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ABSTRACT: The surface sensible heat flux induced by precipitation (Qp) is a consequence of the temperature difference
between the surface and the rain droplets. Despite its seemingly negligible nature, Qp is frequently omitted from both me-
teorological and climatological models. Nevertheless, it is important to acknowledge the numerous occasions in which the
instantaneous values of Qp can be significant, particularly during extreme precipitation events. This study undertakes a
comprehensive assessment of Qp across the contiguous United States (CONUS) utilizing high-resolution reanalysis, obser-
vational data, and numerical modeling to examine the influence of Qp on precipitation and the surface energy budget. The
findings indicate that the spatial distribution of Qp climatology is analogous to that of precipitation, with magnitudes rang-
ing from 2 to 3 W m ™2 predominantly over the Midwest and Southeast regions. A seasonal analysis of Qp reveals that the
highest values occurring during the June-August (JJA) period, averaging 3.18 W m 2. Peak Qp values of approximately
4 W m™? are observed during JJA over the Great Plains region. We hypothesize that the Qp during an extreme precipita-
tion event would be nonnegligible and have a significant impact on the local weather. To test this conjecture, we perform
high-resolution simulations with and without Qp during an extreme precipitation event over the Chicago Metropolitan
Area (CMA). The results show that the Qp may be a dominant factor compared to other components of surface heat flux
during the zenith of precipitation hours. Also, Op has the potential to not only diminish precipitation but also alter and re-
configure the remaining surface energy budget components.
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1. Introduction Wild 2017, 2020; Zhou et al. 2020; Tomita et al. 2021;
Zhou et al. 2022).

Heavier precipitation can result in significantly high Qp, with
implications for surface temperatures, surface heat energy bud-
get, and local-to-regional scale circulations (Flament and Sawyer
1995; Gosnell et al. 1995; Anderson et al. 1998; Jacob and
Koblinsky 2007; Kollet et al. 2009; Wei et al. 2014; Pinardi et al.
2016; Ramos et al. 2021). In low and midlatitudes, surface cool-
ing due to heavy precipitation is often observed. For instance,
Kollet et al. (2009) found that soil temperature decreased by
more than 1 K after a heavy precipitation event in 2002 due to
Qp in a land surface model. Cong and Brady (2012) explored
the negative correlations between heavy precipitation and sur-
face temperature. According to Abera et al. (2020), anomalies
in the surface temperature reliably and negatively responded to
heavy precipitation events. The mean Qp during the Tropical
Ocean Global Atmosphere-Coupled Ocean—Atmosphere Re-
sponse Experiment (TOGA-COARE) was found to be about
2.5 W m™2 (Gosnell et al. 1995). Ramos et al. (2021) showed
that larger Qp values (~2-3 W m™2) are found over the inter-
tropical convergence zone (ITCZ) and the South Pacific conver-
gence zone (SPCZ). They also showed that during a typical
Madden-Julian oscillation (MJO) event (Barrett et al. 2021) in
April 2009 that produced precipitation exceeding 15 mm day
over the Maritime Continent (Tan et al. 2020, 2022a), Qp Was es-
timated to be >5 W m™ 2 over the coastal waters. Therefore, it is
not a surprise that Qp is not typically incorporated in state-of-art
numerical weather and climate models. Nevertheless, Qp can be
substantial during heavy rainfall events. For instance, during
Corresponding author: Haochen Tan, htan@anl.gov TOGA-COARE, Qp reached levels as high as 200 W m™2 for a

As a vital component of the global hydrological cycle, pre-
cipitation has a worldwide impact with significant socioeco-
nomic consequences (Zhou et al. 2011; McNeeley et al. 2012;
Zhang et al. 2013; Stojanovic et al. 2021). Precipitation also af-
fects salinity by introducing freshwater into the ocean, which
accounts for most of the heat energy accumulation on Earth
due to climate change by human activities (von Schuckmann
et al. 2016). Over land, precipitation affects soil moisture,
which in turn modulates the surface energy budget. More-
over, precipitation can play a crucial role in cooling the sur-
face, as the temperature of raindrops is usually lower than
that of the surface (Gosnell et al. 1995; Betts and Ball 1998;
Kollet et al. 2009; Yin et al. 2014; Rooney et al. 2018; Liu et al.
2022). This surface sensible heat flux induced by precipitation
(Qp) remains an often-neglected feature in numerical models,
and hence is typically excluded from the surface heat energy
budget (Curry et al. 1999; Bittelli et al. 2008; Wei et al. 2014).
The net surface heat flux is a crucial indicator of the intensity
and spatial distribution of heat energy that can drive various
natural processes in the land and ocean surfaces, lower atmo-
sphere, and even biosphere (Anderson et al. 1998; Sengupta
et al. 2002; Stephens et al. 2012; Valdivieso et al. 2017,
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precipitation event, which had a significant impact on the sea
surface temperature (Gosnell et al. 1995). Anderson et al.
(1998) also observed Qp values ranging from 65 to 204 W m ™2
during heavy rainfall events in the western Pacific warm pool
in which Qp played a notable role in modulating the net sur-
face heat flux and surface buoyancy flux.

Outside the tropics, several studies (e.g., Boike et al. 2003;
Gillett and Cullen 2011) have concluded that the Qp has a
crucial role in the process of glacier ablation and snow cover
melt, by virtue of its ability to alter the albedo and thereby
the absorption of solar radiation at the surface. These studies
demonstrate that Qp can have a significant impact on local
near-surface temperature and surface energy budget. How-
ever, to the best of our knowledge, there are no prior studies
with a comprehensive estimation of Qp due to rainfall in the
midlatitudes, especially over the contiguous United States
(CONUS) on time scales of months or longer. One contrib-
uting factor to this knowledge gap regarding the estimation
and influence of Qp is the lack of observational data to
compute Qp. Additionally, current knowledge suggests
that this influence from Qp may be relatively minor.
Hence, we first estimate the Qp over CONUS using 20-yr
reanalysis data to understand how Qp can fully close the
surface energy balance over the CONUS. We also examine
the role of Qp on other components of surface heat fluxes
by using a regional climate model during an extreme pre-
cipitation event over the Chicago Metropolitan Area (CMA).
The rest of the paper is organized as follows: methodo-
logy, data, and model are outlined in section 2. The results
are in section 3, and the summary and conclusions are in
section 4.

2. Methodology and data
a. Methods

The computation of sensible heat due to precipitation
(Gosnell et al. 1995; Wei et al. 2014; Ramos et al. 2021) is
based on the following:

Qp=C, XpXRX(T,—T,), (1)
where C,, represents the specific heat of rainwater
(4186 J kg~! K™'), p denotes the density of rainwater
(1000 kg m %), R stands for the rain rate (m s '), T, refers
the surface (land or ocean) temperature (°C), and 7, repre-
sents the temperature of raindrops (°C) when they reach
the surface. The value of 7, can be estimated to be the wet
bulb temperature (Byers et al. 1949; Kinzer and Gunn 1951;
Katsaros and Buettner 1969; Kincaid and Longley 1989;
Gosnell et al. 1995; Anderson et al. 1998; Wei et al. 2014).
The wet bulb temperature can be obtained using the air
temperature and relative humidity following Stull (2011):

T,=T, = T atan[0.151 977 X (RH% + 8.313 659)"°]
+ atan(T + RH%) — atan(RH% — 1.676 331)

+0.003 918 38 X (RH%)'?
X atan(0.023 101 X RH%) — 4.686 035, )
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where RH% is the relative humidity in percentage, 7, is the wet
bulb temperature (°C), and 7 is the 2-m air temperature (°C).
The land surface energy balance is given by

net heat flux = Netg,, — Net,y, —LH —SH — G — Q,,

©)

where Netyw is the net longwave radiation at the surface,
Netgw is the net shortwave radiation at the surface, LH is the
latent heat flux, SH is the sensible heat flux, G is the ground
heat flux, and Qp is the sensible heat flux due to precipitation.

b. Observational and reanalysis data for estimating Qp

Observed precipitation data are taken from National Cen-
ters for Environmental Prediction (NCEP) hourly 4-km
gridded Stage IV quantitative precipitation estimates (QPEs;
Nelson et al. 2016). The NCEP Stage IV QPEs contribute
gridded multisensor precipitation estimates which combine
Doppler radar estimates and observations from station gauges
at a spatial resolution of about 4 km (Seo et al. 2010). Utili-
zation of this high-resolution precipitation data will help us
achieve a relatively accurate spatial variability of mean and
extreme precipitation (Nelson et al. 2016; Beck et al. 2019).
The relative humidity and air temperature are taken from NCEP
North American Regional Reanalysis (NARR, 0.25° X 0.25°,
monthly). For spatial and temporal consistency to the NARR
dataset, the Stage IV data were averaged from 4 km to 0.25°,
and from hourly to monthly. The calculations are performed
for 2002-21.

3. Results
a. Climatological distribution

Figure 1 depicts the spatial variability of surface latent heat
flux, sensible heat flux, net flux without Qp, net heat flux with
Qp, mean precipitation, and Qp over CONUS. The distribu-
tion of latent heat flux (Fig. 1a) reveals notable evaporation
in the southeastern and eastern CONUS. The distribution of
sensible heat flux (Fig. 1b) demonstrates a warmer environ-
ment over the southern CONUS, especially over the southern
California, Arizona, New Mexico, and Texas. The incorpora-
tion of O p demonstrates that it helps better closing the surface
energy budget, especially over the southeastern CONUS,
which is also the area with higher precipitation than other
regions (Figs. 1c—f). The precipitation over CONUS shows
a west—east gradient from the Great Plains to the south-
eastern CONUS, with high precipitation also along the coastal
mountain ranges in Northern California and the Sierra Nevada
(Fig. le). The Qp (Fig. 1f) shows a pattern similar to mean
precipitation (Fig. le), with dominant precipitation confined
to the Midwest and the Southeast regions, where the QOp
ranges from 2 to 3 W m™2. This magnitude of Qp is similar to
that over the ITCZ, where long-term average of Qp was
found to be 2-3 W m~2 (Ramos et al. 2021). Higher Qp values
are also observed over Nebraska, Kansas, Oklahoma, and
Texas, but the precipitation over these regions is not parti-
cularly high. This suggests that the relationship between Qp
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FIG. 1. (a) Averaged latent heat flux (LH; W m™2), (b) sensible heat flux (SH; W m~2), (c) net heat flux that does
not incorporate with QOp, (d) net heat flux incorporating Qp, (¢) precipitation (mm day '), and (f) sensible heat due
to rain (Qp; W m™2) between 2002 and 2021 over CONUS. Surface flux components are from NARR data, precipita-
tion is from NCEP Stage IV precipitation product, and Qp is estimated from NARR and Stage IV precipitation data.

and precipitation may be nonlinear, which has also been
reported in previous studies (Ramos et al. 2021). Climato-
logically, higher Qp values are found in the central and eastern
CONUS, where Qp averages between 8% and 12% of the
sensible heat flux (Fig. 2). However, the maximum Qp over
CONUS is dominant over the Great Plains region (Fig. 3),
indicating that precipitation alone may not be the key factor
influencing Qp. Instead, the temperature difference between

the surface and raindrop over this region may play a more sig-
nificant role.

Figure 4 investigates the mean of precipitation and Qp in
six different regions chosen by the National Climate Assess-
ment (NCA) (Fig. 4a). The result suggests that the variability
of precipitation differs across the CONUS regions, with the
Northwest (NW) and Southeast (SE) showing higher variability
compared to other regions (Fig. 4b). The mean precipitation
for each NCA region is estimated to be 3.0 mm day ' for the
Northeast, 2.66 mm day ' for the Southeast, 2.55 mm day "
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FIG. 2. Ratio between Qp (W m ™ ?) and surface sensible heat flux
(SH; W m™2) during 2002-21. The unit is percentage.
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FIG. 3. Maximum Qp (W m™~?) during 2002-21 over CONUS based
on monthly data.



416

JOURNAL OF HYDROMETEOROLOGY

VOLUME 25

(a) National Climate Assessment Regions

N N = Y
45°N}| [
40°N|
35°N}|
30°N}|
25°N|-
°N
130°W  120°W  110°W  100°W 90°W 80°W 70°W 60°W
(b) Precipitation
6 —
5
b 25%~75%
4 Range within 1.5IQR
- ) — Median Line
‘E 34 % - mPrecip
£ - SW_Precip
2] Wi e
SE_Precip
1 % NE_Precip
0 -
T T T T T T
NW_Precip  SW_Precip GP_Precip MW_Precip NE_Precip SE_Precip
(c) Qp
5 -

0 T T T

+%'}%

25%~75%

Range within 1.51QR
— Median Line
= Mean

NW_Qp
SW_Qp
GP_Qp
MW_Qp
SE_Qp
NE_Qp

NW_Qp SW_Qp GP_Qp

MW_Qp

T T T
NE_Qp SE_Qp

FIG. 4. (a) National Climate Assessment (NCA) regions. (b) Precipitation (mm day ') and
(c) Qp (W m~?) for different NCA regions during 2002-21. The figure includes the interquartile
range, the upper and lower extremes, the median, the mean, and the vertical lines outside the

box extend to the 25th and 75th percentile.

for the Midwest, 2.0 mm day_1 for the Northwest, 1.62 mm day_1
for the Great Plains, and 0.97 mm day ! for the Southwest.
On the other hand, the Qp varies in a different pattern, with
the Southwest showing the highest variability, followed by
Great Plains, Northwest, and Midwest (Fig. 4c). The results
suggest that the higher precipitation does not necessarily
translate into higher Qp over land and is consistent with
Ramos et al. (2021). To further understand the variability in
Qp, we discuss its seasonal cycle next.

b. Seasonal cycle

The mean Qp (Fig. 5) for the seasons December—February
(DJF), March-May (MAM), June-August (JJA), and September—
November (SON) are 1.33, 2.55, 3.18, and 2.23 W m™2, respec-
tively. The maximum Qp values of ~4 W m™ 2 are observed
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over the Great Plains region during JJA (Fig. Sc and Table 1).
The magnitude of Qp is also compared to SH in Table 1. From
an annual perspective, the Qp-to-SH ratio ranges between 5%
and 10% across different regions, with the Northwest region
exhibiting the smallest ratio and the Northeast region dis-
playing the highest ratio. Among the seasons, DJF has the
largest Qp-to-SH ratio, particularly over the Southwest re-
gion where Qp values can be as high as 41% of SH. The an-
nual cycle of Qp and SH over CONUS (Fig. 6) indicates that
JJA has the highest Qp values compared to other months.
These results suggest Op may not be negligible and may
help in closing the surface energy budget over the CONUS.
This leads to a conjecture that Qp may be significant during
extreme precipitation events and may impact local weather.
This conjecture is tested next over the CMA during an
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FIG. 5. Mean Qp (W m™~2) over CONUS for (a) DJF, (b) MAM, (c) JJA, and (d) SON during 2002-21.

extreme rain event using high-resolution simulations with
sophisticated urban parameterizations.

¢. Qp modulation

Moving forward from the comprehensive analysis of Qp
over the CONUS, it is pertinent to understand the impli-
cations of Qp on a more granular level. While the previous
analysis provided an overview of the spatial and temporal
patterns at a continental scale, individual locales within the
CONUS exhibit unique climatological characteristics that may
respond differently to the influence of Qp. Thus, it is impera-
tive to delve into a case study that can illustrate the intricate
role of Op on weather in a more localized scale.

Our site of choice for this purpose is the city of Chicago,
Illinois, a location distinguished by its variable and sometimes
extreme weather conditions, making it an ideal location for a
more detailed examination. The transition from a broad study
across the CONUS to an in-depth analysis of Chicago provides
a useful pivot, allowing us to not only validate our findings but
also explore the distinct microclimatic effects and their interac-
tions with Op. We identified the Chicago Metropolitan Area

as our primary study location for examining extreme rainfall
events. This decision stems from multiple considerations: First,
the region ranks among the most populated urban areas in the
United States, thereby increasing its susceptibility to severe
weather impacts. Furthermore, the significant influence of ex-
treme weather on this region magnifies the implications of our
research. We also chose to focus on urban settings due to their
vulnerability to the destructive effects of intense precipitation,
including infrastructural damage and loss of life. Additionally,
urban areas, due to their heightened evaporation rates, can in-
advertently contribute to augmented rainfall, a phenomenon
known as urban-induced precipitation (Shepherd 2005, 2006;
Mote et al. 2007; Shem and Shepherd 2009; Niyogi et al. 2011).

1) REGIONAL MODEL EXPERIMENTS

To explore the role of Qp in modulating other surface en-
ergy budget terms and precipitation over the CMA during an
extreme precipitation event, we used the nonhydrostatic and
fully compressible Weather Research and Forecasting (WRF)
Model (version 4.3.1; Skamarock et al. 2021) was utilized as
the climate model for this study. To properly represent the

TABLE 1. Annual and seasonal means of Qp, SH, and their ratio over CONUS from NARR and Stage 1V data during 2002-21
(units in W m™?).

DIJF MAM JTA SON Annual

Regions Qp SH QxSH ©Qp SH OpSH Op SH OQpSH Qp SH QpSH Qp SH QuSH
Northwest 14 81 17% 23 369 6% 13 699 2% 20 253 8% 17 350 5%
Southwest 14 35 40% 19 648 3% 27 933 3% 20 419 5% 20 508 4%
Great Plains 0.8 65 12% 28 537 5% 40 803 5% 23 345 7% 25 437 6%
Midwest 1.0 92 11% 27 355 8% 30 374 8% 22 257 8% 22 270 8%
Northeast 15 88 17% 25 330 8% 25 277 9% 22 200 1% 22 224 10%
Southeast 25 260 10% 30 411 7% 36 382 9% 27 331 8% 30 346 9%
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FIG. 6. Monthly averaged Qp (W m 2 red) and sensible heat flux (W m~?; blue) over
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tend to the 25th and 75th percentile.

CMA, the building effect parameterization coupled with the
building energy model (BEP+BEM; Martilli et al. 2002) was
employed. Thus, the deployment of BEP+BEM (Salamanca
and Martilli 2010; Ribeiro et al. 2021; Segura et al. 2021; Tan
et al. 2022b) is expected to provide a realistic surface energy
budget over the urban area to better understand the effect of
Qp on other components of surface energy budget and local
weather.

For simulations, three nested domains were used with vary-
ing number of horizontal grid points and spacing: 329 X 326
grid points in domain 1 with a spacing of 9 km, 634 X 571 in
domain 2 with a spacing of 3 km, and 601 X 619 in domain 3
with a spacing of 1 km (Fig. 7a). The grid spacing of the outer
domain (9 km) is expected to adequately capture synoptic-
scale features inside the domain. The land-use data (Fig. 7b)
was taken from the National Land Cover Database (Fig. 7b;
Homer et al. 2015). The initial and boundary conditions were
taken from the National Centers for Environmental Predic-
tion Final Analysis data (NCEP-FNL, 1° X 1°, 6-hourly), and

the unified Noah land surface model (Tewari et al. 2004) was
used and modified by adding Qp. The planetary boundary
layer was modeled using the Mellor—Yamada—Janji¢ scheme
outlined by Janji¢ (1994), while microphysics was simulated
using the WREF single-moment 6-class microphysics scheme
(Hong and Lim 2006). The shortwave radiation scheme em-
ployed was Dudhia’s (1989) approach, whereas longwave ra-
diation was modeled using the Rapid Radiative Transfer
Model as presented by Mlawer et al. (1997). Additionally, the
surface-layer scheme utilized the Monin-Obukhov-Janji¢
approach as described by Janji¢ (2002). Notably, no cumulus
parameterization was employed in any simulations.

Two numerical experiments were conducted for a 2-day
period during an extreme precipitation event from 1800 LST
12 September to 1800 LST 14 September 2008, to estimate
the role of Qp on other surface energy budget terms. The
year 2008 stood out prominently as it not only holds the re-
cord for the highest annual precipitation in Chicago, but also
marked a significant day on 13 September when the city

(b) Landuse

(a) Model domain
55°N

[ ,
43.5°Nty
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F1G. 7. (a) WRF domain configuration. The outer domain (1), the middle domain (2), and the inner domain
(3) have horizontal grid spacings of 9, 3, and 1 km, respectively. (b) Urban land-use categories (shading) after the in-
corporation of the National Land Cover Database (NLCD) over domain 3. The black box in (b) is the CMA region.

The blue color in (b) represents the water.
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TABLE 2. Name and location of observational stations used in

this study.
Station Station name Lat, lon (°N, °W)
1 KPDA West Chicago 41.881 83, 87.66333
2 KMDW Chicago Midway Airport 41.78417, 87.75528
3 KORD Chicago O’Hare Airport 41.97972, 87.904 44

registered a substantial rainfall of 6.64 in. Moreover, this daily
rainfall figure is second only to one other occurrence in the
period spanning from 2000 to 2023. The control (CTL) simu-
lation was run without adding sensible heat due to precipita-
tion into the model and the Qp_EXP was simulated after
adding the sensible heat due to precipitation into the model.

2) EVALUATION OF CTL

The performance of CTL against data from multiple local
stations concerning 2-m air temperature and 10-m horizontal
wind, is exhibited in Tables 2 and 3. An analysis of the mean
bias error (MBE) shows that CTL, when compared with three
observational stations, indicates a deviation of 1.75°C, pre-
dominantly attributed to nighttime readings. This infers the
model’s propensity to yield a warm bias during the night.
These biases represent systematic errors within the model,
corroborated by several prior studies (Kim et al. 2013; Chen
et al. 2014; Giovannini et al. 2014; Janicke et al. 2017; Wang
et al. 2022; Tan et al. 2022b). In terms of wind speed, the pri-
mary source of low bias can be attributed to potential misclas-
sifications that might arise between a model-derived grid cell
and the physical footprint of the actual station.

The model’s ability to capture the observed precipitation is
shown in Fig. 8. Overall, the CTL reproduces precipitation
distribution reasonably well except over the northeastern
CMA where the model overestimates (Figs. 8a,b). The accu-
mulated precipitation in model is also reasonable with a slight
underestimation in the afternoon and an overestimation dur-
ing early morning (Fig. 8c). Such temporal biases in capturing
extreme precipitation are also documented by many other
studies (Clark et al. 2007; Li et al. 2016; Tai et al. 2021; Gao
et al. 2022; Tewari et al. 2022).

3) INFLUENCE OF Qp ON PRECIPITATION AND SURFACE
ENERGY BUDGET

Figure 9 depicts the hourly precipitation rate from observa-
tion, CTL, and Qp_EXP. The CTL has a delayed precipita-
tion peak compared with observation from 1000 LST in OBS
to 1200 LST in CTL. The precipitation is reduced in Qp_EXP
compared to CTL in most times and this reduction is prominent
during morning hours (~0200 LST) and noon (~1200 LST).
This reduction in precipitation in Qp_EXP compared to CTL is
due to Qp-induced surface cooling that can lead to changes in
atmospheric stability and moisture content, hence potentially
affecting the formation and intensity of the precipitation.

Furthermore, Fig. 10 and Table 4 present the impact of Qp
inclusion in the model on surface energy budget terms. Dur-
ing the peak of precipitation (between 1000 and 1400 LST),
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TABLE 3. Mean bias error (MBE) and root-mean-square
error (RMSE) of CTL against observational stations for 2-m
temperature and 10-m winds during the day (0700-1900 LST),
night (1900-0700 LST), and total on 13 Sep 2008.

2-m 10-m wind
temperature (°C) (ms™1)
Local
stations Time MBE RMSE MBE RMSE
1,2,3 Total 1.75 2.44 -1.99 2.58
Day 0.56 1.88 -1.23 2.01
Night 1.19 2.62 -0.76 1.34

Qp reaches its maximum values (~14 W mfz) at 1200 LST,
dominating sensible and latent heat flux. In the CTL, the aver-
age sensible and latent heat flux values are 8.19 and 5.06 W m ™2,
respectively (Table 4). However, after incorporating Qp into the
model, Qp_EXP produces an average Qp value of 3.24 W m ™2,
along with 10.79 W m 2 of sensible heat flux and 6.54 W m ™2 of
latent heat flux (Table 4) during the extreme precipitation event
over CMA. Additionally, it is noteworthy that the sensible heat
flux is also significantly modulated immediately after the peak of
precipitation hours. For instance, in CTL, the sensible heat flux
ranged from —30 to —5 W m™ 2 during 1300 to 1500 LST, while
in Qp_EXP, it ranged from —15 to —8 W m ™2 The influence of
Qp on the sensible heat flux suggests its potential to significantly
impact both latent and sensible heat flux. This is in line with the
findings from a one-dimensional column experiment conducted
by Kollet et al. (2009). However, in their study, the maximum
differences for hourly fluxes reached up to 100 W m™2. This
occurred during and immediately after rainfall and evapo-
transpiration events.

The inclusion of Qp and its direct forcing led to surface
cooling and less precipitation during this event, resulting in
higher sensible and latent heat flux, but lower net longwave
radiation and net shortwave radiation (Table 4). The stronger
sensible heat flux may be attributed to stronger surface winds
from enhanced local thermal circulations, as Qp can generate
a cooling effect. The weaker upward longwave radiation is
due to the reduced surface temperature caused by Qp. The
Qp has minimal impact on net shortwave radiation (Table 4).
For a single heavy precipitation event, Qp can significantly in-
fluence all components of surface fluxes for up to one month,
and the cumulative influence of multiple events may be nota-
ble (Kollet et al. 2009). Our simulation was conducted for two
days only. Therefore, how long the impact of Qp from this ex-
treme precipitation event would persist over the CMA is not
known. We intend to investigate this aspect in the future.

4. Summary and discussion

This study examines the surface sensible heat flux resulting
from precipitation (Qp) by utilizing observational and reanal-
ysis datasets over the CONUS. Furthermore, a mesoscale
model is used to investigate the influence of Qp on precipita-
tion and surface energy budget. Analysis of the observational
and reanalysis datasets reveals that Qp has a similar spatial
distribution as precipitation (Fig. 1), and its magnitude ranges
from 2 to 3 W m ™2 over the Midwest and Southeast regions.
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The greatest OQp over the CONUS between 2002 and 2021 is ob-
served predominantly over the Great Plains region, indicating
that the temperature difference between surface and raindrop
temperatures over this area may have a more substantial impact
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(red), and observation (black).
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on Qp than precipitation. Additionally, seasonal variation of Qp
demonstrates the highest values during JJA (3.18 W m™2) over
CONUS. The maximum Qp is found to be ~4 W m™2 during
JJA over the Great Plains region (Fig. 5c and Table 1). From
an annual perspective, the Qp-to-SH ratio ranges from 5% to
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FIG. 10. Area-averaged latent heat (LH), sensible heat (SH), and
Op (allin W m~2) for 13 Sep 2008 over CMA..
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TABLE 4. Surface heat flux components from the CTL and
Qp_EXP over Chicago Metropolitan Area (CMA) during an
extreme precipitation event on 13 Sep 2008.

Experiment SH LH Lw SW Op
CTL 8.19 5.06 5.88 40.91 —
Qp_EXP 10.79 6.54 4.99 39.74 3.24

10% across various regions, with the Northwest region display-
ing the lowest ratio and the Northeast region exhibiting the
highest ratio (Table 1). Among the seasons, DJF has the highest
Qp-to-SH ratio, particularly over the Southwest region, where
Qp values can be as much as 40% of the SH. The annual cycle
of Qp and sensible heat flux indicates that JJA has higher
Qp values compared to other seasons. These results suggest
Qp may not be negligible and may help in closing the sur-
face energy budget over the CONUS. This leads to a conjec-
ture that Qp may be significant during extreme precipitation
events and may impact local weather. This conjecture is
then tested over the CMA during an extreme rain event us-
ing high-resolution simulations with sophisticated urban
parameterizations.

The modeling results show that Qp can be the dominant
term during the peak of precipitation hours. Qp also modifies
and redistribute the other surface energy budget terms. Such
modulation is more pronounced for SH during the peak of
precipitation hours, indicating that the Qp can reduce the
heat flow from the surface to the atmosphere. Moreover, in-
clusion of Qp in the model leads to decline in simulated pre-
cipitation presumable due to increased stability due to cooler
surface temperature. Using a global climate model, Wei et al.
(2014) showed that the Qp can also have some warming ef-
fects over midlatitude and high latitude in the northern winter
by indirectly affecting land surface air temperature through
changes in atmospheric circulations from weaker surface en-
ergy input gradient between equator and poles. From a sur-
face energy budget perspective, incorporating Qp can reduce
the erroneous heating in all budget calculations, helping fully
close the surface energy balance, and quantify the buoyancy
forcing for both short and long-term periods. For example,
Flament and Sawyer (1995) mentioned that 1 K yr~! esti-
mated erroneous heating in the mixed oceanic layer was pro-
duced by Qp over tropical regions. Anderson et al. (1998)
discovered that the 4-month averaged Qp contributed to 15%
of the net surface heat budget, leading to 6.5% less surface
buoyancy. According to the findings of Kollet et al. (2009),
the inclusion of Qp in the analysis is crucial in achieving en-
ergy balance closure of observed fluxes. Hence, to achieve a
closure of the surface energy balance and accurately quantify
buoyancy forcing, it is imperative to incorporate the Qp, de-
spite its relatively minor contribution to the overall surface
energy budget. Given the increasing occurrence of extreme
precipitation events in the CONUS regions based on past
data (Wu 2015; Fairman et al. 2016) and future projection
data (Janssen et al. 2014, 2016; Prein et al. 2017; Zobel et al.
2018; Barlow et al. 2019; Lopez-Cantu et al. 2020), our study is
expected to motivate future investigations on surface energy
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budget calculations from both observational and modeling
perspectives.

Several important weaknesses of our Qp simulations must
be discussed. The first is related to the rainwater temperature
used in Qp computations. This value is not directly measured
but approximated, utilizing wet bulb temperature within the
simulations. This approximation introduces an element of un-
certainty into the calculations, which could potentially be ad-
dressed by future technology capable of measuring rainwater
temperature directly. A second limitation lies in the metho-
dology, where the findings are based on a singular case simu-
lation. A comprehensive climatological study considering
diverse seasons would require considerable computational re-
sources at a 1 km resolution, a scope that exceeds the limita-
tions of the current study but will be contemplated for future
research. Last, this study does not make use of more sophisti-
cated urban land use data, specifically, the Local Climate
Zones (LCZs). The LCZ is a level 0 product prepared by the
World Urban Database and Access Portal Tools (WUDAPT;
Ching et al. 2018), and it amalgamates various land use cate-
gories that have comparable long-term meteorological attrib-
utes. It provides a more nuanced classification of areas into
11 categories as opposed to the conventional three urban clas-
sifications. The incorporation of LCZs in a climatological run
is planned.

While the influence of Qp during short-time-scale extreme
events is significant, the influence of Qp on the long-term also
cannot be ignored. The impact of Qp is expected to be more
pronounced in climate regimes characterized by numerous ex-
treme convective precipitation events featuring substantial
precipitation rates and significant temperature differences be-
tween the air and the land surface. To achieve a comprehen-
sive understanding of Qp, a more extensive climatological
modeling study spanning several years is necessary. However,
undertaking such a study with high resolution would necessi-
tate a significant amount of computational time and is beyond
the scope of the current investigation. Nonetheless, this re-
mains an important avenue for future research.
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Data availability statement. The data that support the find-
ings of this study are available from the following sources:
1) NCEP North American Regional Reanalysis (NARR):
The NARR can be accessed through the https://psl.noaa.gov/
data/gridded/data.narr.html. This dataset contains a high-
resolution combined model and assimilated dataset from 1979
to near present at 8 times daily, daily, and monthly and is out-
put on a Northern Hemisphere Lambert Conformal Conic
grid. 2) NCEP/EMC 4 km Gridded Data Stage IV Data
(ST4): The ST4 was obtained from https://data.eol.ucar.edu/
dataset/21.093. The Stage IV analysis is based on the multi-
sensor hourly/6-hourly ‘Stage III" analyses (on local 4-km polar-
stereographic grids) produced by the 12 River Forecast Centers
(RFCs) in CONUS. NCEP mosaics the Stage I1I into a national
product. Hourly, 6-hourly, and 24-hourly (accumulated from the
6-hourly) analyses are available. 3) Weather Research and Fore-
casting (WRF) Model: A detailed description the WRF Model
can be found in http:/doi.org/10.5065/1dth-6p97. Please note
that some restrictions apply to the availability of these datasets,
as they were used under license or with permission from the re-
spective data providers. Researchers interested in using these
datasets are advised to contact the data providers to obtain ap-
propriate permissions.
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