ocean direct radiative forcing? What mecha-
nisms account for the circulation response to increased CO, over land? Increased CO, over land increases TOA
radiation over land (Figure 2a, shading) due to (i) decreased OLR in low latitudes (Figure 2a, contours) and
(ii) increased net shortwave (decreased albedo) in middle and high latitudes. The TOA radiation changes are
small in regions of deep convection (African and Indian Monsoon regions) consistent with cloud and water
vapor masking [Merlis, 2015]. However, the cloud masking results from changes in TOA cloud radiative effect
(CRE, Figure S3, see also Wyantet al. [2012]) rather than from the presence of climatological clouds. Over desert
regions in the Middle East and North Africa, TOA radiation increases because there is no cloud or water vapor
masking.

The TOA radiation increase over land is not compensated by surface radiation and heat flux changes;
consequently, EIA increases over land (Figure 2b). In addition, EIA decreases over the ocean in response
to increased CO, over land (Figure 2b) due to decreased surface latent heat flux. This is an example of a
land-ocean teleconnection that we will discuss further below. A similar land-ocean teleconnection exists in
response to indirect SST warming, namely, EIA increases over ocean but decreases over land (Figure S4). The
radiative contribution of increased CO, over land dominates over the vegetation contribution in most regions,
the exceptions being the Gulf Stream and Northern Eurasia (Figure S5). The vegetation contribution also
decreases precipitation over North America and Europe.

Increased CO, over land decreases ocean-averaged precipitation (Figure 2¢, A{P}/{P}=-3.31%) primarily
due to increased descent over the tropical oceans via the land-ocean teleconnection. Consistent with the
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Figure 2. Response of summertime (a) TOA radiation (shading) and OLR (contours), (b) EIA, (c) precipitation (weighted by latent heat of vaporization), (d) 500 hPa
w, (e) 925 hPa velocity potential, and (f) 925 hPa stream function (shading) to increased CO, over land in the MPI AGCM. In Figures 2e and 2f contours (negative

dashed) indicate the AMIP climatology. Contour interval for Figures 2a-2d is similar to Figure 1; 2.5e5 m2s~1 (shading) and 2.0e6 m?2 s~ (black) (Figures 2e and 2f).

linearity of the response to increased CO, over land and ocean, this represents about half of the ocean-
averaged precipitation decreased when CO, increases everywhere (Figure 1e, A{P}/{P}=—-6.91%). There are
also significant regional changes, including increased precipitation and precipitation minus evaporation over
Monsoon regions (Figure 2c). Following energy and moisture balance constraints, the EIA and precipitation
minus evaporation responses to increased CO, over land imply energy and moisture flux convergence over
land and divergence over ocean, which shifts the energy flux equator (EFE, where moist static energy trans-
port is zero in the tropics [see Schneider et al., 2014]) northward. The northward EFE shift is due to increased
energy transport across 10°N (we follow equation (1) in Shaw et al. [2015], which is based on the framework of
Bischoff and Schneider [2014], but use a reference latitude of 10°N rather than the equator because the clima-
tological EFE is at 14.45°N during NH summer). The latitude of maximum zonal-mean transient eddy energy
transport, which is determined by the storm tracks, also shifts northward. (There is no significant shift of the
latitude of maximum transient eddy transport in the SH.) These shifts are dominated by increased CO, over
land (Table 1).

Previous work has shown that circulation changes dominate the moisture transport response to direct radia-
tive forcing (i.e., the dynamic contribution defined following Clement et al. [2004] and Seager et al. [2010]
dominates) in the CMIP5 ensemble [see Shaw and Voigt, 2015, Figure S1]. Circulation changes also dominate
the moisture transport response to increased CO, over land in the MPI AGCM. Ocean direct radiative forcing
mechanisms cannot explain the circulation response to increased CO,. Another potential mechanism is the
Monsoon-desert mechanism [Rodwell and Hoskins, 1996, 2001; Wang and Ting, 1999]. This mechanism couples
the divergent and rotational flow. During summertime near-surface climatological convergence in regions of
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Figure 3. Response of summertime (a) TOA radiation (shading) and OLR (contours) (b) EIA, (c) 925 hPa velocity potential, and (d) 925 hPa stream function

to increased CO, over eastern hemisphere land in the MPI AGCM. Contouring as in Figure 2. Response of summertime (e) amplitude of rotational flow and

(f) position of Atlantic anticyclone versus EIA over eastern hemisphere land across a range of climate perturbations in the MPI AGCM. Red circles indicate CO,
changes whereas blue circles indicate SST changes.

positive velocity potential is coupled to ascent and cyclonic circulations over the African and Asian Monsoon
(black contours in Figures 2e and 2f). The corresponding divergence in regions of negative velocity potential
is coupled to descent and anticyclonic circulation to the west (over the Mediterranean, Atlantic, and East
Pacific) via a Rossby wave response [Rodwell and Hoskins, 2001; Sardeshmukh and Hoskins, 1998]. The regions
of descent over the eastern ocean basins are associated with strong temperature inversions capping the
boundary layer and SST coupling [Seager et al., 2003].

The divergent and rotational flow response to increased CO, over land is consistent with the Monsoon-desert
mechanism. In particular, convergence and ascent increase over the Middle East and North Africa (consistent
with increased EIA over deserts) and South East Asia (Figures 2d-2f). Divergence and descent occur to the
west over the Atlantic, Pacific, and Indian oceans consistent with decreased EIA (Figures 2d and 2e). In addition,
there is an anomalous cyclonic circulation over the Middle East and North Africa and an anomalous anticy-
clonic circulation over the western Atlantic and Pacific (Figure 2f). The summertime rotational flow, defined
as the squared stream function (A =w?) amplifies in response to increased CO, over land (AA/A = 19.2%).
The westward shift of the Atlantic anticyclone and poleward shift of the Pacific jet stream are consistent with
this amplification and also with a westward shift of the velocity potential (Figure 2e). Since the ascent and
increased velocity potential in response to increased CO, over land occurs over primarily deserts (not over
Monsoon regions), it is confusing to refer to the Monsoon-desert mechanism in the context of the response
to increased CO,, instead we will refer to it as the Rossby wave teleconnection.
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The causality of the Rossby wave teleconnection can be isolated using the response to increased CO, over
eastern hemisphere land. Increased CO, over eastern hemisphere land increases TOA radiation and EIA over
deserts (Middle East and North Africa) and Southeast Asia (Figures 3a and 3b). Increased ElA is associated with
increased velocity potential, ascent, and cyclonic circulation (Figures 3c and 3d). The corresponding negative
velocity potential, descent, and anticyclonic circulation occur to the west over the Atlantic and Pacific Oceans
(Figures 3c and 3d) where EIA decreases. The response to increased CO, over eastern hemisphere land dom-
inates the westward shift of the Atlantic anticyclone and poleward shift of the Pacific jet stream (Table 1).
Increased CO, over western hemisphere land is important for increasing EIA over South America and induc-
ing a Rossby wave response over the Pacific Ocean (Figure S6). However, the circulation response over North
America is dominated by increased CO, over eastern hemisphere land consistent with the eastern hemisphere
having a larger land area.

3.3. Response Across a Range of Climate Perturbations

The results in the previous sections show that increased CO, over land dominates the regional response to
direct radiative forcing in the MPI AGCM via its impact on EIA over land. Shaw and Voigt [2016] showed that
changes in EIA over land can be connected to changes in the divergent and rotational flow using the moist
static energy budget and a simple boundary layer model. They illustrated the connection in aquaplanet sim-
ulations whereby increased EIA over idealized aquaplanet land amplified the rotational flow and decreased
EIA over land weakened it [see Shaw and Voigt, 2016, Figures 6d and 7d]. Here we examine the connection
between EIA over eastern hemisphere land and rotational flow, including the position of the Atlantic anti-
cyclone in the MPI AGCM. We run additional simulations with different climate perturbations; e.g., CO, is
increased over land by 0.5, 2, 4, 6, and 8 times AMIP CO, with fixed SST, and SST is changed from +2 to +8 K
with fixed CO,. (The MPI AGCM would not run with CO, concentrations less than 0.5 times the AMIP CO,.)

Across the range of climate perturbations, the rotational flow amplitude (AA/A) changes almost linearly with
EIA over eastern hemisphere land. In particular, increased EIA over eastern hemisphere land in response to
increased CO, (Figure 3e, red circles, top right quadrant) or decreased SST (Figure 3e, blue circles, top right
quadrant) amplify the rotational flow in the NH. In contrast, decreased EIA over eastern hemisphere land
in response to decreased CO, (Figure 3e, red circle, bottom left quadrant) or increased SST (Figure 3e, blue
circles, bottom left quadrant) weaken the rotational flow in the NH. In addition, increased EIA over land
due to increased CO, over land (Figure 3f, red circle, bottom right) or decreased SST (Figure 3f, blue circles,
bottom right) shifts the Atlantic anticyclone westward. Decreased EIA over land due to decreased CO, shifts
the Atlantic anticyclone eastward (Figure 3f, red circle, top left) but SST warming does not significantly impact
the Atlantic anticyclone [Shaw and Voigt, 2015]. The response to SST warming involves thermodynamic energy
transport changes, including changes in gross moist stability, which can oppose the dynamic response in
some regions.

4. Conclusion and Discussion

Direct radiative forcing, defined as the response to increased CO, in the absence of surface temperature
changes, plays an important role in the transient and equilibrium coupled climate model response to
increased CO,. However, in AGCMs the direct radiative forcing concept is imperfect because land tempera-
tures are not fixed. Here AGCM simulations with spatially dependent CO, were used to separately quantify the
impact of increased CO, over ocean and land with fixed SSTs. Our conclusions can be summarized as follows.

1. Ocean direct radiative forcing decreases ocean-averaged OLR, precipitation, and vertical motion consistent
with weaker net radiative cooling. However, it does not explain the regional radiation, precipitation, and
circulation response when CO, is increased everywhere.

2. The response to increased CO, over ocean and land is mostly linear; i.e., sum agrees with the response to
direct radiative forcing (increased CO, everywhere). Consequently, increased CO, over land dominates the
regional radiation, precipitation, and circulation response.

3. Ocean direct radiative forcing has a smallimpact on EIA because surface fluxes compensate TOA changes. In
contrast, surface fluxes do not compensate TOA changes over land; thus, increased CO, over land increases
EIA over land. The EIA increase over land results from (i) an increase in desert regions where there is no
cloud and water vapor masking and (ii) decreased albedo over middle and high latitudes. In addition, EIA
decreases over the ocean, due to decreased latent heat fluxes via the land-ocean teleconnection.
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4. The circulation response to increased CO, over land is consistent with a Rossby wave teleconnection driven
by EIA changes over land. Increased EIA drives ascent and increased velocity potential in response to
increased CO, over eastern hemisphere land, which is coupled to descent and decreased velocity potential
over the ocean via a Rossby wave response. This mechanism produces robust circulation changes, including
a poleward shift of the EFE, NH storm track and Pacific jet, amplification of the rotational flow, and a west-
ward shift of the Atlantic anticyclone. The westward shift of ascent and increased velocity potential toward
the deserts explains the westward shift of the Atlantic anticyclone, which is important for future hurricane
steering.

5. The connection between EIA over land, rotational flow amplitude, and Atlantic anticyclone position oper-
ates over a range of climate perturbations in the MPI AGCM, including decreased CO, and SST.

An important consequence of these results is that previous decompositions of the circulation response into
direct radiative forcing and indirect SST warming (fast and slow) contributions [e.g., Bony et al., 2013; Grise
and Polvani, 2014; Merlis, 2015; Shaw and Voigt, 2015] must be reinterpreted to account for the importance of
increased CO, over land. The results confirm the hypothesis of Shaw and Voigt [2015] that increased CO, over
land dominates the circulation response to direct radiative forcing. While we consider our conclusions robust
given the agreement of the MPI AGCM response with the CMIP5 AGCM ensemble, an assessment in other
models is needed. The linearity of the response to increased CO, over land and ocean is surprising; however,
it is consistent with previous single-forcing experiments that documented the additivity of the circulation
response to ozone and CO, changes [McLandress et al., 2011; Polvani et al., 2011].

The results highlight an important Rossby wave land-ocean teleconnection in response to increased CO, over
land. In particular, decreased EIA over the ocean, which is consistent with reduced convergence, precipitation,
and weakening of the circulation, occurs in response to increased CO, over land. The teleconnection dom-
inates in the summer hemisphere when climatological energy input over land is positive. The land-ocean
teleconnection in response to increased CO, is complementary to the teleconnection in response to indirect
SST warming. For example, indirect SST warming decreases EIA and amplifies the temperature response over
land [Sutton et al., 2007] due to different lapse rates over land and ocean and a teleconnection involving the
weak temperature gradient approximation [Joshi et al., 2013; Byrne and O‘Gorman, 2013].

Our AGCM simulations with spatially dependent CO, reveal that the land-ocean teleconnection, which
couples land EIA changes to rotational flow (Rossby wave) amplitude and position of the Atlantic anticy-
clone, operates across a range of climate perturbations, including decreased CO, and decreased SST. This
connection between EIA and Rossby waves is consistent with aquaplanet model results [Shaw and Voigt,
2016] and suggests that the teleconnection might operate in past climates when CO, and SSTs were different.
Furthermore, the EIA response to increased CO, over land highlights the potential for using the seasonal cycle,
where land EIA increases from winter to summer, as an emergent constraint, which is a work in progress.
All of these connections emphasize the important role land plays in response to climate perturbations across
a range of time scales.
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