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ABSTRACT: For the Community Atmosphere Model version 6 (CAMS6), an adjustment is needed to conserve dry air
mass. This adjustment exposes an inconsistency in how CAM6’s energy budget incorporates water—in CAM6 water in the
vapor phase has energy, but condensed phases of water do not. When water vapor condenses, only its latent energy is
retained in the model, while its remaining internal, potential, and kinetic energy are lost. A global fixer is used in the
default CAM6 model to maintain global energy conservation, but locally the energy tendency associated with water chang-
ing phase violates the divergence theorem. This error in energy tendency is intrinsically tied to the water vapor tendency,
and reaches its highest values in regions of heavy rainfall, where the error can be as high as 40 W m ™2 annually averaged.
Several possible changes are outlined within this manuscript that would allow CAMS6 to satisfy the divergence theorem
locally. These fall into one of two categories: 1) modifying the surface flux to balance the local atmospheric energy ten-
dency and 2) modifying the local atmospheric tendency to balance the surface plus top-of-atmosphere energy fluxes. To
gauge which aspects of the simulated climate are most sensitive to this error, the simplest possible change—where con-
densed water still does not carry energy and a local energy fixer is used in place of the global one—is implemented within
CAMS6. Comparing this experiment with the default configuration of CAM6 reveals precipitation, particularly its variabil-
ity, to be highly sensitive to the energy budget formulation.

SIGNIFICANCE STATEMENT: This study examines and explains spurious regional sources and sinks of energy in
a widely used climate model. These energy errors result from not tracking energy associated with water after it transi-
tions from the vapor phase to either liquid or ice. Instead, the model used a global fixer to offset the energy tendency
related to the energy sources and sinks associated with condensed water species. We replace this global fixer with a
local one to examine the model sensitivity to the regional energy error and find a large sensitivity in the simulated
hydrologic cycle. This work suggests that the underlying thermodynamic assumptions in the model should be revisited
to build confidence in the model-simulated regional-scale water and energy cycles.

KEYWORDS: Energy budget/balance; Climate models; General circulation models; Hydrologic cycle; Thermodynamics

1. Introduction hydrostatic pressure assumption used in CAM6 necessitates
the use of a mass adjustment after the model physics have run
to keep spurious sources and sinks of “dry” air (well-mixed,
time-invariant gases like nitrogen, oxygen, and argon) from
occurring. Lauritzen and Williamson (2019) showed that this
mass adjustment has an associated energy tendency on the
order of tens of watts per square meter. The goal of this work
is to understand the energy tendency associated with the mass
adjustment process and its impact on the simulated climate of
CAMB6.

It is known that a tendency in atmospheric column mass
will result in a tendency in that column’s energy, and this rela-
tionship has been examined in reanalyses (e.g., Trenberth
1997; Trenberth et al. 2002; Bosilovich et al. 2011). Studies of
reanalyses tend to focus on mass perturbations brought about
by the analysis increment, but there are also energy tendencies
resulting from surface fluxes of water mass beyond latent heat-
ing. Indeed, Trenberth (1997) computes the energy tendency
associated with a net surface water mass flux of 5 mm day ™' as
an energy flux of 15-17.5 W m™? (not including latent heat)
Corresponding author: Bryce E. Harrop, bryce. harrop@pnnl.gov ~ depending on the vertically averaged moist static energy

General circulation models are designed to directly simu-
late the large-scale motions of the atmosphere. Because pro-
cesses such as turbulence, shallow and deep convection,
microphysics, macrophysics, radiation, chemistry, and gravity
waves (collectively referred to as the model physics) are
important to these circulations and occur on scales smaller
than the model grid spacing can resolve, they must be param-
eterized. Each parameterization acts to update the thermody-
namic state of the model under an overarching set of
imperfect assumptions that govern the model physics. For
example, in the Community Atmosphere Model version 6
(CAMO6), which is the atmosphere component of the Commu-
nity Earth System Model version 2 (CESM2; Danabasoglu
et al. 2020), a hybrid pressure system serves as the vertical
coordinate for the model physics and the pressure at each
model level is assumed to remain constant throughout the
physics parameterizations (Neale et al. 2012). The constant
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(MSE) of the column. The energy tendency associated with
surface mass fluxes has not received as much attention in free-
running general circulation models. For example, a mass
adjustment routine similar to that used in CAM6 was imple-
mented into NASA’s GEOS-5 model, yet the implications for
the energy budget were not discussed (Takacs et al. 2016).

Understanding a model’s energy budget is important for
having confidence that the model simulations and projections
are working for the right reasons, and it is also important to
the broader community who make use of that model for anal-
yses. In particular, there has been growing use of regional
energy budgets as diagnostic or prognostic frameworks for
understanding tropical rainfall patterns (Biasutti et al. 2018).
Great success has been found in linking shifts of the intertrop-
ical convergence zone (ITCZ) to the cross-equatorial energy
transport (e.g., Kang et al. 2009; Frierson et al. 2013; Adam
et al. 2016), and recent work has also found success in extend-
ing that concept to explore meridional shifts of tropical rain-
fall (Boos and Korty 2016; Lu et al. 2021). As noted by
Biasutti et al. (2018), despite successes as a diagnostic frame-
work, the energetic framework suffers from limitations
including the assumption that the circulations responsible for
rainfall are energetically direct. In other words, these circula-
tions diverge energy out of regions of heavy rainfall. Yet trop-
ical rainfall regularly occurs in regions with shallow
circulations where energy convergence is taking place (Back
and Bretherton 2006; Inoue and Back 2017).

One aspect of the energy budget that was not considered in
Biasutti et al. (2018) was the potential importance of terms
neglected by making use of MSE as the conserved energy var-
iable. Observations of enthalpy flux from rain over the tropi-
cal west Pacific suggest the enthalpy of rain can account for
15%-60% of the net surface heat flux for precipitation events,
and over a 4-month period accounted for roughly 15% of the
net surface heat flux (Anderson et al. 1998). Recent work by
Mayer et al. (2017) showed that a more accurate depiction of
the enthalpy of water, in particular condensed water species,
has a nontrivial impact on regional surface energy exchanges
estimated in reanalyses. Trenberth and Fasullo (2018) pointed
out certain shortcomings with how Mayer et al. (2017) han-
dled mass divergence, but they too found the energy flux asso-
ciated with precipitation to be an important consideration for
calculating energy budgets. One of the key results of the work
of Mayer et al. (2017) and Trenberth and Fasullo (2018) is
the need to use an energy budget that is consistent with
the energy budget internal to the model being analyzed.
Byrne and Schneider (2016) noted that it can be difficult to
compute the flow of energy through the atmosphere directly
from model output. As a result, they were forced to rely on
the difference between the mean circulation and the net
energy input to compute the eddy energy flux. Byrne and
Schneider (2016) showed that this worked out well for one
model they tested with higher-frequency output, but it may
not work as well for all models. For example, when attempt-
ing to do something similar with output from CAM version 4,
Harrop et al. (2019) needed to include the mass adjustment
energy tendency found by Lauritzen and Williamson (2019) in
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the net energy input component to accurately compute the
total energy divergence by atmospheric motions.

In this work, we seek to bring together the above threads to
better understand the mass adjustment energy tendency in
CAMS6. We will demonstrate that the adjustment energy ten-
dency arises from CAMS6’s treatment of water in the energy
budget; specifically, when water vapor in CAM6 condenses,
only its latent energy is retained, while the remaining internal,
potential, and kinetic energy that water vapor had is dis-
carded. In the default CAM6 configuration, these spurious
sources and sinks of energy associated with changes in water
vapor mass are offset by their global mean value to preserve
energy conservation on the global scale, but regionally these
errors persist as the adjustment energy tendency. We will
demonstrate how the adjustment energy tendency arises from
the energy framework used by CAMBS6 in section 2, and we
will also discuss the complications with how it is currently
handled by the model. In section 3, we will explore potential
pathways toward reconciling these issues. Finally, in section 4,
we will examine a sensitivity test using CAM6 designed to
gauge which aspects of the model are most sensitive to
assumptions made in the thermodynamic budget. In section 5,
we will summarize and discuss the findings of this article.

2. What is the mass adjustment process?
a. Why is an adjustment needed in CAM6?

We begin with a quick description of the CAM6 model
used in this study. We use CAM6 from the release version of
CESM2.1.0 (https://doi.org/10.5065/D67H1HOV). The model
uses a nominal 1° regular latitude-longitude horizontal grid.
We use the default dynamical core (i.e., primitive equation
solver) for CAMG: the finite-volume dynamical core (Lin and
Rood 1996, 1997). The physics parameterizations consist of
the Cloud Layers Unified by Binomials (CLUBB) for the
treatment of boundary layer turbulence, shallow convection,
and macrophysics (Golaz et al. 2002; Bogenschutz et al. 2013),
the Zhang-McFarlane treatment for deep convection (Zhang
and McFarlane 1995), version 2 of the Morrison—Gettelman
two-moment microphysics (MG2) for the treatment of cloud
microphysics (Gettelman and Morrison 2015), the Rapid
Radiative Transfer Model for GCMs (RRTMG) for the treat-
ment of radiative transfer (Iacono et al. 2008; Mlawer et al.
1997), and the four-mode Modal Aerosol Module (MAM4)
(Liu et al. 2016) for the treatment of aerosols. We run 16 years
of an AMIP simulation (i.e., forced by prescribed, interannu-
ally varying sea surface temperatures) beginning in year 1979
using the default settings of CAMS6. The first year of simulation
is discarded as spinup, and the remaining years are averaged
together to form a climatology of the simulation. Additional
diagnostics were implemented in the model code base to
add the ability to directly output the exact energy tendencies
from the dynamical core and adjustment procedures separately
from the rest of the physics.

In CAMBS, parameterizations are “operator split” and most
state variables (e.g., water vapor and temperature) are
updated at the end of each parameterization. The CAM6
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physics uses a hybrid sigma—pressure vertical coordinate sys-
tem that is assumed to remain fixed throughout the individual
parameterizations. Additionally, the model is assumed to be
in hydrostatic balance, such that the pressure thickness of
each model level is used to calculate the mass in that level.
The mass of each level in CAMBS is the sum of dry air and
water vapor (condensate mass is ignored). Treating the mass
as the sum of dry air and water vapor is a reasonable approxi-
mation in many circumstances, but it means that as water
transitions between the vapor and liquid or ice phases, the
mass of the column can change, even if there is no flux of
water across the surface. Since pressure is assumed to be cons-
tant during the physics calculations, the total mass (dry air
plus water vapor) in each atmospheric layer is also unchanged
during the physics. Assuming constant total mass (again, dry
air plus water vapor) is a problem because parameterized
water vapor mass changes imply changes to dry air mass,
violating dry air mass conservation. To compensate for this
dry mass conservation problem, an adjustment is made to
the total mass to preserve dry air in each layer after all of the
physics parameterizations have acted on the model state. The
details of this adjustment process are presented in section
3.1.8 of Neale et al. (2012), but we reproduce the important
pieces below to facilitate and motivate the work presented in
this manuscript.

For a column in CAMBS, the hydrostatic balance assumption
means that

op

- ‘% + Zk:(mfi + mk) (1)

where p; is the surface pressure, g is the gravitational acceler-
ation (assumed to be a constant), §*p is the pressure thickness
of level k, and m¥ is the total mass of the layer (in units of
kg m_z). CAMBS6 assumes the total mass, mf‘ , is the sum of dry
air mass (m’;) and water vapor mass (mf . The dry air mass
and water vapor mass can equivalently be expressed in terms
of pressure thickness and specific humidity as

mi=(1- )22, @

k:

sk
mh = g5 2P

P 3)
where ¢* is the specific humidity of level k, defined as
mk/\mk + m*). Adopting the same notation as Neale et al.
(2012), n is the time before the parameterizations have acted
on the model state, n* is the time after all parameterizations
have run but before the adjustment, and n» + 1 is the time
after the adjustment has been completed. The adjustment is
formulated to conserve water vapor mass between times n*
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and n + 1, and dry air mass between times n and n + 1.
Conservation is enforced at each model level such that

5kp Skp
qltin* "= q:{;,n+l ad ’ (4)
4
p, &P
(1 - qllin) = (1 - qﬁ,rﬁrl) g . (5)

The above equations can be rearranged to get expressions
for the pressure thickness and specific humidity after the
adjustment:
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For the column mass, the change is
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which shows the new surface pressure is equal to the old sur-
face pressure plus the column change in water vapor mass, as
expected. Recall that in CAM6, only dry air and water vapor
contribute to the hydrostatic pressure, so for a column with
no change in dry air, the surface pressure change should equal
the change in water vapor mass. Equation (7) can be rewritten
for any model tracer (e.g., cloud liquid or aerosols) as

k
qx,n*
— gk k
1 qv,n + qu,n*

k
('Ix,n+1 -

) ©

where ¢, is the tracer concentration. Note that the denomina-
tor is always the change in water vapor.

As expected, the column-integrated adjustment mass ten-
dency balances the water vapor tendency. Averaged over long
time scales, the adjustment mass tendency is nearly identical
to the surface evaporation minus precipitation flux (E — P; see
Fig. 1), which is balanced by the moisture convergence.

b. Why does the adjustment produce an energy tendency?

To understand the change in energy associated with the
adjustment, it is useful to familiarize ourselves with the energy
expression used by CAM6. CAM6 checks for energy conser-
vation within the physics on a column-by-column basis.
Because the model is assumed to be in hydrostatic balance,
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E-P 5
Glob = 0.0 mm/day; ITCZ = -2.9 mm/day ‘

FIG. 1. Surface evaporation minus precipitation flux in units of
mm day . The magenta contour denotes the ITCZ region

(20°S-20°N, where P > 5 mm day ).

the following general expression for column-integrated energy
is used (Williamson et al. 2015):

o )+ 00

; (10)
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%
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where ¢ is the column-integrated energy, A is the specific
enthalpy, u and v are the zonal and meridional winds, and ®;
is the surface geopotential. While Eq. (10) is what CAM6
aims to conserve, it is worth reminding readers that this repre-
sentation with enthalpy and the surface geopotential term
cannot be used to examine energy at an individual model
level owing to the column integration being used in its deriva-
tion (see Kasahara 1974; Laprise and Girard 1990). It is also
worth noting that there is no term related to pop®P;op because
we are only interested in changes to the column energy and
the model top is time-invariant. The expression for enthalpy
used in CAMG6 is

h = cpaT + (Ly + Ly)qu + Lyqu, (11)
where ¢,4 is the specific heat at constant pressure for dry air,
T is temperature, L, and Lyare the latent heat of vaporization
and fusion, respectively (both assumed constant), and g; is the
specific mass of liquid (both cloud and rain water). Combining
Egs. (10) and (11) gives

)

1 cpaT" + (Lo + Ly)gs
8%

2 2
+ qu;‘ +M

1
& p + . psds. (12)

Equation (12) is the expression CAM uses in its internal
energy checking algorithms. We refer to the c,,7 term as the
“thermal energy” term, the (L, + Lpq, + Ls; term as the
“latent energy” term, the 0.5(u> + %) term as the “kinetic
energy” term, and the p,®,/g term as the “potential energy”
term. To better understand why the mass adjustment
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produces an energy tendency, it is useful to rewrite Eq. (12)
in terms of the layer mass using Eq. (1):

)

cpd(mﬁ + mf)Tk + (Ly + Lg)m
k

v

+Lfm§‘+(md+m 3

. k)(uk)z + (uf)z}

+2>) (mf} + m/,j)CDs (13)

k

Again, the p.p term is dropped because we are only inter-
ested in changes to column energy, . It is apparent from
Eq. (13) that the mass of water vapor has thermal, potential,
and kinetic energy (in addition to latent energy) in the CAM6
energy budget owing to the inclusion of its mass in the total
mass used in the energy budget equation. The specific heat
of dry air at constant pressure, c,4, is used for both dry air
and water vapor in CAM6, which is a point we will revisit
in greater detail later in this manuscript. It is important to
note again that the total mass (dry air plus water vapor) is
assumed to be fixed during the physics parameterizations.
In other words the sum of m% + m* is held constant during
the physics parameterizations and only updated during
the adjustment process. Following the conservation restric-
tions in Eqgs. (4) and (5), the adjustment update to total
mass is equal to the change in water vapor mass during the
physics (Am, agjustment = APyphysics)- Therefore, we can write
the change in energy owing to the adjustment as follows:

k2 2
u + (f
Aaadj = kE deAmﬁTk + Amf%

+ Z (Amﬁ)@s,
k
(14)

where AmF is the net change in water vapor during the model
physics, and can equivalently be thought of as Am¥* during the
physics (since dry air mass is unchanged).

In Eq. (14) Ag,g; is the change in column-integrated energy
in CAM owing to the adjustment tendency and Am¥ is the
water vapor mass change owing to the physics parameteriza-
tions, which is identically the total mass change required to
conserve dry air mass during the adjustment. Thus, it is the
inclusion of water vapor mass in the energy budget that gives
rise to the adjustment energy tendency. Because water vapor
has thermal, kinetic, and potential energy in the model, when
water vapor is added or removed during the physics
(e.g., through phase change), then thermal, kinetic, and
potential energy is also added or removed.

The adjustment energy tendency can be seen in Fig. 2¢c. The
energy tendencies related to the resolved dynamics, the phys-
ics parameterizations, and the residual are shown in Figs. 2a,
2b, and 2d, respectively. The adjustment energy tendency
matches what was found by Lauritzen and Williamson (2019,
their Fig. 7b). Even with accounting for the different color
bars in Fig. 2, the adjustment tendency can be seen to be a
nontrivial component of the regional energy budget. The
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Adjustment tendency (3&/t) g
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Physics tendency (9&/at)pnys
Glob = -0.0 W/mZ; ITCZ = 32.1 W/m? 17

=117

Residual
Glob = -0.7 W/mZ; ITCZ = -0.7 W/m? -

FIG. 2. Primary energy tendency terms for (a) dynamics, (b) physics, (c) adjustment, and (d) residual (energy fixer
plus a time tendency owing to the disequilibrium of the atmosphere overlying an evolving SST pattern) taken from
the CAMB6 simulation. Units are W m ™2 for all panels. For the dynamics tendency, negative values indicate divergence
of energy out of the region. Note that the color bar limits are not the same for each panel. The magenta contour
denotes the ITCZ region (20°S-20°N, where P > 5 mm day ).

annual mean adjustment energy tendency follows the pattern of
evaporation minus precipitation (cf. Figs. 1 and 2c) because this
energy tendency is specifically tied to changes in water vapor.

c. Why is this an issue?

The key point from section 2b is that the adjustment energy
tendency is the result of water vapor being included in the
energy budget. Including water vapor in the mass used for
the energy budget is not in itself a problem. In principle, the
energy budget can be written with whatever constituents
one likes, so long as the appropriate sources and sinks are
accounted for in the model. The problem with CAMS6 is that
the appropriate sources and sinks are not being accounted
for. The adjustment energy tendency in CAMG6 is treated as
an error that is handled globally by an energy fixer [for details
on the fixer, see Neale et al. (2012)]. In other words, the
adjustment energy tendency is averaged over the entire globe
and that average is subtracted off of each atmospheric
column. To illuminate this problem further, consider the fol-
lowing thought experiment. CAMS6 has n columns and experi-
ences condensation and precipitation in a single column,
which has an adjustment energy tendency of Ae. The energy
tendency is globally averaged (assuming uniform area
weights) to Ae/n and a counterbalancing offset is applied to
each column. After this global offset, the column that formed
precipitation still has an energy tendency, now equal to
Ag[1 — (1/n)], and every other column now sees an energy
tendency of —Ae/n even though those columns experience no
change in water vapor. This scenario becomes even more
problematic when one considers that CAMS6 is often coupled

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 06/20/22 05:37 PM UTC

to other models such as land, ocean, and sea ice for climate
and Earth system modeling. In a coupled system, one would
expect the energy lost by water vapor condensation to be car-
ried across the surface by precipitation. Instead, however,
CAM6 assumes that hydrometeors have no energy and thus
there is no surface energy flux associated with rain. This
means that the divergence theorem,' while satisfied globally
because of the fixer, is violated locally for individual columns.
We consider this local violation of the divergence theorem to
be a significant problem given the magnitude of the regional
adjustment energy tendencies (see again Fig. 2c). Constraints
like the divergence theorem should be satisfied both locally
and globally, if we are to increase confidence that the model
simulated climate is working for the right reasons.

On top of violating the divergence theorem locally, the
adjustment energy tendency is a nonnegligible part of the
regional energy budget and, as such, adds a potential chal-
lenge for understanding the regional hydrologic cycle. As dis-
cussed in section 1, there has been growing interest in using
the energy divergence by atmospheric motions to diagnose
features related to the hydrologic cycle. The regional pattern
of the adjustment energy tendency is a critical factor to

' The divergence theorem states IJ‘[ (V-F)dV = @ F-ndS.
1% N

For a volume with no internal sources or sinks of energy, d&/dt +
V - F, = 0. Combining this with the divergence theorem reveals

that ‘[JJ (0g/at)dV =—9$ F, - 71dS. In other words, the time
1% N

tendency of the energy within the volume must equal the flux of
energy into and out of the volume.
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FIG. 3. Energy tendencies associated with the three dominant
terms: physics, dynamics, and adjustment, for the frozen column
energy [Eq. (15)]. Solid lines represent values for the default
CAMBG configuration. Dashed lines represent the sensitivity experi-
ment described in sections 3 and 4. All values are averaged over
subregions within 20°S-20°N, wherein surface precipitation exceeds
the precipitation threshold value given on the abscissa.

consider when attempting to apply these types of frameworks to
CAMS6. As an example, Fig. 3 shows the physics, dynamics, and
adjustment frozen column energy tendencies averaged over the
latitude range 20°S-20°N for different precipitation thresholds
(shown on the abscissa). The frozen column energy is written as

1
g

Efrzn deTk + quf - qu{(

(0 + ()

+
2

(15)

1
ka + g PsDs

and differs from the column energy in CAM6 only in the
choice of enthalpy constants. Both are conserved equally well
in CAM6. We opt to use the frozen column energy in Fig. 3
because it is comparable to the commonly used frozen moist
static energy. It is worth pointing out here that the dynamics
tendency is computed online within the model and is an accu-
rate representation of the energy tendency resulting from the
model’s resolved dynamics. The physics tendency is the sum
of radiative, sensible, and latent heating:

dEfrzn

= SWoet + LWye + SHF + L,E + L;P,, (16)

dt  physics
where SW,,.; is the net SW heating, LW, is the net LW heat-
ing, SHF is the sensible heat flux, E is the surface evaporation,
and P; is the surface snowfall.

Figure 3 shows the balance of the three energy terms is
sensitive to the precipitation threshold chosen. Figure 3 also
shows that as the averaging region is restricted toward
higher rain rates, the adjustment energy tendency decreases
as expected. The dynamics tendency, however, increases
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(decreasing energy divergence) with increasing precipitation
threshold. In other words, Fig. 3 suggests that in CAM6
energy divergence by the dynamics is weak for tropical
regions with heavy rainfall, inconsistent with expectations
from the energetic framework arguments for analyzing the
hydrologic cycle. The physics tendency exceeds 40 W m ™2
for nearly all rain rates, but the balance of terms offsetting
the physics tendency changes with precipitation threshold.
When the precipitation threshold is zero (i.e., the entire
20°S-20°N region is horizontally aggregated), the adjust-
ment tendency is roughly zero and there is balance between
the physics and dynamics terms. At rain rates exceeding
roughly 9 mm day ™!, the dynamics tendency is equal to the
adjustment tendency and their sum balances the physics
tendency.

3. How might we correct the energy error?

The regional energy error described in section 2c merits
further discussion, particularly with an aim toward fixing the
problem. In this section, we describe different paths toward
remedying the regional energy error associated with the mass
adjustment and weigh the pros and cons of each option. While
this is not meant to be an exhaustive list, ultimately the sur-
face flux and column energy tendency need to be brought into
agreement with one another to satisfy the divergence theorem
locally, so any solution will have some similarity to the sugges-
tions described below.

To aid the discussion of the following proposed pathways,
Fig. 4 summarizes the options discussed within this section.
The default CAMBS6 version is shown at the top of the possible
energy pathways for reference, and options A, B, C, and D
correspond to sections 3a to 3d, respectively. In Fig. 4, each
option is used to show what would happen to the energy asso-
ciated with water vapor after it condenses and rains out.

a. Use adjustment tendency at surface

The first potential fix would be to remove the global fixer
and prescribe a surface energy flux to match the adjustment
energy tendency as it currently exists in CAM6. Using the
adjustment energy tendency to compute a surface energy flux
would guarantee the divergence theorem is upheld for the
adjustment process. In Fig. 4, the remaining internal, kinetic,
and potential energy of water vapor is transferred through the
surface to other component models. This potential fix would
also be relatively simple from the perspective of the atmo-
sphere model, since minimal changes are needed. There are,
however, many negative aspects of such a fix. First, there is no
guarantee that changes to the other component models (land,
ocean, and sea ice) would be similarly straightforward. For
example, an increase in water vapor in the atmosphere has an
energy tendency equivalent to adding water vapor at the tem-
perature of the atmosphere, but the ocean or land models
lose water vapor at the surface temperature. While these two
temperatures are similar, they are not exactly equal and that
difference can lead to energy conservation issues when the
model is coupled. Second, it may not be possible to define a
surface flux in regions where rain evaporates before reaching
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FIG. 4. Schematic example of energy pathways for the energy contained in water vapor that
condenses and rains out. The default CAM6 method (described in section 2) is shown at the top.
The alternative energy pathways proposed in this section are as follows: pathway A provides the
adjustment energy tendency from Eq. (14) as a surface flux; pathway B include condensates in
the energy budget, but continue to use the enthalpy expression currently in CAM6 [Eq. (11)];
pathway C is like B but uses a more rigorous expression for enthalpy; and pathway D assumes
that condensates have no energy and all of the energy associated with water vapor is released
during condensation (latent heat plus remaining internal, kinetic, and potential energy), i.e., it
uses a local energy fixer. Here chyaro refers to the specific heat of the hydrometeors, ¢, is the spe-
cific heat of dry air at constant pressure, ¢; is the specific heat of liquid water, ¢; is the specific
heat of ice water, f, is the fraction of hydrometeors in the liquid phase, P is the surface precipita-
tion flux, and Tyyqyo is the temperature of the hydrometeors when they reach the surface.

the surface. For example, imagine some rain forming in the
upper atmosphere at temperature 77, falling through the
atmosphere, and then evaporating at temperature 7,. From
Eq. (14), there will be a change in thermal energy of
cpaAm*(T, — Ty). Physically, this energy tendency results
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from the fact that the condensed water is no longer in equilib-
rium with the CAM6 atmosphere, so the temperature
increase for the liquid water has no associated cooling from
the remaining air. It is not ideal to prescribe a surface
flux to handle processes that are inherently internal to the
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atmosphere. Third, even when there is a surface precipitation
flux, would setting its associated heat flux equal to the adjust-
ment energy tendency produce physically plausible tempera-
ture values for the rain? As noted above, the rain is not being
warmed by the atmosphere as it falls; whatever energy it has
when it forms is the energy it would carry across the surface.

This third complication of whether the rain temperature val-
ues are realistic provides a nice segue into the surface enthalpy
flux. To show the link between the rain temperature and sur-
face enthalpy flux, we start with the expression for the surface
enthalpy flux associated with water derived by Mayer et al.
[2017, their Eq. (18)]. Since CAMSG6 uses a different expression
for enthalpy than that derived in Mayer et al. (2017), we
modify their surface enthalpy flux associated with water to be
consistent with the assumptions made by CAM6. The appro-
priate surface enthalpy flux for water constituents in CAM6
would be

Fhw = deETS[C - dePTp + L.\‘E - LfPrainw
——

surface missing enthalpy flux

(17)

where Fy,, is the surface enthalpy flux associated with water,
E is the surface evaporation, T is the surface temperature,
P is the surface precipitation, 7}, is the temperature of precipi-
tation, L, is the latent heat of sublimation, Ly is the latent
heat of fusion, and P,;, is the precipitation flux coming from
liquid water only. In Eq. (17), the specific heats for all phases
of water are set to the specific heat of dry air, c,4, which fol-
lows from two assumptions made in CAM6’s energy budget
[Eq. (12)]. First, the mass of water vapor is not treated sepa-
rately from dry air in Eq. (12), meaning it is consistent with
the CAMB6 framework to treat the specific heat of water vapor
as equal to that of dry air. Second, CAM6 assumes constant
latent heat values. Under Kirchoff’s equations, this would
suggest that all phases of water have the same specific heat.
While this is obviously not true in the real world, in order to
be consistent with the CAM6 energy budget, we must set the
specific heats in Eq. (17) to be that of the dry air.

Equation (17) is valid under the assumptions made by
CAMBG, but it is not actually used in CAMBS6. Instead, only the
last two terms on the right-hand side of Eq. (17) are computed
in the model. The first two terms on the right-hand side of
Eq. (17) (cpaETstc — cpaPTy) are missing from the model, so
for convenience we will refer to their combination as the sur-
face missing enthalpy flux to distinguish it from the part of the
surface enthalpy the model already computes. Our first pro-
posed fix would be equivalent to setting the surface missing
enthalpy flux equal to the adjustment energy tendency. Using
the output from CAMS6, we can estimate 7, under such an
equality. When we do, we find the temperature difference
between T, and Ty to be on the order of tens of degrees.
Averaged over the ITCZ region, defined here as the area
within 20°S-20°N, where annual mean rainfall exceeds
S mm day !, 7, = 287.3 K. Over the same ITCZ region,
Tsic = 300.5 K—a difference from 7}, of 13.2 K.

Observations and theory suggest the temperature of rain
at the surface is nearly equal to the surface wet-bulb tem-
perature (Byers et al. 1949; Kinzer and Gunn 1951; Gosnell
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et al. 1995; Anderson et al. 1998; van Beek et al. 2012). The
mean wet-bulb temperature [estimated using the numeric
approximation of Stull (2011)] is 296.8 K—still a difference
of nearly 10 K from our estimate of 7, when assuming the
adjustment energy tendency can be used as the surface miss-
ing enthalpy flux. Therefore, simply treating the adjustment
energy tendency as a surface energy flux that can be passed
to other component models could result in unrealistic levels
of surface cooling, depending on the level of thermody-
namic complexity in the other component models.

b. Include condensates in energy budget

A potential fix that goes one step further than the one
above would be to include the energy budget of hydrometeors
as they fall through the atmosphere such that they can take
up heat as they fall and reach the surface with a realistic tem-
perature. We estimate such a budget offline using model out-
puts. Once water has condensed, it is no longer part of the
column-integrated energy CAMG6 uses [Eq. (12)]. Since we
need to track the energy of the hydrometeors as they move
through the column, we simply track the changes in internal,
potential, and kinetic energy of the hydrometeors. The kinetic
energy of hydrometeors is two to four orders of magnitude
smaller than their internal and potential energy terms, so we
will neglect it for this discussion. The internal energy change
for the hydrometeors is simply the product of their specific
heat, mass, and change in temperature. Similarly, the change
in potential energy for the hydrometeors is the product of
Earth’s gravitational acceleration, mass, and change in alti-
tude [Igel and Igel (2018) provide a derivation of the change
in potential energy of hydrometeors]. At atmospheric pres-
sures, ¢, = ¢, for liquids and solids. To be consistent with
CAMBG, as noted above, we use ¢, for the specific heat of all
water species. Thus, the changes in internal and potential
energy can be written as

AIEhydm = demhydroAT7 (18)

APEhydro = gmhydroAL (19)
where AlEy4ro and APE,y4r, are the changes in hydrome-
teors’ internal and potential energy, respectively, and #nyaro
is the mass of the hydrometeors.

Equations (18) and (19) account for the changes in the
hydrometeors’ energy between where they form in the atmo-
sphere and their energy when they reach the surface, which is
a key piece to understanding the total atmospheric budget as
noted by Trenberth and Fasullo (2018). These internal and
potential energy budgets are computed simply as a diagnostic
here. If the hydrometeors were able to interact energetically
with the atmosphere, the change in internal energy would
reflect the exchange of energy to bring the air and condensate
into equilibrium (Romps 2008) and the change in potential
energy would generate heat through frictional dissipation
(Pauluis et al. 2000; Sabuwala et al. 2015; Igel and Igel 2018).

To make the calculations tractable using the CAM6
model output, we make the following assumptions. First, it is
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IE flux from hydrometeors

FIG. 5. (a) The surface missing enthalpy flux [thermal energy carried by water mass flux at the lower boundary of the atmosphere; brack-
eted part of Eq. (17)]. (b) Atmospheric cooling owing to warming of hydrometeors as they fall [vertical sum of Eq. (18)]. (c) Atmospheric
warming owing to conversion of potential energy as hydrometeors fall [vertical sum of Eq. (19)]. All panels are in units of W m ™2 Note

that the figure limits are not uniform across panels.

assumed that hydrometeors equilibrate to the actual tempera-
ture, not the wet bulb temperature. Byers et al. (1949)
observed that as rain is falling the difference between the tem-
perature and wet bulb temperature decreases, likely owing to
the increasing relative humidity by drop evaporation. We
apply this first assumption for both the calculation of the
change in internal energy of hydrometeors as they fall
through the atmosphere, as well as the calculation of their
temperature at the surface. Second, the mass of hydrometeors
falling through a layer is equal to the integrated water vapor
physics tendency in the layers above. Neglecting the impact of
cloud water remaining is reasonable because we are comput-
ing this budget using annual mean climatological tendencies.
It is worth noting that using the net water vapor tendency
means in places of net evaporation there are potential and
internal energy tendencies associated with water vapor being
fluxed into the atmosphere and mixed upward (this impacts
more than just the lowest atmospheric level since vertical dif-
fusion occurs in the model immediately after the surface
fluxes are added). These tendencies associated with net evap-
oration, however, are much smaller than those associated
with hydrometeors. Third, all condensation and evaporation
occurs in an infinitesimal layer at the bottom of the model
level. This third assumption means that condensation occur-
ring in a model level does not contribute to frictional heating
within that level. It also means that as rain falls into a level,
the entire mass of water going into that level equilibrates to
the temperature of that level, regardless of whether any
evaporates.

We show the values of these budget terms in Fig. 5 evalu-
ated from model outputs. Figures 5a—c show the energy
tendencies and fluxes associated with water species
[Egs. (17)-(19), respectively]. The sign convention is that of
the dry air perspective such that the internal energy term is
negative because the air heats the hydrometeors as they fall
(Fig. 5b), and the potential energy term is positive because
the potential energy lost by the hydrometeors is converted to
heat via friction (Fig. 5c). Estimates of the amount of poten-
tial energy lost to the atmosphere through frictional heating
show it to range from approximately 2 to 5 W m ™2 in tropical
rainfall regions (Pauluis et al. 2000; Pauluis and Held 2002;
Romps 2008; Pauluis and Dias 2012; Igel and Igel 2018).
Figure Sc shows that values tend to be on the low end of prior
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estimates, but agreement is reasonable overall. The surface
missing enthalpy flux is negative in regions of heavy precipita-
tion because the water is carrying energy out of the atmo-
sphere and giving it to the ocean or land (and vice versa in
regions of net evaporation; Fig. 5a).

The first consequence is that the surface missing enthalpy
flux is an order of magnitude larger than the other terms asso-
ciated with the hydrometeors. Second, a lot of the frictional
heating from the hydrometeors (the PE term in Fig. 5c) is off-
set by cooling from those hydrometeors. While not shown
directly in Fig. 5, the sum of the surface missing enthalpy flux,
internal energy, and potential energy terms shown in Fig. 5
does a remarkably good job of reproducing the adjustment
energy tendency. The agreement is surprisingly good consid-
ering that the three terms [Egs. (17)-(19)] were all computed
offline using annual mean averages, and thus neglect cova-
riances between temperature and rainfall on subannual time
scales. The global mean difference between that sum and the
adjustment energy tendency is only 0.06 W m ™2, their root-
mean-square difference is 0.39 W m ™2, and their pattern cor-
relation coefficient is 0.999.

Like in section 3a, the local divergence theorem is satisfied
by including a surface flux to match the column energy ten-
dency. The main difference between pathways A and B in
Fig. 4 is that the hydrometeors are allowed to interact with
the air as they fall. This allows for a realistic temperature of
rainfall to be achieved at the surface, but it also means that
the column energy tendency will not be the same as that of
the adjustment energy tendency in the default CAM6 because
of the IE and PE flux terms shown in Figs. 5b and 5c.

¢. Include condensates and upgrade enthalpy

The most glaring drawback to the potential fix above is
the use of c,4 for the specific heat in Eq. (18). The specific
heat of liquid water is roughly 4 times larger than that of dry
air, meaning it takes roughly 4 times as much energy to
warm the same rain flux relative to our estimates above. No
ocean model treats the enthalpy of liquid water using c,4, so
there will be an enthalpy flux mismatch when CAMS is cou-
pled to other models if the approach in section 3b is used.
We can alleviate this issue by relaxing the assumption of
constant latent heats for the enthalpy used in CAMS.
Substituting a different expression for enthalpy that uses the
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FIG. 6. (a),(b) As in Figs. 5a and 5b, but using the enthalpy formulation in Eq. (20). (c) The difference between the adjustment energy
tendency and the sum of the internal energy, potential energy, and surface missing enthalpy flux terms. The mean and RMSD in (c) are

both global values. All panels are in units of W m 2.

correct specific heats of different phases of water provides a
more realistic estimate of the potential falling hydrometeors
have for cooling the atmosphere. The enthalpy expression
we use is

h=[(1 = qr)cpa + quepy + qicr + qici|(T — Tg)

+ Ly(Tr)qy + Li(Tr)qu, (20)

where g7 is the total water mixing ratio (g, + q; + ¢;), Cpy is
the specific heat at constant pressure for water vapor, ¢, is the
specific heat of liquid water, ; is the specific heat of ice, and
Tg is a reference temperature (taken to be 273.16 K). In
Eq. (20), L, and Ly are evaluated at the reference tempera-
ture, equivalent to the constant values used in CAMS6. The
derivation of Eq. (20) can be found in appendix A. Equation
(20) is equivalent to the expression for enthalpy used by
Mayer et al. (2017) up to a choice in constant.

Using Eq. (20), we formulate an expression for the surface
missing enthalpy flux, as well as the internal and potential
energy changes for hydrometeors. The total surface enthalpy
flux from water that is consistent with Eq. (20) is

Fow = va(Tsfc - TR)E - Cl(Tatm - TR)Prain - ci(Talm - TR)Psnow
surface missing enthalpy flux

+ LS(TR)E - L/'(TR)prain~

eay)

By formulating the enthalpy expression to have latent heat
terms using the reference temperature latent heat values, we
cleanly separate the terms CAMBG calculates from those it cur-
rently neglects, which we continue to refer to as the surface
missing enthalpy flux [denoted in Eq. (21)].

The surface missing enthalpy flux in Eq. (21) is a more rig-
orous treatment of the surface missing enthalpy flux than that
in Eq. (17). The hydrometeor potential energy change
[Eq. (19)] is not sensitive to the change in enthalpy formula-
tion, but the hydrometeor internal energy change [Eq. (18)]
is. For computing the internal energy difference, we replace
¢paq in Eq. (18) with the specific heat for a condensate mixture,
computed as

Chydro = frcl + (1 - fr)ci, (22)

where f, is the fraction of the total precipitation mass in the
liquid phase.
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Figure 6 shows the updated surface missing enthalpy flux
(Fig. 6a) and internal energy term (Fig. 6b) using the enthalpy
term in Eq. (20). The color scales differ between Figs. 5 and 6,
but it is still clear that important differences exist. For con-
venience we will refer to the values computed using the
enthalpy in Eq. (20) as the “theoretical enthalpy” and those
using the enthalpy with assumed constant latent heat values
in CAMBG as the “CAMS6 enthalpy.” For the surface missing
enthalpy flux calculated using the CAM6 enthalpy, there is
greater global cancellation between the evaporation regions
and the precipitating regions than that using the theoretical
enthalpy. Additionally, the energy losses from the atmo-
sphere in the ITCZ region between the surface missing
enthalpy flux and internal energy term are much more simi-
lar when using the theoretical enthalpy than when using
the CAM6 enthalpy. Finally, Fig. 6¢c shows the difference
between the sum of the three terms using the theoretical
enthalpy and the adjustment energy tendency. Using the
theoretical enthalpy estimate suggests the regional energy
lost and gained from the atmosphere through the mass
adjustment process is an overestimate, although direct com-
parison between different enthalpy estimates can be mis-
leading owing to differences in the choice of constants and
assumptions used.

The global and ITCZ mean values for the terms presented
in Figs. 5 and 6 are summarized in Table 1. For the global
mean, both the surface missing enthalpy flux and internal
energy terms decrease in our theoretical estimate relative to
what was computed using assumptions consistent with the
current CAM6 energy budget. Instead of the sum of these
missing terms heating the atmosphere in the global mean as

TABLE 1. All values diagnosed from the control simulation.

Global ITCZ

Field mean mean

SMH flux (CAMO6) 0.1 -9.9
SMH flux (theoretical) -1.1 —6.1
IE flux (CAMO6) -0.3 —-1.2
IE flux (theoretical) -09 —4.0
PE flux 0.5 1.8
Sum (IE + PE + SMH; CAM6) 0.4 -9.3
Sum (IE + PE + SMH; theoretical) -1.5 -83
Adjustment energy tendency (9&/0t),g; 0.3 -9.0
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the CAM6 energy budget would suggest, the theoretical
budget suggests these missing terms are a net cooling of
—1.5 W m™? to the atmosphere.

Recall that the above discussion stems from our desire to
provide an appropriate surface flux for the adjustment energy
tendency as a replacement for the global fixer to satisfy the
divergence theorem. We outlined three options with increas-
ing complexity and realism: 1) simply applying the adjustment
energy tendency as a surface flux, 2) applying a surface
enthalpy flux based on theoretical grounds for the enthalpy
associated with water, but consistent with enthalpy used in
CAMBS, and 3) repeating option 2 with an enthalpy that allows
for latent heats to vary with temperature. These three options
are grouped together in Fig. 4 because all three relax the
assumption that precipitation has no heat flux, and thus allow
for a surface flux to balance the column energy tendency asso-
ciated with water phase changes. Next, we will consider the
opposite approach where we attempt to make the tendency
within the atmosphere match the default CAM6 surface
flux.

d. Use a local energy fixer

An alternative option would be to continue to assume that
condensed water species have no energy and that there is no
surface enthalpy flux associated with water crossing the lower
boundary of the atmosphere except for the latent heat term
already computed in CAMS6. In such a scenario the adjust-
ment energy tendency currently offset by a global fixer would
instead remain in the atmosphere locally. Physically, this
would be as if the enthalpy of liquid and ice water were set
to their reference enthalpy values [LATx) for liquid and 0
for ice]. For this case, condensation and deposition would
result in a latent heating equivalent to the enthalpy of the
water vapor that is lost, meaning it would not simply be
the constant value used in CAMS6. In other words, the tem-
perature tendency would be larger for the same amount of
condensation relative to the default CAM6 model. This dif-
ference in heating provided through condensation is shown
schematically by comparing the default CAM6 and D pan-
els in Fig. 4.

Like in section 3a, this local fixer option results in an
unphysical rainfall temperature (in this case, 0 K). For surface
components that take rain temperature as an input, this
unphysical rainfall temperature would result in erroneously
large surface cooling. One could ask whether the use of an
alternative reference temperature or enthalpy could alleviate
the concern surrounding rainfall temperatures being too cold
in the local fixer option. Since CAM6 assumes constant latent
heats, the specific heat of water vapor, liquid, and ice are all
equal, which, combined with the arbitrary nature of the refer-
ence enthalpy, means that the reference temperature is like-
wise arbitrary and its value can be freely chosen. The natural
selection is to choose the reference temperature and enthalpy
to match what is already used in CAMBS. If one were to choose
a different reference temperature, then there would be an
additional surface flux term associated with that reference
temperature [specifically, c,o(P — E)Tg]. Attempting to
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include that term in the local energy fixer would introduce a
dependency of the local energy fixer on the reference temper-
ature, which is not ideal. The optimal choice, again, is to use
that which is already in CAM6 (Tg = 0 K).

It is straightforward to derive the temperature change
needed to conserve enthalpy locally:

T,

Tk = T
i 1- qﬁn + qﬁn*

(23)

The derivation of Eq. (23) is in appendix B. A similar equa-
tion is used to adjust the kinetic energy. As expected, Eq. (23)
implies an increase in temperature for a decrease in water
vapor (g%, < g%,) via condensation or deposition.

Another possibility would be to reformulate the CAM6
energy to only consider dry air. For example, if CAMG6 used
a dry air pressure vertical coordinate there would be no
need for the mass adjustment process and its associated
energy tendency would vanish as well. From the analysis
provided in section 2, assuming no other changes to the
CAMBG6 energy framework (i.e., only changing m, to be equal
to m,), this would be equivalent to letting water species in
the atmosphere only have latent energy. For example, if
water vapor were to condense and rain out, all of that latent
heat would go into heating the dry air, and the falling
hydrometeors would not carry any energy with them out
of the atmosphere. Like the local conservation option
above, this would also result in an increased temperature
tendency for the same condensation owing to the fact that
Mg = M.

e. Summary of energy error correction pathways

Any of the above options could be viewed as an improve-
ment over the current method of applying a global fixer to
cancel out the adjustment energy tendency. Updating the
enthalpy expression used in CAMS6 to better account for
water across all phases is the most physically realistic option.
Including the surface missing enthalpy flux terms was noted
by Guo et al. (2019) to improve the seasonal cycle of equato-
rial Pacific SSTs, but reduces their interannual variability
(using the NorESM1-F model—whose atmosphere model is a
fork of CAM and has the same enthalpy definition as in
CAMO).

An example of how to implement a rigorous enthalpy
framework into a model was derived by Catry et al. (2007)
and implemented into the AROME numerical weather pre-
diction model by Degrauwe et al. (2016). Their results showed
the largest consequences in scenarios with heavy rainfall.
Implementing the Catry et al. (2007) framework or a similar
one into CAM6 has the potential to be a major improvement
for simulating the model climate, but is a technical challenge
beyond the scope of the current work. Because CAMGO is fre-
quently coupled to other components within CESM2, imple-
menting the Catry et al. (2007) framework would require
modifications to the other component models to conserve
energy across the entire Earth system. Still, we think it is valu-
able for this work to run an experiment to gauge which
aspects of the CAM6 simulated climate system are most
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F1G. 7. (a)—(c) As in Figs. 2a—c, but using the experimental adjustment method. (d)—(f) Differences between (a)—(c) and the corresponding
panels in Fig. 2.

sensitive to the assumptions made in the energy budget. With
that in mind, we implement the option where the energy is
fixed locally instead of globally. While we do not consider this
option a fix because it continues to neglect the energy of con-
densed water species, it does give us a measure of how sensi-
tive CAMBO is to the regional impact of the adjustment energy
tendency. We explore this sensitivity test in the following
section.

4. What impact does the adjustment energy tendency
have on the simulated climate?

In this section, we will explore the sensitivity of CAM6 to
the adjustment energy tendency. To do this, we run a sensitiv-
ity experiment to compare against the default configuration
AMIP simulation discussed in the previous sections. As noted
above, the sensitivity experiment is one where instead of
applying a global fixer to offset the global mean adjustment
energy tendency, we use a local energy fixer to offset the
adjustment energy tendency in each column. It is important to
stress that this experiment is not intended as a “fix” for
CAMBG, but instead is a simple test to gauge which aspects of
the simulated climate system are most sensitive to the mass
adjustment energy error. The local fix is done by modifying

temperature [via Eq. (23)] and winds such that the enthalpy
and kinetic energy are conserved during the adjustment rou-
tine. We do not modify the surface geopotential to conserve
the total column energy, but we show below that this term is
small enough to ignore here.

We begin by comparing the energy tendencies (physics,
dynamics, and adjustment) for the experiment relative to the
control. Figure 7 shows that, as expected, the adjustment term
goes to near-zero everywhere (note that the color limits for
Fig. 7c are much smaller than those for Fig. 2c). Again, the
adjustment tendency is not exactly zero because our formula-
tion does not account for the p,®,/g term in Eq. (12). Thus, in
regions where ®; is nonzero, there is still an energy tendency
associated with the surface pressure change, especially near
large topography. As can be seen in Fig. 7 and Table 2, how-
ever, this tendency is small and can be safely neglected for the
analysis herein.

Figure 7 also shows the changes in the primary energy
terms between the experiment and control. There are nontri-
vial signals in both the physics and dynamics tendency differ-
ences. These differences suggest that altering the treatment
of energy carried by condensates in the dry mass adjustment
procedure has a profound effect on the simulated climate
state. The largest changes arise over the deep convective

TABLE 2. Simulated variables for the global mean of the control, experiment, and their difference (experiment minus control), as
well as the ITCZ averaged region (20°S-20°N, where P > 5 mm day ') of the control, experiment, and their difference. For
consistency with the model’s energy formulation, LHFLX is equal to the last two terms on the right-hand side of Eq. (17).

Global mean Global mean Global mean ITCZ mean ITCZ mean ITCZ mean
Field control experiment difference control experiment  difference
(08191 pnys (W m™?) —-0.0 -0.0 -0.0 321 324 0.2
(0&/9)ayn (W m™?) -1.0 -1.1 -0.1 —23.8 —33.4 -9.6
(0&/91) 55 (W m™?) 0.3 -0.0 -0.3 -9.0 -0.1 8.9
Top-of-atmosphere net radiation (W m™2) 4.0 -39 =79 68.6 61.1 -7.6
Longwave cloud radiative effect (W m™~?) 229 20.8 =21 44.6 36.8 -7.8
Shortwave cloud radiative effect (W m~?) —45.2 —49.5 —4.3 —64.9 —62.3 2.6
Latent heat flux (W m~?) 84.9 87.9 31 104.1 114.5 10.4
Total surface precipitation (mm day ') 2.9 3.0 0.1 6.9 7.6 0.7
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regions of the tropics, particularly over the oceanic ITCZ
region. We explore these impacts in greater detail below.

a. Energy from the global perspective

Reassuringly, the global mean energy tendencies for the
physics are approximately zero in both the control and
experiment (Table 2). The dynamical column energy ten-
dency has a global error of roughly —1 W m ™2 (it should be
zero), and the adjustment tendency is roughly 0.3 W m™>
(for the global mean) in the control and zero (as expected)
in the experiment. The global mean values in the control
simulation agree well with those shown in Table 1 of
Lauritzen and Williamson (2019). The residual of the three
primary energy terms is balanced by the model energy fixer:
0.7 W m ™2 for the control and 1.1 W m ™~ for the experiment
(not shown). The fixer includes the offset needed to balance
the global-mean adjustment tendency. The top-of-atmo-
sphere radiation fluxes have a magnitude of about 4 W m >
globally, which is offset by an equal net surface flux to give
the zero physics tendency terms (not shown). The difference
in net TOA flux between the two experiments is —7.9 W m™2,
which is primarily driven by changes in the cloud radiative
effects (SW + LW CRE = —6.4 W m™2).

b. Energy from the ITCZ perspective

Over the ITCZ region, defined as the area of the tropics
(20°S—20°N) where P > 5 mm day ™', a fundamentally differ-
ent balance of column energy tendencies occurs between the
two simulations. At this regional scale, the individual energy
tendencies have no constraint to be near zero, although they
still sum to zero with the energy fixer. It is worth noting that
the magnitude of regional energy fluxes is strongly tied to our
arbitrary choice of enthalpy constants. For example, had we
chosen the enthalpy to be zero for liquid instead of ice, all of
the regional values would change. So long as we use a consis-
tent enthalpy definition, however, we can still compare the
regional flux of energy between the control and experiment.
In both the control and the experiment the physics ten-
dency—the net energy input to the atmosphere via radiative
and turbulent heat fluxes—is about 32 W m™2. In the control,
the physics tendency is balanced by contributions from both
the dynamics (convergence of energy by atmospheric
motions) and the adjustment (removal of energy by hydrome-
teors). In the experiment, where the adjustment is near zero
by design, the physics tendency is balanced by the dynamics
alone. The fact that the physics tendency is roughly the same
in both the control and the experiment implies that the energy
sink associated with the adjustment term acts to reduce the
divergence of energy by atmospheric circulations. That the
energy divergence via atmospheric circulations is sensitive to
the adjustment energy tendency is not surprising given that it
is well known that atmospheric circulations are sensitive to
heating within the tropical atmosphere (Hartmann et al. 1984;
DeMaria 1985; Schumacher et al. 2004). What is surprising is
that the whole of the response is in the change in the dynam-
ics energy tendency. The physics, dynamics, and adjustment
column-energy tendencies were also computed using the

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 06/20/22 05:37 PM UTC

HARROPET AL.

2907

enthalpy definition used by CAM6 (not shown) instead
of the frozen column energy defined in Eq. (15), and while
the values are different, the conclusions remain the same.
The dynamics energy tendency response to the sensitivity
experiment is much larger than that of the physics energy
tendency.

The compensation between the adjustment energy ten-
dency and the dynamics energy tendency is made even clearer
looking again at Fig. 3. The dashed lines in Fig. 3 show the
experiment. As expected, the adjustment energy tendency is
zero regardless of precipitation threshold in the experiment,
and the dynamics and physics tendencies balance one another.
What is remarkable is the insensitivity of the physics tendency
between simulations. When the atmosphere no longer loses
energy via the adjustment energy tendency it diverges that
energy away through atmospheric circulations. In short, the
treatment of energy with respect to water (i.e., whether con-
densates are allowed to carry heat or not) fundamentally
changes the way the modeled circulations redistribute energy
within the tropical atmosphere.

c. Temperature and precipitation responses

Figure 8 shows warming across the global land surface in
the sensitivity experiment relative to the control. Figure 8 also
shows the 2-m air temperature biases over land compared to
the Climate Research Unit (CRU) Global Climate Dataset
temperature climatology for 1961-90 (Mitchell and Jones
2005; New et al. 1999). Since these experiments prescribe sea
surface temperatures, there is very little near-surface temper-
ature bias over the oceans. Figure 8 shows that with the new
adjustment scheme there is an increase in temperature over
land everywhere except eastern North America. We speculate
that the warming over land results from removing the nega-
tive adjustment tendency over land, but there is also a slight
increase in energy transport from ocean-to-land (about 4%;
not shown) so remote influences cannot be ruled out either.
An exact mechanism to explain this difference is beyond the
scope of this work.

Figure 9 is the same as Fig. 8, but for the annual mean pre-
cipitation. Total precipitation increases along the equator,
with decreases over the Amazon and Congo basins as well as
over the Indian monsoon region. Global precipitation also
increases, amplifying the global mean precipitation bias com-
pared to the GPCPv2.2 data product (Adler et al. 2003) by
roughly 50%. The global increase in rainfall suggests that the
removal of energy by hydrometeors may dampen the overall
hydrologic cycle, although this could change when that energy
is coupled to other model components.

As an additional test that the sensitivities between the
local and global fixer options (pathway D versus the default
CAMBO6) are robust to a radical reformulation of parameter-
ized physics, we compare the results against 10-yr simula-
tions using a superparameterized version of SPCAMS
(Grabowski and Smolarkiewicz 1999; Grabowski 2001;
Khairoutdinov and Randall 2001; Randall et al. 2003), which
was configured like the default CAM6 but at 2° horizontal
resolution. The superparameterized version of CAM



2908

Control
MEAN = 12.7°C

Experiment
MEAN = 13.2°C

CRU
MEAN =12.5°C

—-35-30-25-20-15-10-5 0 5 10 15 20 25 30 35 40

JOURNAL OF CLIMATE

VOLUME 35

Control - CRU
MEAN = 0.26°C, RMSE = 2.67°C

b = - 3 T

Experiment - CRU
MEAN = 0.78°C, RMSE = 2.68°C

— =

Experiment - Control
MEAN = 0.52°C, RMSE = 0.67°C

_— =

—1 T T T —

T T T T
-1 -05-02 0.2 05 1 2 5 10 15

FIG. 8. Reference-height (2-m) air temperature over land for (a) control, (b) control bias, (c) experiment,
(d) experiment bias, (e) observations (CRU), and (f) experiment minus control. Changes are minimal over
oceans owing to the use of prescribed sea surface temperatures. Antarctica has been masked out to match the

CRU dataset. Units are in °C.

replaces the convective and stratiform cloud parameteriza-
tions with embedded cloud-resolving models in each column
of the host GCM. Figure 10 shows the rainfall response for
both CAM6 with parameterized convection and for SPCAM
with embedded cloud-resolving models. Despite dramatic
differences in the baseline mean rainfall (cf. Figs. 10a and
10e), the response of the mean rainfall to the experimental
adjustment is nearly identical between the two model con-
figurations (Figs. 10b,f), confirming these are robust effects.
Interestingly, not only does average precipitation increase
near the equator, but the precipitation variance increases
dramatically there as well. Figures 10d and 10h show the
change in standard deviation of daily mean precipitation
fluxes for the two sets of simulations. Like the mean rainfall
response, the standard deviation change is similar for
CAM6 and SPCAM. The resolved precipitation flux in
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CAMBS6 dominates the increase in variance (not shown), sug-
gesting an invigoration of convectively coupled wave
dynamics may play a role.

The increase in convectively coupled wave activity is con-
firmed in Fig. 11 by contrasting the equatorial wave spectra
across the simulations. The spectra were constructed follow-
ing Wheeler and Kiladis (1999) to extract the equatorially
symmetric component from daily anomalies of 15°S-15°N out-
going longwave radiation, using 96-day temporal window
lengths overlapped by 20 days throughout the simulations
(Wheeler and Kiladis 1999). It is immediately clear that there
is a mode-selective variance boost in the moist Kelvin wave
region of the spectrum in the sensitivity experiment relative
to the control, both in the conventionally and superparame-
terized simulations. Preferential amplification of this buoy-
antly restored class of equatorial waves is consistent with the
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FIG. 9. As in Fig. 8, but for precipitation. Units are in mm day .

increases in local temperature relative to the control when
there is more condensation [Eq. (23)].

It is remarkable that the effects of the adjustment energy
tendency on the wave spectrum in the baseline model
(Fig. 11a vs Fig. 11b) are just as profound as the effects of
superparameterization alone, including the emergence of a
realistically dominant Madden—Julian oscillation (Fig. 11a
vs Fig. 11c; Khairoutdinov et al. 2005; DeMott et al. 2007;
Benedict and Randall 2009). Together with the effects
noted in Fig. 10, this demonstrates that the assumptions
made for the treatment of energy related to water species
can have a large impact on the model hydrological cycle
and especially equatorial wave dynamics. Our findings
point to the conclusion that the increased temperature ten-
dency from latent heating generates additional buoyancy
within precipitating systems, creating favorable conditions
for additional precipitation in the subsequent model time
steps.
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Figure 12 shows the rain rate amount distribution globally
(Fig. 12a) and in the ITCZ region (Fig. 12b; where
P > 5 mm day ! in the latitude range of 20°S-20°N). The
amount distribution is computed following the methodology
of Pendergrass and Hartmann (2014), where the bins have a
7% spacing and the minimum rainfall rate counted is
0.029 mm day . The Global Precipitation Climatology Pro-
ject One Degree Daily (GPCP 1DD; Huffman et al. 2001;
Huffman and Bolvin 2013a,b) distribution is presented for ref-
erence. Note that the GPCP dataset has its own uncertainties
owing to its reliance on cloud brightness temperature instead
of direct rainfall measures. The Tropical Rainfall Measuring
Mission (TRMM; Huffman et al. 2007), which includes meas-
ures from the TRMM Precipitation Radar, shows noticeable
differences from GPCP in rainfall amount in the tropics (see
Kooperman et al. 2016). The TRMM dataset compares favor-
ably with SPCAM in the control configuration (Kooperman
et al. 2016). For both the CAM6 and SPCAM experiments
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FIG. 10. Precipitation patterns and changes for (top) CAM6 and (bottom) SPCAM. (a),(e) The mean precipitation for the control simu-
lations; (b),(f) the change in precipitation between the experiment and control; (c),(g) the standard deviation of daily precipitation for the
control simulations; and (d),(h) the change in standard deviation of daily precipitation. All panels are in units of mm day .

relative to their control simulations, there is a shift in the
amount distribution toward more rainfall coming from heavy
rain rate events both globally and throughout the ITCZ
region. In both control simulations, there is very little rainfall
coming from rain rates exceeding 100 mm day ', while in

The change in the hydrological cycle is also apparent in the
cloud fields, as seen by the cloud radiative effects. Figure 13a
shows the LWCRE decreases across the tropics except in the
regions of largest precipitation increase, consistent with a shift
from more frequent, mild (parameterized) convection to less

both experiment simulations these very heavy rain rates pro-
duce a significant portion of the total rainfall.

frequent, vigorous (resolved) convection (for CAM6). Addi-
tionally, the SWCRE increases (decreasing magnitude) over

a) Control b) Experiment

155-15N OLR log power
(symmetric / backround)

e) ERA-Interim
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FIG. 11. Wheeler—Kiladis space-time spectra for the equatorially symmetric component of 15°S-15°N outgoing longwave radiation
anomalies, comparing (left) control vs (right) experiment results in (a),(b) conventionally vs (c),(d) superparameterized versions of CAM.
(e) Climatological benchmark from ERA-Interim.
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FIG. 12. Rain-rate amount distribution for (left) global and (right) the ITCZ region (where P > 5 mm day ' in the
latitude range of 20°S-20°N). The ITCZ region is determined for each simulation and observational dataset using that
dataset’s precipitation field. The curves denote the CAM6 control (green), the CAM6 experiment (orange), the

SPCAM control (blue), the SPCAM experiment (pink), and the GPCP observation-based data product (black).

many of the same regions where the LWCRE decreases
(Fig. 13b). Figure 13c shows that mid- and high-level clouds
over the ITCZ region decrease in amount in the sensitivity
experiment relative to the control, while low clouds see an
increase in amount. The total cloud fraction over the ITCZ
region decreases from 78% in the control to 76% in the
experiment. Over regions dominated by low clouds, the
SWCRE sees enormous decreases, consistent with much
brighter and/or spatially extensive low clouds, particularly just

LWCRE (Exp. - Ctl.)
MEAN = -2.1 W/m? RMSD = 4.9 W/m? 24

west of the continents where stratocumulus clouds frequently
occur. Low cloud amount increases in the experiment relative
to the control in these regions as well (not shown), but it is
unclear whether the individual clouds are also getting brighter
or not. Taken together, Figs. 12 and 13 suggest that the new
adjustment is particularly effective at generating resolved low
clouds, which then precipitate at low rain rates. We speculate
that the increase in stability discussed in the following section
is at least partly responsible for the increase in low cloud

SWCRE (Exp. - Ctl.)
MEAN = -4.3 W/m? RMSD = 9.0 W/m? 24
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FI1G. 13. Differences in (a) longwave and (b) shortwave cloud radiative effects between the experiment and control
simulations; both panels have units of W m ™2 (c) Cloud fraction (%) profile averaged over the ITCZ region (where
P> 5mm day ' in the latitude range of 20°S—20°N).
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FIG. 14. (a) Energy tendency associated with the dry mass and vapor adjustment for the control simulation. (b) The
zonal-mean temperature response (experiment minus control) as a function of latitude and pressure.

reflectance. The LWCRE and SWCRE patterns agree with
the rainfall changes showing an increase in rainfall over the
oceans and a decrease over land.

d. Physical perspective of sensitivity experiment

It is worth exploring why the adjustment increases the vari-
ability in precipitation the way it does. To do this, we examine
the vertical profile of the adjustment tendency. This was
not output directly from the model, but instead is computed
using the climatological values of temperature, winds, and
0qy/ dtphysics With Eq. (14). When these climatological values
are vertically integrated, the tendency closely matches the
true adjustment tendency shown in Fig. 2c for the control case
(the errors are less than 1% over tropical ocean regions where
®; = 0; not shown), suggesting that the covariance between
the enthalpy and kinetic energy terms of the column and the
change in water vapor is small compared to the mean terms.

Figure 14a shows the profile of the adjustment tendency offset
needed to conserve energy locally as diagnosed for the control
simulation averaged over the ITCZ region. The diagnosed heat-
ing is roughly equal to what is applied in the sensitivity experi-
ment—the exact value will be slightly different owing to changes
in rainfall and temperature between the two simulations.

The vertical structure of the adjustment offset tendency has
two peaks: one in the lower troposphere (near 800 hPa) and
one in the upper troposphere (near 400 hPa). This apparent
heating (relative to the control) that gets added back to bal-
ance the adjustment energy tendency in the experiment gets
added after all of the physics parameterizations operate and
right before the dynamics is called. As a result, this apparent
heating is allowed to alter the circulation of the atmosphere
before any additional physics parameterizations can act on
that state. The heating leads to an increase in stability
(Fig. 14b). The dry static stability (96/dz) increases through-
out the free troposphere with maximum increases of ~20%
near 800 and 300 hPa (not shown), which inhibits weaker con-
vection from creating rainfall. Taken together with the flatten-
ing of the rainfall histogram seen in Fig. 12, the increase in
precipitation variance in Fig. 10, and the cloud response in
Fig. 13, these results suggest that the atmosphere is stable to

Brought to you by UNIVERSITY OF CALIFORNIA Irvine | Unauthenticated | Downloaded 06/20/22 05:37 PM UTC

weak convection and shifts into a regime favoring more
intense, but less frequent deep convection and frequent shal-
low convection in the experiment simulation.

The sensitivity experiment using the local energy fixer high-
lights the sensitivity of the simulated water cycle to the model’s
energy budget. Recall that the local energy fixer is not considered
an ideal “fix” for the model. As outlined in section 3d, the
assumption underpinning the local energy fixer is that condensed
species of water have no energy, which is clearly not physically
realistic. As noted in the introduction of this manuscript, the
enthalpy flux from rain over the tropical west Pacific can account
for 15%—-60% of the net surface heat flux for precipitation events
(Anderson et al. 1998). To ignore that heat flux opens the poten-
tial for large errors associated with precipitating features. There-
fore, instead of considering this local energy fixer sensitivity
experiment as a fix for CAMS6, we highlight its use as an example
for the potential impacts changes in the energy budget can have
on simulated rainfall, particularly in the tropics.

Another important consideration with respect to the local
energy fixer sensitivity experiment is whether it is likely to over-
estimate the sensitivity of the model relative to more realistic
fixes, such as updating the enthalpy and including the conden-
sates in the energy budget (section 3c). To that end, we com-
pare the temperature tendencies imposed by our adjustment
offset with the atmospheric heating and cooling associated with
falling hydrometeors discussed in section 3c. Figure 14a shows
the heating from potential energy loss (orange line), cooling
from the hydrometeor temperature equilibrating with its envi-
ronment (pink line), and their sum (green line). The main con-
sequence with comparing the temperature tendency from the
adjustment offset (the local energy fixer) with the net hydrome-
teor cooling is that the hydrometeor cooling does not have the
strong peaks in the vertical seen in the adjustment offset. With
respect to the changing stability, the lower-tropospheric cooling
from hydrometeors suggests there could be an increase in stabil-
ity relative to the default CAM6 configuration, although it is
unlikely to be quite as strong as the stability change between
the local energy fixer sensitivity experiment relative to the con-
trol CAMBG. Since the hydrometeor cooling, like the adjustment
offset, is largest in regions of heavy rainfall, it also has the
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potential to impact tropical rainfall variability. Again though,
the smaller magnitude of the hydrometeor cooling relative to
the adjustment offset would suggest that rainfall variability dif-
ferences are likely to be less dramatic than those between the
sensitivity experiment and the control.

5. Conclusions

The mass adjustment procedure used in CAM6 to conserve
dry air mass exposes an inconsistency in how water is treated
for the energy budget. We showed in section 2 that the inconsis-
tency arises from including the mass of water vapor in the
energy budget, but not that of condensed forms of water. Water
in the vapor phase has thermal, kinetic, and potential energy,
but when that vapor condenses its energy is no longer tracked
by the atmosphere model, and instead of being passed to other
component models, it is offset by a global fixer. The adjustment
energy tendency is not globally uniform, meaning it still has a
large regional energy tendency pattern with no associated flux
of energy into or out of the atmosphere, violating the diver-
gence theorem locally and possibly introducing errors to the
energy budgets of the other components (ocean, ice, and land).

In section 3, we described several possible changes that could
be made to allow CAMS6 to satisty the divergence theorem
locally. Broadly, these options are modifying the surface flux to
balance the atmospheric tendency or adjust the atmospheric
energy tendency to balance the current surface plus top-of-
atmosphere fluxes. The most realistic option involves relaxing
assumptions made in CAM6’s enthalpy formulation—specifi-
cally an enthalpy treatment that includes condensed water spe-
cies and varies latent heats with temperature. Such a change to
the enthalpy used in the atmosphere would necessitate including
additional terms in surface enthalpy fluxes and accounting for
that budget in the other component models to maintain energy
conservation within the whole earth system. Offline calculations
with a realistic enthalpy variable show a very different column
energy tendency than that associated with the mass adjustment.
In regions of precipitation, the atmosphere would experience
more cooling than is currently predicted owing to the warming
of hydrometeors as they fall through the atmosphere.

While using an enthalpy variable that includes all phases
of water is more realistic, it is unfortunately a technical chal-
lenge beyond the scope of the current manuscript. Instead,
as a first test to gauge which aspects of the simulated climate
are most sensitive to assumptions in the CAM6 energy bud-
get and the regional pattern of the adjustment energy ten-
dency, we run a sensitivity experiment where the column
energy tendency is adjusted to match the fluxes into and out
of the atmosphere. This sensitivity test demonstrated that
the model hydrologic cycle is extremely sensitive to assump-
tions regarding water’s treatment in the energy budget. Pre-
cipitation, particularly its variability, shows large changes in
the tropics between the sensitivity and control experiments.
Compared to the control, the sensitivity experiment shows
an invigoration of moist Kelvin waves and the Madden—
Julian oscillation. These effects are robust in that they are
reproduced in both a conventionally parameterized as well
as a superparameterized version of CAM. They are also
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profound in that the changes to equatorial wave activity
rival those of superparameterization itself.

Given the growing movement toward using energetic
frameworks to study the regional circulations that control
the spatial pattern of the hydrologic cycle (Biasutti et al.
2018; Byrne et al. 2018) careful diagnosis of regional energy
budgets is becoming ever more critical. Any analysis of the
regional energy budget for CAM6 requires accounting for
the energy tendency associated with the mass adjustment
process. It is likely that other models contain the same or
similar issues. For example, the atmosphere component of
the Energy Exascale Earth System Model (Golaz et al.
2019; Rasch et al. 2019), which started as a fork of CAMS,
has the same adjustment energy tendency. Many other mod-
els may have similar issues as well, but detailed knowledge
of their energy budgets is beyond the expertise of the
authors. We reached out to developers for the NASA GISS,
GFDL CM4, and NorESM models. NASA GISS does not
incorporate water (vapor or otherwise) into the mass used
in the thermodynamic budget, so are not subject to this
same issue, although this may change in future versions
(G. Schmidt 2021, personal communication). The atmo-
spheric component of CM4 includes all phases of water in
its thermodynamic budget (L. Harris 2021, personal commu-
nication). In coupled mode, however, the enthalpy of water
is not passed from the atmosphere to the ocean, and instead
the ocean model makes its own assumptions about the
incoming enthalpy of water at the surface (A. Adcroft 2021,
personal communication). Modifications to the adjustment
have been implemented with NorCAM (a fork of CAM used
in the NorESM1-F and NorESM2 models; Guo et al. 2019;
Seland et al. 2020) to account for the adjustment energy ten-
dency with a surface enthalpy flux with only small changes in
the annual mean rainfall (Guo et al. 2019). The NorCAM
model also accounts for adiabatic cooling by the atmosphere
as a result of the decreasing pressure from the condensation of
water vapor; what they term the hydrostatic pressure work
(T. Toniazzo 2021, personal communication). We hope the
findings of this work encourage model development teams to
explore the impacts of more rigorous energy treatments on
atmospheric and coupled Earth system models.
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APPENDIX A

Enthalpy Formulations

We begin by formulating expressions for enthalpy, 4, for
dry air and all three phases of water:

ha = ¢pa(T — Tr) + hao, (A1)
hy = cp(T — Tgr) + hy, (A2)
hi = (T — Tg) + hu, (A3)
hi = ci(T = Tg) + hy. (A4)

Subscript d refers to dry air, v to water vapor, / to liquid
water, and i to ice water; T is a reference temperature, in
this case, the melting temperature 273.16 K. The “0” sub-
script refers to the enthalpy constant for each species. It is
common practice to assume the dry enthalpy constant is
zero for convenience. The enthalpy constants for the three
phases of water are related to one another, such that only
one of A, hy, or hjy needs to be chosen and the other two
can be solved for using Kirchoff’s equations:

LU(T) = /’lv - /’l[ = LU(TR) + (va - C[)(T - TR), (AS)
Lf(T) = h[ - hi = Lf(TR) + (C[ - C,')(T - TR), (A6)
LY(T) = I’lv - /’li = LS(TR) + (CPU - Cl‘)(T - TR). (A7)
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To be consistent with the column energy formulation
notation used by CAM6, we set hyy = hy = 0 and use
Eqgs. (A6) and (A7) to solve for h, and hy:

C[(T — TR) + hyy — C,‘(T - TR) — hipo
= L§(TR) + (¢ — &;)(T — Tg),

hip = L¢(Tg), (A8)
cpo(T — Tr) + by — (T — Tr) — hig

= LY(TR) + (Cpu - Ci)(T - TR),
hyw = Ly(Tr). (A9)

The total enthalpy is the mass-weighted sum of the individ-
ual enthalpies:

h = (1 - qT)hd + qvhv + q[h[ + q,'hi,
h={(1 = qr)cpa + quepy + quer + qici|(T — Tkr)

+ quLs(Tg) + qiLy(TR). (A10)
While Eq. (A10) is more rigorous than the enthalpy formula-
tion used in CAMBS6, it is still subject to its own set of
assumptions, most notable that the system is always in ther-
mal equilibrium, which may not hold for falling hydrome-
teors. We have also assumed that the specific heat terms are
all constant. Raymond (2013) note that assuming c; is cons-
tant is a poor assumption, but the mixing ratios of ice tend
to be so low that it is unlikely to have much influence on the
calculations. In light of the issues presented in this manu-
script, it may be worthwhile to challenge these assumptions,
but we leave that for future efforts.

In Mayer et al. (2017), their expression for enthalpy is
(converting their notation to match our own)

h =1 = qgr)cpa(T — Tr) + qreT — Tr)

+ Ly(T)qy — Ly(T)q: + qrho, (A11)

where A is the enthalpy constant for water, equivalent to that
of liquid water at the reference temperature, Tg, such that the
enthalpy of water is zero for ice at 0 K [ie., hg = ¢;Tg +
LATg)]. If we change the enthalpy constant, 4, used by Mayer
et al. (2017) to hg = LATg), then it can be shown easily that
this form of enthalpy is equivalent to Eq. (A10):

h =1 = qr)epa(T — Tr) + qre(T — Tr) + Lo(T)qy — L(T)q: + qrLs(Tr),
h=1=qr)cpa(T — Tr) + (qv + @1 + qi)ci(T — Tr) + Lu(TR)qy

+ qu(cpy — ) (T — Tr) — Ly(Tr)qi — qi(c1 — ci)(T — Tr) + (qv + qi + qi)Ls(TR),
h =1 = qr)cpa(T — Tr) + (qi)ci(T — Tr) + L(Tr)qw + qu(cpo)(T — Tr)

+ qi(ci)(T — Tr) + quL¢(Tr) + qiLs(Tr),
h=[1=qr)cpa + quep + qict + qici|(T — Tr) + quLo(Tr) + qiLs(TR).
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For completeness, the following values for constants are
used in CAM6 and the analyses presented within this
manuscript.

Cpd = 1004.64T kg K1,
cpy = 1810.0J kg ' K1,
¢ =4188.0T kg ' K,
¢ =211727J kg ' K71,
L,(Tg) = 2501 000.0 J kg™ !,
Ly(Tg) = 333700.0 J kg ',

(A13)

Ly(Tg) = 2834 700.0 J kg !,
Tg = 273.16K.

APPENDIX B

Adjustment of Temperature

We want to formulate an expression for the adjustment
that conserves the column energy [Eq. (12)]. Since the two
latent terms in Eq. (12) are already conserved during the
adjustment, we focus on the thermal and kinetic energy
terms. Note that we are not accounting for the energy
tendency related to the surface pressure term, p,®,/g. The
surface geopotential is zero over oceans, and where it is
nonzero, the surface pressure changes owing to the water
vapor tendency in the column tend to be small. Hence,
ignoring this term is an acceptable approximation for the
purposes of this study, as shown in Fig. 7.

Conserving the thermal energy term, c,,Tdp/g, requires
an expression modifying temperature to offset the changes
from &p. In other words we require, following the notation
of Neale et al. (2012) section 3.1.8,

8 pu
Bl
2 (B1)

where 6p is the pressure thickness of a layer, superscript k
refers to the model layer, subscript n refers to the state
before the physics tendencies are applied, subscript n*
refers to the state after the physics tendencies have been
applied but before the adjustment, subscript n + 1 refers to
the state after the adjustment, and all other symbols are the
same as in the body of the manuscript. From Eq. (B1), we
see that to enforce thermal energy conservation, we require

k 0 o
T 1 =T L B2
n+1 n 5kpn+1 ( )
From Eq. (3.64) of Neale et al. (2012) we have
kan _ (1 _ qk I qk )—l (B3)
& pusi

Therefore, the adjustment update to temperature may be
written as
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T,

T, = —n
1- qﬁ,n + qﬁ,n*

n+1

(B4)

Note that this is the same scaling factor that is applied to
humidity [see Eq. (3.65) of Neale et al. 2012]. A similar
equation is used for the kinetic energy. It is worth noting
that the release version of CESM2.1.0 has code in place for
updating the static and kinetic energy budget terms that
agree with the adjustments derived here, though they use
an inconsistent form of energy [for more discussion on the
correct energy usage in CAM, see Williamson et al. (2015)]
and are off by default.
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