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Abstract

The radiation schemes in the Weather Research and Forecasting (WRF) model have previously
not accounted for the presence of subgrid-scale cumulus clouds, thereby resulting in
unattenuated shortwave radiation which can lead to overly energetic convection and
overpredicted surface precipitation. This deficiency can become problematic when applying
WREF as a regional climate model (RCM). Therefore, modifications were made to the WRF
model to allow the Kain-Fritsch (KF) convective parameterization to provide subgrid-scale cloud
fraction and condensate feedbacks to the Rapid Radiative Transfer Model — Global (RRTMG)
shortwave and longwave radiation schemes. The effects of these changes are analyzed via three-
year simulations using the standard and modified versions of WRF, comparing the modeled
results with the North American Regional Reanalysis (NARR) and Climate Forecast System
Reanalysis data, as well as with available data from the Surface Radiation Network and Clouds
and Earth’s Radiant Energy System. During the summer period, including subgrid cloudiness
estimated by KF in the RRTMG reduces the surface shortwave radiation, leading to less buoyant
energy, which is reflected in a smaller diabatic convective available potential energy, thereby
alleviating the overly-energetic convection. Overall, these changes have reduced the
overprediction of monthly regionally-averaged precipitation during summer for this RCM
application; e.g., by as much as 49 mm for the southeastern U.S., to within 0.7% of the NARR
value of 221 mm. These code modifications have been incorporated as an option available in the

latest version of WRF (v3.6).
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1. Introduction

Climate change affects air and water quality, as well as human and ecosystem health, and thus,
the accuracy of regional climate change projections is critical to develop credible climate change
mitigation and adaptation plans. The most important processes in determining the climate and its
variability are the interactions between atmospheric radiation, clouds, aerosols, and greenhouse
gases [IPCC, 2013; Liang and Zhang, 2013]. Zhang et al. [2013b] used the Cloud-Aerosol-
Radiation (CAR) ensemble modeling system [Liang and Zhang, 2013] to show that radiative
transfer calculations are most sensitive to cloud cover treatment and subgrid-scale cloud
variability. For global models, Zhang et al. [2013a] found that the structure of the subgrid-scale
clouds, such as vertical overlap and horizontal variability, played a dominant role, accounting for

40-75% of the total model spreads of cloud radiative effects.

In global climate models, cloudiness associated with subgrid-scale cumulus convection has been
represented by using a prognostic approach [e.g., Tiedtke, 1993] or a diagnostic approach [e.g.,
Collins et al., 2004] or a statistical approach using probability density functions [e.g., Bony and
Emanuel, 2001; Tompkins, 2002]. Since global models are used for multi-decadal and multi-
century climate simulations, inclusion of subgrid-scale convective cloud and radiation
interactions are necessary to capture the observed climate variability. The majority of regional
modelers use limited area models for numerical weather prediction, where cloud — radiation

interactions for deep and shallow subgrid-scale clouds have been regarded as having negligible
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impacts on forecasting. For regional models, Kvamstg [1991] was the first study to introduce
convective cloud — radiation interactions by using a variation of the Xu and Krueger [1991]
formulation. In addition, the National Centers for Environmental Prediction (NCEP) Regional
Spectral Model (RSM) uses a formulation to represent convective cloudiness based on Xu and

Randall [1996] for all types of clouds.

The Weather Research and Forecasting model (WRF) [Skamarock and Klemp, 2008] is being
used as a regional climate model (RCM) by many groups [e.g., Georgescu et al., 2014; Bullock
et al., 2013; Glisan et al., 2013; Harkey and Holloway, 2013; Gao et al., 2012; Liang et al.,
2012; Yang et al., 2012; Argtieso et al., 2011; Bukovsky and Karoly, 2011]. One finding has
been that summer convective systems simulated by WRF are highly energetic, leading to
excessive surface precipitation. Our hypothesis is that excessive summertime precipitation
predictions occur with WRF, in part, because the model does not consider the interactions
between subgrid convective clouds and radiation, thereby omitting an important process that
strongly influences the climate. Thus, in model process integration, the subgrid-scale cloudiness
associated with convective clouds (from shallow cumuli to deep thunderstorms) does not exist
and radiation passes through the atmosphere nearly unimpeded, shining on a surface possibly
wetted by convective precipitation, causing more instability in the moist air, and potentially
leading to overly energetic convection in a positive feedback loop. As of WRF version 3.5, grid-
scale, or resolved, cloudiness is generated only when grid-scale saturation is attained. When
modeling at coarse resolutions, grid-scale saturation is difficult to achieve during summer
conditions, resulting in WRF-simulated cloudiness appearing only when associated with large

mesoscale convective complexes or synoptic-scale frontal systems.
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In a letter by Alapaty et al. [2012], the importance of including subgrid-scale convective cloud
and radiation interactions on climatological surface precipitation was established. By
implementing convective cloud — radiation interactions into the WRF model, they also improved
the simulated cloud fields and shortwave (SW) and longwave (LW) radiation variability.
However, their study did not provide any analysis of the processes behind the impacts of cloud —
radiation interactions on various climate parameters. Therefore, the objective of the present
study, which uses the same implementation of subgrid-scale cloudiness — radiation interactions
in WRF as Alapaty et al. [2012], is to conduct a detailed analysis of several cloud, radiation, and
precipitation parameters to examine the impacts of subgrid-scale convective cloud and radiation
interactions on regional climate simulations. This effort will help realize the overarching future
objective of the research being conducted by our regional climate modeling team at the U.S.
Environmental Protection Agency to develop credible ensemble regional climate simulations

driven by downscaled results from multiple general circulation models (GCMs).

2. Development and Modeling Approach

2.1. Implementation of Subgrid-Scale Cloud — Radiation Interactions

GCMs, due to their historically coarse grid resolutions, have long included parameterizations to

account for the macrophysics and radiative effects of subgrid-scale convective cloudiness when

simulating global climate [e.g., Lauer and Hamilton, 2013; Yang et al., 2013]. Kvamstg [1993]

tested a subgrid cloudiness formulation, originally based on the cloud ensemble modeling study
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of Xu and Krueger [1991], in a mesoscale model and compared it with the Sundqvist [Sundqgvist,
1988] and relative humidity (RH)-based [Kvamstg, 1991] schemes, but the Xu and Krueger (XK)
formulation outperformed the others. Therefore, an XK-based convective cloudiness formulation
that is widely used in GCMs, such as the Community Atmosphere Model (CAM), was
implemented as described by Alapaty et al. [2012] into WRF via its Kain-Fritsch (KF)
convective parameterization [Kain, 2004] and Rapid Radiative Transfer Model — Global
(RRTMG) SW and LW radiation schemes [lacono et al., 2008]. In the present WRF RCM
study, cloud updraft mass flux (My) at each model level from the KF convective parameterization
was utilized to estimate the subgrid-scale convective cloud cover (Ash and Agp) following the XK-
based formulations in CAM3 [Collins et al., 2004], CAM4 [Neale et al., 2010b], and CAM5
[Neale et al., 2010a], where subscript sh signifies shallow convective clouds and subscript dp
deep convective clouds:

Ash = k1sh In(1 + kaMysh) (1)

Adp = K1,dp In(1 + k2Muy,dp) (2)
Here, as in CAM3, empirical parameters ki,sh = 0.07 and ki,¢p = 0.14, and, for both types of
convective clouds, k2 = 500 m? s kg!. Following CAMS5, these convective cloud fractions were
limited to Ash < 0.2 and Agp < 0.6, or 20% and 60%, respectively, of grid cell area. For each
convective updraft, depending on the buoyancy of the updraft, atmospheric conditions, and other
criteria, the KF convective parameterization will produce either deep (precipitating) convection
or shallow (nonprecipitating) convection, but not both in the same grid cell. Therefore, in this
study, KF-based subgrid-scale convective or cumulus (denoted by subscript cu) cloudiness in
each grid cell was either

Acu = Ash ( < 02) (3)
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or

Aw=Adp (£0.6). 4)
Horizontal cloud overlap was treated similarly to CAMS5, allowing cumulus convection to rise
through and partially displace any existing resolved, or grid-scale, stratus cloud layers, while also
accounting for compensating subsidence around the new convective cloud. Assuming that the
existing grid-scale cloudiness is given by ags (limited to < 1.0), then the adjusted grid-scale cloud
fraction Ags is determined by accounting for the overriding presence of subgrid cumulus clouds
and their associated compensating subsidence according to CAMS5 as in Neale et al. [2010a]:

Ags = (1 —Acu) ags . ®)
The new total cloudiness Atwt was then determined for each model level and grid cell by summing
the contributions from the adjusted grid-scale cloudiness (Ags) and the subgrid-scale cloudiness
(Acu), or:

At = Ags + A (< 1.0) (6)

where again, the total cloud cover cannot exceed unity or 100% of individual grid cell area.

Fractional cloudiness and cloud condensate (both liquid water and ice) are used by the RRTMG
SW and LW radiation schemes to calculate cloud ice and liquid water paths for the radiative
transfer and attenuation. For consistency, the reduction in the original grid-scale cloudiness due
to intruding convection was accompanied by a corresponding adjustment to the grid-scale cloud
ice and liquid water paths in the RRTMG radiation schemes. Cloud fraction, liquid water and
ice condensate associated with the KF-generated subgrid-scale clouds were also passed to the
RRTMG radiation schemes, where separate subgrid-scale cloud ice and liquid water paths were

calculated and then combined with the grid-scale cloud paths to form new total cloud ice and
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liquid water paths for radiation attenuation. Thus, in addition to the standard connection between
resolved clouds and the radiation budget, the above methodology establishes a link for

interactions between the subgrid-scale cumulus clouds and radiation in the WRF model.

2.2. Model Configuration for Regional Climate Simulations

The new subgrid-scale cloud — radiation interactions implemented into WRF were tested in a

regional climate modeling application using WRF version 3.3.1 with the Advanced Research

WRF (ARW) core (http://www.mmm.ucar.edu/wrf/users/download/get_sources.html)
[Skamarock and Klemp, 2008] for the 3-year period 1988-1990 after a one-month spinup
(December 1987). These are the first three years of the 20-year RCM simulations discussed by
Otte et al. [2012] in a study on extreme values of surface temperature and precipitation, and also
by Bowden et al. [2013] in a study on the impact of large-scale circulation on those
meteorological quantities. Climatologically, the summers of the 1988-1990 period showed
interesting interannual variability, with the contiguous U.S. having above normal precipitation
(12% higher than the 1971-2000 climatological average) and slightly cooler mean temperatures
(-0.16°C cooler than 1971-2000) during the summer of 1989, flanked by the generally drier,

hotter summers of 1988 and 1990 (http://www.ncdc.noaa.gov/cag/data-info). For the Southeast

region, the summer of 1989 was on the order of 1°C cooler, while precipitation was around 30%
above normal, primarily due to the late June landfall of Tropical Storm Allison arriving from the

western Gulf of Mexico.
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The model domain configuration in the present work matched those of the Otte et al. [2012] and
Bowden et al. [2013] studies, covering much of North America and all of the contiguous United
States with two-way nested grids of 108 km and 36 km horizontal spacing, respectively (see
Figure 1 in Bowden et al. [2012]), with 34 model layers extending up to 50 hPa. As in those
efforts, initial and lateral boundary conditions in this RCM study came from the NCEP —
Department of Energy (DOE) Atmospheric Model Intercomparison Project (AMIP-I11) reanalysis

(R-2) data (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html) [Kanamitsu et

al., 2002] downscaled from its T62 spectral model grid (1.875° at the equator) and chosen as a
proxy for GCM fields. Four-dimensional data assimilation (FDDA) was enabled for the 3-year
WREF simulations, using R-2 data to steer the interior fields via analysis nudging of winds,
temperature, and moisture above the boundary layer, using the same nudging coefficient
strengths as reported in Otte et al. [2012]. A discussion of the use of nudging for RCM
applications is given in Otte et al. [2012]. Observational data, other than that already

incorporated into the R-2 data set, were not included in the FDDA of this study.

Primary WRF model physics options chosen for the 3-year RCM simulations include the Noah
land surface model (LSM) [Chen and Dudhia, 2001], the Yonsei University (YSU) planetary
boundary layer (PBL) scheme [Hong et al., 2006], the WRF single-moment 6-class (WSM®6)
microphysics scheme [Hong and Lim, 2006], and the aforementioned KF convective
parameterization and RRTMG SW and LW radiation schemes. For the nested 36 km domain,
the radiation calculations were updated every 15 minutes during the simulation, while the
convective parameterization checked every time step (2.5 minutes) to determine whether the

atmospheric conditions were sufficient to generate convective cloud formation over a particular
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location. These options are the same as those used by Otte et al. [2012] and are common choices

in WRF-based regional climate studies at grid sizes comparable to the 36 km grids used here.

For the present study, two different regional climate simulations were conducted and evaluated
against available observations: 1) the Base case, which used the standard KF and RRTMG
schemes available with the release version of WRF, and 2) the Modified case, in which the KF
convective parameterization and the RRTMG SW and LW radiation schemes were modified as
described in Section 2.1 to account for the interaction of subgrid-scale cumulus clouds with the
SW and LW radiation. Note that though the Base case does not include subgrid-scale cloudiness
effects on radiation, the resolved (grid-scale) cloudiness can exhibit partial cloud fractions
between 0 and 1 depending upon the grid-scale relative humidity, as based on the original

algorithm of Xu and Randall [1996].

3. Regional Climate Simulation Results and Evaluation

Analysis of the RCM simulations and comparison with observational and reanalysis data sets
were conducted utilizing averages over several temporal ranges, such as monthly and seasonal,
as well as annual and diurnal cycles. These temporal averages currently include all hours for
each day; therefore, the signal for any process or variable that is strongly dependent on daytime
solar heating will be diminished by the inclusion of nocturnal values in the averages. Areal
averaging, over land cells only, was also performed in order to elucidate any regional

dependence of the results. Analysis in this study was only performed on the 36-km domain.
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Dilute or diabatic convective available potential energy (ACAPE), as its name implies, is the
calculation of CAPE based on an ascending air parcel that entrains environmental air [Kain,
2004]. Values for dCAPE are equivalent to the available buoyant energy (ABE) within the
cumulus cloud generated by the KF convective parameterization. Typical dCAPE values range
up to 800 J kg and are considerably less than the values for the more commonly diagnosed
undiluted or adiabatic CAPE which are on the order of several thousand J kg; an example of
this difference is illustrated in Zhang [2009] using data from the Tropical Warm Pool
International Cloud Experiment (TWP-ICE) field study. As previously mentioned, the radiation
schemes in standard WRF do not consider subgrid-scale cumulus clouds, thereby leading to
overly energetic convection in places where the solar radiation shines through the radiatively-
passive cumulus clouds to surfaces which may be wet from convective precipitation. Including
the subgrid cumulus cloud interactions with radiation in the Modified case shades the surface at

the appropriate locations, reducing the heat energy available for convection.

Figure 1 shows this effect on dCAPE for the June-July-August (JJA) 1989 summer average. As
noted above, these three-month averages are based on all hourly values, including nocturnal
values when dCAPE is typically small to zero, thus resulting in a considerable reduction in
magnitude compared to the order-of-magnitude larger hourly instantaneous dCAPE values.
Nevertheless, the relatively large average dCAPE values over land in the Southeast U.S.
(hereafter, SE) for the Base case (Figure 1a) are substantially reduced in the Modified case
(Figure 1b) by up to 50% in many areas (Figure 1c). Analogous reductions in dCAPE were also
seen in the simulation results for the summers of 1988 and 1990. Lower dCAPE values signify

less energy available for convective development, thus appearing to mitigate the overly energetic
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convection produced by WRF in the Base case. Scattered small increases in dCAPE are seen
over the warm water of the Gulf of Mexico and the western Atlantic Ocean in Figure 1c. The sea
surface temperatures (SSTs) are prescribed and identical for the Base and Modified cases, but an
examination of the 1989 JJA atmospheric temperatures below 500 hPa over these ocean areas
revealed a slight warming (up to around 0.1 K at 2-m height over the western Atlantic) in the
Modified case, thereby slightly increasing atmospheric instability. Disregarding the strong
convective activity over the mountains of the Mexican Sierra Madre Occidental in Figures la-b,
these dCAPE differences (Figure 1c) indicate significant reductions in simulated energy
available for convective development in the SE. As will be shown later, the summer of 1989 is
noteworthy because of the considerable wet bias in the Base case and the subsequent

improvement when including subgrid cloudiness effects on radiation.

Compared with the Base case, the Modified case slightly reduced cloud fraction above 300 hPa
(Figure 2a), but generally increased summertime cloud fraction over land areas below 300 hPa
(Figures 2b-d). Due to the addition of subgrid-scale cloudiness, most of the increase in total
cloudiness occurs in the middle layer (Figure 2c) in accordance with convective cloud process
dynamics. The bulk layer cloud fraction differences shown in Figure 2 are based on the
maximum cloud fraction found in the several model layers contained within that bulk layer for
each horizontal grid cell, with the Modified — Base differences then computed and averaged over
the three-month period. To assess the relative magnitude of these changes in cloud fraction,
example values of 1989 JJA cloud fraction over land from the Modified case are: for the very
high layer, a large area of 0.7-0.8 cloud fractions over the SE; for the high layer, maximum

values of 0.2-0.3 located over the eastern U.S.; for the middle layer, a maximum of up to 0.14
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over the Appalachian Mountains up to New England; and for the low layer, maximum values up
to 0.5 over West Virginia and along the Appalachians. The large cloud fractions in the very high
layer are from glaciated anvil tops of deep cumulonimbus generated by summer convection in
the SE. Over the relatively cool water of the eastern Pacific Ocean, implementing cumulus cloud
— radiation interactions reduced the persistent low-level marine stratocumulus (Figure 2d) by up
to 10% over many areas from Base case cloud fraction values of 0.7-0.9. This reduction of cloud
fraction over water is due to new shallow-convection cumulus (limited to a maximum of 20% of
grid cell area) partially displacing any existing resolved or grid-scale marine stratocumulus
(which originally covered up to 100% of grid cell area) and clearing part of these affected grid
cells via compensating subsidence (Eq. 5). Over the warm water of the Gulf of Mexico (with
1989 JJA Base case low-layer cloud fraction maximums of 0.2-0.35) and western Atlantic Ocean
(with 1989 JJA Base case low-layer cloud fractions of 0.3-0.6), the Modified case showed a
different response by increasing the cloud cover in the high and middle layers (Figures 2b and c)
above the decreased cloudiness in the low cloud layer (Figure 2d). Though convection over
water is not as strong as that over land, the relatively warm SSTs in these areas still initiate deep
convection, partially displacing the near-surface grid-scale clouds while adding subgrid-scale

cloudiness primarily to the middle and high cloud layers.

Figures 1 and 2 establish the SE as this study’s region of interest for evaluating the influence of
the subgrid-scale cumulus cloud — radiation interactions. Here, the SE region is defined as the
same latitude-longitude rectangular area (29-38°N and 75-95°W) used by Bowden et al. [2012]

and shown in their Figure 1. All regional areal averaging in the present study was performed for
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land cells only in order to enhance the signal response from cloud — radiation interactions during

convection.

Satellite-based observations of cloudiness were obtained from the Clouds and the Earth’s
Radiant Energy System (CERES) [Smith et al., 2011] data set, available for the March 2000
through October 2005 period. Because the CERES time period does not match the WRF RCM
simulation period of this study, a qualitative climatological comparison was made. Figure 3
shows monthly averages of cloud fraction for the SE computed over the time periods available
from each data set (i.e., five years and eight months for CERES and three years for the RCM
simulations). The Modified case appropriately increased the cloud fractions in May, June, July,
and August toward the average CERES values for the high (500-300 hPa; Figure 3a), middle
(700-500 hPa; Figure 3b), and low (surface — 700 hPa; Figure 3c) cloud layers, with the most
pronounced improvement in the middle layer (Figure 3b) consistent with the deep convection of
summer. Both RCM simulations overpredicted the very high (above 300 hPa) cloud fractions
year-round, especially during summer (not shown). Also evident in Figure 3 is a general
overprediction of cloudiness by WRF at all levels during the winter months, which was not

expected to be improved by the changes introduced in the Modified case.

Observations of various components of the atmospheric radiation budget are also available as
part of the CERES data. The addition of the subgrid-scale cloudiness in the Modified case had
the anticipated effect of decreasing the SW downwelling radiation at the surface (Figure 4a) and
increasing the SW upwelling at the top of the atmosphere (TOA) (Figure 4b) to produce more

agreement, in a climatological sense, with the CERES data. The additional cumulus cloudiness
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had a relatively minor effect (0.4-1.6 W m) on the LW radiation (not shown), with a slight

decrease in LW upwelling at TOA and a slight increase in LW downwelling at the surface.

Surface SW radiation from the RCM simulations is also compared with the North American

Regional Reanalysis (NARR). The NARR data set (http://rda.ucar.edu/datasets/ds608.0/;

http://www.emc.ncep.noaa.gov/mmb/rreanl/) [Mesinger et al., 2006], at 32-km horizontal grid

spacing with 45 layers, is a product of the NCEP Eta model incorporating direct assimilation of
radiances and precipitation observations, among other measurements. Figure 5 shows that
including the cumulus cloud — radiation interactions in the Modified case improved the simulated
SW downwelling radiation at the surface during the warm season in the SE as seen in the three-
year monthly time series (Figure 5a) and during the daytime hours as shown in the June 1989
averaged diurnal cycle (Figure 5b). The Base case does not simulate enough cloudiness, leading
to an overestimation of monthly-averaged surface SW radiation of up to 20-40 W m2 in summer
months, a substantial amount. On an hourly scale (Figure 5b), this translates to an
overestimation of 80-100 W m for the incident SW radiation, leading to overprediction of
summertime heating and precipitation, two fields of great interest for climate change

applications.

Additional data suitable for comparison with the simulated surface SW downwelling radiation
are observations from the Surface Radiation Network (SURFRAD) [Augustine et al., 2005]. As
with the CERES data, the SURFRAD observations are from a different time period than the
RCM simulations, so a qualitative climatological comparison with the 1988-1990 RCM results

was conducted. SURFRAD observations from 1995-2010 were processed to produce an average
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annual cycle of monthly values for each of the seven SURFRAD measurement sites, two of
which are shown in Figure 6. The increased cloudiness present in the Modified case over eastern
Colorado shown previously in Figures 2b and 2c is reflected in the improved surface SW
downwelling at Table Mountain, Colorado, in Figure 6a. The surface SW downwelling is
improved by ~50 W m in summertime when convection is most active. At this site, the
normalized mean bias (NMB) for the Modified case is 10.3%, much better than the NMB of
20.9% for surface SW radiation from the Base simulation. An improvement in surface SW
downwelling of ~20 W m in summer can be seen for the Modified case (NMB=17.6%) when
compared with the Base case (NMB=22.6%) at Goodwin Creek, Mississippi (Figure 6b), the

lone SURFRAD site in the SE.

Various effects from the addition of subgrid-scale cloudiness on two-meter temperature (T2m) are
shown in Figure 7. Here, as in the [Otte et al., 2012] study, the RCM temperatures are compared
with data from the Climate Forecast System Reanalysis (CFSR), which are available at hourly

intervals (http://rda.ucar.edu/datasets/ds093.1/) [Saha et al., 2010]. The CFSR is a third

generation reanalysis product with high-resolution global coverage, based on a coupled
atmosphere-ocean-land surface-sea ice system which accounts for changing CO3, trace gases,

aerosols, and solar variations (Climate Data Guide; https://climatedataguide.ucar.edu/climate-

data/climate-forecast-system-reanalysis-cfsr). Wang et al. [2011] evaluated the 2-m

temperatures from CFSR and found that they were more highly correlated with the Global
Historical Climatology Network version 2 and the Climate Anomaly Monitoring System
(GHCNCAMS) observations and produced better interannual variability and long-term trend

than previous NCEP reanalyses (R-1 and R-2). Monthly-averaged simulated T2m values from the
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Base and Modified cases are in nearly complete agreement (within 0.1 K) and are always
within £1.5 K from CFSR for the SE (not shown). The average diurnal cycle of Tom for June
1989 (Figure 7a) reveals the Modified case improvement during afternoon convective conditions,
reflecting the influence of fair weather cumulus clouds. Despite the fact that by not segregating
cloudy grid cells from clear grid cells when computing the averages inevitably leads to a
reduction of the signal, an afternoon difference of over 0.3 K between the Base and Modified
cases is still evident (Figure 7a). The additional cloudiness due to accounting for the subgrid-
scale cumulus clouds in the Modified case has improved the prediction of extreme heat events
(Figure 7b). This occurs because the solar radiation is no longer transmitting through
radiatively-passive subgrid-scale clouds to a surface recently wetted by convective precipitation
and causing evaporative cooling as in the Base case. Instead, in the Modified case, wet surfaces
are now usually shaded by clouds and whenever clear-sky solar radiation reaches the surface, the
surface is usually dry, hence producing warmer average near-surface temperatures in

summertime.

Changes in the amount of surface moisture and its heating lead to modification of the Bowen
ratio via changes in the latent heat (LH) flux. The effects of subgrid-scale clouds on sensible
heat flux were on the order of 10% or less for summer averages, but the effects on latent heat
were more substantial and are tied to precipitation changes to be shown later. Figure 8 shows
modeled LH compared with the NARR latent heat reanalysis data. Latent heat is a diagnosed
quantity and the uncertainty associated with LH values in NARR is unclear, but NARR
precipitation is constrained by assimilated precipitation observations which have been converted

to latent heat [Mesinger et al., 2006], so the relationship between precipitation and latent heat
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within NARR is robust. Otte et al. [2012] cited several studies which confirmed the close match
between NARR precipitation and observations. Luo et al. [2007] evaluated NARR land surface
and near-surface variables to find that the NARR hydrologic cycle has relatively small residuals
for most basins. For the summer of 1989, the Base case shows substantial LH in the eastern half
of the U.S. (Figure 8a), while the Modified case (Figure 8b) reduced the LH in that area
considerably, by 20% or more (Figure 8c). The LH from the Modified case (Figure 8b) is in
better agreement with NARR (Figure 8d), especially over the SE U.S. The significant
improvement in average LH flux by the Modified simulation for the summer of 1989 can be seen
in the three-year monthly time series for the SE region (Figure 8e), with similar improvements
for the summers of 1988 and 1990. A corresponding improvement in afternoon LH flux can be

seen in the June 1989 average diurnal cycle in Figure 8f.

This evidence of changes in the surface moisture budget in the SE can also be seen in the soil
moisture values from the Noah LSM. The monthly-averaged time series of aggregated (10 cm —
2 m) volumetric deep soil moisture from the Base and Modified cases is illustrated in Figure 9
for the SE. Simulating deep soil moisture requires considerable spin-up time to reach a quasi-
equilibrium state. Nevertheless, Figure 9 shows that including the subgrid-scale cumulus —
radiation interactions reduced the deep soil moisture compared to the Base case after seven
months of integration (counting the December 1987 month simulated to spin-up WRF), and the

difference between the two cases persists and is greatest during the summer convective season.

The addition of the subgrid-scale cloud — radiation interactions in the Modified case significantly

improved total precipitation during summer when compared with the NARR data, while having,
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as expected, little to no effect on the cool season precipitation (Figure 10a). It follows that the
majority of the improvements seen in the previously discussed simulated fields occurs due to a
decrease in convective precipitation in the Modified case (Figure 10b), with additional small
contributions to the improvement from the resolved, or grid-scale, precipitation changes (not
shown). Summertime deep cumulus convection is usually associated with larger precipitation
amounts, evident for the > 1.0 inch threshold statistic in Figure 10c revealing the significant
improvement in the Modified case. Much less improvement was seen in the Modified case when
including the frequency of light-rain events, with light precipitation in the Modified case

behaving similarly to the Base case.

4. Summary and Conclusions

Regional climate models, such as the WRF model, are used to study the impacts of climate
change on regional air quality, ecosystems, and human health. However, until recently, the WRF
model lacked a connection between the parameterized subgrid-scale convective clouds and the
radiation budget, resulting in simulations with too little cloudiness, but with excessive convective
precipitation during mid-latitude summers. To assuage such problems in WRF, [Alapaty et al.
[2012]] implemented changes in the WRF model that allow the KF convective parameterization
to provide subgrid-scale cloud fraction and condensate feedback to the RRTMG SW and LW
radiation schemes, utilizing a methodology from the CAM global model. The present study built
upon that work by applying the modified WRF to multiyear regional climate simulations over the
contiguous U.S. and evaluating the results via comparison with reanalysis and observational data

sets.
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Based upon evaluation of the three-year simulations conducted with WREF in this study,
implementation of the interaction between the subgrid-scale clouds and the radiation schemes
produced the following improvements: additional summer cloudiness, in better agreement with
observations; less diabatic CAPE and latent heat flux to reduce the previously overly-energetic
convection; reduced overprediction of summer precipitation in the SE, with improved prediction
of extreme rainfall events; and improved prediction of extreme heat in the SE. The WRF code
changes necessary to make the cumulus — radiation connection are relatively minor, so the

aforementioned improvements are achieved with a negligible impact on computation time.

A future direction for this research is to conduct a more direct evaluation with existing
measurements (such as the CERES and SURFRAD data) by simulating analogous years covered
in the observations. Additional follow-on research will apply these WRF KF-RRTMG
modifications to longer (e.g., multi-decadal) regional climate simulations of the recent past, plus
a range of future climate scenarios. We have successfully implemented and tested the subgrid-
scale cloud — radiation interactions in newer versions of WRF (specifically, v3.4.1, v3.5, and
v3.6 Beta2), with all versions producing similar improvements to the regional climate
simulations as reported in this study. The model changes needed to implement the KF
cloudiness and RRTMG radiation interactions have been tested by independent groups and will
be released by the National Center for Atmospheric Research in April 2014 to benefit the WRF

user community.
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Figure Captions

Figure 1. Summer (JJA) 1989 averaged dCAPE (J kg) from the KF parameterization for the
(a) Base and (b) Modified simulations, and their (c) difference (Modified — Base) field.

Figure 2. Modeled summer (JJA) 1989 averaged cloud fraction differences (Modified — Base)
for bulk layers designated as (a) very high (300 hPa — top), (b) high (500-300 hPa), (c) middle
(700-500 hPa), and (d) low (surface - 700 hPa).

Figure 3. Average annual cycle of monthly area-averaged cloud fraction for the SE U.S. from
the Base (dotted) and Modified (dashed) cases compared with the CERES observations (solid)
for the (a) high (500-300 hPa), (b) middle (700-500 hPa), and (c) low (surface - 700 hPa) bulk
layers. Note different scales.

Figure 4. Average annual cycle of monthly area-averaged radiation values (W m2) for the SE
U.S. from the Base (dotted) and Modified (dashed) simulations compared with the CERES
observations (solid) for (a) SW downwelling at the surface and (b) SW upwelling at TOA. Note
different scales.

Figure 5. Monthly area-averaged SW downwelling surface radiation (W m-2) for the SE U.S.
region comparing modeled SW downwelling from the Base (dotted) and Modified (dashed)
simulations with the NARR data (solid) shown in the (a) 3-year time series of averages
computed over all hours (day and night) and the (b) month-averaged June 1989 diurnal cycle.
Note that the original NARR radiation data are archived as 3-h averages and provided at 3-h
intervals.

Figure 6. Climatological annual cycle of monthly-averaged SW downwelling radiation (W m?)

at the surface from the Base (dotted) and Modified (dashed) cases compared with SURFRAD
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observations (solid) at two measurement sites: (a) Table Mountain, Colorado and (b) Goodwin
Creek, Mississippi.

Figure 7. Time series for the SE U.S. of (a) month-averaged June 1989 diurnal cycle of 2-m
temperature, and (b) area-averaged number of days with a maximum 2-m temperature greater
than 90°F (32.2°C), shown for the Base (dotted) and Modified (dashed) simulations compared
with CFSR data (solid).

Figure 8. Summer (JJA) 1989 averaged latent heat flux (W m-2) from the (a) Base and (b)
Modified simulations, their (c) difference (Modified — Base) field, and (d) the NARR data. Also
shown: Time series for the SE U.S. of () monthly-averaged and (f) month-averaged June 1989
diurnal cycle of latent heat flux from the Base (dotted) and Modified (dashed) simulations
compared with the NARR data (solid). Note that the original NARR latent heat data are
archived at 3-h intervals.

Figure 9. Time series for the SE U.S. of monthly-averaged aggregated (10 cm - 2 m) deep soil
volumetric moisture (m® m) from the Base (dotted) and Modified (dashed) simulations.

Figure 10. Time series for the SE U.S. of monthly-averaged (a) total surface precipitation (mm),
(b) convective surface precipitation (mm), and (c) area-averaged number of days with surface
precipitation greater than 1.0 inch (25.4 mm), shown for the Base (dotted) and Modified (dashed)

simulations compared with the NARR data (solid).
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Figure 9.
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