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Abstract

Atmospheric heat and moisture over land are fundamental drivers of monsoon circulations. However, these
drivers are less frequently considered in explaining the development and overall intensity of monsoons than
heat and moisture over the ocean. In this study, the roles of turbulent heat fluxes over land in the monsoon
system over East Asia are examined using Climatic Research Unit observations and European Centre for
Medium-Range Weather Forecasts reanalysis, and they are further explored using simulated sensible (H) and
latent (LE) heat fluxes from an ecosystem model (Predicting Ecosystem Goods and Services Using Scenarios
or PEGASUS). Changes in the H fluxes over the land during the pre-monsoon season (March-May: MAM)
affect the differential heating between land and ocean, which in turn controls monsoon development. In July,
an intensified contrast of the mean sea level pressure between land and ocean is observed during the years of
stronger land-sea H contrast in MAM, which results in enhanced onshore flows and more rainfall over
southern East Asia. After monsoon onset, the contrast of H is influenced by monsoon rainfall through the
cooling effect of precipitation on surface air temperature. During the monsoon season (June-September:
JJAS), LE fluxes are more important than H fluxes, since LE fluxes over land and ocean affect overall mon-
soon intensity through changes in the land-sea contrast of turbulent heat fluxes. Significantly increased
monsoon rainfall over western East Asia is observed during the years of larger LE over the land in JJAS. In
ecosystem modeling, we find that the monsoon can be weakened as potential (natural) vegetation is con-
verted to bare ground or irrigated cropland. Simulated H fluxes in MAM and LE fluxes in JJAS over the land
significantly decrease in irrigated crop and bare ground scenarios, respectively, which play crucial roles in
controlling monsoon development and overall intensity.
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1. Introduction fied the ocean variability as the primary forcing of
change in monsoons [5-7]. For example, many studies
have focused on investigating the relationships between
the monsoon and sea surface temperature (SST) in the
Atlantic [7,8], and Pacific and Indian Oceans [5,6,9].
Shanahan et al. [7] found that intervals of severe drought
in West Africa, lasting for periods ranging from decades
to centuries, are characteristic of the monsoon and are

linked to natural variations in Atlantic SST. SST anoma-

Monsoon is a seasonal climate interaction of the coupled
Earth system including land, atmosphere, and ocean.
Monsoons play an important role in health and economy
across the world from the tropics to the mid-latitudes [1-
3]. Differential heating between land and ocean is one of
the fundamental driving mechanisms of the monsoon [4].
Several observations and modeling studies have identi-
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lies in the tropical central and eastern Pacific indirectly
affect East Asian climate during the extreme phases of El
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Nifio/Southern Oscillation (ENSO) cycles [6,10,11]. A
significant relationship between the monsoon rainfall
over India and ENSO indices is well known [9,12], even
though the relationship has broken down in recent dec-
ades [2,5].

However, the changes in energy and water balances
over land could also be major sources of change in mon-
soon systems [3]. Previous efforts have been made to
examine the roles of the land surface in monsoons over
West Africa [13-15], India [16-18], and East Asia [19,
20]. Wang et al. [15] investigated the impact of large-
scale oceanic forcing and local vegetation feedback on
the variability of Sahel rainfall using a global biosphere-
atmosphere model. The simulated results indicated that
biosphere-atmosphere feedback acts as a mechanism for
the persistence of the twentieth century drought in West
Africa. Lee et al. [20] showed that the condition of the
land surface during boreal spring is as important as oce-
anic forcing in the formation of monsoon rainfall in East
Asia. New forecast models using the observed land cover
indices in addition to ocean heat sources greatly im-
proved the predictive skill of the East Asian summer
monsoon forecasting models relative to model using
ocean factors alone. More recently, a sensitivity study
with a regional climate model showed that representation
of irrigation is critical for realistic simulation of the In-
dian summer monsoon circulation and associated rainfall
[18].

In this study, the contrast of turbulent heat fluxes be-
tween land and ocean from global reanalysis products,
validated by land surface model products, satellite-based
data, and eddy-covariance measurements, are used to
examine monsoon development and intensity. The heat
and moisture contrasts could play significant roles in the
monsoon system by affecting the differential heating
between land and ocean. We use observations, reanalysis

data, and simulation modeling to investigate 1) the roles
of turbulent heat fluxes in the summer monsoon over
East Asia, and 2) the effects on the monsoon system due
to changes in turbulent heat fluxes resulting from land
cover and land management changes. The variables from
observations, reanalysis, and the ecosystem modeling
approach are described in Table 1.

Several modeling studies have shown that land cover/
use changes are a major component of change in regional
hydrological cycles, affecting the partitioning of net ra-
diation into sensible and latent heat fluxes in India [21],
the Amazon Basin [22], and the United States [23]. Also,
turbulent heat fluxes in the monsoon regions may have
been affected by expansion and intensification of agri-
cultural practices [24,25], which can cause changes in
heat and moisture transport from the land surface to the
atmosphere. Recent observations suggest that there are
plausible physical linkages between changes in surface
heat and moisture due to vegetation and crop manage-
ment and monsoon variability in India [26,27] and East
Asia [3,20]. In this study, we estimate the potential ef-
fects of turbulent heat flux changes on the monsoon over
East Asia using land cover and land management sce-
narios through a series of ecosystem model simulations.
We examine the changes in the turbulent heat fluxes due
to conversion of potential (natural) vegetation to bare
ground or irrigated cropland.

We consider the monsoon over East Asia, which is lo-
cated in a mid-latitude region (Figure 1(a)). The mon-
soon is strongly driven by lower-level winds from the
ocean to land during boreal summer that are due to a
pressure gradient related to differential heating of the
atmosphere over land compared to the ocean. In addition,
the monsoon region has experienced human-induced
changes in land cover and land use management over the
last couple of centuries [3,19]. Recently, changes in land

Table 1. Descriptions of observational, reanalysis, and modeling datasets used in this study.

Variables (units)

Time period

Spatial resolutions (lat x lon) Sources

Sensible heat flux (W/m?)
Latent heat flux (W/m?)
Sensible heat flux (W/m?)
Latent heat flux (W/m?)
Sensible heat flux (W/m?)
Latent heat flux (W/m®)
Surface air temperature (°C)
Precipitation (mm/day)
Sensible heat flux (W/m?)
Latent heat flux (W/m?)
Mean sea level pressure (hPa)
850 hPa u- and v-winds (m/s)
Sensible heat flux (W/m?)
Latent heat flux (W/m?)
Soil moisture at top 20cm (mm)

FLUXNET

Multi-model and

observed fluxes GSWP-2

OAFlux

Observations (CRU)

Reanalysis (ERA40)

Ecosystem model (PEGASUS)

Jan 1986 - Dec 1995 "x1°
Jan 1988 - Dec 2000 1°x1°

Jan 1961 - Dec 1990

Jan 1961 - Aug 2002

The last 30-year average
from 60-year simulations

Aug 1998 - Aug 2002 Takayama, Japan (36°08'N, 137°25'E)  AsiaFlux [45]

GSWP-2 [29]
OAFlux [30]

0.5°x0.5° CRU TS 2.0 [32]

2.5°%2.5° ERA40 [28]

(10" x 10", ~0.167° x 0.167°) PEGASUS [33,34]

Copyright © 2011 SciRes.
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Figure 1. Climatology of 850 hPa wind vectors (m/s) and
mean sea level pressure (MSLP; hPa) from 1961-1990 ERA-
40 reanalysis for (a) JJAS and (b) DJF. Solid and dashed
boxes in (a) indicate the monsoon and ocean regions where
turbulent heat fluxes, MSLP, and precipitation are calcu-
lated. (c) Climatology of monthly mean of precipitation
from 1961-1990 CRU climatology over the land in the mon-
soon region.

use from increasing irrigation have been reported in the

Copyright © 2011 SciRes.

Indian subcontinent and eastern Asia [24]. Therefore, the
East Asian region is appropriate for studying the rela-
tionships between monsoon activity and changes in land
cover and land management.

2. Data and Methodology
2.1. Observational and Reanalysis Data

Surface sensible (H) and latent (LE) heat fluxes are ob-
tained from the European Centre for Medium-Range
Weather Forecasts reanalysis (ERA40) [28]. In order to
evaluate ERA40 heat fluxes, we use the surface heat
fluxes from the Global Soil Wetness Project 2 (GSWP-2)
[29] for the fluxes over land, and Objectively Analyzed
Air-sea Fluxes (OAFlux) [30] for the fluxes over ocean.
GSWP-2 is the multi-model analysis of land surface state
variables and fluxes that combines the simulations of
more than a dozen different global land surface models
[29]. The surface fluxes output data from GSWP-2 have
been used as the best estimate of “truth” in numerous
global and regional climate-modeling studies [31]. The
OAFlux project improves the estimates of global ocean-
surface heat fluxes by utilizing the best possible surface
meteorological variables and the best possible bulk algo-
rithm [30]. The GSWP-2 product is available globally
over land on a regular 1° x 1° grid for a 10-year period
from January 1986 through December 1995. The OAFlux
project provides near-realtime 1° x 1° global analysis for
the turbulent heat fluxes from January 1958 onward, but
satellite-based products from OAFlux are available from
January 1985 [30]. Also, satellite wind retrievals are
available from July 1987 onward, and satellite air hu-
midity covers the period between July 1987 and Decem-
ber 2000. In this study, we use the H and LE fluxes from
OAFlux data for 1988-2000, and those from GSWP-2 for
1986-1995 to evaluate ERA40 heat fluxes in Section 3.
Mean sea level pressure (MSLP) and 850 hPa u- and
v-wind components from ERA40 are used for corrobo-
rating the heat fluxes as indicators of monsoon develop-
ment and intensity. Observed surface air temperature and
precipitation are obtained from the monthly climate time
series and 30-year climatology (1961-1990) datasets of
the Climatic Research Unit (CRU TS 2.0) [32]. Land
(30°N - 50°N and 110°E - 145°E) [11] and ocean (5°N -
30°N and 110°E - 145°E) regions used in this study are
defined using MSLP and lower-level winds during boreal
summer and winter (Figure 1(a)). During summer, winds
are from ocean (high pressure) to land (lower pressure) as
shown in Figure 1(a), but during winter (December
through February; DJF) they are from land (high pressure)
to ocean (lower pressure) (Figure 1(b)). Months of the
monsoon season are June through September (JJAS),
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which are the 4 months with highest precipitation (Figure
1(c)), and March through May (MAM) is defined as the
pre-monsoon season. Monthly and seasonal means during
pre-monsoon and monsoon seasons are calculated with
the ERA40 and CRU datasets. The contrast of turbulent
heat fluxes is defined as the differences of H (LE) fluxes
in MAM (JJAS) between land and ocean, after averaging
over all grid cells in the land and ocean regions. The
contrast of MSLP is also calculated by subtracting sur-
face pressure over the ocean from over land. Differences
of the variables for the monsoon development and inten-
sity between the mean of the 5 highest and the mean of the
5 lowest years of the H contrast in MAM and LE contrast
in JJAS, respectively, are calculated using MSLP, 850
hPa winds, and precipitation. We also use the 5-year
composite analysis of surface air temperature in JJAS for
the five years each of highest and lowest JJAS rainfall.
The 5-high and 5-low years of each of the variables are
defined in Figures 4 and 5. Variables used in the analysis
are from time series and climatology for 1961-1990.

2.2. Ecosystem Model Simulations

Predicting Ecosystem Goods and Services Using Sce-
narios (PEGASUS) is used in model simulations. PEGA-
SUS is an ecosystem model developed at the Center for
Sustainability and the Global Environment (SAGE) at
the University of Wisconsin, Madison [33,34]. Deryng et
al. [34] described PEGASUS and evaluated the model
against present-day data. They estimated the role of cli-
mate and agricultural management practices on global
crop yield using PEGASUS. West et al. [33] used PE-
GASUS to estimate the surface energy and water balance,
and how it is affected by changes in land cover. In
PEGASUS, the net radiation (R, determines the energy
available for H and LE fluxes to the atmosphere. The LE
fluxes are calculated following the Penman [35] and
Priestley-Taylor [36] formulations of energy balance/
water balance coupling, using a modified approach de-
veloped by Ramankutty et al. [37] and Gerten et al. [38].
The H fluxes are calculated by surface energy balance (H
= Ryt — LE), assuming that heat storage in vegetation and
soils is negligible on the time scales studied. Net primary
production (NPP) of biomes is simulated using a light
use efficiency (LUE) approach. PEGASUS runs on a
daily time step (with hourly subsets to estimate some key
water and energy balance terms) forced with surface air
temperature, sunshine fraction and precipitation from the
1961 to 1990 CRU 30-year climatology (CRU CL 2.0)
[39]. We use a spatial resolution of 10’ x 10', equating to
~0.167° x 0.167° for model simulations. PEGASUS does
not include an ocean component, so we use H and LE
fluxes only over the land in the monsoon region to esti-

Copyright © 2011 SciRes.

mate the potential impacts of land cover and land man-
agement changes on the monsoon system.

We perform three land cover/use scenarios using 60-
year equilibrium simulations, discarding the first 30 years
as spin up from each simulation. The model experiments
are potential vegetation (PV), bare ground (BG), and
irrigated crop (IR) scenarios. Potential vegetation is de-
fined as the vegetation that would exist in a location in the
absence of anthropogenic land use change [40]. Therefore,
the PV scenario is used as the control condition, and the
BG and IR are two experimental treatments of land cover
and land management changes.

We change five parameters in PEGASUS to simulate
the BG condition: albedo (modified from 0.1 - 0.2 to
0.25), fraction of vegetation (fveg; from 0.75 - 0.95 to
0.25) in each grid cell, fraction of roots in upper soil layer
(z1; from 0.7 - 0.9 to 0.8), biome maximum leaf area
index (plai; from 1.7 - 6.5 to 0.5 m%m?’), and bi-
ome-specific maximum transpiration rate (etrans; from
3.0 - 4.0 to 3.0 mm/day). In the BG scenario, the values of
these five parameters are changed from their control
values (i.e. PV) to those of open-shrubland, with the
assumption that open, low-stature shrubland is a reason-
able facsimile of degraded land [33]. For the IR simula-
tion, the five parameters are changed to the values of
grassland/steppe (albedo: 0.2, fveg: 0.95, z1: 0.9, plai:
4.5 m*/m?, and etrans: 4.5 mm/day) to simulate the land-
scape of representative croplands [41]. The key aspects of
irrigation in a modeling framework are the irrigation onset
(when to irrigate), amount (how much to irrigate), and the
method (e.g., rain, spray, drip, and rate) [42]. In our
simulation, irrigation is scheduled when relative soil
moisture content (top 20 cm) falls below saturated water
content during the growing season (defined as days with
daily mean temperature greater than 5°C). We use 0.47
m’/m’ as the threshold of saturated water content to
simulate compatible irrigation amounts of water added
through irrigation, as in Sacks et al. [43]. They simulated
irrigation amounts based on national-level census data,
disaggregated to the model’s resolution using maps of
croplands, areas equipped for irrigation, and climatic
water deficit [44]. In the irrigation schedule, we add the
deficit in soil moisture directly to daily soil moisture (top
20 cm) in each time step to produce fully saturated con-
ditions with an irrigation event. The deficit is water de-
mand for increasing the soil moisture content up to 0.5
m’/m’. After irrigation, the soil dries out until soil mois-
ture content falls below 0.47 m’/m”.

3. Roles of Turbulent Heat Fluxes in the
Monsoon over East Asia

First, we examine the annual cycle and inter-annual vari-
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ability of turbulent heat fluxes and monsoon activity using
observed and reanalysis datasets in order to understand
how the monsoon system is related to the contrasts of
turbulent heat fluxes between land and ocean.

3.1. Comparisons of Reanalysis Data with
Observations

We compare monthly mean H and LE fluxes from ERA-
40 reanalysis averaged only over land or ocean in the
monsoon region with those from GSWP-2 for land and
OAFlux for ocean. Correlation coefficients are calculated
based on monthly time-series of 1986-1995 for r values
of ERA40 with GSWP-2, and 1988-2000 for ERA40
with OAFlux. The surface heat fluxes from ERA40 are
significantly correlated with those from GSWP-2 and
OAFlux in the monsoon region (all r values > 0.9), and
annual cycles of H and LE fluxes from ERA40 are con-
sistent with those from GSWP-2 and OAFlux (Figure 2).

In addition, we compare the surface heat fluxes from
ERA40 with those from the FluxNet site in Takayama,
Japan (cool temperate deciduous forest) [45]. Monthly
mean H and LE fluxes averaged from the half-hourly
eddy-covariance measurements are compared with the
ERA40 monthly heat fluxes over the latitude and longi-
tude of the site (36°08'N and 137°25'E) from August 1998
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to August 2002. At the Takayama site, the eddy-covari-
ance measurements began 25 July 1998, and thus monthly
mean H and LE fluxes are available from August 1998
(N. Saigusa, personal communication). ERA40 reanaly-
sis is available until August 2002, so we examine 49
months for the period. H and LE fluxes from ERA40 are
significantly correlated with those from the FluxNet site
(r=0.74 for H and r = 0.84 for LE), and the heat fluxes
from ERA40 are better than those from National Centers
for Environmental Prediction-Department of Energy
(NCEP-DOE; NCEP2) reanalysis in representing the
measured heat fluxes at the Takayama-site (r = 0.27 for H
and r=0.71 for LE)

3.2. Role of Sensible Heat Flux during the
Pre-Monsoon Season

The contrast of H from land to ocean is positive during
the pre-monsoon and monsoon seasons and it is largest in
May (Figure 3(a)). The pre-monsoon H contrast can
affect the differential heating between land and ocean, and
therefore it might be an important driver of the monsoon.
The differential heating can lead to the contrast of sur-
face pressure from land to ocean, which causes the mon-
soonal wind flows during summer (onshore: ocean to
land). For example, the annual cycle of H contrast is
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Figure 2. Comparisons of monthly mean of H and LE fluxes from ((a) and (b)) GSWP2 (1986-1995 means) and ((c) and (d))
OAFIlux (1988-2000 means) with ERA40 averaged over the monsoon and ocean regions.
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Figure 3. Annual cycles of (a) climatology of monthly mean
H contrast and MSLP contrast between land and ocean
from 1961-1990 ERA40 reanalysis and (b) anomaly of
monthly mean MSLP contrast from ERA40 and precipita-
tion from CRU during the 5-high years of the H contrast in
MAM from ERA40 (1965, 66, 87, 61, 84 (high to low)) w.r.t.
1961-1990 climatology.

inversely correlated to that of MSLP contrast from land
to ocean (r = —0.85) with a strong lag correlation of H
con- trast lead by two months with MSLP contrast during
the pre-monsoon and monsoon seasons (r = —0.91) (Fig-
ure 3(a)). More heating over the land during the
pre-mon- soon season leads to lower MSLP over the land
compared to the ocean as shown in negative values of
MSLP contrast during the monsoon season. Thus, the
contrast of H during the pre-monsoon period may affect
the conditions of monsoon development through a change
in MSLP contrast between land and ocean, which is one
of the key drivers of the monsoon. During the years of
larger land-sea H differences in MAM, the contrast of
MSLP is larger than normal years (30-yr climatology)
(Figure 3(b)). In July, a month of the largest negative in
MSLP contrast from land to ocean, MSLP contrast is
larger during the years of stronger H contrast in MAM
(=5.59 hPa) than normal years (—4.16 hPa). So, the inten-
sified pressure contrast between land and ocean affects

Copyright © 2011 SciRes.

more monsoon rainfall in July and August compared to
normal years (Figure 3(b)).

Figure 4(a) shows the differences of MSLP (shaded)
and 850 hPa wind vectors for July between the composite
5 years of highest and of lowest contrast of H in MAM.
When a stronger land-ocean contrast of H in MAM exists,
stronger onshore flows from South China Sea and west-
ern North Pacific to southern East Asia in July are found
due to a larger contrast of surface pressure between land
and ocean. Increased contrast in MSLP, due to positive
differences of MSLP over the ocean and negative differ-
ences over the land, causes intensified onshore flows,
which are coincident with a larger contrast in H during the
pre-monsoon season. The enhanced monsoon flows lead
to an increase in July monsoon rainfall over southern East
Asia (Figure 4(b)), which is affected by stronger onshore
flows. Thus, changes in the land-ocean H contrast during
the pre-monsoon season are correlated with changes in
early monsoon activity.
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Figure 4. July composite differences of (a) ERA40 850 hPa
wind vectors (m/s) and MSLP (hPa) and (b) CRU precipita-
tion (mm/day) between the 5-high and 5-low years of the H
contrast in MAM from ERAA40 (5 high years—see Figure 3
caption and 5 low years—1964, 90, 67, 71, 75 (low to high)).
Significant regions at the 90% and 95% are contoured.
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3.3. Role of Latent Heat Flux during the
Monsoon Season

More than 60% of annual precipitation occurs during the
monsoon season (JJAS) in East Asia (Figure 1(c)). After
monsoon onset, therefore, the contrast of H is controlled
by monsoon rainfall through the cooling effect of pre-
cipitation on surface air temperature. Significantly lower
surface air temperature over the land in northern East
Asia during the years of strong monsoon rainfall demon-
strates the cooling effect (Figure 5(a)). Positive tem-
perature differences in southern East Asia are probably
related to an increase in July monsoon rainfall due to a
stronger land-ocean thermal difference as explained in
the previous section. On the other hand, monsoon systems
after onset may be more strongly driven by the contrast of
LE, via a positive feedback between the LE contrast and
rainfall enhancement by LE fluxes over the land. More
rainfall in the monsoon region is observed during the
years of larger LE over the land and smaller LE over the
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Figure 5. JJAS composite differences of (a) CRU surface air
temperature ("C) between the 5-high and 5-low years of
JJAS precipitation (mm/day) from 1961-1990 CRU time
series (5 high years—1971, 62, 90, 63, 64 (high to low) and 5
low years - 1978, 77, 67, 68, 82 (low to high)) and (b) CRU
precipitation between the 5-high and 5-low years of the LE
contrast in JJAS from ERA40 (5 high years—1990, 78, 79,
73, 74 (high to low) and 5 low years - 1965, 66, 87, 67, 81
(low to high)). Significant regions at the 90% and 95% are
contoured.
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ocean for June through September, which contribute to a
larger land-sea turbulent heat flux difference. For example,
significantly positive composite differences in JJAS rain-
fall are shown over western East Asia (Figure 5(b)).
Some significant negative differences in Japan could be
related to a decrease in rainfall due to a smaller LE in the
adjacent ocean. In addition, we calculate monthly lag
correlations between LE over the land (lead by one
month) and rainfall in East Asia during the monsoon
season, and the highest correlation is found between LE
in August and rainfall in September (r = 0.42; P <0.02).

Using observational and reanalysis datasets we find
that sensible and latent heat fluxes during the pre-mon-
soon and monsoon periods affect early monsoon devel-
opment and monsoon intensity during the monsoon sea-
son, respectively. We explore the impacts of land cover
and land management changes on the monsoon system
based on the observed findings, below.

4. Potential Impacts of Land Cover and
Land Management Changes on the
Monsoon System

We estimate the potential changes in the monsoon system
due to the effects of land cover and management changes
on turbulent heat fluxes using three modeling scenarios.
In a BG scenario, total annual NPP is decreased by 95.8%
in the East Asian monsoon region. However, in an IR
scenario, NPP is increased by 17.2% in the monsoon
region.

4.1. Comparisons of Simulated Heat Fluxes with
ERA40 Reanalysis

To compare the heat fluxes from PEGASUS with those
from the 1961-1990 ERA40 time series, we force the
model using specific years of the 1961 to 1990 CRU
monthly time series (0.5° x 0.5°) of surface air tempera-
ture and precipitation regridded to the model spatial res-
olution (~ 0.167° x 0.167°). While sunshine fraction data
are available only in the long-term average, the time series
of the period 1961-1990 is available for temperature and
precipitation. Subsequently, we run the model with tem-
perature and precipitation from different years, but with
the climatological sunshine fraction. The last 30-year
mean from each 60-year simulation is used as one-year of
a 30-year time series. Thirty-year time series of seasonal
means of H and LE fluxes from the model are compared
with those from ERA40 over the land in the monsoon
region. H for the pre-monsoon (MAM) and LE for the
monsoon (JJAS) seasons from PEGASUS averaged over
the monsoon region reasonably estimate those from ERA-
40 (r =0.38; P < 0.05and r = 0.66; P < 0.01 for H and
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LE, respectively).
4.2. Bare Ground (BG) Scenario

In the BG scenario, H decreases in MAM and LE de-
creases in JJAS in the monsoon region. For example,
spatially averaged H fluxes over East Asia decrease
(from 50.4 to 45.4 W/m?) when replacing the potential
vegetation (evergreen/deciduous mixed forest) with bare
ground (Figure 6(a)). Sensible heat decreases by ap-
proximately 30 W/m?” in mountainous regions in northern
North Korea, central and northern Japan, and Sikhote-
Alin in Russia. In the boreal and temperate forest areas,
removing forests cools air temperature in winter and
spring, because boreal trees have a lower surface albedo
compared with snow-covered ground [46]. However,
decreased turbulent heat fluxes are mainly due to a de-
crease in LE by 28.9 W/m* (from 79.1 to 50.2 W/m®)
(Figure 6(b)). The decrease in H flux as part of the BG
scenario (7.9 % decreases as compared to the H fluxes in
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PV) is small compared to LE flux decreases (36.6 % de-
creases as compared to the LE fluxes in PV). After con-
verting land cover from the potential vegetation to bare
ground, the monsoon over East Asia could be weakened
mainly due to a decrease in LE fluxes during the monsoon
season.

4.3. Irrigated Crop (IR) Scenario

In the IR simulation, five parameters are changed differ-
ently from the BG scenario, especially the fractional
vegetation cover (fveg) and plant functional type leaf area
index (plai) (fveg—0.95 and 0.25, plai—4.5 and 0.5
m*/m’ for IR and BG scenarios, respectively). Also, in the
IR case, daily soil moisture content (top 20cm) is increased
to maintain saturated soil moisture conditions (soil mois-
ture content = 0.5 m’/m"’). We calculate the water added by
irrigation, averaged over the East Asian monsoon region.
Annual irrigation amounts of 60.5 mm/year are compa-
rable to those of 59.8 mm/year found by Sacks et al. [43].
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Figure 6. Spatial differences of simulated turbulent heat fluxes (H and LE; W/m?) between ((a) and (b)) bare-ground (BG) and
potential vegetation (PV) and ((c) and (d)) irrigated-crop (IR) and PV scenarios. (a) H in MAM (BG-PV); (b) LE in JJAS

(BG-PV); (¢) H in MAM (IR-PV); (d) LE in JJAS (IR-PV).
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Simulated turbulent heat fluxes in IR scenarios de-
crease mainly due to decreased H in MAM (9.0 % de-
creases as compared to the H fluxes in PV) (Figure 6(c)).
However, changes in LE in JJAS are minimal, with a
small decrease (2.9% decreases as compared to the LE
fluxes in PV) (Figure 6(d)). The decrease in the LE
fluxes may be due to the fact that irrigation is simulated
after converting potential vegetation to grassland. It
means that increasing LE from irrigated water is offset by
decreasing LE from removed forests. A more than 10
W/m® decrease of H in MAM is shown in croplands
(converting from evergreen/deciduous mixed forest) in
eastern China (Figure 6(c)), where more than 50% of the
land surface was equipped for irrigation by around the
year 2000 [24]. After converting land cover and changing
land management from potential vegetation to irrigated
crops, monsoons could be weakened, and changes of H in
MAM play a dominant role in controlling monsoon under
the irrigation scenario.

5. Conclusions and Remarks

We find that the contrast of H from land to ocean during
the pre-monsoon period (MAM) plays an important role
in monsoon development, and that land-ocean LE dif-
ferences during the monsoon season (JJAS) modulate the
overall intensity of monsoon rainfall in East Asia. The
series of composite analyses using observational and
reanalysis data show that a stronger land-sea H contrast in
MAM helps monsoon development, which leads to the
intensified pressure contrast from the enhanced differen-
tial heating between land and ocean. In southern East Asia,
stronger onshore flows and more rainfall in July are ob-
served, which is related to the increased differences of
mean sea level pressure between land and ocean, during
the years of stronger contrast of H in MAM. During the
monsoon season, the land-ocean H contrast is controlled
by the cooling effect of rainfall on surface air temperature,
and the LE contrast plays a dominant role in controlling
monsoon intensity. Significantly increased rainfall is
observed over western East Asia during the years of lar-
ger LE over the land in JJAS that could in turn make the
land-sea contrast of turbulent heat fluxes stronger.
Potential effects of changes in turbulent heat fluxes due
to land cover/land management changes on the monsoon
over East Asia are estimated using three different sce-
narios in PEGASUS: potential vegetation, bare ground
and irrigated crops. In the bare ground case, LE over the
land in JJAS decreases compared to the potential vegeta-
tion case, which could result in decreasing the contrast of
turbulent heat fluxes from land to ocean during the mon-
soon season, thus probably reducing the monsoon forcing.
After converting to bare ground, H in MAM over East
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Asia decreases, but the changes are small compared to
changes of LE in JJAS. So, the weakening of monsoon is
expected in a bare ground scenario mainly due to de-
creasing LE over the land in JJAS. This result is consistent
with the simulated result from regional integrated mod-
eling using potential and current vegetation, which is that
the human-induced land cover changes have modified the
monsoon circulation over East Asia and weakened the
summer monsoon [19]. Both H in MAM and LE in JJAS
also decrease in an irrigated crop simulation, but the
change of H in MAM is larger than that of LE in JJAS.
Decreasing H in MAM by irrigation leads to a decrease in
the differential heating and thereby a decrease in pressure
differences between land and ocean, and might weaken
monsoon development. Weak early summer monsoons
during years of increasing irrigation in India have been
detected in an observational study [27]. Thus, the changes
in land cover and land management by bare ground and
irrigated crop scenarios can impact the monsoon system
by altering turbulent heat fluxes over the land during the
monsoon and pre-monsoon seasons. Both scenarios could
make the monsoon weaker by weakening both the H
fluxes over the land in MAM for an irrigated crop and the
LE fluxes over the land in JJAS for bare ground.

We recognize several limitations in our results. First,
the turbulent heat fluxes from the ERA40 reanalysis are
model-based, although it estimates the heat fluxes from
the multi-model and observed products reasonably well
in the East Asian monsoon region as noted in Section 3.
Long-term surface heat fluxes from observational meas-
urements located in the monsoon region are required to
establish firmly the roles of turbulent heat fluxes in the
monsoon system. Second, we use the turbulent heat
fluxes simulated by PEGASUS with energy and water
balances, which could be more realistic than the heat
fluxes from the general circulation models with a param-
eterization using the bulk aerodynamic formulas. How-
ever, PEGASUS doesn’t include an ocean component, so
to fully understand the feedbacks between turbulent heat
fluxes and monsoons, a coupled land-atmosphere-ocean
model including realistic calculations of turbulent heat
fluxes is needed. Finally, more realistic scenarios based
on the observed land cover and land management prac-
tices are also needed to verify the impacts of changes in
turbulent heat fluxes by bare ground and irrigation sce-
narios on the monsoon system shown in this study.

Understanding of the feedbacks between precipitation
and land surface conditions may yield clues for predic-
tion of seasonal as well as inter-annual variations of
monsoon rainfall [47]. Thus, the roles of turbulent heat
fluxes in the monsoon system identified in this study
could be applied to improve the predictive skill of mon-
soon forecasting, which is still a recognizable problem in
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climate studies. For example, the contrast of sensible
heat flux in the pre-monsoon season could be used to
enhance the predictability of monsoon precipitation. An
improved monsoon prediction algorithm could increase
the safety and security for billions of people in the mon-
soon regions including West Africa, India, and East Asia.
In addition, the simulated weakening of turbulent heat
fluxes due to the human-induced land use changes (e.g.,
deforestation and irrigation) suggests that the expansion
and intensification of land use lead to a weakening of
monsoon rainfall and correspondingly cause an increasing
demand for water. Thus, agricultural and forest agencies
in the monsoon regions should be aware of the plausible
effects of land use changes on water scarcity and demand
when they make land use policy.
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