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Key Points:

+ Changing time step has as large an effect on E3SMv1’s climate as doubling hor-
izontal resolution.

e Shorter timesteps dry the atmosphere and increase surface precipitation.

» Coupling between processes is the most important source of model time step sen-
sitivity.
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Abstract

In this study, we find significant sensitivity to the choice of time step for the Energy Ex-
ascale Earth System Model’s atmospheric component, leading to large decreases in the
magnitude of cloud forcing when the time step is reduced to 10 seconds. Reducing the
time step size for the microphysics increases precipitation, leading to a drying of the at-
mosphere and an increase in surface evaporation. This effect is amplified when the mi-
crophysics is substepped together with other cloud physics processes. Coupling the model’s
dynamics and physics more frequently reduces cloud fraction at lower altitudes, while
producing more cloud liquid at higher altitudes. Reducing the deep convection time step
also reduces low cloud mass and cloud fraction. Together, these results suggest that cloud
physics in a global circulation model can depend strongly on time step, and in partic-
ular on the frequency with which cloud-related processes are coupled with each other and
with the model dynamics.

Plain Language Summary

Computer simulations of the Earth’s atmosphere take the state of the atmosphere
at one point in time, then predict the state of the atmosphere a short interval of time
into the future. The length of this time interval is known as the “time step”. By doing
this repeatedly, models can produce a simulated history of the atmosphere for years or
even centuries. A smaller time step size requires more computer time, but should ide-
ally lead to more accurate results. In this study we reduce the time step for the atmo-
sphere in the Energy Exascale Earth System Model from half an hour to ten seconds.
The simulation with a smaller time step has more rain, which removes water from the
atmosphere and reduces the fraction of the Earth’s surface that is covered by clouds. We
also experiment with changing the time step for only some parts of the model and not
others. We find that the effects of the time step size on the model are related mostly to
the frequency of coupling between processes rather than the time step used for any in-
dividual processes.

1 Introduction
1.1 Time Step Sensitivity in AGCMs

Time integration strategies for atmospheric general circulation models (AGCMs)
have grown more complex, both due to an increase in the number of separate processes
within a model (allowing individual parameterizations to adopt different time integra-
tion strategies from the “host” model), and due to changes in process coupling. The lat-
ter include modifications that allow different processes to be run concurrently (Balaji
et al., 2016; Donahue & Caldwell, 2020), as well as process coupling methods that ap-
ply the effects of faster processes separately from the effects of slower processes (Beljaars
et al., 2004, 2018; Dubal et al., 2005; Diamantakis et al., 2007; Walters et al., 2019). This
increase in complexity means that there is often no single time step for the model, but
rather a set of interrelated time steps controlling the rate at which various calculations
are performed and allowed to interact. This increased complexity can be daunting, but
it also provides the opportunity to conduct more detailed experiments regarding the ef-
fect of temporal resolution on AGCMs. Past research has established that certain cloud
processes can be disproportionately responsible for time integration error in AGCMs (Wan
et al., 2015). When the time steps used for particular processes can easily be adjusted
independently from one another, it becomes possible to study the time step sensitivity
of these processes with minimal changes to the model code.

This approach has already been used frequently in microphysics parameterization
development. Posselt and Lohmann (2008) added substepping of rain production and
sedimentation to ECHAMS5 to better represent prognostic precipitation. Chosson et al.
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(2014) used substepping to test the time step sensitivity of the Milbrandt and Yau two-
moment scheme in the Canadian Global Environmental Multiscale (GEM) model. Gettelman
et al. (2015) examined the time step sensitivities of version 2 of the Morrison-Gettelman
scheme (MG2) in combination with different cloud macrophysics schemes in the Com-
munity Atmosphere Model (CAM). The time step sensitivity of microphysics schemes

has also been tested in 1D kinematic drivers (Chosson et al., 2014; Gettelman & Mor-

rison, 2015) and other 0D and 1D frameworks (Riette, 2020; Santos et al., 2020).

Regarding AGCMs as a whole, a number of studies have found that these models
are sensitive to choice of model time step and integration strategy. Wan et al. (2013) dis-
cusses the effect of changes to the time stepping scheme on sulfuric acid gas concentra-
tions in ECHAM-HAM, and Gross et al. (2018) mentions that one version of the ECHAMS5
atmosphere model exhibits a much larger response to a doubling of CO, at a 40 minute
time step than at a 5 minute time step. The merits of different dynamics-physics cou-
pling strategies has also been examined for a number of models, including the ECMWE’s
Integrated Forecasting System (IFS) (Beljaars et al., 2004) and the Met Office Unified
Model (Diamantakis et al., 2007; Walters et al., 2019). Beljaars et al. (2004) also notes
some specific effects of reducing the time step of IF'S, including decreasing the mean 10
meter wind speed, reducing the frequency of heavy precipitation events, and increasing
the cloud base mass fluxes in the convection schemes. However, these kinds of experi-
ments, which explore the time step sensitivity of a given AGCM by comparing simula-
tions using the same model with different time steps, are relatively rare (Gross et al., 2018).
To the best of our knowledge, most published experiments of this type have been per-
formed on the CAM family of atmosphere models, which we will focus on for the remain-
der of this section.

Prior research using the Community Atmosphere Model, versions 3 and 4, (CAM3/4),
as well as its predecessor, the Community Climate Model, version 3, suggests that time
step size for a AGCM has significant effects on precipitation in an aquaplanet simula-
tion, particularly in the intertropical convergence zone (ITCZ) (Williamson & Olson, 2003;
Williamson, 2008; Mishra et al., 2008). Decreasing the time step increases total precip-
itation in the ITCZ and the frequency of extreme precipitation events. The partition of
precipitation between the large-scale and convective parameterizations is also affected,
with an increase in the large-scale precipitation being responsible for the aforementioned
effects. For CAM3, the increase in total precipitation was found to be dependent on an
increase in evaporation at the surface, which in turn was due to an increase in wind speed
and a decrease in specific humidity near the surface (Mishra et al., 2008). Further re-
search using CAMS3 for real-planet simulations confirmed these results, and showed that
the increased evaporation, in addition to producing increased precipitable water (and
precipitation), also produced a larger cloud fraction at low altitude and an increased mag-
nitude of radiative cloud forcing (Mishra & Shanay, 2011). Williamson (2013), using CAM4,
found that the time step of the convective schemes, and in particular their rate of cou-
pling with other processes, controlled the repartitioning of precipitation between large-
scale and convective processes. Wan et al. (2014) also found increases in cloud fraction
and ice and liquid water path in CAMS5, at least in December-January-February aver-
ages, as well as increased large-scale precipitation.

Yu and Pritchard (2015) experimented with changes in the global model time step
for a superparameterized version of CAM3 (SPCAM3), without changing its cloud re-
solving model’s time step. Decreasing the CAM time step increased overall precipita-
tion in SPCAMS3, as well as the frequency of heavy precipitation events, which also hap-
pened for CAM3. However, reducing the time step size in SPCAM3 decreased precip-
itable water, decreased both liquid and ice water path, and ultimately decreased the mag-
nitude of radiative cloud forcings. This was hypothesized to be due to changes in con-
vective organization, producing an increase in precipitation efficiency and effectively dry-
ing out the atmosphere.
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Although both CAM3 and SPCAMS3 experience similar increases in surface evap-
oration and precipitation (which must match in the long run, to balance the water bud-
get), the proposed mechanisms driving these changes are different. In effect, the increased
evaporation in CAM3 “pushes” more precipitable water into the atmosphere, eventually
forcing an increase in condensation and precipitation to remove this water, while the in-
creased precipitation efficiency in SPCAM3 “pulls” water out of the atmosphere, dry-
ing it out and encouraging evaporation to replace the lost water.

This paper analyzes time step sensitivity in the Energy Earth System Model, ver-
sion 1 (E3SMv1), and specifically its atmospheric component, the E3SM Atmosphere Model,
version 1 (EAMv1). EAMv1 shares very little of its physics with CAM3, and almost none
with SPCAMS3. Nevertheless, EAMv1 is descended from CAM3 and uses the same gen-
eral strategies for coupling the physics parameterizations, dynamics, and surface com-
ponents. We have recently examined the effect of time step size on a specific parame-
terization used in EAMv1, the Morrison-Gettelman microphysics version 2 (MG2). We
found that the total precipitation was not sensitive to changes to the MG2 time step alone,
though we did see a mild increase in the ratio of stratiform to convective precipitation
(Santos et al., 2020). While the details of the precipitation physics and the vertical dis-
tribution of rain mass changed significantly at small time steps, the effect on total pre-
cipitation reaching the surface was mild.

1.2 Time Integration Error in a Simple Model

In order to lay the groundwork for later discussions of time step sensitivity in E3SMv1,
we should briefly discuss the difference between the error that arises from using a finite
time step to integrate a particular physical process, and the error that arises from in-
frequent coupling between processes. To illustrate the difference, let us consider the same
simple saturation model described by Williamson (2013). The model can be described
succinctly as

@ - - max(q—qs,O) (1)
dt T

where ¢ is specific humidity that changes over time ¢, ¢, is the saturation specific
humidity, « is a constant source of humidity from a process labeled “D”, 7 is a relax-
ation timescale governing the removal of supersaturation by a process labeled “P”. For
an initially saturated or supersaturated state qg, this model has the exact solution

4= qeq + (g0 — qeg)e™ /™ (2)

where ¢.q, = gs+aT is the equilibrium specific humidity that the model approaches
asymptotically.

Figure 1a shows different solution methods for this model for a saturated initial
condition. The exact solution exponentially approaches a highly saturated state. Williamson
discusses the impact of solving this equation using a sequentially split method with a
finite coupling time step (which we will call At.,). At each time step, process D adds
aAtep to the specific humidity, which is then removed by process P at an exponentially
decaying rate. If ¢ denotes the specific humidity at the end of the n-th time step, then
this scheme can be summed up by

qn+1 — Qs = (qn —qs+ O[Atcpl)eiAthl/T (3)
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Figure 1. Solutions to the simple model used in Williamson (2013), with @« = 0.5 and 7 = 1,
starting at ¢ = @sat- @) The exact solution for this model (black line) approaches a supersat-
urated equilibrium state (black dashes). Injecting water vapor using a finite coupling interval
produces less saturated end-of-time-step values (blue dots), and causes the humidity to vary
wildly depending on when it is measured within each time step (blue line). The end-of-time-step
values approach a equilibrium with less supersaturation (blue dashes). Using the forward Euler
method with the same coarse time step produces even less saturated outputs (orange dots, orange
line), reaching a less supersaturated equilibrium (orange dashes). b) Black and blue trajectories
as before, with blue shading covering the range of possible trajectories that could be obtained by
recording the output at different points in the time step. Using a time step that is only 1/4 as

large reduces the range of possible outputs proportionally (green line and shading).

which is equation (8) from Williamson (2013).

This sequentially split scheme demonstrates the effect of coupling error in this toy
model, but it assumes that process P is integrated exactly (hence the exponential mul-
tiplicand). We can instead integrate P using the forward Euler method, using M sub-
steps for each model coupling time step, i.e. the substeps are of size Atp = Atcp /M.
Using ¢™™ to denote the state after the m-th substep in the n-th coupling time step,
this method can be summed up as

" = ¢+ alty
qn,m — qn,mfl _ (qn,mfl _ qs)AtP/T (4)
qn+1 — qn,M

If we say that M = 1, i.e. that P runs at the model time step with no substep-
ping, then Atp = At.y, and our scheme simplifies to

qn+1 —4s = [qn —qs+ O‘Atcz)l] [1 - Atczﬂ/T] (5)

This scheme has the lowest equilibrium specific humidity of all.

We can interpret these results as demonstrating the effects of two different forms
of time discretization error on the model results. The exact solution to (1) shows that
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process P is ineffective at removing supersaturation when water vapor is introduced at
a steady rate by process D. Using a sequential split method with a large coupling time
step causes the effect of D to be introduced to P as a series of large shocks, causing P
to overreact to these large increases in saturation. Additionally, we can see that if the
effect of P is solved using the forward Euler method at a coarse time step, P does not
experience the negative feedback that would result from its own removal of water vapor
during a single time step. These two sources of numerical error are comparable in size,
and both act to strengthen the effect of process P.

An AGCM such as EAMv1 obviously cannot be analyzed as easily as as this single-
variable linear differential equation. Nonetheless, time integration error for any given pro-
cess in the model can still be attributed to two distinct sources. First, we have the “cou-
pling error”, resulting from each process responding to all other processes at the finite
coupling time step. Since EAMv1 uses sequential updates to couple its physics suite, a
coarse coupling time step introduces a form of spurious temporal variability, as each pro-
cess “sees” the effect of all other parameterizations as a sudden shock that occurs ev-
ery coupling time step. Second, we have a “self-feedback error”, resulting from each pro-
cess responding to its own effect on the atmospheric state at finite intervals. Each pro-
cess is solved using its own time integration method (most commonly the forward Eu-
ler method), resulting in an error that depends on both the process’s time step and the
particular integration method used.

Figure 1b further shows that, for a model using a simple first-order sequential split-
ting method, the coupling error is dominated by the effect of process ordering. While
the output state after process P is less saturated than the exact solution, the state af-
ter process D is more saturated, so the sign of the error depends on when the output is
recorded. If the time step is reduced, the output state after P and the output state af-
ter D both approach the exact solution, and the effect of process ordering becomes less
important. There are also sequential splitting methods that use a symmetric combina-
tion of different process orderings to produce results, such as Strang splitting or symmetrically-
weighted sequential splitting, and these can produce second-order accuracy (Strang, 1968).

Reducing all time steps present in a model allows us to measure the time step sen-
sitivity of that model, but it does not directly tell us whether the effect of changing the
time step is attributable to any particular process, nor whether the time step sensitiv-
ity is related to coupling error or self-feedback error. By varying coupling step sizes in-
dependently from the substeps for particular parameterizations, we are better situated
to attribute time step sensitivity to particular parameterizations, and to determine the
particular physical mechanisms by which changes to the model numerics can result in
a different climate.

2 Model Description and Simulation Strategy
2.1 The E3SM Atmosphere Model

E3SMv1 is an earth system model developed by the U.S. Department of Energy,
focusing on three main research topics: (1) the water cycle, (2) the cryosphere, and (3)
biogeochemistry (Golaz et al., 2019). Its atmospheric component, EAMv1, is run at a
standard resolution of ~100 km (1°) (Rasch et al., 2019; Xie et al., 2018). At this res-
olution, the physics parameterizations, dynamical core, and surface components are cou-
pled at a time step of 30 minutes (1800 seconds), with the various processes and dynam-
ical core typically coupled using a “sequential split” method. This means that for each
time step, each parameterization accepts a state that has already been updated by ap-
plying the effects of previous parameterizations, and so at large time steps, the model
physics depends on the order in which these updates are applied (Donahue & Caldwell,
2018). (This should be irrelevant for sufficiently small time steps, assuming that the model
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Scheme Name

Processes Represented

Default Time Step Size(s)

Zhang-McFarlane
scheme (ZM)

Deep Convection

1800s

Cloud Layers Uni-
fied By Binormals
(CLUBB)

Turbulence
Shallow Convection
Stratiform Clouds

300s (looped with MG2)

Morrison-Gettelman
scheme version 2

(MG2)

Stratiformm Microphysics

300s (looped with CLUBB)

Four-mode Modal
Aerosol Module
(MAM4)

Aerosol-related processes

1800s (different processes evaluated
at different points in the time step)

Rapid Radiative
Transfer Model for
GCMs (RRTMG)

Radiative transfer

Rates applied: 1800s
Rates recalculated: 3600s

Surface coupling Surface fluxes 1800s
Linearized ozone Ozone chemistry 1800s
chemistry (LINOZ2)

Gravity wave scheme Gravity wave propagation 1800s

and breaking

Spectral element
dynamics (HOMME)

Dynamics
Tracer Advection

Vertical remapping: 900s
Dynamics/Advection: 300s

Hyperviscosity subcycle: 100s

Table 1.
default settings

EAMvl1 parameterizations and corresponding time steps for a Az ~100 km run using

converges in this limit to the true solution of its spatially discretized motivating equa-
tions.)

Table 1 shows a summary of the main parameterizations of EAMv1 in the order
that they run in an atmospheric time step, as well as the default time steps for these schemes
at standard resolution. Variables that are only calculated once per time step (e.g. sur-
face fluxes) are typically recorded at whatever point in the time step they are calculated.
However, state variables and diagnostics that are affected by many parameterizations
are recorded at the point in the time step just before the radiation model runs. (This
includes temperature, humidity, and cloud-related properties such as liquid water con-
tent and cloud fraction.) The outputs for EAMv1 thus reflect the model state after the
effects of stratiform cloud and aerosol microphysics have been applied, but before the
effects of radiative transfer are applied.

The summary in Table 1 is by necessity a broad overview, since each of these pa-
rameterizations is a complex piece of software in its own right. In general, we can say
that (a) the dynamics-physics coupling time step is the maximum allowed time step for
any physics parameterization, and (b) most physics parameterizations couple to one an-
other at the same frequency as they couple to the dynamics. However, there are two ex-
ceptions to these rules. Tendencies due to radiative transfer are only recalculated every
hour by default, i.e. every other coupling time step. The CLUBB and MG2 parameter-
izations, on the other hand, are coupled using a shorter time step, since they are sub-
stepped within a single loop. Each “sees” the updates from the other during each of their
smaller 300 second time steps.

The climate of EAMv1 using default settings is extensively documented, for instance
in Golaz et al. (2019), Rasch et al. (2019), and Xie et al. (2018). This work will focus
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on the climatological differences between various modified runs using shorter time steps
and a control EAMv1 run at default settings.

This approach allows us to broadly discuss the magnitude and nature of time in-
tegration error in EAMv1. We note that the model was developed and tuned for much
longer time steps than we use here, and the tuning parameters are likely set so as to par-
tially cancel this time integration error. While the ALL10 run described below should
have a dramatically lower time integration error, we do not assert that it is “better” than
the default configuration as a production model, and in fact it would require significant
retuning to be usable at all.

2.2 Simulation Details

We ran E3SMv1 at a ~100km atmospheric resolution (ne30-ne30 grid) with stan-
dard E3SMv1 tuning and prescribed sea surface temperature. These runs were performed
using a maintenance version of E3SM 1.1 (the version corresponding to the git hash 25c94366)
with pre-industrial forcings (E3SMv1 compset F1850C5AV1C-04P2) unless otherwise spec-
ified, and all had prescribed sea surface temperature (SST) and sea ice extent.

The control run (CTRL) is an out-of-the-box run using default settings. We com-
pare this to a new run (ALL10) that changed the atmosphere’s dynamics-physics-surface
coupling time step, known as “dtime” in the model settings, to 10s. This time step is
chosen to be as small as we could reasonably afford, within the constraints of the com-
puting power we had available for this study. CTRL and ALL10 simulations are both
3 years in length. Results based on years 1-2 were unchanged after adding year 3, which
gives us confidence that 3 years is long enough to draw robust conclusions.

Users typically consider the dtime setting to equivalent to the atmosphere model
time step, but there are three ways in which this is not quite true. First, as noted ear-
lier, the radiative transfer rates are updated only once per hour, regardless of dtime. While
the ALL10 run does not change this update frequency, our tests with shorter runs show
that the model is not especially sensitive to this time step. Second, the dynamics and
cloud physics contain some substepping by default, though none run at a time step as
small as 10s. In the ALL10 run, we disable these forms of substepping, so that all ma-
jor dynamics and physics processes run at the same small time step. Third, because the
dtime setting also governs the rate at which EAMv1 exchanges information with the sur-
face components, changing it forces a change in the land and sea ice components, which
must run at a 10s time step as well.

To investigate which processes within EAMv1 were most responsible for its over-
all time step sensitivity, we configured a series of runs using built-in options to substep
individual parameterizations at a 10s time step. These runs include DYN10, which sub-
stepped EAMv1’s spectral element dynamical core, CLUBB10, which substepped the CLUBB
cloud physics parameterization, and MICRO10, which substepped the MG2 stratiform
microphysics. Typically CLUBB and MG2 are substepped together within a single loop,
so we also produced a CLUBBMICRO10 run that used this capability to run both schemes
at 10s. Because this run showed clear differences from the control, we produced a CLUBB-
MICROG60 run where CLUBB and MG2 were substepped together at 60s. Separately,
we also produced a CLUBB10MICRO10 run, where the individual time steps for CLUBB
and MG2 were reduced, but the two schemes were only coupled at the default rate of
once per 300s. To verify our prior belief that the model is less sensitive to the radiation
time step size than to other physics time steps, we produced the ALLRAD10 run, which
is identical to the ALL10 run except that the radiation is also run at a 10 second time
step. Finally, we produced the ALL300 and ALL60 runs, which change dtime to 300s
and 60s, respectively. ALL300 is useful as an additional control, because it decreases the
dynamics-physics coupling time step, but does not decrease the CLUBB or MG2 time
steps, nor does it decrease the dynamics time steps (except the remapping for the ver-
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Name Modified time steps Step size | Run length
CTRL None N/A 38mo
ALL10 Dynamics-physics coupling, dy- 10s 38 mo
ALL60 namics time steps, land and sea ice | 60s 30d
ALL300 model time steps, and all physics 300s 30d
calculations except for updates to
radiative transfer rates
DYN10 All time steps in spectral element 10s 30d
dynamical core
MICRO10 MG2 microphysics 10s 30d
CLUBBI10 CLUBB unified cloud parameteri- 10s 30d
zation
CLUBB10MICRO10 | CLUBB and MG2 (CLUBB+MG2 | 10s 30d
coupled using the 300s default
time step)
CLUBBMICRO10 CLUBB+MG2 combined time step | 10s 30d
CLUBBMICROG60 (CLUBB+MG?2 coupled to each 60s 30d
other every 10s)
ALLRADI10 All time steps modified as in 10s 30d
ALL10, except that radiative
transfer rates are also updated
every physics time step

Table 2. Runs performed using the default aerosol scheme.

tically Lagrangian advection scheme, which normally runs every 900 seconds). A sum-
mary of all these runs can be found in Table 2.

In EAMv1, the most important parameterization that does not have this built-in
substepping capability is the ZM deep convection, which always runs at the time step
given by dtime. In order to work around this limitation, we needed to modify the code
and run simulations with a different model configuration. We describe these changes in
section 3.3.

3 Results
3.1 Effects of Decreasing the Physics Time Step

Consistent with the literature on CAM, we find a 0.08 mm/d increase in global-
mean total precipitation with 10 s time steps, mostly occurring at low latitudes. While
convective precipitation decreases, large-scale precipitation increases by ~60% in the trop-
ics (defined here as latitudes from 30S to 30N), especially over land (Figure 2a). The over-
all effect is an increase in tropical precipitation over the Pacific warm pool, and a near-
doubling of precipitation in parts of Borneo, New Guinea, and Colombia (Figure 2b).

We also note an increase in heavy precipitation, seen in Figure 3 as a shift towards more
precipitation falling in extreme precipitation events. This shift is again due primarily to
an increase in heavy large-scale precipitation and a decrease in convective precipitation
(not shown).

Evaporation must increase to fuel the precipitation increases. Over the oceans, this
is due to slightly higher wind speed and lower near-surface relative humidity. The av-
erage 10m wind speed in the tropics increases from 5.56 m/s to 5.70 m/s, and occurs mainly
in the northern Indian ocean and central Pacific, while latent heat flux increases in the
same areas, by about 4 W/m? (not shown). This is consistent with the CAMS3 literature,



Mean difference in large-scale precipitation for b) Mean difference in total precipitation for

a) case ALL10 (mean 0.29 mm/day, months 03/01 - 02/04) case ALL10 (mean 0.081 mm/day, months 03/01 - 02/04)
4 4

D) z - <A D) - B

60N { g7 RV = 60N { g7 RV
45N g b W 3 45N g b W 3
30N 2 30N | L2
15N / 1 15N / 1

04 0 0 Fo
1554 -1 155 -1
305 -2 305 -2
455 3 455 _3
605 605

-4 —4
0 90E 180 0W 0 0 90E 180 0W 0
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Figure 3. Global mean of the average amount of rain produced by precipitation falling at a
given rate, produced from hourly data from CTRL (black) and ALL10 (red). Amount is normal-
ized so that an integral over the natural logarithm of precipitation intensity yields total global
mean precipitation amount. This plot only uses data from the final year of these simulation, as

hourly data from previous years was not retained.
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Figure 4. Changes in a) near-surface relative humidity and b) zonal mean relative humidity
for the ALL10 run (ALL10 minus CTRL).

suggesting that an increase in wind speed contributes to an increase in evaporation for
short time steps.

Unlike in CAM3, the relative humidity decreases throughout the troposphere in the
ALL10 run, as shown in Figure 4. Since global mean precipitable water decreases while
precipitation increases, the mean residence time of water in the atmosphere is reduced
from about 7.3 days for CTRL, to 6.9 days for ALL10. Given that precipitation from
the deep convection scheme is also reduced on average, this change can be most easily
explained by dynamical changes that produce more large-scale condensation due to va-
por convergence, or increased microphysical precipitation efficiency for a given conden-
sation rate, or both.

The decreases in relative humidity in the 800-850 mb layer correspond to a signif-
icant reduction in low cloud mass (Figure 5). At the same time, we see an increase in
cloud liquid above the boundary layer, particularly at high latitudes. In the ALL10 run,
the cloud fraction also either decreases or remains unchanged nearly everywhere, except
that the high cloud fraction (above 400 mb) increases over deep convective areas.

Consistent with the decrease in overall cloud mass and fraction, the ALL10 run shows
substantially reduced radiative cloud forcing compared with CTRL, as can be seen in
Figure 6. The effect on shortwave cloud forcing is especially large, the global mean be-
ing reduced from -43.0 W/m? to -37.5 W/m?.

Spatial-pattern differences between CTRL and ALL10 are summarized by a Tay-
lor diagram shown in Figure 7. We find that the effect of reducing the model time step
to 10 seconds (black symbols) is comparable to the effect of doubling the model’s hor-
izontal grid spacing (red symbols), and much larger than differences due to interal vari-
ability of the model (green symbols). Historically, spatial resolution changes have been
perceived as a major model change while accompanying time step changes have been taken
for granted; Figure 7 illustrates that this viewpoint is incorrect. The variables most af-
fected by the time step are related to precipitation, with the large-scale precipitation show-
ing the most difference.

3.2 Effects of Changing the Physics Substepping

We did not have the computational resources to run all of our substepped config-
urations for multiple years, but many of the effects of substepping are quite large and
can easily be distinguished with only a few days of data. In particular, all simulations
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Figure 5. Changes in mass of cloud ice and liquid water for the ALL10 run (ALL10 minus
CTRL), measured by a) ice water path, b) liquid water path, c) zonal mean cloud ice mixing

ratio, and d) zonal mean cloud liquid mixing ratio.
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Figure 6. Changes in a) longwave cloud forcing and b) shortwave cloud forcing for the ALL10
run (ALL10 minus CTRL).
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Figure 7. Taylor diagram comparing results from the CTRL and ALL10 runs (black), and
comparing results from CTRL to a run with default settings using the nel6 grid (red), which has
a grid spacing of ~1.9°. From these runs, we use values averaged over a three year time period,
starting March of the first simulated year. To show the typical variability of EAMv1, we also
extend CTRL by an additional three years, and plot a comparison of those three years to the

original three (green). Only spatial variability is accounted for in this diagram.
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348 were initialized identically so differences between runs in the first ~15 days is dominated

349 by timestep differences rather than weather noise. Growth of weather noise over time

350 is apparent in Figure 12, which provides the timeseries of global-average cloud-related

351 radiative fluxes for all 30 days of simulation. The efficacy of using these first 15 days as
352 a proxy for climatological mean differences is demonstrated in Table 3, which provides
353 in parentheses in its 3rd and 5th column the difference between ALL10 and CTRL runs
354 from 3 year and 15 day averages. Except for liquid water path and (to a lesser extent)
355 latent heat flux, the 15 day average difference is an excellent estimate of the longer-term
356 average. In the case of liquid water path, this is because the global mean is the sum of
357 a decrease in the tropics and an increase over the rest of the globe; the decrease is slightly
358 stronger in the 15 day run, while the increase is stronger in the 3 year run.

359 We first examine the changes in precipitation across these runs, shown in Figure

360 8. We can categorize our runs into five main categories based on large-scale precipita-

361 tion:

362 1. The lowest average large-scale precipitation rates are found in CTRL, CLUBBI10,
363 and DYN10, suggesting that the cloud physics is not sensitive to the CLUBB or
364 dynamics time steps.

365 2. A slightly higher large-scale precipitation rate is found in the ALL300 run, which
366 has a reduced time step for the ZM deep convection and an increased dynamics-
367 physics coupling frequency, but does not change the CLUBB or MG2 time steps.
368 This run shows a mild repartitioning of precipitation from the convective to large-
369 scale category.

370 3. The MICRO10 and CLUBB10MICRO10 runs show signs of increased precipita-
a1 tion efficiency overall, increasing both large-scale and total precipitation.

372 4. One of the largest large-scale precipitation rates comes from CLUBBMICRO10,
373 which couples CLUBB to MG2 every 10 seconds, suggesting that an increase in
374 CLUBB-MG?2 coupling frequency has an additional effect beyond that from sim-
375 ply substepping MG2 more frequently. CLUBBMICROG60 may see a similar ef-

376 fect, though it is not as clearly distinguished from the MICRO10 run.

377 5. The ALL10, ALLRADI10, and ALL60 runs decrease both the dynamics-physics

378 coupling time step and the time step used for all physics parameterizations, and
379 these show the largest changes in precipitation.

380 While the increase in large-scale precipitation seen in the MICRO10 run is substan-
381 tial, the spatial pattern is quite different from the ALL10 case. In particular, in the ALL10
382 case precipitation increases the most over tropical land. Table 4 shows that this large

383 increase does not occur when CLUBB and/or MG2 are substepped by themselves, but
384 only when both CLUBB and MG2 are substepped together, as in the CLUBBMICRO10
385 case.

386 We can also look at extreme precipitation, which we will categorize here as any pre-

387 cipitation falling at an hourly rate above 97.7mm/d. Such high rates of precipitation

388 are nearly absent from CTRL, but account for about 5% of the total precipitation in ALL10.
389 Tables 3 and 4 show that this increase occurs mainly when the dynamics-physics cou-

390 pling time step is changed, though some increase also occurs in CLUBBMICRO10.

301 Together, these results suggest that the main time steps affecting the precipitation
302 are the MG2 microphysics time step and the coupling time step between the CLUBB

393 and MG2 schemes. The change in the CLUBB and MG2 combined time step therefore
304 explains most of the precipitation change noted earlier between the CTRL and ALL10

305 runs. Either the dynamics-physics coupling time step or the ZM deep convection time

396 step could also be affecting the partitioning of precipitation between the convective and

307 large-scale processes, since both of these time steps are changed in the ALL10 and ALL300
308 runs. We will investigate this further in section 3.3. The changes in total precipitation
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Figure 8. Daily global means of a) large-scale precipitation only and b) total precipitation for

substepped runs.

are mostly apparent for the first week of the run, after which the runs with default MG2
time step see a significant increase in convective precipitation (not shown), leading to
no systematic difference between simulations after this point.

The ”drying” of the atmosphere that occurs in the ALL10 run also appears in the
CLUBBMICRO10 run, but is relatively weak in the MICRO10 run, as can be seen in
the precipitable water in Table 4. As shown in Figure 9, the cloud liquid in the CLUBB-
MICRO10 run only matches the ALL10 run at low altitudes, while the ALL300 run is
much more effective at matching ALL10 at higher altitudes, suggesting that the dynamics-
physics coupling time step is responsible for these increases in cloud liquid. (In the next
section we will see that the ZM time step is not likely to be the cause, since this increase
in cloud liquid is not seen in the CLD10PA run shown in Figure 13.) CLUBBMICRO10
and CLUBBMICROG0 also consistently produce clouds in the lowest level of the atmo-
sphere over land, particularly in South America and Southeast Asia, which are not seen
in any other run.

Wan, Zhang, Rasch, et al. (2020) also saw a reduction in cloud fraction when the
dynamics-physics coupling time step was reduced. In one of the simulations in that study
(labeled “v1_Dribble”), the coupling of the rest of the model to CLUBB+MG2 was ad-
justed by “dribbling” the effects of all other processes into the CLUBB+MG2 loop, rather
than applying those effects to the initial CLUBB+MG?2 input state. This simulation em-
ulates the effect of decreasing the dynamics-physics coupling time step on the CLUBB
and MG2 parameterizations, without changing the time steps themselves. In this test,
the effects of the dynamics and radiation are applied more gently to the state seen by
CLUBB, and in particular, CLUBB’s input state is influenced more mildly by radiative
cooling (Wan, Zhang, Yan, et al., 2020). In some regions this results in a more convec-
tive boundary layer, and to a reduction in mean cloud fraction and liquid water path.
This mechanism may partially explain why increasing the dynamics-physics coupling fre-
quency (and hence the CLUBB-radiation coupling frequency) leads to a lower cloud frac-
tion in our simulations as well.

The overall differences in ice and liquid water path are shown in Figure 10. We see
that, in the tropics, the runs with reduced MG2 time step reduce the liquid water path
in a way that is similar to the ALL10 run, while the ALL300 run increases the ice and
liquid water path everywhere. We also note that if MG2 is substepped independently
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a) Mean difference in cloud liquid mixing ratio b) Mean difference in cloud liquid mixing ratio
for case CLUBBMICRO10 (g/kg, days 3-15) for case ALL300 (g/kg, days 3-15)
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Figure 9. Differences in zonal mean cloud liquid mixing ratio versus CTRL for a) ALL300, b)
CLUBBMICRO10, and c) ALL10.
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Figure 10. Daily means for a,c) ice water path and b,d) liquid water path for substepped
runs. Plots a-b) show global means, while ¢-d) show means over low latitude grid points (30S—
30N).

from CLUBB, the ice water path (and high cloud fraction, as seen in Table 4) increase
significantly, but this does not occur when MG2 and CLUBB are substepped together.

We saw earlier that the ALL10 run caused a reduction in cloud fraction through-
out most of the atmosphere, especially in the low cloud fraction. As shown in Figure 11,
this effect seems to have different causes, depending on which level of the atmosphere
is examined. Reductions in low cloud are primarily due to the reduction in the dynamics-
physics coupling substep, but the CLUBB and MG2 combined time step has a greater
effect on the cloud fraction above 700 mb.

Finally, we turn to the changes in radiative cloud forcing between runs. The mag-
nitudes of both shortwave and longwave cloud forcing are reduced in the ALL10, ALL-
RAD10, CLUBBMICRO10, and CLUBBMICROG60 runs, likely due to the significant de-
creases in cloud fraction and liquid water path found in the tropics. The MICRO10 and
CLUBB10MICRO10 runs, on the other hand, have a much larger ice water path, lead-
ing to an increase in longwave cloud forcing. The ALL300 run has both a reduced low
cloud fraction and an increase in liquid and ice water path, leading to a decrease in short-
wave cloud forcing and no net change in longwave cloud forcing.

We notice that most variables take a few days for the differences between runs to
fully develop, but the effect of a change in the MG2 time step strongly affects large-scale
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Name Substepped processes Substep size | Run length

CTRLPA None N/A 30d
ALL10PA All time steps modified as 10s 30d
in ALL10.
CLUBBMICRO10PA CLUBB+MG2 combined 10s 30d
loop
ZM10PA ZM deep convection 10s 30d
CLUBBMICRO10ZM10PA | CLUBB+MG2 combined 10s 30d

time step and ZM deep
convection (CLUBB+MG2
coupled to each other ev-
ery 10s, and to ZM using
the 1800s default)
CLD10PA CLUBB+MG2+ZM com- 10s 30d
bined time step (all three
parameterizations coupled
every 10s)

Table 5. Runs performed using prescribed aerosols

precipitation and ice water path within the first day. We suspect that most effects of a
decreased time step require a certain degree of “spin up” in order for runs starting with
the same initial condition to become more distinct. We hypothesize that the more in-
stantaneous changes are primarily due to the direct effects of a decreased time step on
microphysical process rates, which can respond directly and dramatically to changes in
time step (Santos et al., 2020).

3.3 Substepping the ZM Deep Convection Scheme

So far, we have been unable to distinguish between the effect of substepping the
ZM deep convection scheme and the effect of reducing the dynamics-physics coupling time
step. In order to explore the effect of ZM substepping on results, we produced a set of
code modifications to EAMv1 to allow this scheme to be substepped on its own. Most
of these changes were simple, but we never managed to get coupling between ZM and
the MAM4 modal aerosol scheme to work properly. Ultimately, we resorted to using EAM’s
prescribed aerosol capability (Lebassi-Habtezion & Caldwell, 2015) for substepped-ZM
runs. This required switching to a configuration where prescribed aerosol data was avail-
able, so we used a present-day configuration (E3SMv1l compset FC5AV1C-04P2). As a
result, these results cannot be directly compared to our previous runs, though we used
the same spatial grid, and the physics of this compset is similar to our previous runs, aside
from initial/boundary conditions. We first reproduced the CTRL, ALL10, and CLUBB-
MICRO10 runs using prescribed aerosols, and added a run that substeps ZM by itself.
We then produced a run that substeps both ZM and CLUBB+MG?2 at 10 seconds, while
only coupling ZM to CLUBB+MG2 at the default 1800 second time step. Finally we pro-
duced a run that substeps and couples ZM, CLUBB, and MG2 together using a 10 sec-
ond time step. These simulations are summarized in Table 5. We append “PA” to run
names to indicate that they use prescribed aerosols. Aside from the choice of compset
and use of prescribed aerosols, CTRLPA is configured identically to CTRL, ALL10PA
to ALL10, and CLUBBMICRO10PA to CLUBBMICRO. Global means of selected vari-
ables for all -PA runs are shown in Table 6.

First, by looking at the large-scale precipitation in Table 6, we can see that the CLD10PA

run, which substeps the ZM deep convection along with CLUBB and MG2 in a single
loop, has almost the same partitioning of precipitation as seen in the ALL10PA run. This
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Figure 13. Left: Differences in zonal mean cloud liquid mixing ratio versus CTRLPA for a)
CLD10PA and ¢) ALL10PA. Right: Daily means over low latitudes (30S-30N) for prescribed

aerosol substepped runs of b) liquid water path, and d) ice water path.

suggests that the partitioning of precipitation between convective and stratiform param-
eterizations is mostly affected by the time steps of the physics parameterizations and the
coupling between them. It is much less influenced by the dynamics-physics coupling time
step. We also see that substepping ZM by itself has almost no impact on convective pre-
cipitation, while tightening the CLUBB+MG2+ZM coupling has a large effect.

Next, we note that deep convection substepping, like substepping of the other pa-
rameterizations, causes a decrease in low cloud liquid mass, and contributes to the over-
all pattern seen in the ALL10PA run. This is seen in Figure 13, where the distribution
of liquid water below 750 mb is quite similar between the CLD10PA run and the ALL10PA
run. However, the increase in cloud liquid above this level is still absent from the CLD10PA
run, implying that that increase requires more frequent dynamics-physics coupling to oc-
cur. This means that the CLD10PA “overshoots” the ALL10PA run in the tropics, hav-
ing an even lower liquid water path. Unlike the effect of ZM substepping on precipita-
tion, the effect on cloud liquid does not rely on coupling with CLUBB and MG2, since
the CLUBBMICRO10ZM10PA run and the CLD10PA run have fairly similar liquid wa-
ter path. Similarly, substepping ZM causes a reduction in ice water path regardless of
its coupling with CLUBB and MG2, but the ice water path recovers if the dynamics-physics
coupling time step is also reduced.
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Other than this, ZM substepping accounts for very little of the differences between
the CTRLPA and ALL10PA runs, as can be seen in the lower portions of Table 6. ZM
substepping does not substantially affect cloud fraction, and its effects on both longwave
and shortwave cloud forcing are relatively small compared with the effect of changing
the CLUBB and MG2 combined time step or the dynamics-physics coupling time step.

4 Physical Insights

We have found that reducing EAMv1’s time step has a number of effects on model
climate, and by adjusting the model substepping, we have attributed those effects to the
time step sensitivity of particular processes or coupling intervals. In this section, we of-
fer a number of potential explanations for these effects, which may be the basis for fur-
ther research on the model’s time step sensitivity.

4.1 Time Discretization in a Sequential-Split System

Liquid water path in EAMv1 is written out directly after the microphysics has run
(Donahue & Caldwell, 2018). During the first CLUBB+MG?2 substep after the dynam-
ics has run, CLUBB is often reacting to a highly supersaturated state, and it produces
a large amount of condensate, much of which is then removed by MG2 (Wan, Zhang, Yan,
et al., 2020). In subsequent CLUBB+MG?2 substeps, CLUBB produces relatively little
condensate, and MG2 continues to remove more cloud liquid. Thus the model contains
far more cloud liquid immediately after the first CLUBB substep than after all CLUBB+MG2
substeps have run. Reducing the CLUBB+MG2 combined time step does not change
this situation, because the burst of additional cloud liquid is always produced by CLUBB
during the first substep after the dynamics runs, and is not a response to the microphysics.
When the dynamics-physics coupling time step is reduced, however, the effect of the dy-
namics is introduced to CLUBB+MG2 more gradually, rather than producing one large
burst of condensate at 1800 second intervals. As a result, MG2 removes a smaller frac-
tion of this new cloud liquid, and more is observed at the point in the time step where
the liquid water path is output.

This situation is analogous what we saw in the simple model (Figure 1b), but ap-
plied to cloud liquid rather than supersaturation. The liquid water path varies signif-
icantly within each physics time step, but since we record the liquid water content af-
ter MG2 runs, we are systematically measuring values near the low end of this range.

If the time step is reduced, the liquid water content varies within a narrower range for
each time step, and so the values we record from that range must increase. We believe
that this accounts for the increase in liquid water content that occurs in much of the at-
mosphere when the dynamics-physics coupling time step is reduced, as seen in Figures
5(d) and 9(b-c). However, this does not explain the reduction in cloud liquid seen at lower
altitudes, which must be the result of different mechanisms (e.g. the microphysical pro-
cess rate changes discussed below).

To test this explanation for the effect of dynamics-physics coupling on cloud lig-
uid, the liquid water content could be recorded at several points during each time step,
to see how the full range of possible output values depends on the time step. Alternately,
the coupling between the dynamics, CLUBB, and MG2 could be modified to avoid pro-
ducing large bursts of liquid at 1800 second intervals, to see if this reduces the time step
sensitivity of liquid water content. In fact, the authors of Wan, Zhang, Rasch, et al. (2020)
appear to have performed both of these types of experiment (Wan, Zhang, Yan, et al.,
2020), though they have not yet published details of their findings on liquid water con-
tent specifically.

We believe that sequential coupling errors are also partly responsible for the de-
crease in convective precipitation at shorter time steps, due to an effect described by Williamson
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(2013). When dynamics produces supersaturation in an atmospheric column, the ZM
scheme competes with CLUBB+MG2 to remove that supersaturation. Since ZM runs
first each time step, it is able to produce precipitation before CLUBB+MG2 remove su-
persaturation from the atmosphere, giving the deep convection an advantage. However,
if the model time step is reduced, or if ZM is substepped with CLUBB+MG2 (as in our
CLD10PA run), ZM will operate on an input state that is on average more similar to
the state of the atmosphere immediately after MG2 runs, i.e. a state with much less su-
persaturation and less precipitable water generally. It then produces less convective pre-
cipitation in response, leaving stratiform precipitation to pick up the slack.

This mechanism could be tested by swapping the order of ZM and the CLUBB+MG2
loop in the model. If the convective precipitation is easily affected by competition for
supersaturation with CLUBB, running CLUBB first during every time step should cause
a significant repartitioning of precipitation from the convective to large-scale categories.

4.2 Changes to Microphysical Process Rates

Our past research on the MG2 microphysics identified rain evaporation and self-
collection as processes that were poorly resolved by MG2’s default time step of 300 sec-
onds (Santos et al., 2020). Zheng et al. (2020) evaluated EAMv1’s performance for pre-
cipitating marine stratocumulus clouds using data from the ARM MAGIC campaign,
and found that the vertical profile of rain evaporation depended strongly on the time step
used for MG2. At a 300 second time step, the evaporation rate had a large peak near
the surface, while at a 30 second time step, the peak evaporation rate occurred near the
cloud base and was only half as large.

With this in mind, we can consider the effect of a dramatic reduction in large-scale
rain evaporation rate, especially near the model’s surface. This would produce a drier,
warmer boundary layer, along with an increase in the amount of rain that reaches the
surface. Latent heat flux from the surface would then increase, while sensible heat flux
would decrease, partially compensating for the effect of the reduced rain evaporation rate.
This matches the pattern seen in the global means in Tables 3, 4, and 6, since in every
case where the MG2 time step is reduced (columns highlighted in purple or red), the large-
scale precipitation and latent heat flux increase, while the relative humidity in the low-
est level of the atmosphere and the sensible heat flux decrease.

Since the decrease in rain evaporation is stronger than the increased surface mois-
ture flux, the precipitable water also decreases. This could partially explain both the re-
duction in liquid water path and the reduction in convective precipitation in runs where
MG?2 is substepped. (Less large-scale precipitation would be produced as well, but more
of it would reach the surface due to the reduced evaporation rate.)

We have performed some tests using a modified precipitation fraction method as
in Zheng et al. (2020), which has the primary effect of increasing the fraction of precip-
itation that evaporates before reaching the surface. Preliminary results appear to sup-
port our hypothesis, since in many ways increasing the evaporation rate has the oppo-
site effect from reducing the MG2 time step. In particular, we see a significant decrease
in total precipitation, a shift of precipitation from the large-scale to convective schemes,
and increases in precipitable water and liquid water path (not shown).

4.3 Grid-Point Storms and Resolved Convection

In order to gain a better understanding the extreme precipitation events that oc-
cur in the ALL10 run, we looked for such a case study that occurs early in our simula-
tions, and thus can be compared across all runs. One such event occurs in South Amer-
ica in the Guiana Highlands (6°N 67°W) on the first simulated day, with the ALL10 run
sustaining a precipitation of over 215 mm/d between 0900 and 0430 local time, peaking
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Figure 14. First day time series of a) 500 mb vertical velocity and b) CAPE for an atmo-

spheric column producing heavy precipitation. Horizontal axis shows local time (UTC-4:00).

at about 323 mm/d (compared to a range of 104-152mm/d in CLUBBMICRO10, and

a range of 17-65 mm/d in CTRL). In the ALL10 run, this storm resembles the grid-point
storms described by Williamson (2013), with explosive growth in vertical velocity, mois-
ture convergence, and condensation. Figure 14a) shows vertical velocity at 500 mb (wsoo)
over time for a particular column in this storm. We show only a small number of sim-
ulations to demonstrate the effects of CLUBB+MG2 coupling time step and the dynamics-
physics coupling time step have large effects on vertical velocity on this case. However,
our results from other simulations show any pair of cases with the same CLUBB+MG?2
coupling time step and dynamics-physics coupling time step have the same total precip-
itation to within a few percent over this time period, with essentially no role played by
any of the other changes made in our study (including the ZM substepping).

We have no diagnostics designed to identify and count these grid-point storms in
longer runs, but there is circumstantial evidence that they are more common when us-
ing small time steps. We can see that there is much more extreme precipitation in cases
with a reduced CLUBB+MG?2 time step and/or reduced dynamics-physics coupling time
step (Figure 3 and Tables 3, 4 and 6), and for the first few days of simulations, the largest
precipitation events in ALL10 are consistently associated with values of wsgg that are
much larger than any occurring in CTRL, with heavy precipitation occurring over only
a few grid cells wide.

While the role of CLUBB+MG2 coupling is still unclear, we are aware of two ex-
planations for why such grid point storms may grow more easily when the dynamics-physics
coupling time step is smaller. According to Williamson (2013), using a shorter time step
weakens the parameterized convection schemes, particularly when the time step is much
shorter than the scheme’s relaxation timescale. The ZM scheme is therefore relatively
incapable of removing CAPE, which is persistently high in grid-point storms. The large-
scale condensation scheme is exposed to an unrealistic level of supersaturation, and the
model responds to the absence of parameterized convection by entering a “vicious cy-
cle” where the condensation releases excessive heat, producing stronger ascent, which
causes increased horizontal convergence to draw in even more moisture to condense. The
lack of parameterized convection thus results in more vertical motion at the resolved scale.
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626 Herrington and Reed (2017) also suggests that the release of latent heat produced

627 by the condensation scheme directly forces resolved-scale convection, and further notes

628 that the consumption of CAPE through resolved-scale vertical motion in the dynamics

629 can inhibit the deep convection scheme, at least when using CAM4 at a high horizon-

630 tal resolution. Enhanced resolved-scale convection can therefore cause the parameter-

631 ized convection to become weaker, as well as being caused by weak parameterized con-

632 vection. Herrington and Reed (2018) examines the dynamics-physics coupling time step
633 as well as horizontal resolution for an idealized test case, and finds that coarse time steps
634 are unable to properly resolve the rapid growth in vertical velocity that arises from the

635 positive feedback loop between the dynamics and condensation scheme, especially (but

636 not exclusively) at higher resolutions. This form of time step sensitivity occurs even when
637 using a very simple moist physics model with no parameterized convection at all.

638 Intense grid-scale storms in EAMv1 can therefore become more common at short

639 time steps either due to a weakening of the ZM parameterized convection, or due to bet-
640 ter resolution of the dynamics-CLUBB feedback loop that drives resolved-scale convec-

641 tion. Both of these mechanisms probably occur to some extent, but the increase in resolved-
642 scale convection seems to be more relevant for the grid-point storm in our case study.

643 Consider Figure 14b), which shows CAPE calculated from the atmospheric state passed

644 to ZM. If ZM was simply failing to remove available CAPE, we would expect to see per-
645 sistently elevated CAPE during the growth of the storm, as reported by Williamson (2013)
646 for CAM4. However, CAPE is fairly low in ALL10, especially between 0400 and 0900,

647 the period when the vertical velocity decreases the most. Additionally, we have conducted
648 as experiment where we halved the value of the deep convection relaxation timescale in
640 the ALL10PA run (from 3600s to 1800s), and this has a negligible effect on wggo and

650 precipitation in our case study. This change also increased global mean extreme precip-
651 itation to 0.19mm/d (as opposed to 0.16 mm/d for ALL10PA as seen in Table 6), which
652 is the opposite of the effect we would expect based on results from CAM4 (Williamson,
653 2013). Taken together, these findings suggest that any increase in grid-point storms at
654 short time steps is not purely the result of weakened deep convection.

655 4.4 The Role of CLUBB+MG2 Coupling

656 We close by noting that there are several effects related to the CLUBB+MG2 cou-
657 pling where further study is needed. For example, the ice water content and high cloud
658 fraction increase significantly when substepping MG2 by itself, but decreases when ad-
650 justing the CLUBB+MG2 coupling time step (Table 4). The increase in ice mass from
660 MG?2 substepping likely comes from improved resolution of in microphysical process rates,
661 particularly those involving the transfer of mass between ice and vapor phases (Santos
662 et al., 2020). When the CLUBB+MG?2 coupling time step is also reduced, the ice cloud
663 fraction is recalculated more frequently. The ice cloud fraction is diagnosed by CLUBB
664 from an effective relative humidity (using total water in the grid box rather than just

665 water vapor). If MG2 causes ice particles to grow and sediment out of the box, this re-
666 duces the relative humidity, causing CLUBB to diagnose a smaller cloud fraction. This
667 would explain why substepping CLUBB+MG?2 reduces the high cloud fraction. How-

668 ever, confirming this hypothesis, as well as understanding how the reduced cloud frac-
669 tion interacts with the ice microphysics, would require diagnostics that provide more de-

670 tailed information about the process rates for CLUBB+MG2 when using different time
671 steps.

672 We also noticed that substepping CLUBB4+MG2 together seems to result in dif-

673 ferent spatial patterns of precipitation from CTRL, and similar to those seen in the ALL10
674 case. For instance, compare low-latitude land precipitation across the different simula-

675 tions in Table 4. As shown in Figure 14a), grid-point storms over land can be stimulated
676 by adjusting the CLUBB+MG2 time step alone, though these storms are much weaker

677 than those that occur in the ALL10 run, and this may account for these changes in pre-
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678 cipitation. This seems to imply that more frequent coupling with MG2 causes an increase
679 in condensation, but the mechanism by which this happens is still unclear.

680 Truly understanding these phenomena will require a more focused study on behav-
681 ior of the CLUBB+MG?2 system at small time steps. This might be easier to study by
682 using CLUBB in a simpler model than EAM, or a single-column case study in EAM, rather

683 than global results. In particular, we hope that this time step sensitivity could be re-

684 produced by coupling CLUBB to a much simpler microphysics scheme than MG2, which
685 would help to narrow down potential causes.

686 5 Conclusions

667 EAMv1 at its default 1800 second time step produces very different results from

688 the same model at a 10 second time step, indicating that the release implementation should
689 not be viewed as calculating the “time-resolved” solution to the system of equations that
690 defines the model physics. The amount and regional distribution of precipitation, and

601 especially the radiatively-important partitioning between large-scale and convective pre-
692 cipitation, shows particularly strong sensitivity to the time step size. The cloud radia-

693 tive forcings also differ by several watts per square meter, indicating that a reduction

694 in the time step would require, at a minimum, significant retuning of the model to pro-

695 duce reasonable results. By experimenting with substepping of model components, we

696 have been able to distinguish three main model time steps that account for most of the

607 changes seen between the 1800s and 10s versions of the model.

69 First, a reduction of the combined CLUBB and MG2 time step causes the follow-

699 ing changes (mostly seen in Table 4):

700 1. An increase in total precipitation (Figure 8), leading to a reduction in humidity

701 and a reduction in cloud liquid mass below 750 mb (Figures 9 and 10).

702 2. A reduction in the ratio of convective to large-scale precipitation (Figure 8).

703 3. Regional changes in precipitation, most notably including a large increase in av-

704 erage precipitation on the maritime continent and in South America, and an in-

705 crease in extreme precipitation events.

706 4. A reduction in cloud fraction above 700 mb (Figure 11), causing a large reduction
707 in the magnitudes of both shortwave and longwave radiative cloud forcing (Fig-

708 ure 12)

700 A much smaller increase in large-scale precipitation can be produced by changing

710 the time step for MG2 alone, and may be caused by a decrease in the rain evaporation

1 rate at short time steps. Otherwise these effects are only seen when CLUBB and MG2

712 are substepped together, and the ultimate mechanism behind these changes is unclear.

713 We do note that reducing this time step seems to stimulate more condensation from CLUBB
714 in some circumstances, and this may result in more intense grid-scale storms forming over
715 land, driving the changes in precipitation patterns.

716 Second, a reduction of the dynamics-physics coupling time step (a.k.a. dtime) causes

7 the following changes (mostly seen in Tables 3 and 4):

718 1. An increase in cloud mass in the upper troposphere, especially in the midlatitudes

719 (Figure 9).

720 2. An intensification of the changes in precipitation caused by changing the CLUBB+MG2
™ time step, including an even larger increase in precipitation over tropical land (Fig-

2 ure 2) and extreme precipitation (3).

3 3. A substantial decrease in cloud fraction below 700 mb, causing further large de-

724 creases in radiative cloud forcing, especially for shortwave radiation (Figure 6).
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The first of these changes is typical for time discretization error in a sequential-split
system. We output diagnostics related to liquid water content after the MG2 scheme runs,
i.e. right after it has removed much of the water condensed earlier in the time step. At
smaller time steps, this output more accurately reflects the amount of cloud water present
when processes are more tightly coupled and the model state varies less between differ-
ent parts time step.

The other changes related to dynamics-physics coupling seem to reflect a shift to-
wards more convective clouds, despite the fact that the parameterized deep convection
is less active. Wan, Zhang, Yan, et al. (2020) has suggested that this is due to changes
in coupling between CLUBB and the radiation scheme, since applying radiative cooling
more uniformly over CLUBB substeps results in more convective clouds. We have also
noticed an increase in the intensity of grid-point storms when the dynamics-physics cou-
pling time step is reduced. We argue that this is because using a shorter time step leads
to strengthened resolved convection, which in turn prevents the parameterized deep con-
vection from triggering and reduces non-convective cloud cover.

Third, a reduction of the ZM time step causes the following changes (mostly seen
in Table 6):

1. A further reduction in cloud liquid mass below 750 mb (Figure 13), though this
corresponds to a reduction in net condensation minus evaporation, not an increase
in precipitation.

2. A small decrease in cloud fraction everywhere, causing further small decreases in
radiative forcings.

3. A further reduction in the ratio of convective to large-scale precipitation. (How-
ever, this only occurs when ZM is coupled more frequently with CLUBB and MG2,
which in the original code can only be done by reducing dtime.)

These observations indicate that most time step sensitivity in EAMv1 arises from
the coupling frequency between parameterizations, which can have a significant influ-
ence on climate even when most of the individual parameterizations seem to be well re-
solved in time. This may be an underappreciated issue, since developers of new param-
eterizations tend to focus on the time step of their own particular parameterization rather
than the frequency with which it is coupled to other parts of a model.

Given this situation, what can be done to reduce the effect of time integration er-
ror on model results? In EAMv1, most calculations in the dynamics and many physics
parameterizations are already running at a five minute time step or less, even for lower
resolution runs. Donahue and Caldwell (2020) found that for a 1° simulation, halving
the dynamics-physics coupling frequency only increased model cost by 20%. Our ALL300
run had one-sixth the dtime of the CTRL run, but only required 66% more core-hours
per simulated year. Thus our first suggestion is to simply use a smaller dynamics-physics
coupling time step.

However, past a certain point, reducing the dynamics-coupling time step will lead
to an increase in resolved-scale convection due to tighter coupling between large-scale
condensation and the dynamics. This may be difficult or impossible to suppress with the
current deep convection parameterization strategy, and will be more severe at higher res-
olutions. It may be possible to address this by running the deep convection at multiple
stages during a given time step, in order to allow the deep convection to process insta-
bility that would otherwise be released as large-scale vertical motion by the dynamics.

Alternatively, it may be possible to make further changes to the dynamics-physics
coupling to simulate more frequent interaction without requiring direct dynamics-physics
interaction. In Wan, Zhang, Rasch, et al. (2020), time step sensitivity in EAMv1 is stud-
ied using similar methods to this work. As mentioned previously, that study includes an
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experiment (“v1_Dribble”) where a dribbling method is used to couple all other processes
(including the dynamics) to the CLUBB and MG2 loop. In some regions the effect of
using the dribbling method is similar to the effect of decreasing the dynamics-physics
coupling time step.

The sensitivity of EAMv1 to the CLUBB+MG2 coupling time step is more diffi-
cult to address. CLUBB and MG2 together account for a large share of the model cost,
so reducing their time steps by a factor of 30 could be around an order of magnitude slower
than the default configuration. Since most modelers will not be able to accept such a
large increase in computational cost, we can suggest a few other ways of working around
this cost in future model development:

1. Reduce the cost of simulating the most expensive physical processes, e.g. by switch-
ing to simpler implementations of these processes, or using machine learning to
produce cheap approximations to these parameterizations. A parameterization that
uses a less accurate approximation for some process, but is able to run at a higher
temporal or spatial resolution, may end up being more accurate than a param-
eterization that uses a more accurate set of equations.

2. Use alternative time integration schemes (e.g. changing the operator splitting method,
using higher-order methods) to lower the time integration error at moderate time
step sizes.

3. Redesign the physics to separate out processes that have a shorter or longer time
scale. In the case of EAMv1, this would mean refactoring CLUBB and MG2 (or
any future set of schemes that cause similar issues), in order to isolate the parts
of those parameterizations that are most responsible for the time step sensitiv-
ity of the overall model. If this subset of physical processes can be calculated much
more cheaply than the total cost of CLUBB and MG2, it could then be handled
with a more accurate time integration scheme without incurring an excessive cost.

The appropriate strategy to use in this particular case depends on why EAM is so
sensitive to the CLUBB+MG?2 coupling time step, which is still under investigation. How-
ever, it is likely that future versions of EAM would benefit from separating the micro-
physical processes into “fast” and “slow” subsystems with different characteristic timescales,
which would also allow the fast processes to be solved together with CLUBB if neces-
sary.

In practice, errors coming from a coarse temporal resolution are often handled by
simply tuning AGCMs so that they match observations when run with longer time step
sizes, just as models are tuned for a particular horizontal and vertical resolution. While
this is an effective approach for many studies to match current climate observations, if
a model relies heavily on tuning to cancel large numerical errors, it is unlikely to have
the correct sensitivity to forcing changes. This is especially a concern for studies that
use a model to simulate conditions very different from those originally used to tune that
model (e.g. for paleoclimate).

We recommend that AGCM developers continue to study time step sensitivity by
running experiments with full model physics. Even when the effect of time step on each
individual parameterization is well known, the effect of process coupling can affect model
behavior in unpredictable ways. Most users cannot afford to use sub-minute time steps
for the entire model, and therefore are likely using a model that is not achieving its own
converged small-time-step behavior. Therefore it is important to understand the limi-
tations and biases present in workhorse models that have been tuned for coarse time step
sizes.
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