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ABSTRACT

Energy balance models have proven useful in understanding mechanisms and feedbacks in the climate
system. An original global energy balance model is presented here. The model is solved numerically for
equilibrium climate states defined by zonal average temperature as a function of latitude for both a surface
and an atmospheric layer. The effects of radiative, latent, and sensible heating are parameterized. The
model includes a variable lapse rate and parameterizations of the major dynamical mechanisms responsible
for meridional heat transport: the Hadley cell, midlatitude baroclinic eddies, and ocean circulation. The
model reproduces both the mean variation of temperature with latitude and the global average heat budget
within the uncertainty of observations.

The utility of the model is demonstrated through examination of various climate feedbacks. One impor-
tant feedback is the effect of the lapse rate on climate. When the planet warms as a result of an increase in
the solar constant, the lapse rate acts as a negative feedback, effectively enhancing the longwave emission
efficiency of the atmosphere. The lapse rate is also responsible for an increase in global average temperature
when the meridional heat transport effectiveness is increased. The water vapor feedback enhances tem-
perature changes, while the latent and sensible heating feedback reduces surface temperature changes.

1. Introduction

Climate models range in complexity from simple,
one-equation analytic models to state-of-the-art earth
system computer models, simulating the physics, chem-
istry, and biology of the earth’s surface, atmosphere,
cryosphere, and oceans. Although the goal, under-
standing the climate, is the same, the specific strengths
and weaknesses, and thus appropriate uses, of climate
models can be quite different.

Much recent work has focused on improving complex
models such as oceanic, atmospheric, and coupled gen-
eral circulation models (GCMs). To make explicit pre-
dictions (e.g., temperature change associated with an-
thropogenic climate forcing), the level of detail pro-
vided by GCMs is necessary. However, GCMs lack (by
design) the clarity that makes simple models, such as
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energy balance (North et al. 1981) and radiative con-
vective models, useful. A simple model provides a con-
ceptual picture of the processes, without the complicat-
ing details of a GCM (assuming, of course, one wisely
chooses “processes” to include and “details” to omit).
A GCM, on the other hand, includes so many potential
feedback processes that it is often difficult to unravel
cause and effect or isolate a single feedback process. In
addition, natural variability within a complex model
may overwhelm a small but realistic climate signal. Fi-
nally, the computational requirements of GCMs pre-
vent a thorough exploration of parameter space. A
broad range of parameterizations can be studied with a
simple model, providing a more comprehensive under-
standing of possible system behavior.

Thus, a range of model complexity is useful. Simple
models can provide conceptual understanding of the
climate system, which can then be tested in more com-
plex models. Complex models often provide a more
realistic, but harder to interpret, result. Both types of
models, as well as a spectrum of models of intermediate
complexity (Claussen et al. 2002), will be useful in de-
veloping a comprehensive understanding of the climate
system.
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Our model may be thought of as a new type of zonal-
average energy balance model (EBM) related to those
first developed by Budyko (1969) and Sellers (1969).
EBMs describe the climate system in terms of thermo-
dynamics (i.e., temperature). Dynamical variables, such
as wind speed, are not treated explicitly. Our model
differs from traditional EBMs in two important ways.
First, the model includes a simple vertical structure. It
treats the surface and the atmosphere separately and
thus uses two temperatures rather than one to describe
the system at each latitude. It also utilizes a prognostic
lapse rate to represent vertical structure within the at-
mosphere. Second, the model includes parameteriza-
tions of the effects of dynamical processes, such as the
Hadley circulation and midlatitude eddies, on the tem-
perature and lapse rate. These model properties allow
us to explore feedbacks not normally considered in
EBMs.

EBMs are designed to study the climate sensitivity to
an imposed radiative forcing, such as a change in the
amount of incoming solar radiation or the concentra-
tion of greenhouse gases. The climate response de-
pends not only on the direct heating or cooling caused
by the radiation change, but also on feedbacks within
the system, which amplify or damp the temperature
change. There are many possible feedbacks within the
climate system; a complete model must correctly in-
clude all the important feedbacks in order to accurately
predict climate change. EBMs can be used to determine
the sign and approximate magnitude of various feed-
backs. The results suggest which feedbacks are signifi-
cant and deserving of further study in GCMs.

EBMs traditionally lack vertical resolution, using a
single temperature for the entire column. Thus, some
feedbacks related to the vertical profile of temperature
are lacking. We focus on three particular feedbacks not
typically explored in EBMs: the water vapor/emissivity
feedback, the latent and sensible heat flux feedback,
and the lapse rate feedback. The emissivity feedback is
thought to be one of the dominant atmospheric feed-
backs and has been often studied in radiative—convec-
tive models (Manabe and Wetherald 1967), which have
the multiple layers generally required to resolve it. The
lapse rate feedback has also been explored only in true
multilayer models (Wetherald and Manabe 1975). Fi-
nally, the latent and sensible heat flux feedback can
only be studied in models with a separate surface and
atmospheric layer [a simple version of this is included in
Held and Suarez (1974), though not seriously ex-
plored]. We have developed a model that allows study
of these vertically related feedbacks such that we can
resolve them while retaining as simple a model as pos-
sible.
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These feedbacks are sometimes implicitly included in
EBMs. For example, the standard A + BT outgoing
longwave radiation parameterization (Budyko 1969) is
based on observations and thus automatically includes
feedbacks related to water vapor and lapse rate
changes, as well as the net effect of latent and sensible
heat flux changes, on the top-of-atmosphere (TOA)
outgoing longwave radiation. With this parameteriza-
tion, however, it is impossible to isolate the individual
feedbacks. Our model, on the other hand, allows the
processes to operate independently for easier explora-
tion of their behavior alone and in combination with
other feedbacks. In this paper, we demonstrate the util-
ity of our model by studying the effects of these pro-
cesses on climate sensitivity to changes in the solar con-
stant.

The model’s vertical “pseudo” resolution also allows
more detailed parameterizations of meridional heat
transport. Atmospheric heat transport is calculated
separately from ocean transport. In this paper, we begin
an exploration of the climate response to changes in the
atmospheric or oceanic heat transport, focusing on the
interactions between the heat transport efficiency and
the emissivity, lapse rate, and latent and sensible heat
feedbacks in the model.

2. Model description

The model consists of a longitudinally averaged at-
mospheric layer above a surface layer, which represents
the combined influences of ocean and land. The only
spatial coordinate is latitude, which is resolved by a grid
from pole to pole. The temperatures of the atmosphere
(T,) and surface (7,) are determined for each latitude
(¢) as a function of time () by the sum of several
heating and cooling mechanisms:

aT,
CQW=SH+I[,+FS+F,+DG, (1)
Cs‘a_tS:Ss—i_Is_Fs‘_Fl_FDs? (2)

where C is the heat capacity, S is the net solar (short-
wave) heating, [ is the net infrared (longwave) heating,
F; and F, are the sensible and latent heat fluxes from
the surface to the atmosphere, and D is the rearrange-
ment of heat due to dynamical effects. The subscripts a
and s refer to atmospheric and surface values, respec-
tively. We are interested in steady-state solutions, such
that the temperatures are constant in time, and the
right-hand-side terms cancel. Computationally, we step
Egs. (1) and (2) forward in time using the forward dif-
ference scheme from a specified initial state (usually an
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FIG. 1. Model components. Arrows indicate the direction of influence.

isothermal state or a previous steady state) until the
sum of the magnitudes of atmospheric and surface tem-
perature changes per time step is less than a specified
value, 8, multiplied by the time step, At.

Each heating term is parameterized in terms of the
atmospheric and surface temperature, as described in
the following section. Figure 1 illustrates the interac-
tions among the main components of the model.

a. Lapse rate and boundary layer temperature

Our model includes a simple parameterization of at-
mospheric vertical structure using a prognostic average
atmospheric lapse rate that varies as a function of lati-
tude. In middle and high latitudes, the lapse rate is set
to the critical lapse rate for baroclinic adjustment:

tang a7,
H, 9¢°

from Stone (1978). Here I is the dry-adiabatic lapse
rate, and H, is the scale height, which is treated as a free
parameter and tuned to produce the observed lapse
rate. The critical lapse rate is the theoretical lapse rate
when baroclinic perturbations become unstable and
thus efficient at transporting heat. Observations suggest
that long-term averages of middle- and high-latitude
lapse rates are close to this critical lapse rate (Stone
1978).

In the Tropics, we use the equatorial lapse rate, as-
suming a boundary layer relative humidity, ». We inte-
grate the temperature with height starting from the
boundary layer temperature, 7y, described below. The
temperature increases at the dry-adiabatic lapse rate
until the air is saturated; then it increases at the moist-
adiabatic lapse rate. We use the temperature difference
between the boundary layer and 10 km to determine
the average lapse rate. This atmospheric lapse rate is
used throughout the Tropics since tropical tempera-
tures vary little with latitude. The lapse rate transitions

Ir=T+ 3)

from the tropical lapse rate to the baroclinic lapse rate
at the latitude where the two are equal.

Using the lapse rate, we calculate the boundary layer
temperature,

Tu=T,+IrXH,, 4)

where H,, is the representative height of the atmo-
spheric layer, a specified constant.

b. Solar radiation

The solar radiation parameterization uses the frac-
tional reflectivity (R), absorptivity (A), and transmis-
sivity (7") of the atmosphere to incident light, such that
A+ R+ T=1;R, T,and A depend on the direction of
the light (either from above or below the layer). Vari-
ables with asterisks (i.e., R*, A*, and T*) correspond to
the atmosphere’s effect on light from below, while vari-
ables without asterisks correspond to light from above.
The surface albedo (a,) and incoming solar radiation
(S) are also used in the calculation.

Figure 2 shows the possible pathways for solar radia-
tion and calculates the amount of solar radiation fol-
lowing each path, using the adding method (Liou 2002).
Incoming solar radiation is reflected to space, absorbed,
or transmitted by the atmosphere. Solar radiation that
reaches the ground is either absorbed or reflected. The
reflected radiation is absorbed by the atmosphere, lost
to space, or reflected back to the ground. Multiple re-
flections between the atmosphere and ground are in-
cluded.

From Fig. 2, the top-of-the-atmosphere (TOA) short-
wave heating (incident solar radiation less reflected) is

TT*a
Stoa =3 1*Rfm ®)
The shortwave surface heating (net solar radiation ab-
sorbed by the surface) is
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F1G. 2. Possible shortwave radiation pathways. Incoming solar
radiation is ultimately reflected to space, absorbed by the surface,
or absorbed by the atmosphere.

ST(1 — a,)

s = 1— aR* "’ ©)

The atmospheric shortwave heating (net solar radiation
absorbed by the atmosphere) is
STagA*
S,=SA + m . (7)

To determine the solar optical properties, we need a
solar budget with both atmospheric and surface infor-
mation. Since satellite data provide only TOA informa-
tion, we use the Langley Surface Radiation Budget
(SRB) dataset (Gupta et al. 1999). This dataset uses
meteorological data from the International Satellite
Cloud Climatology Project (ISCCP) C1 and the Earth
Radiation Budget Experiment (ERBE) to compute
surface radiative fluxes with a detailed radiative trans-
fer model.

We directly apply annual and zonal average incoming
solar radiation and surface albedo (dashed line in Fig.
3) to the model. We multiply the incoming solar radia-
tion by 1.005 to make the global average 342 W m 2. To
determine the optical properties of the atmosphere, we
assume A = A*, R = R* and T = T*. This assumption
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FIG. 3. Shortwave optical properties, A (dashed—dotted), R

(dotted), T (Xs), and «; (dashed), derived from SRB data, and

calculated longwave emissivity (solid) of the atmosphere [see Eq.

(13)]-

is necessary since we do not have enough information
to solve the radiation budget otherwise. To determine
different upward and downward values, we would need
data on, for example, the percent of reflected radiation
that is reflected by the atmosphere versus by the sur-
face, which is not available from satellite data or nor-
mally tabulated in models. Additionally, the computa-
tions become significantly more complicated. However,
for this version of the model, the solar heating is inde-
pendent of this assumption since we derive the optical
properties such that they generate the correct radiative
heating. This approximation is only significant if we
vary the atmospheric optical properties, and it is con-
sistent with the complexity of the other model compo-
nents.

The zonal and annual average reflectivity (R), ab-
sorptivity (A), and transmissivity (7) of the atmosphere
are calculated based on the atmospheric (S,sgrg) and
surface (S,sgp) forcing in the SRB dataset:

Sa
A=——, ®)
StasTo o e
S.srp — SA — Sa,A + SA%
R= SRB , (9)
S,sr®s — 2SAq,

T=1-A-R (10)

Figure 3 shows the resulting optical parameters. These
values are then used in Egs. (6) and (7) to determine
the shortwave heating.

In the real climate system, ice cover and clouds,
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which are affected by the temperature, can strongly
influence the surface and atmospheric solar absorption.
However, in our model, solar heating values are given,
based on the specified A, R, T, and «, values. Thus
feedbacks between solar radiation and climate will not
be included in our sensitivity studies with this model.
The ice—albedo feedback has already been studied ex-
tensively in energy balance models, and a cloud feed-
back algorithm would require much more complexity
than is possible in our simple zonal two-layer model
(indeed, probably more complexity than is found in
most present-day GCMs). Instead, we have chosen to
focus on other possible feedbacks, such as the water
vapor, lapse rate, and latent and sensible heating feed-
backs, described in later sections.

c. Longwave radiation

The possible pathways for longwave radiation are
shown in Fig. 4. Terrestrial radiation is emitted by the
surface and either absorbed by the atmosphere or lost
to space. The atmosphere emits longwave radiation to
the surface and to space. The atmosphere absorbs and
emits longwave radiation with an emissivity, €, which
varies with latitude (Fig. 3). Although the surface ab-
sorbs all incoming longwave, it is not a perfect black-
body emitter. Thus, we apply a constant surface emis-
sivity, €,, to surface emission.

The atmospheric longwave emissivity € is determined
from the atmospheric temperature at each grid point,
following a calculation similar to that of Pujol and
North (2002). We first estimate the saturation water
vapor pressure in the boundary layer using an approxi-
mation to the Clausius—Clapeyron equation:

e(T,,;) = 2.53 X 101343701, (11)

The optical depth is determined from the saturation
water vapor pressure, e,, and relative humidity, 7,

Trw = 0.622kre (Ty,)/g, (12)

where 0.622 is the ratio of the mean molecular weight of
water vapor to that of dry air and k is the mass absorp-
tion coefficient, which is tuned to produce a reasonable
atmospheric emissivity. We assume that relative humid-
ity is constant with both time and latitude.

Finally,

€=03+07(1—e ™). (13)

The 0.3 represents the contribution of carbon dioxide
and ozone to the atmospheric emissivity (see, e.g., Sta-
ley and Jurica 1972), which does not change, while the
remainder represents the effects of water vapor. The
emissivity varies as a function of latitude and responds
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F1G. 4. Possible longwave radiation pathways. Radiation is emit-
ted by the surface and atmosphere. The surface absorbs all in-
coming longwave radiation, while a portion of the upward long-
wave radiation passes through the atmosphere to space.

(through specific humidity changes) to the model cli-
mate.

Because the atmosphere emits more radiation out-
ward to space than downward to the surface, the atmo-
sphere effectively emits at two different temperatures:

T,,=T,—Ir X H,

m>

Taown = T, + 1t X Hy,, (14)

where Ir is the lapse rate, H,,, is the distance from the
middle of the layer to the effective height of radiation
to space, and Hy, is the distance between the middle of
the layer and the effective height of radiation to the
surface. The heights are constant with latitude and cho-
sen to produce a reasonable longwave energy budget.
Thus, the heating due to longwave radiation is

(15)

_ 4 _ 4 _ 4
I, = eeoT; — €oTy, — €0T goun»

(16)

_ 4 4
I, = €T joun — €,0T5.

The longwave radiation, in contrast to the shortwave
heating, varies with the climate. For example, because
we determine the atmospheric emissivity using the
boundary layer temperature, the model includes a sim-
plified water vapor feedback. Changes in lapse rate will
also affect the longwave fluxes. While the lapse rate,
temperature, and emissivity of the atmosphere are al-
lowed to vary, the heights of emission to space, H.,,
and to the surface, H,, are tuned to match the ob-
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served longwave flux and thus do not change with the
climate. In reality, we expect these heights to change as
the longwave absorber (water vapor) concentration
changes. Thus, the model does not completely repre-
sent the water vapor feedback, but the level of approxi-
mation is consistent with the rest of the model.

d. Latent and sensible heat fluxes

The latent and sensible heat fluxes from the surface
to the atmosphere are specified by the bulk equations

0.622[e(T,) — re (T,
Fo= ot YT ~ T

17

Fs = paCDuCp(Ts - Tbl)7 (18)

where p, is the surface air density, Cj, is the drag coef-
ficient, L is the latent heat of vaporization, P is the
surface pressure, and C, is the specific heat capacity.
The relative humidity, r, is held constant, and the spe-
cific humidity has been approximated as the ratio of the
mean molecular weight of water vapor to that of dry air
(0.622) times the ratio of the partial pressure of water
vapor to that of air. The surface wind, u, is obtained
from the Goddard Space Flight Center Data Assimila-
tion Office’s (DAO) monthly mean dataset (Schubert
et al. 1993).

The latent heating (but not sensible heating) is
weighted by the fraction of ocean in a latitude band
because most evaporation occurs over the ocean. In
addition, the latent heat flux is constrained to be posi-
tive. The model assumes that all water vapor is evapo-
rated and condensed at the same latitude. Thus, this
parameterization includes no explicit meridional latent
heat transport. To produce a reasonable meridional
temperature gradient, other components of the model,
such as the atmospheric eddy transport parameteriza-
tion and Hadley cell adjustment, presented in the next
section, must compensate for the lack of latent heat
transport. This compensation may result in local (i.e.,
existing within a particular latitude range) errors in the
energy budget.

e. Dynamics parameterizations

For the surface layer, the effect of dynamics depends
on whether the surface is ocean or land. On land, there
is no transport of heat, and thus the heat tendency due
to surface transport, D, is zero. For ocean surfaces, D,
represents the transport of heat by ocean currents. The
issue is complicated by the fact that most latitude bands
include both land and ocean. For simplicity, surface
layer dynamics are approximated as a diffusive process
with a latitude-varying diffusivity, Dy(¢):
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9 , 0T,
D, = - D)1 — &) 7>, (19)
where x is sin ¢.

The diffusivity depends on three values: the latitude,
the fraction of ocean in a latitude band, and a specified
latitude-independent value, D,,. We use the parameter-
ization in the Global Environmental and Ecological
Simulation of Interactive Systems (GENESIS) version
2 slab ocean model (Thompson and Pollard 1997). First,
D, is multiplied by a factor based on the fraction of
ocean at a given latitude. If the ocean fraction is less
than or equal to 0.75, the diffusion coefficient is un-
modified. If the fraction is greater than 0.75, the factor
decreases linearly from 1 at 0.75 to 0.1 for an entirely
ocean-filled latitude. This modification reduces the
transport in latitudes that are primarily or entirely
ocean, where the transport is not efficient. Next, this
resulting value is multiplied by a factor dependent on
the latitude. This factor is 1 if the latitude is equator-
ward of 20° and 0.3 if poleward of 30°, with a linear
decrease between the two latitudes. This modification
enhances the equatorial transport compared with trans-
port farther poleward. This parameterization was de-
veloped to match the observed ocean transport
(Thompson and Pollard 1997).

In the atmosphere, the dynamics parameterization
represents the effects of the mean circulation and ed-
dies on the meridional transport of heat. Generally, the
mean circulation plays the dominant role in the Trop-
ics, while eddies are the main dynamical transport
mechanism in middle and high latitudes.

1) EDDY TRANSPORT

The change in temperature due to eddies is calcu-
lated from the meridional convergence of heat flux:

19
D,=— L_III) (T,v).
The meridional eddy heat flux calculation follows the
Stone (1974) parameterization. Stone uses Eady’s
(1949) two-layer model to calculate correlations be-
tween the temperature and meridional velocity based
on small-amplitude growing baroclinic instabilities. He
determines the amplitude of these perturbations by as-
suming that they are limited by nonlinear effects to
attain the amplitude of the mean flow. The meridional
eddy heat flux is related to both the local meridional
temperature gradient and the vertical average of tro-
pospheric static stability:

Hg 12
f > [é T - lr)]
f Taa Ta

(20)

T,
ad

T,
9
(21)

Tu=—0144
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where a is the radius of the earth, g the acceleration due
to gravity, f the Coriolis parameter, and H, the scale
height. Our inclusion of an independently calculated
static stability in this calculation differs from the com-
mon treatment of eddy transport in most energy bal-
ance models. Thus, our model allows for feedbacks be-
tween the lapse rate and meridional heat flux.

This parameterization explicitly includes only sen-
sible heat transport; latent heat transport is excluded.
However, latent heat transport does contribute to the
earth’s actual heat transport. Thus, we tune the magni-
tude of H, to account for the total heat transport and
obtain a reasonable total atmospheric heat transport.

2) HADLEY TRANSPORT

The Hadley transport parameterization is applied as
an adjustment to the atmospheric temperature after
each time step. In effect, transport by the Hadley cell
immediately responds to changes in atmospheric tem-
perature. The adjustment is based on the inviscid Had-
ley cell theory of Held and Hou (1980), described
briefly here.

Each hemisphere is divided into two regions. The
temperature in the region near the equator is affected
by the Hadley circulation, while the temperature pole-
ward of this region is not modified. The regions are
bounded by a critical latitude, ¢,., which is calculated as
part of the Hadley cell adjustment.

To determine the temperature in the region near the
equator, we assume that the upper (poleward) branch
of the Hadley cell conserves angular momentum from
the equator to the critical latitude (the inviscid limit).
Thus, the zonal wind in this region is

sin¢
cos¢p ’

a

with the zonal wind equal to zero at the equator. The
temperature within the Hadley cell is assumed to be in
thermal wind balance with the angular-momentum-
conserving wind:

T,0)~ T(¢) O°d sin'e
T, a gH, 2 cos’¢ ’

(22)

where T, is the mean temperature, () the rotation rate,
and H, the height of the troposphere. Note that for
simplicity, the height is specified as a constant in this
model, although we would expect it to vary as the tem-
perature in the Tropics changes.

Poleward of the critical latitude, the meridional wind
goes to zero, and the temperature is just the tempera-
ture already determined by the model at each time step,
before Hadley cell adjustment is applied, 7. This value
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corresponds to the “radiative equilibrium” value dis-
cussed in Held and Hou (1980), but our value includes
the effects of midlatitude eddies and latent and sensible
heating as well. The temperatures at the equator and
the critical latitude are found by requiring that the Had-
ley cell solution and the previous model solution match
at the critical latitude,

Ta(d)c) = TE( d)c)a

and that temperature is conserved within the Hadley
cell (the Hadley circulation cannot add or remove heat
from the atmosphere; can merely redistribute it:

(23)

d)(‘ d)(‘
T,cosdpddp =
$1TCZ $1TCZ

where ¢ is the latitude that separates the northern
and southern cells. A final constraint is that the south-
ern and northern cells must have the same temperature
at the equator.

These equations are solved using an iterative process.
Equation (23), combined with Eq. (22), specifies a tem-
perature profile, assuming that the critical latitude is
given. Each grid point is used as a critical latitude in Eq.
(24) to determine which best satisfies the conservation
of temperature constraint, assuming that ¢, is 0 (i.e.,
the ITCZ, or boundary between the northern and
southern cells, is at the equator). Note that this calcu-
lation is performed for both the northern and southern
cells separately. Since the hemispheres may have dif-
ferent average temperatures, the Hadley-adjusted at-
mospheric temperature is not necessarily symmetric
about the equator. Furthermore, the critical latitude
may be at different latitudes in the Northern and South-
ern Hemispheres.

We next move ¢y, north or south incrementally by
one grid point and repeat the Eq. (24) calculations until
the difference between the equatorial temperatures
computed for the northern and southern cells is mini-
mized. This minimization procedure for two hemi-
spheres is based on notes from a course by Isaac Held.

The final Hadley-adjusted solution for the air tem-
perature is the Hadley cell solution equatorward of the
critical latitude and the unmodified model solution
poleward of the critical latitude. To prevent an insta-
bility in the model due to oscillations of the edges of the
Hadley cell from one grid point to another, we relax the
model temperature to the Hadley cell temperature with
a time constant, which depends on the total number of
grid points. The resulting temperature is not sensitive
to the specific time constant used.

This temperature adjustment accounts for a compli-
cated mixture of energy transport by the Hadley cell,

Tpcosdddp, (24)



1760

including sensible and latent heat and potential energy
transport. Some of these, sensible and latent heat trans-
port, are actually equatorward in the cell. This param-
eterization represents the net result of these Hadley
circulation heat transports on the temperature profile.
Other effects of the Hadley cell, such as changes in
water vapor concentration, are not included. Latent
heat released during vertical motions is already roughly
accounted for in the latent heat parameterization,
though, as discussed earlier, the evaporation and con-
densation unrealistically occur at the same latitude.

3. Comparison of model climate with observations

Before examining the sensitivity of the model, we
first demonstrate that it produces a reasonable present
climate. The parameter values used to obtain this cli-
mate are summarized in Table 1. Model variables H,,,,
H,., H, H,,, r, Cp, €, k, Dy, H,, and H, have been
tuned to obtain a realistic climate; variables calculated
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by the model are listed in Table 2. We compare the
main variables, the atmospheric and surface tempera-
tures, as well as some intermediate results to annual
and zonal averages of observations.

Figure 5 compares the modeled surface temperature
with estimates from the DAO (Schubert et al. 1993)
and SRB (Gupta et al. 1999) datasets. The difference
between the datasets provides an indication of uncer-
tainties in these surface temperature data. Our model
shows good agreement with these surface tempera-
tures, though some details are lacking. For example, the
observed slight decrease in temperature found at the
equator is related to deep convection, which is not in-
cluded in our simple model. The model surface tem-
perature is higher than those derived from observations
in high southern latitudes because the surface of Ant-
arctica is significantly above sea level. Our model does
not include topography, and, therefore, our surface
temperatures all correspond to sea level values. In ad-
dition, the SRB shortwave heating may be too high in

TABLE 1. Independent variables. Values are listed for those that are constant with latitude.

Variable Description Value Units
N Number of grid points 200 —
0 Latitude degrees
At Time step 10 s
3 Allowed error 5x1078 Ks™!
C, Heat capacity of surface 4 % 107 Jm2K™!
C, Heat capacity of atmosphere 9.6 X 10° Jm2K™!
r Dry-adiabatic lapse rate 9.8 K km™!
H, Scale height for lapse rate 12 km
r Relative humidity 0.8 —
H,, Height of middle of atmosphere layer 3.6 km
S Incoming solar radiation W m~?
o Surface albedo —
R Reflection of atmosphere —
T Transmission of atmosphere —
A Absorption of atmosphere —
€, Longwave surface emissivity 0.975 —
k Mass absorption coefficient for water 0.03 m? kg !
g Acceleration due to gravity 9.8 ms?
H,, Top to middle atmospheric layer distance 2 km
Hy,, Bottom to middle atmospheric layer distance 2.6 km
o Stefan-Boltzmann constant 5.67 X 1078 Wm2 K™
Cp Drag coefficient 0.0011 —
Pa Surface air density 1.3 kg m3
L Latent heat of vaporization 2.5 %X 10° Tkg!
P Surface pressure 1.013 X 10° Pa
u Surface wind speed ms !
C, Specific heat capacity 1004 Jkg ' K™!
Dy, Diffusion coefficient of surface 22x1078 Wm2K™!
a Radius of the earth 6.37 X 10° m
f Coriolis parameter st
H, Scale height for Stone heat flux 28 000 m
Q Rotation rate 7.2722 X 1073 s7!
H, Height of troposphere for Hadley cell 17 000 m
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TABLE 2. Dependent variables. 290— ; T T T
Variable Description Units —
X280
T, Atmospheric temperature K )
T, Surface temperature K §
S, Solar radiation absorbed by atmosphere W m™2  £270
S Surface shortwave (SW) heating W m~? 8
Ston  TOA SW heating wm?2 § 260
I Surface longwave (LW) heating wm?
1, Atmospheric LW heating W m? %
Ltoa TOA LW heating W m~? £250
F, Latent heat W m? 2 i
F, Sensible heat Wm? E , J—
D, Atmospheric heat transport tendency wm? <240/ T :\Dllzdoe;oo hPa N
D, Ocean transport tendency W m 2 N --- DAO 500 hPa
Ir Lapse rate K km™! 23 L ‘ ‘ . : ‘ T
Ty Boundary layer temperature K —%0-60—45 -30 -15 0 15 30 45 6090
€ Emissivity of atmosphere — Latitude
Ty Atmospheric upward emission K F1G. 6. Atmospheric temperature of the model (solid) com-
temperature pared with DAO 500- (dashed) and 700-hPa (dashed—dotted) at-
Taown Atmospheric downward emission K mospheric temperature. Based on the height of the model atmo-
temperature sphere, the pressure is about 650 hPa.
Ty Held-Hou “radiative equilibrium” K
temperature

this region (see the comparison with ERBE data in Fig.
7). We have specifically tuned the model to have a
global average surface temperature of 288 K. Thus, re-
gions with low temperature (e.g., Northern Hemisphere
Tropics) are balanced by regions of high temperature
(Northern Hemisphere middle and high latitudes). On
the global average, the modeled surface temperature is
288.3 K, in agreement with accepted values. The SRB
and DAO datasets are slightly colder: 287.5 and 287.0
K, respectively.

The atmospheric temperature (Fig. 6) also agrees
fairly well with the DAO data. The atmospheric tem-

perature does not correspond exactly to a specific pres-
sure or height, so comparisons are difficult. However,
the general profile is approximately correct. The Had-
ley circulation serves to decrease atmospheric tempera-
ture gradients in the Tropics, resulting in a reasonably
flat temperature. The circulation also transports heat
from the Southern Hemisphere to the Northern Hemi-
sphere.

The TOA (Fig. 7, dashed line) longwave budget
agrees fairly well with ERBE S-4G Scanner (SC) 2.5°
zonal average data (Barkstorm et al. 1989), except for
differences related to water vapor and cloud distribu-
tions. In the Tropics, the outgoing longwave radiation is

co : : — €0
300 s
g290 E 300 1
2280 =
% % 250 1
2270 8 - s“
£260 g 200 ~.]
|_ P
[0 R
5250 5150; \ -
5 ' o — Model SW ¥
3240 # [ — Model S0t/ 00 | ERBE SW |
230y | --- GSFC Data Assimilation Office o g --- Model LW | %
----- Langley Surface Radiation Budget < i - ERBE LW b
2oQl S T e
—%0—60—45 -30 -15 0 15 30 45 6090 + 5—(2)0-60—45 -30 -15 0 15 30 45 6090

Latitude

FiG. 5. Surface temperature of the model compared with DAO
and SRB data.

Latitude

FiG. 7. TOA shortwave heating and outgoing longwave in the
model compared with ERBE observations.
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Fi1G. 8. Latent and sensible heating transferred from the surface
to the atmosphere compared with the Southampton Oceanogra-
phy Centre Global Air-Sea Heat and Momentum Flux Climatol-
ogy (Grist and Josey 2003).

decreased by deep convective clouds. These clouds are
not present in the subtropics where subsidence main-
tains a clear sky and more effective longwave cooling.
Similarly, cloudiness in the mid- and high latitudes de-
creases outgoing longwave radiation. These effects are
not included in the model; thus the modeled TOA out-
going longwave is too large in the Tropics and small in
the subtropics. Globally, the model outgoing longwave
radiation is a little high compared to ERBE data. The
shortwave budget (Fig. 7, solid line) matches the ERBE
data fairly well, though this is not entirely surprising
given that the SRB data are partially derived from the
ERBE data. The difference at high latitudes is due to
the difficulty in obtaining solar parameters at high ze-
nith angles and problems in the SRB radiation calcula-
tions.

Figure 8 shows the latent and sensible heat fluxes
from the surface to the atmosphere. Positive values in-
dicate a loss of heat from the surface. The model results
are compared with the adjusted Southampton Ocean-
ography Centre (SOC) Global Air-Sea Flux Climatol-
ogy (Grist and Josey 2003). This dataset uses data from
voluntary observing ship reports in the Comprehensive
Ocean—Atmosphere Dataset, with adjustments due to
an inverse analysis using World Ocean Circulation Ex-
periment (WOCE) transect data and global net flux
constraints. The global mean net heat flux of this
dataset is 2 W m ™2 out of the ocean. Our model results
correspond well to this data, with latent heat peaks in
subtropics and less exchange at the equator. The sen-
sible heat values are higher than fluxes in this dataset.
However, the SOC sensible heat data only include oce-
anic sensible heat fluxes and thus neglect land fluxes.
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Our modeled global average values are reasonable
compared with the Kiehl and Trenberth (1997) values
(Table 3).

The longwave emission, sensible heat, and latent heat
calculations are heavily dependent on the lapse rate
(Fig. 9). In comparison with lapse rates averaged over
different pressure intervals from the DAO data, the
model correctly produces two different regions of lapse
rate behavior, flatter in the Tropics and subtropics and
steeper in high latitudes. The atmosphere cannot be
described by a single lapse rate throughout the tropo-
sphere since it changes with height (note the spread in
observed lapse rates when different pressure ranges are
used). However, the overall pattern is reasonable given
the simplicity of our model.

The effect of eddies is shown in Fig. 10. Results from
Trenberth and Caron (2001) are shown for comparison.
Trenberth and Caron (2001) calculate atmospheric heat
transport from the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis. They then determine
ocean heat transport from ERBE TOA radiative fluxes
and the calculated atmospheric fluxes. Our modeled
atmospheric transport is larger than the modeled oce-
anic transport and peaks at the correct latitude. How-
ever, it is about half the strength of the observed peak.
Trenberth and Caron (2001) obtain a Northern Hemi-
sphere atmospheric transport peak of 5.0 = 0.14 PW,
while we obtain a maximum of 2.6 PW. Note that our
model results exclude transport due to the Hadley cir-
culation and thus are low in the Tropics. The ocean
transport is about the correct magnitude but peaks

TABLE 3. Globally averaged model values and observed values
from Kiehl and Trenberth (1997).

Model Observed
Variable value value

Surface temperature (K) 288 288
TOA SW heating (W m™2) 242 235
TOA LW heating (W m™?) —242 —235
Latent heating (W m™?) 79 78
Sensible heating (W m~?) 22 24
Incoming solar (W m™?) 342 342
Planetary albedo 0.29 0.31
Fraction of incoming solar absorbed by

atmosphere 0.20 0.20
Fraction of incoming solar absorbed by

surface 0.50 0.49
Total LW absorbed by surface (W m™?) 316 324
Total LW emitted by surface (W m~?) 388 390
Total LW absorbed by atmosphere

(Wm?) 352 350
Total LW emitted by atmosphere

(Wm?) 522 519
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F1G. 9. Lapse rate in the model. The dashed lines indicate the
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poleward of Trenberth and Caron’s (2001) transports,
especially in the Northern Hemisphere.

The bottom panel in Fig. 10 illustrates that the Tren-
berth and Caron net column transport is larger than our
modeled transport. Our model is energetically consis-
tent; the net transport required by the TOA radiative
budget is essentially the same as the transport obtained
from the dynamical parameterizations. Thus, the differ-
ences between the model results and Trenberth and
Caron (2001) are based on discrepancies in the latitu-
dinal variation in net TOA radiation. First, Trenberth
and Caron use a revised version of the ERBE data; thus
it is not exactly the same as the ERBE data shown
earlier, and we expect differences between the resulting
transports. Also, the model uses essentially the ERBE
shortwave radiation, but the longwave radiation pat-
tern is locally different. For example, the modeled out-
going longwave radiation is too high in the Tropics and
too low in the subtropics compared with ERBE (Fig. 7).
As a result, less heat needs to be transported from the
Tropics to subtropics to balance the net TOA radiation.
Thus, the magnitude of the transport in the model is
less that that obtained by Trenberth and Caron (2001)
due to errors in the outgoing longwave radiation calcu-
lation, especially the simplicity of the water vapor dis-
tribution. The lack of meridional latent heat transport
may also be responsible for some of the error as well.

Table 3 provides global values for some of these vari-
ables in comparison with the estimates of Kiehl and
Trenberth (1997). The shortwave budget, which is en-
tirely specified by the SRB dataset, is within the uncer-
tainty of the known values, though the model has a
lower planetary albedo. Global average latent and sen-
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F1G. 10. Northward heat transport by the model ocean and
atmospheric eddies compared with Trenberth and Caron (2001)
estimates. The top figure shows the individual components, while
the bottom figure compares the column transport calculated by
the model with that required by the modeled TOA radiation bud-
get. Note that transport by the Hadley circulation parameteriza-
tion is excluded.

sible heat fluxes are quite close to the Kiehl and Tren-
berth (1997) averages. The longwave budget differs
slightly but not significantly. Within the uncertainty of
these global averages, the model produces a quite rea-
sonable climate.

4. Feedbacks and climate sensitivity

A strength of this model is its inclusion of feedbacks
related to the vertical structure of the atmosphere. In
this section, we present two examples of sensitivity
studies that utilize this strength. In so doing, we have
allowed parameters, such as solar constant and eddy
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diffusivity, to vary over a large range of values. Of
course, we do not mean to imply that the resulting
changes are realistic, since we expect many other feed-
backs to become dominant at such extremes, and our
parameterizations, which have been tuned using the
present climate, will no longer be valid. However, we
study the behavior of the system in extreme cases to
emphasize and illustrate model feedbacks that might
not be as apparent from smaller changes.

a. Solar constant

A traditional sensitivity experiment is to vary the
global average incoming solar radiation. The solar con-
stant was different from the present-day value in the
past, and the variability of the solar output has been
suggested by many as a cause of past climate change.
Additionally, changes in the solar constant are often
used as proxies for forcing caused by increased green-
house gases.

We alter the magnitude of the solar heating by mul-
tiplying the incoming solar radiation by a range of con-
stants. Figure 11 shows the resulting changes in global
average surface and atmospheric temperatures. A 2%
increase in the solar constant results in a surface tem-
perature warming of 1.0 K, while the atmospheric tem-
perature increases by 1.3 K. These values are lower
than those commonly cited for a 2% change. For ex-
ample, Hansen et al. (1984) obtain a 4-K change in a
GCM experiment. The Intergovernmental Panel on
Climate Change (IPCC) report (Houghton et al. 2001)
gives a range of climate sensitivity to a doubling of CO,
(similar in forcing to a 2% solar increase) as 1.5-4.5 K.

The sensitivity of our model is less than other sensi-
tivity estimates. There are a few specific reasons for the
lower sensitivity. First, although the model includes a
simple water vapor feedback, it omits any feedbacks
related to the vertical distribution of water vapor. Mod-
els that do allow the vertical distribution of water vapor
to change (e.g., Wetherald and Manabe 1975; Hansen
et al. 1984) suggest that this positive feedback largely
balances the negative lapse rate feedback. Our model
includes the lapse rate feedback but omits this vertical
water vapor feedback. In addition, in our model, the
lapse rate feedback is negative everywhere, while
Wetherald and Manabe (1975) and Hansen et al. (1984)
obtain a positive feedback in high latitudes where the
lapse rate increases with the solar constant. Thus, our
global average lapse rate feedback may be too strong.
The net effect is a large negative feedback related to
the lapse rate. When the lapse rate feedback is omitted
from the model, the sensitivities of the atmospheric and
surface temperatures for a 2% solar constant increase
are larger (1.7 K for both), corresponding to the low
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FiG. 11. Change in global average (top) surface and (bottom)
atmospheric temperature as a function of solar constant relative
to the present-day amount. Atmospheric longwave emissivity is a
positive feedback on both the surface and atmospheric tempera-
tures, while the lapse rate feedback is negative. The latent and
sensible heat feedbacks increase the atmospheric temperature
changes and decrease the surface temperature changes.

end of the IPCC report sensitivity. The negative lapse
rate feedback is described in more detail in a later sec-
tion.

Our model further underestimates the water vapor
feedback by using constant heights for the longwave
atmospheric emission upward to space and downward
to the ground. The heights are specified and do not vary
as a function of water vapor. In reality, these heights
would be affected by the amount of water vapor in the
atmosphere. If the amount of water vapor increases
(due to rising atmospheric temperatures), there would
be more absorbers in the atmosphere, so the height of
downward emission decreases, leading to increased
emission toward the ground. Similarly, the height of
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upward emission increases, reducing emission to space
and further enhancing the greenhouse effect. The net
effect is a positive feedback on the atmospheric tem-
perature change, which is not incorporated into our
model. In addition, other longwave processes (e.g., the
effect that clouds have on the longwave budget) are not
included in this simple model. Thus, interactions be-
tween some feedbacks, such as the relationship be-
tween the cloud-top feedback and the lapse rate feed-
back, described by Ramanathan (1977), are omitted.

Another reason our modeled sensitivity is low is the
lack of any solar radiation feedback. Since the surface
albedo is specified, the model omits the positive ice—
albedo feedback. In addition, the solar optical proper-
ties of the atmosphere do not change in response to
climate, so feedbacks related to clouds are not included.
These longwave and shortwave factors contribute to
the low climate sensitivity of our model. However,
keeping these limitations in mind, our model can still be
useful in exploring the feedbacks that are included and
understanding relationships among different climate
components.

The temperature changes more rapidly as the solar
constant is decreased than as the solar constant is in-
creased. Decreasing the solar constant by 20% de-
creases the surface temperature by 15.7 K (5%), while
increasing the solar constant by 20% results in warming
of 8.1 K (3%). As the atmospheric temperature
changes, the resulting emissivity changes are larger
when the temperature decreases than when it increases.
Thus, the emissivity feedback, discussed in more detail
below, is stronger for a decrease in solar constant than
for an increase.

To understand the feedbacks responsible for the
magnitude and nonlinearity of the sensitivity to solar
constant, we repeat the calculations while holding vari-
ous model terms constant. We examine three feedbacks
within the model: the emissivity feedback, latent and
sensible heat feedback, and lapse rate feedback. Fig-
ures 11 through 13 show different aspects of the results.
Figure 11 shows the temperature changes as a function
of solar constant. Figures 12 and 13 show the responses
of different model components (emissivity, lapse rate,
boundary layer temperature, and latent and sensible
heat fluxes) to these solar constant changes. To better
study the effects of feedbacks on these components, we
plot them as a function of global average atmospheric
temperature rather than solar constant. In this way, we
eliminate differences between versions of the model
based solely on different climate sensitivities to incom-
ing solar radiation. For example, from Fig. 11b, the
atmospheric temperature changes more in the case
where the lapse rate feedback is omitted (1.7 K for a
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ture, except in the case omitting the lapse rate feedback. Sensible
heating is very sensitive to the emissivity and lapse rate feedbacks,
while the latent heating response is not as varied.

2% solar constant increase) than it does in the full
model case (1.3 K). Thus, we expect atmospheric emis-
sivity to increase more as the solar constant increases in
the constant lapse rate version as opposed to in the full
model, simply because the atmospheric temperature in-
creases faster. However, Fig. 12a shows that the emis-
sivity does not have the same relationship to the atmo-
spheric temperature in the constant lapse rate case as in
the other cases. The difference between these lines
points to a feedback between the lapse rate and atmo-
spheric emissivity (described later), which would not be
as evident in an emissivity versus solar constant plot.
This diagnostic technique allows us to isolate specific
effects and interactions within the model. Note that we
use the global average atmospheric temperature as a
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proxy for the overall climate state. We could have also
used the surface temperature; however, the atmo-
spheric temperature has a more direct effect on the
emissivity, lapse rate, and boundary layer temperature.

1) WATER VAPOR FEEDBACK

We first examine the behavior of the emissivity/water
vapor feedback. Holding the atmospheric longwave
emissivity constant (Xs in Fig. 11) is equivalent to elimi-
nating the water vapor feedback. By comparing these
results with the full model results (asterisks), we see
that the water vapor feedback is a positive feedback for
both the surface and atmosphere (i.e., the climate ex-
cluding this feedback changes less than the climate with
the water vapor feedback included). This occurs be-
cause a warmer temperature results in a higher water
vapor content and thus higher emissivity (see Fig. 12a).
The higher emissivity enhances the greenhouse effect
and further increases the temperature. Without the wa-
ter vapor feedback, the change in surface temperature
is only about 75% of the change when the model in-
cludes the feedback. Our water vapor feedback is not as
effective as water vapor feedbacks in other models. For
example, Hansen et al. (1984) obtain about 60% of the
temperature change in a simplified GCM when the wa-
ter vapor feedback is excluded, and Manabe and Weth-
erald (1967) obtain about half of the change in a radia-
tive—convective model. However, given the simplicity
of our water vapor feedback, which is solely based on a
constant relative humidity and lacks the complex dis-
tribution of water vapor based on atmospheric dynam-
ics, our feedback is reasonably close to that found in
more complicated models.

We expect that latent heating will not increase as
quickly with the solar constant when the emissivity
feedback is excluded because the temperature does not
increase as quickly, resulting in a smaller saturation
humidity change. However, another interaction also oc-
curs, as shown by a comparison of the asterisks and Xs
in Fig. 13. Since atmospheric temperature has a one-to-
one correspondence with the boundary layer tempera-
ture (asterisks and Xs in Fig. 12c) and thus boundary
layer humidity, boundary layer differences cannot be
responsible for the differences between the asterisk and
X lines in Fig. 13. That is, for a given global average
atmospheric temperature, the second terms in Egs. (17)
and (18) are the same for the versions of the model with
and without the emissivity feedback. Thus, the reduced
change in latent heat (as a function of atmospheric tem-
perature) when compared to the full model case is a
result of a decreased change in surface temperature,
that is, the surface temperature does not increase as
quickly with increased atmospheric temperature as it



1 JUNE 2005

does when the emissivity is allowed to vary. This pro-
cess occurs in conjunction with the reduced saturation
humidity change previously discussed.

The emissivity feedback also affects the sensible heat
flux. When the emissivity feedback is omitted, the glob-
al average sensible heat flux actually decreases slightly
as the solar constant increases. Both the boundary layer
and surface temperatures are increasing. However, the
boundary layer temperature increases faster than the
surface temperature; thus the sensible heat flux de-
creases in the no emissivity feedback case.

2) LATENT AND SENSIBLE HEAT FEEDBACK

The change in latent and sensible heat fluxes is a
significant part of the climate response to an imposed
forcing. These surface—atmosphere fluxes change in
response to forcing, with implications for the hydro-
logical cycle, and they contribute to the modification of
the surface budget as well. Ramanathan (1981) demon-
strates the importance of surface—atmosphere interac-
tions in determining the climate response to changes
in CO,.

The circles in Fig. 11 show that the latent and sensible
heating feedback in our model is negative at the surface
and positive in the atmosphere. In a warmer climate,
more water evaporates from the surface. Thus, the sur-
face warms less rapidly, and the atmosphere warms
more rapidly, as the solar constant is increased. In ad-
dition, as the climate warms due to solar constant
changes, the difference between the surface tempera-
ture and boundary layer temperature increases. (Al-
though the atmospheric temperature increases more
rapidly than the surface temperature, lapse rate de-
creases reduce the increase in boundary layer tempera-
ture. When the lapse rate feedback is eliminated, as
shown by the diamonds in Fig. 12c, the boundary layer
temperature increases faster.) This increased tempera-
ture difference increases both latent and sensible heat
transfer (Fig. 13), further contributing to both the nega-
tive surface feedback and the positive atmospheric
feedback. This feedback almost halves the surface tem-
perature response. When the feedback is eliminated,
the surface temperature change is about 80% larger
than in the complete model.

3) LAPSE RATE FEEDBACK

Finally, we explore the lapse rate feedback. The lapse
rate feedback (diamonds in Figs. 11-13) is strongly
negative for both surface and atmospheric temperature.
In an increased solar constant climate, the lapse rate
decreases everywhere (Fig. 12b). First, the equatorial
temperature increases, resulting in a lower moist-adia-
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batic lapse rate throughout the Tropics. Also, the
amount of incoming solar radiation increases more in
the Tropics than in high latitudes, resulting in an in-
creased meridional temperature gradient. The in-
creased meridional temperature gradient requires a
lower lapse rate for baroclinic stability [see Eq. (3)].
Thus, the mid- and high-latitude lapse rate also de-
creases. Figure 12b shows that the lapse rate closely
follows the atmospheric temperature regardless of
which feedbacks (other than lapse rate) are disabled.
Omitting the lapse rate increases the surface tempera-
ture change by about 70%. More complicated models
(e.g., Wetherald and Manabe 1975; Hansen et al. 1984)
have also produced a decreased lapse rate and negative
lapse rate feedback in the Tropics for an increased solar
constant. However, in high latitudes, these models pro-
duce a decreased meridional temperature gradient and
an increased lapse rate. Our model differs because it
does not include the surface albedo feedback (which
amplifies high-latitude warming) and neglects the ver-
tical distribution of radiative heating in the atmosphere.

A decreased lapse rate affects the effective longwave
emission temperatures. The upward emission tempera-
ture increases, resulting in additional radiation to space,
while the downward emission temperature decreases,
resulting in less emission toward the ground. The net
effect is a decrease in the greenhouse effect as the earth
becomes more efficient at radiating to space. Thus, as
the incoming solar radiation increases, the planet does
not need to increase its temperature as much to balance
incoming solar radiation with outgoing longwave radia-
tion.

The lapse rate also has a strong effect on the emis-
sivity of the atmosphere (Fig. 12a). As the atmospheric
temperature increases, the lapse rate decreases, reduc-
ing the increase of the boundary layer temperature
(Fig. 12¢) and therefore resulting in a smaller emissivity
change. When the lapse rate is not allowed to change
(diamonds in Fig. 12), the emissivity is, therefore,
higher in a warmer climate, further contributing to the
greenhouse effect and warming the climate. Thus, the
lapse rate feedback is negative on the emissivity in the
sense that it reduces the strength of the emissivity feed-
back. This lapse rate—emissivity feedback, which re-
duces a positive temperature feedback, therefore has
the same sign as the negative longwave radiation-lapse
rate feedback, contributing to an overall negative lapse
rate feedback on temperature.

The effect of the lapse rate feedback on boundary
layer temperature is also seen in the response of the
sensible heating to changes in atmospheric temperature
(Fig. 13a). The effect of omitting the lapse rate feed-
back depends on the base climate state. For increases
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(and small decreases) in the atmospheric temperature
from the present value, the sensible heating decreases
as the atmospheric temperature increases. However,
for significant decreases in atmospheric temperature,
the sensible heat decreases as the atmospheric tempera-
ture decreases. This reversal in the sensible heat change
in the model without the lapse rate feedback is caused
by the balance between two competing processes. First,
with the lapse rate constant, the boundary layer tem-
perature increases quickly with atmospheric tempera-
ture (Fig. 12¢), contributing to a decrease in sensible
heat. The surface temperature increases quickly with
atmospheric temperature as well, suggesting an in-
crease in sensible heat with atmospheric temperature.
For low values of the atmospheric temperature, the
dominant process is the surface temperature increase,
while the boundary layer temperature effect becomes
more important at higher atmospheric temperatures.
Figure 13a illustrates the extreme sensitivity of the sen-
sible heat to the model specifics. Because the sensible
heat is proportional to the difference between two val-
ues that increase with the solar constant (boundary
layer temperature and surface temperature), the spe-
cific magnitudes of these temperature changes are very
important. For example, in an earlier version of the
model with a different emissivity parameterization, we
obtained a decrease of sensible heat everywhere for an
increase in atmospheric temperature in the constant
lapse rate case. The base model characteristics were
essentially the same, and the behaviors of other vari-
ables as a function of atmospheric temperature were
very similar. The behavior of sensible heating, though,
was drastically different.

b. Meridional heat transport

Research suggests that meridional heat transport
plays a significant role in the earth’s climate sensitivity.
Held and Suarez (1974) found that increasing the effi-
ciency of poleward heat transport increases the sensi-
tivity of an EBM with an ice—albedo feedback, assum-
ing the same ice extent. They also suggest that the sen-
sitivity could depend on the partitioning of transport
between the ocean and atmosphere. Spelman and
Manabe (1984), however, show that increasing ocean
transport moves the ice extent poleward, reducing the
climate sensitivity in a GCM.

More recently, researchers have studied the influ-
ence of an interactive ocean heat transport on climate
sensitivity. Watterson (2003) obtains a slightly smaller
climate sensitivity when comparing the Commonwealth
Scientific and Industrial Research Organisation
(CSIRO) Mark 2 coupled general circulation model
with a mixed layer ocean version of the model. On the
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other hand, Stouffer and Manabe (1999) obtain a
higher climate sensitivity in a coupled model compared
to a mixed layer ocean version with prescribed heat
transport, though they partially attribute it to a too-cool
starting temperature. These results are also related to
the effect heat transport has on the ice—albedo feed-
back.

Our model does not include the ice—albedo feedback.
However, as a first step, we can test the response of the
model to changes in the efficiency of meridional heat
transport. In this case, we are not exploring the effect of
transport on climate sensitivity to radiative forcing but,
rather, we are examining the response of climate to
transport itself. In this way, we can study the behavior
of feedbacks within the system, specifically how they
respond to changes in the meridional temperature gra-
dient. These experiments do not have an exact analog
for the earth’s climate. The closest example might be
changes in ocean transport efficiency related to differ-
ent configurations of continents. However, we expect
that some of the mechanisms that we find when the
transport efficiency is changed would also modify the
response to a climate forcing that changes the meridi-
onal temperature gradient.

To study the effect of meridional heat transport on
the model, we varied the scale height parameter asso-
ciated with the atmospheric eddy heat transport in Eq.
(21). This parameter controls the effectiveness of ed-
dies in decreasing the meridional temperature gradient.
Changes in heat transport alone do not change the
global average temperature because the transport
merely rearranges the heat. Thus, any changes in the
global average temperature must result from feedback
processes that depend on the temperature gradient or
on temperatures at a particular latitude.

As the eddy effectiveness is increased, the global av-
erage surface and atmospheric temperatures warm
(Fig. 14). These increases are mostly caused by changes
in the lapse rate. The decreased temperature gradient
associated with more effective eddies results in an in-
creased midlatitude lapse rate. In addition, the tem-
perature in the Tropics decreases, increasing the moist-
adiabatic lapse rate. The net effect is a global increase
in lapse rate, resulting in an enhanced greenhouse ef-
fect through the reverse of the process described pre-
viously. When we exclude the lapse rate feedback (dia-
monds in Fig. 14), the effect of atmospheric heat trans-
port on the global average temperature significantly
decreases.

Another important feedback is the emissivity feed-
back, which amplifies the warmings. Although the in-
creased transport decreases the temperature in the
Tropics, resulting in a lower emissivity there, emissivity
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Fi1G. 14. Global average (top) surface and (bottom) atmospheric
temperature change as a function of the atmospheric eddy trans-
port efficiency. The temperature increases as the eddy efficiency
increases, mostly as a result of the lapse rate feedback.

changes are larger in the mid- and high latitudes, so the
global average emissivity increases.

When latent and sensible heat feedbacks are ex-
cluded from the model, the surface temperature in-
creases more than in the full model and the atmo-
spheric temperature increases less. When the latent and
sensible heat fluxes are allowed to vary, they increase
as the diffusion effectiveness increases (increases in
midlatitudes dominate decreases in the Tropics). Thus,
the flux of heat from the surface to the atmosphere
increases, slowing the warming of the surface and in-
creasing the warming the atmosphere.

Figure 15 shows the global average temperature
changes corresponding to different temperature gradi-
ents from the full model case described previously

Pole—equator atmospheric temperature difference (K)

F1G. 15. Global average (top) surface and (bottom) atmospheric
temperature change as a function of the pole-to-equator tempera-
ture gradient for different values of either the atmospheric or
oceanic transport efficiency. Smaller temperature gradients cor-
respond to warmer climates due to the lapse rate feedback.

along with results from varying the ocean transport ef-
ficiency. Because the ocean transport is weaker than
the atmospheric transport, we show temperature
changes as a function of the resulting pole-to-equator
temperature difference. An increase in the difference
corresponds to a decrease in the efficiency of the trans-
port. As the pole-to-equator temperature gradient in-
creases, the climate cools. Thus, as meridional transport
becomes more effective, the planet warms. Because the
ocean transport has a stronger effect on the surface
gradient than on the atmospheric gradient and the cli-
mate responds more to the atmospheric gradients, the
surface temperature change is less for changes in ocean
transport efficiency. However, the effect is of the same
sign as the atmospheric eddy change effect.












