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ABSTRACT: One of the critical components in understanding the climate system is the interaction between the land and
the atmosphere. Whereas previous studies on land–atmosphere coupling mostly focus on its spatial hotspots, we explore the
temporal evolution of land surface coupling strength (LCS) during a large-scale flood event in a semiarid region in northern
Australia. The LCS indicates the relationship between soil moisture and latent heat flux, and the spatiotemporal variability
in precipitation and soil water strongly affects the variability of LCS. The LCS is usually positive in the semiarid climate,
where evapotranspiration (ET) occurs under the soil moisture–limited regime and thus increases with soil moisture.
However, our analyses of combined land surface modeling and observational datasets show high temporal variability of LCS
in the course of the extreme flood event followed by a drying period. The wet regions transferred the ET regime from the soil
moisture–limited to the transition section, weakening the linear growth of ET with soil moisture, which resulted in the
decline of LCS. The LCS remained weak until the flood retreated and the soil water approached the prestorm average state.
Such temporal variation of the LCS has important implications for realistic parameterization of the land–atmosphere
coupling and consequently improving subseasonal to seasonal climate forecast.
KEYWORDS: Australia; Atmosphere-land interaction; Flood events; Evapotranspiration

1. Introduction
Feedback between the land and the atmosphere is a critical
component in the climate system. Understanding how land
surface processes affect climate can help improve climate
model simulations on the subseasonal to seasonal time scale.
The relationship between soil moisture and surface water/
energy fluxes is seen as the ‘‘terrestrial’’ segment of land–
atmosphere coupling (interactions). The other segment, the
‘‘atmospheric’’ one, refers to the influence of surface fluxes on
the boundary layer and tropospheric condition, including precipitation (Dirmeyer 2011). The atmosphere is heated up by
sensible heat flux and moistened by evapotranspiration (ET)
from the surface, and the partitioning between sensible and latent heat fluxes is influenced by soil moisture. Thus, inaccurate
soil moisture information has been regarded as a major source of

Denotes content that is immediately available upon publication as open access.
Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-200250.s1.
c
Current affiliation: Department of Geological Sciences, Jackson
School of Geosciences, The University of Texas at Austin, Austin, Texas.
d
Current affiliation: Department of Earth and Planetary Sciences,
Harvard University, Cambridge, Massachusetts.

Corresponding author: Min-Hui Lo, minhuilo@ntu.edu.tw

uncertainty in climate model simulations (e.g., Schär et al. 1999;
Koster et al. 2004; Seneviratne et al. 2010; Dirmeyer et al. 2013).
Responses of ET to soil moisture can be explained by the Budyko
curve (Budyko 1974). The function illustrates the relationship between soil moisture and the ratio of actual ET (AET) to the possible maximum amount of ET, the potential ET (PET). When the
soil moisture is under a dry condition, ET fraction grows linearly
with the soil moisture. Under this condition, the so-called dry regime or soil moisture–limited regime, AET is mainly controlled by
the available soil moisture and plant available water. On the contrary, as the soil moisture increases and AET approaches PET, the
local ET is limited by the available input energy defined by the net
radiation, vapor pressure deficit, and wind speed. This latter condition is called the wet regime or energy-limited regime. In
the soil moisture–limited regime, adding water to soil results
in higher ET; however, in the energy-limited regime, added
water leads to no or minimal contribution to ET (Seneviratne
et al. 2010). A transition zone usually exists between the soil
moisture–limited regime and the energy-limited regime (Koster
et al. 2004; Seneviratne et al. 2010).
The changes in soil moisture generally have negative feedbacks to the near-surface air temperature due to the changes in
ET (Cheruy et al. 2013; Lo and Famiglietti 2013; Chou et al.
2018). When the liquid water transforms into water vapor
through ET, the atmosphere takes the latent heat away from
the local land surface and releases the energy nonlocally or
remotely (Wey et al. 2015). Depending on the relative
strengths of relevant factors such as local atmospheric stability
and large-scale circulation, the condensation of water vapor
may result in precipitation formation, thus bringing the water
back to the land surface. The feedback between soil moisture
and precipitation, however, can be either positive or negative.
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A positive soil moisture–rainfall relationship has been observed in Illinois (Findell and Eltahir 1997), Kansas (Eltahir
1998), and the United States as a whole (Koster et al. 2003),
whereas enhanced precipitation accompanied by drier soil
has been observed in West Africa, the Sahel, and Australia
(Hohenegger et al. 2009; Taylor et al. 2012; Guillod et al. 2015).
The dominant feedback between soil moisture and precipitation often depends on soil wetness (Hsu et al. 2017; Holgate
et al. 2019), precipitation frequency, and the temporal retention of soil moisture (Wei et al. 2008).
Precipitation can also exhibit weak or no coupling to soil
moisture variations. For example, precipitation would not be
influenced by soil moisture when the soil is too wet; it would no
longer be a limiting factor because ET is controlled by available
energy rather than soil moisture. In general, the land surface and
the atmosphere show tight coupling in the transition zone between
the wet and dry climate regimes (Seneviratne et al. 2010). Previous
studies showed that the ‘‘hot spots’’ of land–atmospheric coupling,
where soil moisture condition was considered to influence the
troposphere, mainly existed at regions of intermediate soil wetness
between arid and humid conditions (Koster et al. 2004; Guo et al.
2006; Dirmeyer 2011). Guo and Dirmeyer (2013) further pointed
out that the land–atmosphere coupling strength (LCS) can show
interannual variability. The coupling tends to strengthen during
anomalously wet years for arid zones and anomalously dry years
for wet regions. Considering the sensitivity of precipitation to soil
moisture in regions under the transition zone, where proper soil
moisture information is important, can improve the intraseasonal
to subseasonal forecast skill (Koster et al. 2010; Zhao et al. 2019).
Previous studies also showed that soil moisture could influence
land–atmosphere coupling through delay and buffering effects,
which might further affect the persistence of climate extremes (e.g.,
Entekhabi et al. 1996; Elthahir 1998; Lo and Famiglietti 2010).
Therefore, the spatiotemporal distribution of soil moisture is critical for numerical climate prediction.
While previous studies mostly focused on the spatial distribution of the LCS hot spots in particular seasons or the whole
year (Dirmeyer et al. 2006; Chen and Zhang 2009), the temporal evolution of the LCS at a particular location under an
extreme event has not been explored thoroughly yet. Only a
few studies, such as that of Basara and Christian (2018), reported subseasonally varying land–atmosphere coupling and
stronger coupling in the terrestrial segment under spatially and
temporally warm conditions in the Great Plains of the United
States. In this study, we present the impact of a single hydrological event on LCS over time and demonstrate how their
interaction contributes to the subseasonal variation of the
land–atmosphere coupling.
With high spatial and temporal variability in precipitation, a
region in northern Australia (168–218S, 1258–1458E) is chosen
as our testbed to explore temporal variations of LCS in such
semiarid regions with a small portion of the tropical region
included. Annual rainfall in this region is mainly attributed to
the thunderstorms and the occasional tropical cyclones (http://
www.bom.gov.au). Located in Oceania between the South
Pacific Ocean and the Indian Ocean, Australia is influenced by
many kinds of natural climate variations, such as El Niño–
Southern Oscillation (ENSO), the Indian Ocean dipole (IOD),
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and the southern annular mode (SAM). These climate oscillations
as a combination led to extreme rainfall and subsequent large
flood events in 2010/11 (Fasullo et al. 2013). Due to the enormous
amount of water transported mainly to the Australian continent
during this extreme flooding event, the global sea level dropped by approximately 5 mm (Boening et al. 2012), which coincided with matching increases in terrestrial water storage
(TWS) over Australia and South America estimated by the
Gravity Recovery and Climate Experiment (GRACE; Tapley
et al. 2004). The increase in TWS over Australia persisted
longer than that in other continents (Fasullo et al. 2013). This is
caused by Australia’s unique hydrological environment, where
some large semiarid and arid basins in Queensland and South
Australia are very flat and endorheic (Fasullo et al. 2013). The
condition typically leads to large transmission loss allowing only a
small fraction of precipitation for runoff, and most of the rest returns
to the atmosphere through ET or infiltrates into soil (Costelloe et al.
2003; McMahon et al. 2008). For example, Jarihani et al. (2015)
report that the runoff ratio in the northern part of the Diamantina
Catchments (near the center of our study region) was 0.07 in 2010/11
when all rainfall events were counted and 0.24 when only rainfall
events greater than 20 mm were included.
The persistence of a wet anomaly of soil moisture (soil
moisture memory) after the precipitation events has implications for subseasonal to seasonal forecasting (Koster et al. 2000).
How this delayed response of ET affects the land–atmosphere
coupling strength is the main focus of this study. Therefore, we
applied a land surface coupling index from Dirmeyer (2011) to
diagnose the impact of soil moisture variation on the coupling
strength in northern Australia during the flood event in 2010/11.
Section 2 introduces the data and model we use to verify land
water content, and the index we use to estimate the land–
atmosphere coupling strength is also discussed. Section 3 describes the results by which the change in surface ET condition is
found during the flood. Implications of this study and future
work are further included in sections 4 and 5.

2. Data and method
a. Gravity Recovery and Climate Experiment
We use Gravity Recovery and Climate Experiment
(GRACE) data to evaluate the simulated TWS over Australia.
GRACE (Tapley et al. 2004) is a collaborative Earth observation mission by the National Aeronautics and Space
Administration (NASA) and the German Aerospace Center
that maps global-scale gravity change regularly. With the
changes in distance between two satellites, GRACE has been
making accurate measurements of changes in TWS in time
scales of monthly or longer both over the land (Swenson et al.
2003) and ocean (Chambers et al. 2004) since its launch in
March 2002. The GRACE mission provides an estimation of
variations in TWS for areas larger than 150 000 km2 (Swenson
et al. 2006). Several studies have compared GRACE-derived
TWS to in situ observations (Rodell et al. 2004a; Swenson et al.
2006) and hydrological models (Ramillien et al. 2004; Syed
et al. 2008). Both in situ and model results mostly showed
reasonable agreement with the GRACE TWS. The official
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GRACE Science Data System releases monthly gravity solutions from three different processing centers: the GFZ
(Geoforschungs Zentrum Potsdam), CSR (Center for Space
Research at University of Texas, Austin), and JPL (Jet
Propulsion Laboratory). Here, we use the JPL RL06M
(Release 06 generated by the mascons solution; Wiese et al.
2018; Watkins et al. 2015; Wiese et al. 2016) to calculate TWS.
Further information about the data is available at https://
grace.jpl.nasa.gov/data/get-data/jpl_global_mascons/. We also
utilize other GRACE products, GRACE_CSR RL05 (Save
et al. 2016), GRACE_GFZ RL05 (Dahle et al. 2012), and
GRACE_JPL RL05 (Wiese et al. 2015), which also give consistent results (shown in Fig. S1 in the online supplemental
material).

b. Community Land Model version 4
The Community Land Model version 4 (CLM4; Oleson et al.
2010; Lawrence et al. 2011) is employed to simulate hydrological fluxes and states in the study region. CLM4 is the land
component in the Community Earth System Model (CESM;
Hurrell et al. 2013). To simulate land hydrology over Australia,
we conducted offline CLM4 simulation with 3-hourly forcing
from Global Land Data Assimilation System (GLDAS; Rodell
et al. 2004b) after correcting bias in the precipitation having the
same amount of monthly precipitation using the Australian
Water Availability Project (AWAP; Jones et al. 2009; Raupach
et al. 2009, 2012). AWAP is an interpolated gauge precipitation
dataset available over entire Australia managed by the
National Climate Centre, Australian Bureau of Meteorology.
For spinup simulations, atmospheric forcing from 1980 to 2013
was applied for five cycles, with 170 years in total. Then, the
simulation for analysis was run from 1964 to 2013 with a spatial
resolution of 0.58 3 0.58. Note that GLDAS provides two
versions of data: GLDAS-1 and GLDAS-2. GLDAS-1 forcing
data is over the record from 1979 to the present, whereas
GLDAS-2 is from 1948 to 2010. Due to the changes in data
sources for GLDAS-1 forcing, GLDAS-1 exhibits some discontinuous and unnatural trends, especially from 1995 to 1997
(Rui and Beaudoing 2020). Compared to GLDAS-1, the
forcing data from GLDAS-2 feature greater consistency with
time. Considering the limitation of data availability and consistency, we combined GLDAS-2 (1964–99) and GLDAS-1
(2000–13) to construct the model forcing for the entire simulation period, 1964–2013. The average precipitation from
GLDAS is lower than TRMM and AWAP, especially during
the peak precipitation periods as shown in Fig. S2. Moreover,
the standard deviation (seasonal and interannual variations)
from GLDAS is smaller than the two datasets. Hence, we
corrected the GLDAS precipitation bias using monthly AWAP
data. On top of GLDAS forcing, monthly-accumulated precipitation is scaled to match AWAP values.
To evaluate the overall water balance of CLM4 at the continental scale and compare it with GRACE TWS, the CLM4based TWS was calculated by summing canopy water, snow
water equivalent, the vertical summation of liquid water and
ice in all soil layers, water in the unconfined aquifers, and the
water in rivers. The comparison of the two TWS anomalies
estimates in Fig. 1 shows the overall consistency over time. The

FIG. 1. Time series of water storage (cm) over mainland
Australia from GRACE observation (blue dashed line) and CLM4
(blue line) relative to the climatology from 2002 to 2013; the red
line using the right axis shows the upper 10 cm soil water
from CLM4.

CLM4-simulated TWS can capture not only the seasonal
variability but also the interannual variations in GRACE.
Australia was under the Millennium Drought from 1997 to
2010, and the gently declining trend in Fig. 1 also appears to be
the impact of this decade-long drought. From 2003 to 2009, the
TWS over mainland Australia decreased slightly as a recovery
from the wet anomaly in 2000, which is consistent with Munier
et al. (2012). The TWS then increased to a peak in 2011 and
maintained a positive anomaly till 2012. The long persistence
of water storage anomaly may result in an elevated level of ET
during the corresponding period. In general, the seasonal cycle
of ET can be captured well, when compared to the simulations
from Global Land Evaporation Amsterdam Model (GLEAM;
Martens et al. 2017; Miralles et al. 2011), the Australian
Landscape Water Balance model (AWRA-L v6; Frost et al.
2018), and FLUXNET (Jung et al. 2009, 2011), with some
discrepancies at the peak values as shown in Figs. S3–S5. The
flux station data usually contain some extreme values, which
are not shown in the gridded products or CLM simulations.
The seasonal cycle shows a similar phase in these datasets but
with different peak months. FLUXNET shows the lowest ET
comparison, and the CLM4 simulation is close to the value of
the station data. We also evaluated the ET at a more extended
time period and larger area by comparing it to gridded datasets
of GLDAS, FLUXNET, and CMRSET (CSIRO MODIS
Reflectance-based Scaling ET). Figure S6 shows that observed
ET from FLUXNET and CMRSET has smaller seasonal
variations than LSM ET GLDAS averaged and CLM4.
Nevertheless, all of the data show a large increase in ET in
2010/11.
Soil moisture at the top 10 cm increased during the flood
event (Fig. 1), although it had a shorter persistence time than
the TWS. CLM4-simulated 10 cm soil water and the resulting
surface heat fluxes, including sensible heat and latent heat, are
further employed to explore changes in the LCS. Volumetric
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soil water content (H2OSOI) comparison with the station data
is shown in Figs. S7 and S8. Soil moisture increased since 2010
and peaked in early 2011. H2OSOI shows systematic bias between the station and grid data, but with similar temporal
patterns.

c. Land surface coupling index
A land surface coupling index (LCI) proposed by Dirmeyer
(2011) is used here to diagnose the LCS. This index can measure the sensitivity of surface flux to soil moisture variability. It
can be described as follows:
Iu 5 Sw 3 bu .

(1)

The index (I) is calculated from the slope (b) of the linear fit
from daily mean soil moisture (w) to the land surface flux
(u) (e.g., latent heat flux) and multiplied by the standard
deviation of soil moisture (S w ) for each month of all years.
The averaged seasonal cycle is first removed for all the
variables. In the original paper, the index is calculated
from the daily soil moisture and surface flux in the same
month of all years. To examine the interannual variability
of the LCS, we derived the index for each month of each
year. Note that the average value from each month is relatively close to the value calculated based on the original
formulations of 50-yr daily data (Fig. S9). We calculated
the LCI based on the top 10 cm soil moisture and latent
heat flux, and the seasonal cycle is removed before calculating the index.
This index can determine the degree of LCS by ‘‘ET regimes’’ when the latent heat flux is regarded as the land surface
flux (u). When the surface ET is soil moisture–limited, higher
soil moisture would lead to increased ET, resulting in positive
bu and LCI. On the contrary, under an energy-limited condition, the LCI is expected to be close to zero or negative values
since increased ET might lead to reduced soil moisture, and
thus a negative bu.
While normal land–atmospheric coupling can be divided
into the terrestrial segment and the atmospheric segment, the
LCI of Eq. (1) only considers the terrestrial segment. The
terrestrial segment refers to the relationship between conditions of the land surface (e.g., soil moisture) and land surface
fluxes (e.g., latent and sensible heat fluxes); the atmospheric
segment deals with the coupling of surface fluxes with planetary boundary layer processes and precipitation. Although
Dirmeyer (2011) states that this index provides a ‘‘necessary
but not sufficient condition’’ to indicate LCS, we assume that
it is sufficient for us to distinguish the ET regimes during the
entire analysis period. Furthermore, our offline CLM4 simulation does not couple the surface condition to the atmosphere, in which only the surface reflects atmospheric forcing,
but the atmospheric condition would not be influenced by
the surface condition. Thus, while a fully coupled land–
atmosphere model is outside the present study’s scope, the
coupled land–atmospheric modeling can be deployed in the
future follow-up study to examine more detailed processes in
the atmosphere triggered by the occasional large-scale flood
inundation.
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3. Results
The climatological precipitation of the AWAP data averaged over November–March from 1964 to 2013 is shown in
Figs. 2a–e. During this season, the wet region presents in the
northern part of Australia, but precipitation decreases sharply
toward the south. Compared to the climatological mean of
precipitation, the summer of 2010/11 shows a widespread
positive anomaly in precipitation (Figs. 2f–j). Regions having
climatological precipitation of 100 to 200 mm month21 at
roughly 168 to 218S underwent a season of pronouncedly higher
precipitation rate in 2010/11. The ET of this region, according
to the positive LCI value in Figs. 3a–e, climatologically belongs
to the soil moisture–limited regime. Such a region, however,
may temporally shift into the transition section under a wetter
condition. Due to the direct influence of precipitation on soil
moisture, changes in LCI are expected to follow the anomalously large precipitation. In November and December 2010,
the LCI remained high in the analyzed region enclosed by the
blue box in Figs. 3f and 3g (168–218S, 1258–1458E). This suggests that the soil moisture and ET still maintained a positive
relationship during the period. However, from January to
March 2011, the LCI dropped to anomalously low values with
the northern part of the analysis region having negative values
(Figs. 3h–j). Hydrometeorological processes responsible for
the negative relationship between precipitation and LCI during the second half of the event can be inferred by examining
their temporal variation. The following results are based on the
mean condition in the blue box in Figs. 3f–j.
To examine the variability of LCS during the flood, the
anomaly time series of LCI, precipitation, latent heat flux,
sensible heat flux, and top 10 cm soil water averaged in
the analyzed region are compared (Fig. 4). Beginning in
September, the fluctuation in latent heat flux follows the soil
moisture, and the increasing trend can be seen in both soil
water and latent heat flux. However, after December 2010,
despite the increase in soil moisture owing to the accumulated
heavy rain, the latent heat flux approached saturation and
hardly increased with soil moisture, which resulted in a decline
in LCI. This corresponds to the transition of LCI from positive
in 2010 to near-zero and negative values in 2011 (Figs. 3f–j).
Besides latent heat flux, Fig. 4b further shows the change in
sensible heat flux. Since the latent heat flux anomaly kept increasing since November 2010, there was a decline in the
anomaly of sensible heat flux until April 2011. This indicates an
altered Bowen ratio due to the wetter soil. However, the
available energy is not enough to enable the variation of latent
heat flux to cohere with soil moisture, resulting in the shifting
of the ET condition toward the energy-limited regime.
Besides the relative variation of the anomalous soil moisture
and the anomalous latent heat flux, the absolute values and the
climatology further support our conjecture. The open circles in
Fig. 5 show the climatological relationship between the upper
10 cm soil moisture content and latent heat flux. As soil moisture is the constraining factor for ET in semiarid regions, the
latent heat flux generally has a positive linear relationship with
the upper layer soil water. However, it becomes irregular
during the flooding period as shown by the solid circles in
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FIG. 2. (a)–(e) The 1964 to 2013 AWAP climatological precipitation (mm month21) from November to March, respectively.(f)–(j)
Precipitation (mm month21) from November 2010 to March 2011, respectively. (k)–(o) Precipitation difference of November 2010 to
March 2011 [in (f)–(j)] minus its climatology [in (a)–(e)]. Black boxes in (f)–(o) indicate the region following figures focus on.

Fig. 5. When the upper 10 cm soil water increases over
20–25 mm, the latent heat flux starts leveling off and slightly
declining with the further increase of soil moisture. This suggests the transition of ET conditions from the soil moisture–
limited regime toward the energy-limited regime when
this region undergoes the flood. If this is the case, the signal
will also present in the relationship between LCI and soil
moisture.
Figure 6a shows the 1-yr running mean of upper 10 cm soil
water and the LCI from monthly data. In early 2010, LCI and
soil water had a positive relationship: the LCI increased with
the increment of soil moisture. However, when soil moisture
became more than approximately 18 mm in the middle of 2010,
the LCI no longer followed the upward trend with the soil
moisture. The LCI became low and did not recover until the
middle of 2011. Consistently, the variations can also be found
when comparing the original monthly data to the climatology
(Fig. 6b). At the beginning of the event, the heavy rain led to a
high LCI anomaly. Soon after December 2010, the LCI fell far
below the climatology and met the lowest point in March 2011,
with a value of nearly 0. This low value is not seen in Fig. 6a
because of the smoothing. After March, the LCI gradually
climbed back. Figure 6 as a whole indicated that when the flood
event occurred in this region, the sensitivity of ET to soil
moisture became higher at first. After the soil moisture
reached a certain degree, the sensitivity, or LCI, declined until
the soil moisture decreased again. The hysteresis pattern could
also be found in climatological values but exacerbated during
this flooding year.

As the LCI can be separated into two components, Sw and
bu, Fig. 7 is plotted to discuss the reason for changes in LCI in
Fig. 6b. The variation of soil moisture (Sw) remained high and
became even higher as the soil moisture increases. The decrease
in LCI was mainly due to the decrease in bu, namely the linear
regression slope of the soil moisture and ET. Note that the x axes
of Figs. 5 and 7 are comparable. Whereas the LCI declines when
the soil gets wetter (Fig. 7), the latent heat flux increases with soil
moisture until it approaches saturation (Fig. 5). This is similar to
Fig. 2 in Koster et al. (2004). In their study, the low soil moisture
condition with low ET and high diagnostic index indicates the
soil moisture–limited regime; the low diagnostic index and high
soil moisture condition with high ET hardly increase with soil
moisture, indicating the energy-limited regime. Applying this to
our study area, northern Australia, which is originally under the
soil moisture–limited regime during this season, is suggested to
undergo the transition regime when floods occur.

4. Discussion
Our study shows the potential of a shifting surface condition
during a hydrological event in 2010/11. The thresholds of surface soil moisture between different phases are worth discussing since the phases determine the LCS. Besides, for a
hydrological event, a factor in determining the degree and
temporal duration of the influence is the soil moisture memory,
which is also a spatial dependent property.
As land surface generally evolves more slowly than the atmosphere, it is a source of extended memory for subseasonal to
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FIG. 3. As in Fig. 2, but with LCI (W m22) calculated from CLM4 simulation; the black boxes in (f)–(o) indicate the region the following
figures focus on.

seasonal predictions. Unlike for a weather forecast, which
depends on the atmospheric initial conditions, land and
ocean initial conditions such as sea surface temperature and
soil moisture content are essential for subseasonal to seasonal forecasting systems (Pegion et al. 2019). Uncovering
the relationship between the surface condition and surface
fluxes is crucial for the improvement of numerical modeling.
Previous studies have shown biases of ET existing in the land
surface model (Swenson and Lawrence 2014) and pointed
out the importance of soil moisture for weather and climate
prediction (Dirmeyer and Halder 2016). Koster et al. (2004)
also suggested that in regions with surface characteristics in
the transition section, soil moisture could influence precipitation. Thus, taking the surface condition of those regions
into account is crucial for subseasonal to seasonal climate
prediction.
As a region may transit from a soil moisture–limited to the
transition section and energy-limited regime during a hydrological event, taking changes in surface condition due to such
events into consideration might also impact the results of numerical prediction. However, more numerical experiments are
necessary to address this perspective. Here, we did two additional sets of analyses to demonstrate the robustness of our
results. First of all, previous studies have mentioned the importance of root-zone soil moisture (SM) contributions to
transpiration fraction change and a good rank relationship to
the lifted condensation level (Decker et al. 2015). While the
study only discussed transpiration, we consider the total
evaporation to be a factor of the near-surface atmospheric

state, which is directly affected by the surface SM. The overarching goal of this study is to represent LCS and show the
LCI–SM phase’s outlier status during a prolonged wet period.
We further analyzed the root-zone soil moisture to support the
results (Fig. S10). The phase diagram using root-zone SM (Fig.
S10) shows a similar performance to the results from using

FIG. 4. Time series of (a) daily rainfall (mm day21), upper 10 cm
soil water (mm), and monthly LCI (W m22) and (b) latent heat flux
(W m22) and sensible heat flux (W m22) area averaged in the black
box of Fig. 2 relative to the climatology from 1964 to 2013.
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FIG. 5. (a) Scatterplot of climatological and (b) 2010/11 daily upper 10 cm soil water (mm) and latent heat flux
(W m22) in the black box of Fig. 2.

10 cm SM as given Fig. 6b. Second, comparing the 2010/11
case we focus on with previous flooding events in 1974 and
2000, similar changes in phases of the LCI–SM relationship
are observed (Figs. S11 and S12). This indicates that the
weakening of LCI could be a common feature during extreme
flooding compared to the climatological condition. It also
implies that the linkage between soil moisture and latent heat
flux is decoupled temporarily during the flooding events,
which might further impact the boundary layer development and
the land–atmosphere coupling.
In addition to SM, other factors such as net radiation, atmospheric water vapor deficit, wind, and vegetation can affect ET as indicated by a decline in SM–ET coupling (LCS).
For example, Fig. 5 shows that the decreased LCS is associated with more tendency toward an energy-limited regime,
indicating that ET is less dominated by SM in the middle to
the late stage of flooding. Figure S13 shows that the net radiation and latent heat fluxes reached their maximum in
January/February and decreased. Due to wetter soil and
greening (Fig. S14), the net radiation and ET in the 2010/11
warm season are continuously higher than the average. In this
semiarid region, flooding leads to a greener landscape (Bastos

et al. 2013; Poulter et al. 2014). In addition to stomatal conductance, increasing vegetation might be dominant and cause
increased transpiration.
Memory or persistence of anomaly in land surface states is a
necessary condition for the land surface to significantly influence the atmosphere. Here we show the variability in land
surface states and the surface flux sensitivity to the land surface
wetness using the LCS. Changes in surface fluxes directly affect
atmospheric conditions. Sensible heat flux controls the planetary boundary layer’s growth and the stability of the nearsurface atmosphere, and latent heat flux contributes to the
humidity in the boundary layer. These fluxes, thus, influence
the occurrence of convective precipitation as illustrated in
previous studies (e.g., Yin et al. 2015; Dirmeyer et al. 2019).
The flooding event discussed here led to changes in the Bowen
ratio (Fig. 4), which may also influence convective precipitation initiation. Convection may be triggered under certain
conditions. For example, when the planetary boundary layer
height crosses the lifted condensation level (LCL crossing) and
sufficient convective available potential energy (CAPE) is
available (Yin et al. 2015). While both wet and dry land surfaces can lead to LCL crossing, the moist land surface is
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FIG. 7. Changes in monthly LCI and its components normalized
by the maximum value of data during September 2010 to March
2011 (before and during flooding).

FIG. 6. (a) The 1-yr running mean of monthly upper 10 cm soil
water (mm) and LCI (W m22) from 2009–11. (b) Scatterplot of
monthly upper 10 cm soil water (mm) and LCI (W m22) in the box.
Points connected with the black line show the climatology and
points connected with the red line show the data in 2010/11; the
coordinate values (x, y) next to the black line are the climatology
soil water (x) and climatology LCI (y) for each month. The dashed
line with the square mark is the LCI 61 standard deviation (STD)
range, while the dashed line with a diamond mark is 10 cm soil
moisture 61 STD range.

favorable for the existence of large CAPE (Yin et al. 2015).
Thus, the land surface’s wetness can control the initiation and
intensity of precipitation when there is an effective land surface
coupling.
While studies exist that discuss the soil moisture effect on
atmospheric state and its application on subseasonal to seasonal forecasts, our study focuses on a different season on a
longer time scale. Having the spatial domain over Australia,
Zhao et al. (2019) recently proved the impact of soil moisture
memory on the subseasonal to seasonal forecast during the
cold season (May–July). However, the forecasting ability in
other seasons has not been discussed yet. Some studies have
explored the relationship between SM and rainfall on a daily
time scale. For example, Hsu et al. (2017) explored the relationship between SM in the morning and the rainfall in the
afternoon and show that rainfall is more likely over very wet
areas, and Holgate et al. (2019) explored the relationship between today’s SM and the next day’s rainfall and found significant positive soil moisture–rainfall correlations in northern
and arid central Australia during the wet seasons. Both of these
two studies focus on the SM–precipitation relationship on time
scales of the day; on the contrary, our study—based on the
LCI definition in Dirmeyer (2011)—focuses on the monthly

variation of soil moisture–rainfall coupling using the regression
coefficients between daily soil moisture and rainfall within a
month and, further, explores its interannual variations.
Our analysis—including 1) the land surface coupling
strength, 2) variability in land surface states, and 3) persistence
of surface state anomaly—provides important insight into the
role of land surface into subseasonal to seasonal predictions.
While a few examples of operational land surface data assimilation existed previously (Barbu et al. 2014; Balsamo et al.
2015; Gustafsson et al. 2018), some systems do not assimilate
actual land surface observations and rather rely on assimilating
meteorological data (Dirmeyer et al. 2019). Although testing
the subseasonal to seasonal predictability might be out of our
work’s scope, this study suggests the importance of considering
significant and persisting anomalies in land surface states when
making subseasonal to seasonal predictions. In addition, while
this study uses CLM4 to explore the LCI changes, results from
the updated CLM (i.e., CLM4.5) also indicate the altered LCI
under the 2010/11 flooding events. In the future, CLM5 coupled with the atmosphere model can be considered to explore
further how it feeds back to the atmosphere. We further calculate the phase diagram of LCS changes using the ERA5
dataset (Fig. S15), which has similar patterns to those shown in
Fig. 6 from offline CLM simulations, indicating that such LCS
changes can exist in other datasets.

5. Summary
In previous studies, among the three phases of ET condition,
the transition section is the one that soil moisture would mostly
influence the atmospheric conditions, including precipitation.
Most of the previous studies discussed the hot spots of land–
atmosphere coupling on a spatial basis (Koster et al. 2004; Guo
et al. 2006). The hot spots of LCS are mainly over semiarid
regions, a transition zone between the humid and arid climate
with ET condition being in the transition section. Some of the
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studies further discussed the interannual and seasonal variability (Dirmeyer 2011; Guo and Dirmeyer 2013). Those
studies suggested the change of dry and wet regions into different phases of ET conditions under certain situations. For
example, a soil moisture–limited region such as Australia might
shift into the transition section when it is anomalously wet
(flooding event in 2010/11). However, changes in surface conditions due to hydrological events (i.e., floods and droughts) have
not been uncovered yet.
Here, we elucidate the mechanism of land–atmosphere
coupling during an extreme flood event in northern
Australia. From late 2010 to early 2011, Australia underwent
an anomalously wet year due to the ENSO. The enhancement
of precipitation especially presents in northern Australia
(Fig. 2). Consistently, the GRACE data and our simulation by
the CLM4 both indicate an increase in TWS for the whole of
Australia (Fig. 1). As the ET condition is usually soil moisture–
limited in the semiarid region in northern Australia, a positive
correlation between soil moisture and ET is suspected.
However, as the precipitation kept having a positive anomaly
throughout the whole period, LCI had a negative anomaly in
northern Australia (168–218S, 1258–1458E) in 2011. As the
positive LCI indicates a soil moisture–limited condition, and
negative or near-zero LCI indicates an energy-limited one, the
result implies the alteration of surface ET condition.
An insight into changes in the surface during the flood is
gained through further exploring the temporary change in the
LCI (Figs. 4 and 6). In the beginning, the trend in LCI consists
of the increase in surface soil moisture, which indicates the soil
moisture–limited condition of the region. However, from
November 2010 to March 2011, despite the continuous rise in
the upper 10 cm soil moisture, the LCI kept declining and
nearly approached zero in March 2011. The LCI was anomalously low and suggests altering surface conditions from a soil
moisture–limited to the transition section. Figures 5 and 7, in
combination, further support our perspective. As the soil
moisture increased, the LCI declined by lowering the linear
increase in ET rate with soil moisture. Thus, in some specific
regions of the world, if the land–atmosphere coupling can
change from the soil moisture–limited regime to an energylimited regime, LCS temporal variations (such as in the phase
diagram in Fig. 6) should exist. Such temporal variation of the
LCS has essential applications for realistic parameterization of
the land–atmosphere coupling in climate models and consequently improving subseasonal to seasonal climate forecast.
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