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Abstract

Land-atmosphere interactions are central to the evolution of the atmospheric boundary layer and the subsequent formation of
clouds and precipitation. Existing global climate models represent these connections with bulk approximations on coarse spatial
scales, but observations suggest that small-scale variations in surface characteristics and co-located turbulent and momentum
fluxes can significantly impact the atmosphere. Recent model development efforts have attempted to capture this phenomenon
by coupling existing representations of subgrid-scale (SGS) heterogeneity between land and atmosphere models. Such approaches
are in their infancy and it is not yet clear if they can produce a realistic atmospheric response to surface heterogeneity. Here, we
implement a parameterization to capture the effects of SGS heterogeneity in the Community Earth System Model (CESM2), and
compare single-column simulations against high-resolution Weather Research and Forecasting (WRF) large-eddy simulations
(LESs), which we use as a proxy for observations. The CESM2 experiments increase the temperature and humidity variances
in the lowest atmospheric levels, but the response is weaker than in WRF-LES. In part, this is attributed to an underestimate
of surface heterogeneity in the land model due to a lack of SGS meteorology, a separation between deep and shallow convection
schemes in the atmosphere, and a lack of explicitly represented mesoscale secondary circulations. These results highlight the
complex processes involved in capturing the effects of SGS heterogeneity and suggest the need for parameterizations that

communicate their influence not only at the surface but also vertically.
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Key Points:

¢ A new method of conveying information on subgrid-scale surface heterogeneity to the
atmosphere is introduced to CESM2.

e A comparison with large-eddy simulations suggests that the atmospheric response to
heterogeneity in CESM2 is too vertically constrained.

e Future model development efforts should focus on representing heterogeneity in ways
that can explicitly capture secondary circulations.
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Abstract

Land-atmosphere interactions are central to the evolution of the atmospheric boundary layer and
the subsequent formation of clouds and precipitation. Existing global climate models represent
these connections with bulk approximations on coarse spatial scales, but observations suggest
that small-scale variations in surface characteristics and co-located turbulent and momentum
fluxes can significantly impact the atmosphere. Recent model development efforts have
attempted to capture this phenomenon by coupling existing representations of subgrid-scale
(SGS) heterogeneity between land and atmosphere models. Such approaches are in their infancy
and it is not yet clear if they can produce a realistic atmospheric response to surface
heterogeneity. Here, we implement a parameterization to capture the effects of SGS
heterogeneity in the Community Earth System Model (CESM2), and compare single-column
simulations against high-resolution Weather Research and Forecasting (WRF) large-eddy
simulations (LESs), which we use as a proxy for observations. The CESM2 experiments increase
the temperature and humidity variances in the lowest atmospheric levels, but the response is
weaker than in WRF-LES. In part, this is attributed to an underestimate of surface heterogeneity
in the land model due to a lack of SGS meteorology, a separation between deep and shallow
convection schemes in the atmosphere, and a lack of explicitly represented mesoscale secondary
circulations. These results highlight the complex processes involved in capturing the effects of
SGS heterogeneity and suggest the need for parameterizations that communicate their influence
not only at the surface but also vertically.

Plain Language Summary

Land surface temperature and soil moisture are known to influence the daily evolution of the
overlying atmosphere and the formation of clouds and rainfall. While global climate models
represent these interactions on relatively coarse spatial scales (i.e., 100 km or greater), smaller
scale differences in surface characteristics are increasingly recognized for their ability to impact
the atmosphere. Here, we implement a new feature in a climate model that communicates
information on small-scale surface differences from the land to the atmospheric model. We
compare the results of this addition against a high-resolution model that has previously been used
to isolate the impacts of surface flux gradients, with the latter serving as a proxy for
observations. Though there are some encouraging signs of the implemented approach to drive an
atmospheric response to surface variability, we find that a missing representation of large-scale
circulations between warm/cool surfaces likely limits model agreement.

1 Introduction

The land surface has a well-documented ability to influence planetary boundary layer (PBL)
characteristics (Avissar & Pielke, 1989; Brunsell et al., 2011; H. Huang & Margulis, 2013;
Hubbe et al., 1997; Kustas & Albertson, 2003; Mahrt, 2000), clouds and precipitation (Berg &
Stull, 2005; Kang, 2016; Pielke Sr., 2001; Rieck et al., 2014; Schrieber et al., 1996), and
hydrometeorological extremes (Fischer et al., 2007; Hirschi et al., 2011; Mocko et al., 2021;
Santanello et al., 2015; Dirmeyer et al., 2021). Even relatively small scale surface features create
important temperature and moisture gradients, such as between rivers/lakes and adjacent land
(Ramos da Silva et al., 2011; Y. Zhang et al., 2021), or between urban and rural regions
(Hjelmfelt, 1982; Baik et al., 2001; Dixon and Mote, 2003; Shepherd, 2005; Shem and Shepherd,
2009); those contrasts are often enough to drive a convective response. The horizontal scale at
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which land-atmosphere interactions occur can thus be finer than what is resolved by relatively
coarse global climate models (GCMs) with resolutions =100 km. A critical challenge for Earth
system modeling has been how to represent the atmospheric impacts of such small-scale surface
heterogeneity (Bou-Zeid et al., 2020; Schrieber et al., 1996).

A common strategy for representing subgrid-scale (SGS) surface heterogeneity (O(1)- O(10) km)
within land models has been to use a tiling approach, where each gridcell contains a statistical
representation of the land cover types within it (e.g., urban, forested, etc.). Each tile is then
characterized by unique surface fluxes/states that contribute to the grid-mean average based on
the percent of gridcell area it covers. Avissar and Pielke (1989) proposed this approach after
noting the role that differences in sensible heat flux played on PBL development, and subsequent
studies have found substantial improvements when using this approach (Koster & Suarez, 1992;
Hahmann & Dickinson, 2001; Dai et al., 2003; Li et al., 2013). This is especially critical at the
current spatial scales of GCMs (i.e., 50-100 km), where variations in land cover are almost
guaranteed within a single gridcell.

A tiling scheme as described above represents SGS surface heterogeneity within a land model,
but it continues to pass only grid-mean surface fluxes to the atmosphere. From an atmospheric
perspective then, any information on SGS heterogeneity in surface forcing is lost. Several
studies, however, highlight the importance of this information in the development of clouds and
rainfall. Berg and Stull (2005) suggest that the formation of boundary layer cumulus clouds can
be tied directly to a joint probability density function (PDF) of virtual potential temperature and
water vapor mixing ratio over a heterogeneous surface. Others have highlighted the ability of
horizontal gradients in surface fluxes, temperature, and soil moisture to generate secondary
circulations that redistribute energy and moisture (Ookouchi et al., 1984; Doran et al., 1995;
Avissar & Schmidt, 1998; Bou-Zeid et al., 2020; Cheng et al., 2021). Those circulations play a
key role in cloud and rainfall development (Cheng et al., 2021; Graf et al., 2021; Taylor et al.,
2011; Avissar & Liu, 1996).

A recent LES study was designed to directly assess the importance of representing SGS
heterogeneity by specifying surface boundary conditions that either allow for varying surface
fluxes or are constant across the domain (Simon et al., 2021). Allowing surface fluxes to vary
spatially was found to increase domain-average turbulence and cloud liquid water path by
helping to organize convection and precipitation. Gradients in surface fluxes within a single 100
km domain can therefore generate mesoscale secondary circulations capable of altering the grid-
mean environment (Simon et al., 2021).

Recent GCM-based studies have attempted to move beyond a reliance on gridcell means by
exploring mechanisms that link existing parameterizations of SGS variability. M. Huang et al.
(2022), hereafter H22, introduced such a scheme into the Energy Exascale Earth System Model
version 1 (E3SMv1). The approach utilizes the turbulence and boundary layer scheme, Cloud
Layers Unified By Binormals (CLUBB; Golaz et al., 2002; Larson et al., 2002), which estimates
near-surface temperature and humidity variances and their covariance from grid-mean fluxes. To
capture SGS surface heterogeneity, H22 added a term to CLUBB’s boundary conditions to
represent the differences in temperature and moisture present across SGS surface tiles. Single-
column experiments at the Department of Energy’s Atmospheric Radiation Measurement (ARM)
Southern Great Plains (SGP) site during the summer of 2015 suggested that the addition drives a
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slight increase in liquid water path on non-precipitating days. This is qualitatively in agreement
with the results of Simon et al. (2021), but it remains to be seen how such a parameterization
verifies against similar LES experiments. Although LESs are not perfect proxies for
observations, the model framework established by Simon et al. (2021) allows a direct
comparison between identical atmospheric conditions when treating the surface as homogeneous
vs. heterogeneous. We thus consider it a reasonable approximation for how the atmosphere
responds to SGS heterogeneity.

In this study, we implement a similar approach to what was used in H22 to convey information
on SGS surface heterogeneity to the atmosphere within the Community Earth System Model
(CESM2). The two models have similar physics in both the atmosphere and land model
components, though here we also enable interactive coupling between the land and atmosphere
during model run-time. More importantly, rather than investigating the ability of this
parameterization to impact the atmosphere as in H22, we focus instead on the parameterization’s
ability to drive a similar atmospheric response to SGS heterogeneity as is present in a matching
set of Weather Research and Forecasting (WRF) LES simulations. A set of single-column
experiments are conducted at the SGP site to conduct this evaluation, with details on the
methodology and experiment setup provided in Section 2. In Section 3, we explore the response
to heterogeneity in these experiments and evaluate the signal relative to WRF-LES. We conclude
in Section 4 with a summary of the main results from this analysis and their broader
implications.

2 Methods

2.1 Representing surface heterogeneity in CESM?2

As in E3SMv1, the CESM2 atmosphere and land models contain separate representations of SGS
heterogeneity. In the Community Atmosphere Model (CAM6), this is again through CLUBB,
which assumes a joint PDF to predict means and higher-order moments of liquid water potential
temperature (6,), total water specific humidity (q;), and vertical velocity (w). The parameters of
this joint PDF depend on the grid-mean values of those fields (8;, ;, W), their SGS variances

(0,%, qi%,w'?) and covariances (6/q.,w'q,’,w’'8,), and higher-order moments. The latter
includes the skewness of vertical velocity ( w’3) to represent the asymmetry of turbulent
updrafts/downdrafts in CLUBB, which is explicitly represented in WRF-LES. In this notation,
overbars denote grid-mean values and primes indicate SGS values (i.e., departures from the grid
mean). Third and fourth order moments are found from individual closure assumptions.

Importantly, not all higher-order moments are computed at each vertical level. CLUBB is
implemented on a staggered grid such that the level interfaces (vs. midpoints) only compute the
second-order moments. At the lowest model level interface, assumed to be in contact with the
surface, the primary focus is on the (co)variances of temperature and humidity since w is
assumed to be zero. We follow the original formulation laid out in Andr¢ et al. (1978) to
compute these in CLUBB (i.e., the flag 1 andre 1978 is set to true within CLUBB):
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Where u, is the friction velocity, { is the Monin-Obukhov stability parameter, Q, (Hy) is the
kinematic heat (moisture) flux. The subscript HOM indicates that these moments are computed
assuming a homogeneous surface; that is, they depend only on grid-mean fluxes that are passed
to CAM6 from the surface model. These second order moments are currently computed within
CLUBB, but computing them in the surface model instead would make additional information on
tile-level characteristics readily available.

The Community Land Model (CLMS5; Lawrence et al., 2019) represents SGS land heterogeneity
with a tiling approach, statistically dividing the area of each gridcell between different surface
types. The version of CLMS5 used here prescribes vegetation phenology and has no active
biogeochemical component, resulting in 17 surface types that include urban areas, lakes, glaciers,
bare soil, various plant functional types, and irrigated and rain-fed crops. Each surface tile is
characterized by unique near-surface temperature, humidity, surface fluxes, friction velocity, and
stability parameter values. These calculations use grid-mean quantities from the lowest model
level of the atmosphere, either directly (e.g., temperature) or indirectly (e.g., 10-m wind speed).
There is therefore no accounting for SGS meteorology at the land surface.

Building on theory proposed in Machulskaya and Mironov (2018), H22 added a new connection
between near-surface CLUBB (co)variances and surface tiling schemes. The essence of the
approach stems from the assumption that any grid-mean variable can be represented as the sum
of two parts: the mean value and the SGS fluctuations around that mean. This is applied to the
higher-order moments above as follows:

GIIZHET BIIZHOM + (Hl,tlle‘ - 0_1)2 (4)
q_ézHET = qéZHOM + (qt,tlle - Cﬂf)z (5)
gl thET 9[ thOM + (gl,tlle - gl)(Qt,tlle - Cﬂ) (6)
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The heterogeneous representation of these moments is thus the sum of the homogeneous
calculation and the departure of each tile’s temperature and humidity from the grid-mean value.
The most efficient way to incorporate the heterogeneous term is to move the calculation of

CLUBB’s boundary conditions into CLMS5. Thus the values of 9’_2, q_éz, and 6/q,’, along with

w'2,u'2 and v'? are computed from tile-level data in the land model (with or without an
additional heterogeneous term) and averaged to the gridcell level before being passed to CAM6
for use in CLUBB.

2.2 Modeling Experiments

We examine the impact of this parameterization in single-column atmospheric model
experiments (SCAM6; Gettelman et al., 2019) at the ARM SGP site, with the distribution of
surface tiles described in Table 1. A set of control experiments follow the homogeneous
approach of computing surface moments (HOM) and are compared with a set of experiments that
use the new heterogeneous approach (HET). In all SCAM experiments, we increase the
atmospheric vertical resolution from 32 to 64 levels in order to better resolve PBL processes. The
coupling frequency between the land and atmosphere is also decreased from 20 to 5 minutes. The
simulations prescribe the horizontal winds and temperature/moisture advection from the LASSO
VARANAL dataset (Gustafson et al., 2019), a coarsened version of the same large-scale forcing
that was used in Simon et al. (2021). Though not quite identical to the WRF-LES boundary
forcing as a result of fewer vertical levels, the two are indeed similar. There is thus little reason
to suspect that this is a primary driver of potential model disagreement, given the other pathways
by which SCAM and WRF-LES diverge (i.e., convection and microphysical schemes, land
surface models, etc.). Surface fields (i.e., surface fluxes, near-surface temperature and humidity,
etc.) are allowed to evolve freely. SCAM is run at a T42 (~2.8") resolution, with SGS surface tile
distributions defined at the same resolution.

Table 1: Distribution of surface tiles in CLMS at the gridcell containing the SGP site.

Surface Type Percent of Total Grid Area (%)
C3 crop 48.74

C3 grass 25.56

C4 grass 22.17

C3 irrigated crop 2.26

Broadleaf deciduous temperate tree 0.66

Bare ground 0.32

Needleleaf evergreen temperate tree 0.15

Urban 0.15

As in H22, SCAM simulations follow a hindcast approach: the model is run for two days,
discarding the first day for model spin-up and using the second day for analysis. Unlike in H22
however, we do not create a continuous time series of summer (June-August) days in 2015.
Instead, we select days that have been simulated by WRF-LES as part of an extension to Simon
et al. (2021), which are documented in Simon et al. (2022).

Simon et al. (2021) simulated three shallow convection days at the ARM SGP site using WRF-
LES (Skamarock et al., 2008). On each day, a 100x100 km domain was forced by either
homogeneous or heterogeneous surface conditions. In the heterogeneous case, an offline land
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model (HydroBlocks; Chaney et al., 2016) was used to supply prescribed surface fluxes,
temperature, albedo, and momentum drag coefficients to each atmospheric column. The
homogeneous case forces every column by the grid-mean values of these terms instead. Since
those initial experiments were conducted, the work has expanded to include 92 shallow
convection days (Simon et al., 2022). The increased temporal sampling necessitated a
degradation in horizontal resolution to 250x250 m (compared to 100 m in the original set of three
days), and covers a slightly larger domain of 130 x 130 km.

In this study, we focus on the warm season when land-atmosphere interactions in the central
United States are strongest. We therefore simulate a subset of all available WRF-LES days,
covering 60 days between May and September in 2015-2018. All LES-based analysis is limited
to this subset of 60 days as well. We search for a similar atmospheric signal in SCAM as was

seen in WRF-LES: increased turbulence relative to HOM and increases in 6, ?and q,°. We are
not attempting to align the control cases between WRF-LES and SCAM in this study. There are
a number of reasons to anticipate the two may not agree regardless, including differences in the
land models providing the surface forcing and the formation of organized convection and rainfall
in LES, which is difficult to capture in SCAM. Instead, we compare the relative atmospheric
change between HET and HOM cases across models. Two sets of SCAM sensitivity experiments
are also conducted to determine the impacts of stronger surface heterogeneity and a continuous
convection scheme. These are introduced in Section 3.3, but are included in Table 2 as a
reference for all SCAM experiments conducted.

Table 2: Single-column CESM?2 experiments and descriptions.

SCAM Experiment | Description
Following the original equations laid out in André et al. (1978) in Eq.
HOM 1-3, this is roughly analogous to the default behavior of CLUBB in
CESM2.
Surface variances of temperature and moisture are modified to include
HET !
a heterogeneous term, as in Eq. 4-6.
HET As in HET, but with the SGS surface variances in Eq. 4-6 scaled to
“ match the lowest model level daily maximum variance in WRF-LES.
HOM As in HOM, but with the default deep convection scheme turned off
nobC so that CLUBB is responsible for both shallow and deep convection.
HET As in HOM,,,p¢, but with the CLUBB surface variances modified to
nobc include the effects of SGS heterogeneity as in HET.
HET As in HET,,p¢, but with the magnitude of SGS surface variances
anobc scaled to match the LES experiments as in HET,.
3 Results

3.1 Atmospheric response to surface heterogeneity in SCAM

The diurnal evolution of several CLUBB variables in HOM are shown in the left column of
Figure 1. Each variable has been interpolated from the model’s raw hybrid coordinates to
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constant pressure levels from 970-200 hPa with a 10 hPa resolution. The 60-day record
simulated by SCAM is then averaged to define composite HOM and HET cases.

As the surface warms, HOM 6, 2 peaks at 0.1 K? in the lowest model level at 14 local time (LT)
(Fig. 1a). Variances greater than 0.05 K? are confined to the lowest model levels, but a weaker

secondary peak occurs near the top of the PBL. The maximum of qézoccurs closer to the top of
the PBL as well, at 820 hPa (Fig. /c). Both peaks along the upper boundary of the PBL are
driven by entrainment between the near-surface layer and free troposphere; near that boundary,
as warmer/drier air mixes with cooler/wetter air, the covariance between the two fields becomes
negative (Fig. Ie). As the co(variances) grow during the day, PBL turbulence increases as well
due to an increase in the turbulent heat flux (w’8,") (F ig. 1g,i). Note that CLUBB represents

atmospheric turbulence only through w2 which evolves following Eq. 7 (adapted from Larson
(2017)):

ow? _ _ow’? 10dpw" 2_,26W+2g 5 2 dp (7
ot = "Vaz " p, oz Yz T, T T W g T Cww

Where p; is the basic state air density, 68, is the dry, base-state virtual potential temperature, g
is the gravitational acceleration, and €, is the turbulent dissipation.
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Figure 1: Time-height plots of (left) HOM temperature variance (a), moisture variance (c), their
covariance (e), eddy-flux of temperature (g), and vertical velocity variance (i), averaged over all
60 days, and (right) HET-HOM for each variable. Stippling indicates significant differences at
the 95% confidence level based on the standard error (defined as the standard deviation
normalized by the square root of the number of samples) at each hour/level. Inset text provides
the timing/height of the maximum value within the range of levels shown.

When SGS heterogeneity is included in the calculation of the near-surface moments, 6, % and q{z
increase relative to HOM (Fig. 1b,d). The increase, however, is statistically significant only
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below 920 hPa (stippling in Fig. I denotes significance at the 95% confidence level, determined

by the standard error). Significant increases in 6, ? are also limited temporally, from ~17-21 LT

and maximizing at 20 LT. The qu increases in HET are statistically significant for a more
extended period of 10 LT onwards, though again the change is largest in the evening (9.6e-8
kg?/kg? at 19 LT). The covariance 6,q," decreases in HET at a magnitude that is statistically
significant for most hours as well, with a maximum change of -4.3e-5 K kg/kg (Fig. If). During
the evening hours, that decrease is enough to reverse the sign of 8, q," such that it becomes
negative at the lowest level (i.e., positive temperature anomalies are associated with negative
moisture anomalies) and limits the turbulent moisture flux (not shown). Ultimately then, the
addition of SGS heterogeneity does not act to increase the absolute peak of temperature/humidity
(co)variances, which occurs in the afternoon. Instead, HET enhances these values in the late

evening. At the timing of peak differences, HOM 6, ? has dropped to 0.01 K2, q£2 to 4.8e-8
kg*/kg?, and 6/q,’ to 1.0e-5 K kg/kg, all well below their diurnal maximum.

To better understand how and why the inclusion of SGS heterogeneity increases near-surface

M ? and q{z in the evening and reverses the sign of W, we evaluate the tile-level temperature
and moisture values in CLMS. Their departures from the gridcell-mean are all that differentiate
the HET and HOM calculations in Eq. 4-6. Figure 2 shows the diurnal cycle of the grid-mean
variance in temperature (Fig. 2a) and moisture (Fig. 2b), again averaged over all 60-days that
were simulated. That is, the top row of Figure 2 shows the second term in Eq. 4-6 that represents
the addition of heterogeneity. As expected, the timing of the largest variances align with the
hours where HET differences in Figure 1 peak and are statistically significant.

Note that the diurnal cycle of these patch-level variances differ from the typical diurnal cycle of
near-surface temperature and humidity, and from the timing of maximum variance in HOM.
Although grid-mean 2-m temperature typically peaks in the late afternoon and its variance peaks
slightly earlier than that in the control case, the SGS surface variance simulated by CLMS5 does
not peak until ~20 LT. The evening maximum here is primarily the result of more rapid cooling
over the C3 rain-fed crop patch, covering almost half of the gridcell, compared to a slower
cooling rate over C4 and C3 grasses, which combined cover just over 47% of the grid area (dark
blue dashed line vs. dashed cyan and solid green lines respectively, Fig. 2¢). These differential
cooling rates occur while the mean high-level cloud fraction is greater than 50% during the
evening, with a longwave cloud forcing of ~3.5 W/m? (thus, this is not a clear-sky signal). The
moisture variance in CLMS5 also peaks in the evening but increases more steadily throughout the
day as the humidity over C3 grasses tends to remain lower than the grid mean while the moisture
over crops remains higher, with the differences between those two tiles peaking between 18-20
LT. That largely results from a higher transpiration rate in rain-fed crops compared to grasses,
which creates a more humid and cooler near-surface over C3 crops and drives a negative
covariance between temperature and moisture at the patch-level. In the evening, when the HOM
covariance in CLUBB has dropped to a small but still positive value, the large negative
covariance in HET reverses the overall signal at the lowest model level.
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Figure 2: Mean diurnal cycles of variance across surface patch (a) temperature and (b)
humidity. (c, d) The grid area-weighted difference in temperature and humidity for each patch
relative to the gridcell mean value, which is used to compute the grid mean variances.

Although the near-surface higher-order moments evolve as expected in HET, the impacts on
atmospheric turbulence are limited. Based on the findings of Simon et al. (2021), SGS surface
heterogeneity is expected to increase PBL turbulence. Yet there are no statistically significant
w'2 increases in CLUBB (Fig. 1j) despite small increases in w'6, (Fig. 1h). This is likely a
result of WRF-LES explicitly representing the phenomena that generate increases in turbulent
kinetic energy (TKE); CLUBB does not resolve those actual processes and instead relies on
parameterizations of their source terms. That parameterization, however, allows us to better
understand how changing the near-surface (co)variances in temperature and/or moisture could
drive an increase in turbulence.

Mathematically, an increase in atmospheric turbulence is achievable in CLUBB through an

increase in 6] ?.The time-evolving vertical velocity variance (Eq. 7) depends in part on a

buoyancy production term, ;—g w'6,’, and thus the grid-mean eddy flux of virtual potential
vs

temperature. This turbulent temperature flux is in turn dependent on the temperature variance
through its inclusion in the buoyancy production term of Eq. 3.2 in Larson (2017), gi 0,0,
vs

where the covariance of liquid water and virtual potential temperature is tightly correlated to the
variance of liquid water potential temperature alone. Computing each term of the w'? budget
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following Eq. 7 indicates that the HET experiment drives a slight increase in the near-surface

buoyancy production term due to the enhanced w’8;’, (solid teal line in Fig. 3), but the increase
is too small to drive a statistically significant response in the total vertical velocity variance.
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Figure 3: Mean budget terms of w'? as in Eq. 7 for (a) HOM and (b) HET-HOM. Profiles are
averaged from 17-21 LT, the hours at which the changes in 0, % are statistically significant.

3.2 Atmospheric response to surface heterogeneity in WRF-LES

The above changes in higher-order moments and turbulence in SCAM can be directly compared
with WRF-LES experiments averaged over the same set of 60 days and driven by higher-

resolution LASSO-VARANAL forcing (Fig. 4). Again, we emphasize that we do not expect nor
find agreement between WRF-LES and SCAM HOM cases. The two in fact differ substantially,

with ? reaching a maximum aloft in LES (1.4 K? at 662 hPa) rather than near the surface as in

CLUBB (Fig. 4a). The values of q{z are slightly more similar between models in where they
peak (~790 hPa in LES vs. 820 hPa in SCAM), though the maximum is more than four times
larger in LES (Fig. 4c). The lowest level variances themselves can differ markedly between
models, though again this is not unexpected; potential sources for that disagreement are explored
further in Section 3.3. Atmospheric turbulence in WRF-LES HOM is more than twice as large as
in SCAM as well, but the peak again occurs near the surface and during the mid-afternoon (Fig.
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361  4e). Note that in WRF-LES, TKE is computed as half the sum of the meridional, zonal, and
362  vertical velocity variances for consistency with Simon et al. (2021). In both this and SCAM,

363  however, the calculation reflects how the different atmospheric models generate turbulence.
364
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366  Figure 4: As in Figure 1, but for the WRF-LES experiments

367

368 In WRF-LES HET cases, we find the expected increase in near-surface 6, % and q,° due to

369  spatially varying fluxes (Fig. 4b,d). The largest changes in magnitude are again located near the
370  surface and occur in the late evening, suggesting that the SCAM HET case is capturing at least
371  part of the heterogeneity signal reasonably well. Unlike SCAM, however, significant increases in
372 WRF-LES variances extend well beyond the lowest model levels (up to ~575 hPa at 17 LT for

373 9] % and beyond that for qéz). But this vertical extension appears to be somewhat disconnected

374  from the surface signal, as the magnitude of 6 % and q{z changes are not continuous. Thus the
375 increases that occur at the surface and aloft may result from different physical mechanisms. The
376  increased magnitude and extent of these higher-order moments coincides with TKE increases of
377  up to 2.1 m?/s? during the evening, but again there appear to be two centroids to the HET

378  response, one near the surface and one near 800 hPa (Fig. 4f).
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Assessing individual days in the record rather than the 60-day mean confirms that the elevated
HET increases in WRF-LES are typically separate from the near-surface signal. We hypothesize
that this is due to the explicit representation of mesoscale secondary circulations that arise
between warm/dry and cool/wet patches. Those circulations then organize convection and
rainfall, as illustrated below for the main day assessed by Simon et al. (2021) (Fig. 5). The

elevated increases in 6,7, qéz, and TKE align with the formation and organization of shallow
convection around 13-14 LT, and are not directly tied to the surface variance of temperature or
moisture. This is in agreement with the findings of Simon et al. (2022), who confirm that the

largest changes in TKE and liquid water path occur as a result of mesoscale secondary

circulations (O(10 km) or greater) in an assessment of all 92 WRF-LES cases. CLUBB, which is
described by simple continuous PDFs of temperature, moisture, and vertical velocity, is not
designed to capture the turbulence characteristics of overturning circulations that span the
gridcell. It is therefore likely that SCAM experiments will be unable to match the vertical
structure of the WRF-LES HET response without additional development efforts to properly
capture these structures.
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Figure 5: A single-day case study (9/24/2017) of WRF-LES HET-HOM (a) moisture variance,
(b) temperature variance, and (c) TKE, (d) hourly mean snapshots of rainfall in HOM (top) and

HET (bottom).

There are, however, additional reasons why the atmospheric response to SGS heterogeneity
might be expected to differ between SCAM and WRF-LES. From a land surface perspective, the
subgrid heterogeneity is computed by two different land models in these experiments. CLM35
provides the surface information to SCAM, but high resolution HydroBlocks simulations are
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used to provide surface boundary conditions to WRF-LES. The latter ingests observed
precipitation at a 4 km resolution so that the impact of SGS meteorology is reasonably captured
across the entire 130x130 km? domain. This is especially critical in the central United States,
where scattered thunderstorms and mesoscale systems are a common feature of the summer
climatology, but cover less than a full GCM gridcell (i.e., >1°). Their impact on surface
temperature and moisture variance is thus explicitly included in HydroBlocks but not in CLMS,
which contributes to differences in the HOM cases as well.

From an atmospheric perspective there are potentially critical model differences as well, aside
from the fact that CLUBB does not represent large-scale secondary circulations. WRF-LES
includes an explicit representation of convective processes that enables shallow convection to
transition smoothly into resolved deep convection. While SCAM contains its own deep
convection parameterization (G. Zhang and MCFarlane, 1995; Neale et al., 2008), it is separated
from the moist turbulence processes in CLUBB. There is therefore a conceptual jump between
CLUBB-based shallow convection and deep convection, where the presence of SGS
heterogeneity is being implicitly conveyed to the deeper atmosphere. A more continuous
representation of the transition between shallow and deep convection could be important for
realizing the impacts of surface heterogeneity on the overlying atmosphere. This is particularly
of interest given the elevated HET signal that occurs in WRF-LES but is absent in SCAM.

3.3 SCAM Sensitivity Experiments

Though some model limitations outlined above require additional parameterization development
and/or significant model calibration, appropriate testing through sensitivity experiments could
reveal shortcomings in the existing CLUBB configuration. Two additional sets of SCAM
experiments are thus conducted to explore the potential impacts of SGS meteorology and of a
more continuous convection scheme, discussed in turn below.

Scattered sub-grid precipitation is expected to increase SGS temperature and moisture variances
within CLMS, as only a fraction of the domain would experience soil moisture increases and
surface cooling. We approximate that impact by scaling the heterogeneous terms in Eq. 4-6 so
that the grid-mean fluxes and states that define the HOM moments remain the same, but the
difference between surface tiles that produce those values is amplified. The control case (HOM)
is therefore unchanged, but we conduct a new set of heterogeneous surface experiments, HET,:

6’2 — 9/2

—\2 8
l HET, l HOM + g * (gl,tlle - 91) ( )

©)

JR— JR— —2
2 _ 12 — .
qt HET, - qt HOM + aq * (qt,tlle qt)

gl’qT{'HET lthOM + \/ \/ (Gl tile — l)(qt,tlle - q_t) (10)

The magnitude of the multipliers ag and a, is allowed to vary according to day and is
determined by comparing the original HET cases with the equivalent WRF-LES experiments.

For each day, the maximum 6, % and gq,” at the lowest model level in WRF-LES is compared to
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the maximum spatial variance at the lowest model level in the SCAM HET case. The values of
ag and a, are the ratios of these maxima, designed to ensure nearly equal low-level forcing in
both model frameworks. On average, this requires values of 51.1 for ag and 23.9 for ;. We also
conduct a high-end and low-end experiment, where both ay and @, are set to 100 (HET} ) or 10
(HET,,) for all 60 days. Yet even the HET,, experiment should be considered an upper bound on
the magnitude of heterogeneity one could expect to represent in SCAM. The lowest level in
WRF-LES is closer to the surface than in SCAM (~15 m vs. 30 m) and has a much shorter
timestep (0.5 seconds vs. a 5 minute CLUBB timestep); thus even the HOM column-maximum
variances estimated by CLUBB can be an order of magnitude lower than in WRF-LES.
Nonetheless, the approach provides an initial indication of how sensitive CAM6 may be to
surface heterogeneity if LES-type SGS meteorology were represented.

Comparing the atmospheric response in HET, to HET, we find that the vertical extent of
statistically significant differences in higher order moments increases and spans most of the day

(Fig. 6 vs. the right column of Fig. I). At 20 LT, heterogeneity-induced increases in 6, 2 peak at
0.37 K2 at the lowest model level, but statistically significant increases extend to 900 hPa (Fig.

6a). The largest change in qézoccurs at 8 LT, but the largest statistically significant change
occurs at 16 LT, with small but significant changes extending to 850 hPa at 21 LT (Fig. 6b). But
regardless of how large the surface heterogeneity forcing is, increases in (co)variances are
confined to pressure levels below 800 hPa and are topped by changes of the opposite sign. Such
a dipole pattern in the heterogeneity signal is not observed in WRF-LES, where the organization

of convection and rainfall (again, a phenomenon CLUBB does not capture) likely increases 6, 2

and g, instead.
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Figure 6: As in the right column of Figure 1, but with differences taken between HET, and HOM
cases.

Turbulence increases in HET,, are stronger than those in the original HET case, but are not
statistically significant (Fig. 6¢), despite significant increases in w’6,’ (Fig. 6d). These changes
are, however, qualitatively similar to the WRF-LES response. As before, we assess the w'?
budget to assess the mechanism behind the afternoon/evening increase (Fig. 7). The HET;, and
HET;, cases are included for additional context. Compared to Figure 3b, the HET-scaling
experiments all induce a stronger and deeper atmospheric response (Fig. 7). The increase in near-

surface 6, ? drives an increase in the buoyancy production term and a compensating decrease in
the pressure and dissipation terms. The magnitude and vertical extent of that change scales with
the magnitude of the surface heterogeneity, with HET;y, able to communicate these changes to a
depth of ~800 hPa compared to 850-825 hPa in HET, and HET,y. HET;, is also the only case
to produce statistically significant increases in evening turbulence (not shown). It is therefore
possible to increase turbulence in SCAM without an explicit representation of mesoscale
secondary circulations, but it requires a significant increase in the magnitude of surface
heterogeneity relative to what CLMS5 originally predicted.
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Figure 7: As in Figure 3b, but for the three HET-scaling experiments introduced above.
Averages are again taken from 17-21 LT.

The HET, case is also the only SCAM experiment to produce a noticeable precipitation change
(Fig. 8), and is the only one that comes close to producing a similar distribution of hourly mean
rainfall compared with WRF-LES. The SCAM HOM, HET, and HET,, cases are all nearly
identical in their distributions, with a longer tail of near-zero rain rates. These SCAM cases also
have a single peak in rain rates (~0.1 mm/hr), though both the WRF-LES HET case and the
observed rain rates from the LASSO VARANAL dataset (gray and black lines in Fig. 8) are
bimodal. HET;y, produces an appreciable second peak in precipitation and significantly reduces
the frequency of near-zero rain rates (pink line in Fig. §). Though the overall shape of the
distributions are similar between the WRF-LES HET and SCAM HET;, cases, the discrepancy
in height between the two suggests that SCAM continues to rain more frequently than WRF-
LES.
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Fig 8: PDF of hourly mean rain rates in the LASSO VARANAL data set (black dash-dot line),
WRF-LES (gray lines), and SCAM (colored lines), compiled over all 60 days from 7-23 LT.
Hours used in constructing the PDF are conditioned on grid-mean rain rates being >0, such that
the number of samples varies across simulations if one contains more frequent rainfall.

Although HET; o produces a more sizable turbulence and precipitation response, the magnitude
of the multiplier is likely unrealistic. Very few days in WRF-LES suggest ag or a, values that
large, even given the disparity in vertical and temporal resolution between the two models. Seven
days required ay = 100, and four days required a; = 100. Thus, while HET, , is useful for
assessing if any modification of CLUBB’s surface boundary conditions can drive a strong

atmospheric response, this is not a reasonable option for achieving agreement between WREF-
LES and SCAM.

These scaling experiments suggest that the disagreement in WRF-LES and SCAM responses to
SGS surface heterogeneity is not solely the result of different surface (co)variance magnitudes.
We thus explore a second possibility, that the increase in higher-order moments used as
boundary conditions for CLUBB is not being felt by the deep convection scheme in SCAM,
thereby limiting the atmospheric response. In this sensitivity test, we define a new set of
homogeneous and heterogeneous SCAM cases wherein the deep convection scheme is switched
off; this ensures that CLUBB handles all convection regardless of its characterization as shallow
or deep (these cases are denoted as HOM,,,p and HET,,,p¢, respectively). We also test the
hypothesis that both factors (continuous convection as well as larger surface variances) could
interact, computing a multiplier for the heterogeneous terms as in HET,, but based on the ratio of
HET,,pc and WRF-LES daily maxima; this case will be referred to as HETy ,opc-

Eliminating the separation between shallow and deep convection schemes in SCAM is not

sufficient to produce a 6, % and qu increase that is consistent with WRF-LES (Fig. 9a,c). In
general, the signal in HET,,,p is similar to HET — increases in variances are limited vertically,

and temporally for 6, ?_ Turbulence increases slightly, but the change is still not statistically
significant (Fig. 9i).
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Figure 9: As in Figure 6, but for cases without a separate deep convection scheme. (Left)
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Increasing the magnitude of surface heterogeneity in HET, ,,,pc increases the vertical extent of

significant increases in 6, % and q£2 to 900 hPa and 920 hPa, respectively, and extends the
number of hours at which changes are significant (Fig. 9b,d). Those increases are again
accompanied by a broader low troposphere signal of the opposite sign, but without representing
secondary circulations and the resulting organization of convection, elevated increases are a
difficult WRF-LES feature for SCAM to emulate. Yet HET,, ,,,pc achieves an increase in
evening turbulence that is statistically significant and stretches to 830 hPa (Fig. 9))

Combined, these sensitivity experiments have explored two potential hypotheses for why WREF-
LES and SCAM differ in their response to SGS surface heterogeneity, but neither sufficiently
explains the current disparity. A representation of SGS meteorology combined with a more
continuous convection representation in SCAM both hold promise for improving model
agreement, but additional factors likely play a critical role. It is beyond the scope of the current
study to investigate all of these potential drivers, but a more explicit representation of mesoscale
secondary circulations is likely a necessity in future development efforts based on the results of
Simon et al. (2022) and the current SCAM shortcomings shown here.

4 Discussion and Conclusions

In this study, we explored a new CESM2 coupling strategy designed to capture the impacts of
SGS surface heterogeneity on the atmosphere. The approach links information on the distribution
of temperature and moisture across surface tiles in CLM5 with CLUBB’s boundary conditions in
CAMBG. To investigate the impact of this new addition, a series of SCAM experiments were
conducted at the ARM SGP site on 60 warm season shallow convection days, which were
compared to a similar existing set of WRF-LES simulations (Simon et al., 2021, 2022). Although
LES output should not be conflated with observations (there is no guarantee that the WRF-LES
sensitivity to heterogeneity is accurate), the experiments offer a unique opportunity to explicitly
isolate the role of surface heterogeneity each day and its impact on higher order, difficult to
observe variables.

In WRF-LES, SGS heterogeneity increases the grid-mean variance of temperature and moisture,
with statistically significant differences relative to HOM that grow in the vertical during the
afternoon to depths of nearly 500 hPa. There are two unique centroids within this atmospheric
response - one near the surface, and another more elevated one that becomes apparent in the late
afternoon. The latter is hypothesized to result from mesoscale secondary circulations initiated by
variability in surface sensible and latent heat fluxes in the HET case. These structures increase
afternoon/evening TKE and help organize convection and precipitation (Simon et al., 2022).

The SCAM parameterization produces a markedly weaker atmospheric response to
heterogeneity. Increases in HET temperature and moisture variances are smaller than those in
WREF-LES, and are more constrained vertically and temporally. This results in no discernable
increase in turbulence. We attempt to diagnose the reason for such a limited atmospheric
response through a series of additional experiments that isolate important model differences
between WRF-LES and SCAM.
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The WRF-LES experiments are forced at the surface by a high-resolution land model that
captures the impacts of SGS meteorology on soil moisture and temperature. CLMS5 does not yet
have a similar capability, though recent developments do enable the downscaling of incoming
radiation, temperature, and precipitation due to variations in topography (Swenson et al., 2019).
The SGP site is fairly uniform in elevation however, such that this downscaling has little to no
impact on the computed variances of temperature and humidity. Instead, we approximate the
effect of scattered storms by applying a scaling factor that artificially increases the magnitude of
heterogeneity within the gridcell (HET,, HET,,, and HET;,). Though this approach does
slightly increase the vertical and temporal extent of significant differences in the (co)variances of
temperature and moisture, it is still unable to generate a statistically significant heterogeneous
signal similar to that in WRF-LES. Only in the HET,, case are differences in w'2 statistically
significant, as the surface boundary conditions used in CLUBB are large enough to drive a large
and deep increase in buoyancy production through enhanced turbulent fluxes of virtual potential
temperature. This is also the only experiment capable of producing altered precipitation statistics
that align with some aspects of WRF-LES (e.g., bimodal distributions with limited near-zero rain
rates). Despite these encouraging signs, the magnitude of the scaling applied is likely unrealistic.

Another important difference between the SCAM and LES models is in their representation of
convection. The high vertical, horizontal, and temporal resolutions used in LES explicitly
resolves the continuous transition between shallow and deep convection without an artificial
switch between convective parameterizations; the same cannot be said for SCAM. We thus
experiment with turning off the deep convection scheme and allowing CLUBB to handle all

convection that develops in the grid, even if it grows to deeper levels. While the HET,,,p¢

. . . . . . . 2 2 =7 7
experiment indicates a small but not significant increase in turbulence, 6,°, q;” , and 6,q;

continue to respond only near the surface. Combining our two sensitivity experiments by
applying a multiplier to the cases without a separate deep convection scheme, HET, ,,,pc comes
close to qualitatively agreeing with WRF-LES, though heterogeneity-induced changes continue
to be vertically limited.

The above sensitivity experiments are not sufficient to definitively answer the question of what
causes the difference in WRF-LES and SCAM responses to SGS heterogeneity, but they do
highlight the complex nature of the problem. Critically, the current SCAM parameterization
lacks the ability to explicitly represent secondary circulations, which Simon et al. (2022) suggest
are critical to the atmospheric response present in these WRF-LES experiments. In other
observational and LES experiments as well, the atmospheric differences that arise over
heterogeneous surfaces stem from these mesoscale secondary circulations that transport heat and
moisture between parts of the domain (Cioni & Hohenegger, 2018; Avissar & Schmidt, 1998;
Doran et al., 1995; Ookouchi et al., 1984). Such circulations are currently outside the scope of
what CLUBB is designed to capture in its statistical representation of SGS heterogeneity, and the
parameterization implemented here was not intended to add that phenomenon to the model.
Instead, the intent was to capture the impact these circulations have on surface variances and
back out a response in CLUBB through that pathway alone. It is likely, however, that further
development efforts will require a more thorough representation of secondary circulations to
create a more realistic atmospheric response to surface heterogeneity. Ongoing work to represent
not only eddy diffusivity (as in CLUBB) but also mass fluxes within climate models thus holds
particular promise for its ability to mix surface states and fluxes more thoroughly in the vertical.
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Future work should focus on pathways to communicate the impacts of surface heterogeneity to
the atmosphere not just through surface boundary conditions but in ways that can influence the
vertical and horizontal transport of energy and moisture in a spatially organized manner.
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