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ABSTRACT

A complete annual cycle of micrometeorological measurements were carried out to characterize the dynamics of
radiation and energy balance over a grassland ecosystem at Central Arid Zone Research Institute experimental
area at Chandan, Jaisalmer, India from INSAT-linked ISRO-AMS (Agro-Met Station). The daytime average dekadal
latent flux for actual evapotranspiration (AET) showed substantially lower magnitude (15-115 Wm?) (AET: 0.3
mmd" to 2.5 mmd) with prominent peak coincident to south-west monsoon and peak growth stage. Sensible
heat fluxes showed a large variation from 54 to 340 Wm with peak during summer and minimum during winter
and monsoon seasons. More than 70% energy balance closure (EBC) was observed. The non-closure of energy
balance periods were characterized by strong local advections in summer. The daytime average net radiation
showed bimodal behavior (195 to 420 Wm?) with primary peak in spring-summer and secondary peak coincident
to the start of the withdrawal of south-west monscon. Significant complementary exponential relation (Y=0.045
@'219X, B2 = 0.65) was found between dekadal albedo and Bowen ratio which was generally high (1.5 to 5.3) with
intermittent dips (0.3 to 1.3) coincident to wet spells. Similarly, the dekadal albedo showed a higher magnitude
{0.15 to 0.39), recording the highest (0.39) in the month of April and the lowest (0.15) in the month of September

post-monsoon period when green grass growth was maximum.
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Arid and semi-arid ecosystems are highly significant
component as they cover approximately 40% of total
geographical area (TGA) in earth’s land surface (Rotenberg
and Yakir, 2010). Increased temperatures, high evaporative
demand and low rainfall resulted in water deficits and would
increase arid and semiarid areas around the world (IPCC,
2007; Seager et al., 2007). As arid grasslands, are very
sensitive to changes in available water, regional impacts of
global changes are often investigated for these areas
threatened by desertification (Kalinthoff et al., 2006).
Extreme events of temperature, high wind velocity, drought
conditions have a strong influence on the hydrological and
carbon cycles. Therefore, it becomes necessary to understand
biosphere-atmosphere interactions and their implications on
diverse climate systems (Zhang e? al., 2009). Advances in
micro-meteorological theory, understanding and
measurement techniques provide appropriate means of
measuring ecosystem-scale fluxes over a spectrum of time-
scales ranging from hours to years (Baldocchi er al., 2001).
Agrometeorological stations (AMS) with satellite (INSAT)
communication link are now-a-days a promising tool to
measure the net exchange of radiation, energy and water over
land for a footprint varying from 0.5 to 1 km? (Bhattacharya
et al., 2009).

Previous studies on the energy, water vapor and Co,
exchange processes over temperate grasslands and
agricultural ecosystems have indicated considerable inter-
seasonal and inter-annual variation in surface energy budget
components (Aires ef al., 2008). Perennial grasses in arid
grasslands are very important as they control the
microclimatic variations in the desert environment (Frank et
al., 2010). In this paper, an attempt has been made to
characterize seasonal and annual variability of energy-water
flux components over Lasiurus sindicus (Sewan) grass system
in Thar desert through observational records.

MATERIALS AND METHODS

Study site and micrometeorological data

Present study was conducted using half-an-hourly
micrometeorological data on radiation and energy balance
components recorded during January to December 2011
through 10 m Agro Meteorological Station (AMS) located at
Central Arid Zone Research Institute (CAZRI) experimental
area at Chandan (26°59'N, 71°20' E) covering ~96 hectares
predominantly consisted of Lasiurus sindicus (~60%) with
associated grass species viz., Cenchrus ciliaris (~15%) and
Panicum antidotale (~5%), other associated species (~20%)
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such as Prosopis cineraria, Prosopis juliflora,
Colophospermum mopane, Cordia myxa €tc.

The climatic situation of arid regions of the Rajasthan
is characterized by highly variable but low precipitation (~100
to 400 mm), extremes of temperatures (48°C to -3°C), high
wind speed (~33 kmb!). Mean monthly bright sunshine hours
of 9.4 hrd"! was observed during April (6.8 to 10.7 hrd'') and
this led to very high evaporative demand. But moisture stress
is an impediment to vegetation growth because of high deficit
in water supply to meet the climatic demand. The soils of
this region are predominantly of entisols (54.2%) followed
by aridisols (45.1%) and alfisols (0.67%) (Shyampura, 2002).
The soils are loose, sandy to sandy loamy with excess
permeability (>25.4 cm hr'). Water retention at field capacity
(FC) and permanent wilting point (PWP) in Aridisols are
comparatively higher than Entisols and are 13% and 5%,
respectively. Organic carbon content varies from 0.05 to 0.2%
(Praveen-Kumar et al., 2009). The monsoon season is very
short with only 15 rainfall events and is able to supply
moisture for not more than 90 days.

A satellite (INSAT) linked multi-layer
micrometeorological tower of 10 m height was installed
within Lasiurus sindicus dominated grassland system with a
fetch ratio of approximately 1:50 for continuous and
automated measurements of components of radiation balance,
Bowen Ratio Energy Balance (BREB) and water balance.
For sensor details one may refer to Bhattacharya et al (2009).
This is popularly known as ISRO-Agro-Met Station (AMS).

Methodology

The batch processing of AMS data was carried out using
‘Fluxsoft’ software which was developed at Space
Applications Centre (ISRO) in windows platform on Visual
Studio using the protocol developed by Bhattacharya et al.
(2009). An IDL (Interactive Data Language) routine was
written to convert all half-an-hourly fluxes into daytime
averages. Radiation balance components were averaged for
daylight hours period. Ten-day (dekadal) and monthly
averages of convective fluxes were computed from daytime
averages. The dekadal averages were made to remove
unnecessary spikes in the instantaneous and daily energy
balance and to have smooth temporal transition.

In this arid ecosystem, micrometeorological
components were computed from the ratio of vertical
gradients of air temperature and actual vapour pressure
(converted from relative humidity and air temperature data)
from the sensors placed at 2.5 m and 5.5 m heights. The
energy balance approach was based on the assumption that
at the surface-atmosphere interface the net radiation (Rn) is
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partitioned into sensible heat flux (SH), latent heat flux (LE),
ground heat flux (G) and metabolic or storage energy in the
vegetation canopy ( AH).

Rn=SH+LE+ G+ AH (1)
and, Rn = RSin — RSout + RLin - RLout 2

RS and RL are shortwave and longwave radiation,
respectively. The ‘in’ and ‘out’ are radiative flux directions.
The storage heat of the canopy is being ignored in diurnal or
seasonal cycle, with the assumption that the amount of energy
stored during the heating is being released during the cooling
cycle and also because of short height grasses. The amount
of metabolic heat is usually negligible as compared to other
components. Neglecting these energy terms, the equation (1)
can be rearranged as:

Rn-G=Q=SH+LE [©)]

The sensible and latent heat fluxes werce computed from
aerodynamic approach and compared with the net available
energy (Q) at surface derived from the difference of measured
net radiation and the ground heat flux to study the cnergy
balance closure. Thus, residual energy was cuinputed as the
difference between net available energy (Q) at surface
and sum of outgoing sensible and latent heat fluxes from
surface.

Residual energy = Q - (SH + LE) )

Aerodynamic (MOST) approach for 5il and LE
computation

The transfer of mass and energy from vegetation to
atmosphere and vice versa takes place in accordance with
concentration gradient of the respective quantity and the
aerodynamic resistance between the source and sink (Dyer,
1974). In the aerodynamic approach, the zero plane
displacement (d) and roughness length (. & were first
computed from plant height (h) using sinipic cmpirical
relations: d = 0.65 x h and z, = 0.1 xb given v Campbell
and Norman (1998). The vapour pressurc (v . specific
humidity (g), air density (p) etc were comput: ! from the
tower measurements of temperature, RH and wir pressure
using standard psychrometric equations. The stability

corrected aerodynamic resistance was caleu’ ! following
Monin Obukhov’s Similiraty Theory (MOS™ "1 iterative
technique was applied by initializing stabilit- ~ctor w =1

and L = 0 (neutral stability condition). The ¢ u, and L

were computed following the equations (51 /7 and (10),
respectively. The iteration was repeated till *!'e ssumed L
becomes nearly equal to the computed L (i 01 level of
precision). The final value of L was used fort mputation

ol SH ant"CE T,
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The aerodynamic resistance was estimated from wind
speed and roughness parameters using the logarithmic wind
profile equation. Solution of logarithmic equation is simple
under neutral stability condition. However, absolute neutral
stability cannot be assumed always because very often, there
is a thermal gradient in either direction in the vertical profile
within the lower boundary layer. The atmosphere normally
becomes stable during nighttime and unstable during daytime
because of substantial heating during daylight hours, Under
unstable or stable conditions, the stability parameter, sensible
heat flux, aerodynamic resistance and the thermal gradient
become auto-correlated. In the present study, stability
corrected aerodynamic resistance was determined by solving
the auto-correlation assuming Monin-Obukov’s Similarity
Theory (MOST) following the approaches of Dyer (1974),
Beljaars and Holstag (1991) and De Bruin et al., (2000).

The transfer of sensible and latent heat is expressed as:
Sensible Heat Flux (SH) = — pCp 0, u, 5)
Latent Heat Flux (LE) = pAg,u, 6)

Where, p = air density (kg m*), C, (specific heat of air) =
1000 J kg K, A = latent heat of vaporization of water
(2.45x10°TKg), 8, = temperature scale, q.=humidity scale
and u, = frictional velocity (wind scale).

The terms: u,.8, and q, are expressed as:

ku @
U= In[Z,-dVZ,]- ym (tzm) + ym (iZ,)

k8
o,= 8)
*T In[ZedVZy ] - wh (1zh) + yh (1Z,)

i ©

©= W Z-Z,]-yq(1z9) + vq (z,)
q Oq oq

Where, d = zero plane displacement (m), z; = roughness
length (m), y_, y, and Y, are stability functions, z = height
(m). The subscripts m, h and q stand for momentum, vapour
and heat fluxes, respectively. The v functions are derived
from Monin — Obukov similarity length (L) under different
stability conditions as described by Xu and Qiu (1997).

b= = CT,w.

kg SH

(10)

Where, p = air density (kg m™) calculated from
atmospheric pressure, RH (relative humidity) and
temperature, T = absolute temperature, C, = specific heat
of air = 1000 J kg K, and g = acceleration due to gravity =
9.81 ms?

Surface energy balance and its closure in arid grassland ecosystems: ... 96

RESULTS AND DISCUSSION

The annual behavior of net radiation shows somewhat
bimodal behavior (Fig. la). Primary peak (420 Wm?) was
noted during pre-summer season (second and third dekad of
March (Mar 2-3 d)) when the effect of summer dust storm
was not prominent. Summer period dust storm brought down
the Rn to the mean level of 290 Wm. Various types of
scattering of incoming solar radiation due to aerosols and
dust particles may be the cause of this behavior. However,
washout phenomenon coupled with dry spells may be the
cause of higher Rn observed during monsoon (325 Wm?),
The lower secondary peak (370 Wm2) was observed in post-
monsoon with clear atmospheric environment. Winter
condition lowered the magnitude of Rn to mean of 220 Wmr
*. Mean monthly ground heat flux (G) did not vary much and
remained between 31 and 67 Wm2. The G was the highest
during summer and the lowest in winter (Table 1).

Net radizin (Wen 7y
ey cumuiaiive eamtalt
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Fig.1: (a) Dekadal variation of Rn in Thar desert.
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Fig. 1: (b) Dekadal variation of albedo in Thar desert

Bowen ratio and albedo relationship in arid environment

The dekadal Bowen ratio (B) was found to vary between
0.3 and 5.3 with the low magnitude during winter and
monsoon months coincident to wet spells associated with
rain and bigher values during summer months. Mean B for
the study period was 1.66. Bowen ratio responded quickly to
changes in ambient environment and soil surface fluxes.
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Dekadal albedo varied between 0.15 and 0.39. Albedo was
found to be the highest (0.39) in the month of April and the
lowest (0.15) in the month of September (post-monsoon
period) when green grass growth was maximum (Fig. 1b). A
closer analysis showed that B was more influenced by soil
moisture and green grass growth during monsoon which is
evident through strong exponential relation (Y= 0,045 ¢'? L
R? = 0.65) between surface albedo and Bowen ratio (Fig. 2).
Annual dry-wetness cycle is presented in Table 1.
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Fig. 2: Surface albedo versus Bowen ratio in Thar desert

Table1: Monthly daytime mean of Bowen ratio energy
balance components during 2011.

Months Net Ground Bowen
Radiation Heat Flux Ratio ()
(Rn) (Wm?)  (G) (Wm})
Jan 224 31 0.427
Feb 274 45 0.663
Mar 403 67 1.640
Apr 310 57 4.058
May 291 39 2.383
Jun 290 40 1.382
Jul 297 46 1.058
Aug 321 48 1.496
Sep 327 46 0.619
Oct 301 46 2.462
Nov 215 37 1.968
Dec 217 35 1.794
Surface heat fluxes

The dekadal daytime sensible heat fluxes (SH) was
found to vary from 70 to 340 Wm'? with the lowest in winter
(70-150 Wm?) and the highest in summer and post-monsoon
period (220-340 Wm?) (Fig. 3). A middle order magnitude
(150 to 200 Wm2) was noticed during monsoon. Dekadal
daytime latent heat flux (LE) varied between 15 and 115

[Vol. 15, Spl. Issue-1

Wm?. Higher magnitude (88—115 Wm?) was observed during
monsoon season coincident with green growth. Lowest LE
was noted during rest of the study period (15— 42 Wm?),
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Fig. 3: Annual day time decadal average of energy fluxes

Energy balance closure

The energy balance closure (EBC) behavior of the arid
system encompassing different seasons was evaluated
through 1:1 plot (Fig. 4) between available energy and surface
heat fluxes (sum of sensible and latent heat fluxes from
MOST aerodynamic approach). The slope of the linear
regression between available energy and turbulent fluxes was
about 0.7,
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Fig. 4 : Energy balance closure behavior in Thar desert

There was marked seasonality in EBC with markedly
poorer closure during summer and monsoon months,
However, good EBC was observed during winter to spring.
Energy balance in the arid zone showed upto 65% closure
due to vegetation effect (Rao, 2009). Esper et al., (2005)
documented that a lack of closure with 20% missing energy
was not uncommon even in the FLUXNET sites. In the
present study, working with slow response BREB system and
aerodynamic approach (MOST), sources of imbalances in
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EBC and seasonal variability could be many. Advections and
heat waves from nearby open field must have significantly
contributed to this phenomenon.

The surface energy balance is seldom closed by the
micrometeorological measurements either at short-term (1
2 h) or seasonal scale (Foken, 2008). The mismatch between
available energy and heat fluxes may originate from various
reasons including: measurement inaccuracies, missing data,
lack of air turbulence, heterogeneity of landscape and non-
inclusion of storage terms (Foken, 2008). However, in arecent
review by Foken (2008), these “classical” explanations for
residual of energy balance were suggested to be of secondary
importance as compared to larger-scale processes. Foken
(2008) brought up the importance of the contribution of large
eddies on surface-atmosphere exchange and hypothesized the
energy balance to be closed only at landscape-scale (> t km),
not at the micro-meteorological scale (< 1 km) through flux
towers. Although a detailed scrutiny of the reasons of
unclosed energy balance is beyond the scope of this paper, a
few findings merit discussion. Generally, it has been found
that residual energy is of the higher and negative order
especially during rainspells and summer time heat waves,
During the rest of the period, it is either positive or near zero.
In a given landscape with green vegetations, the rain splash
Creates relatively fast changes in surface (soil + canopy)
wetness. The faster changes in the background will have
relatively slower impact in the exchange processes within
surface layer. This could bring quicker and differential
responses of outgoing shortwave and longwave radiation
components than canopy-atmosphere exchange of heat fluxes.
Therefore, any quicker and repeated disturbances like rain
splashing is expected to disrupt equilibrium as well as energy
balance. Secondly, advection due to summer time heat waves
must have consequent effect on energy balance closure.

CONCLUSIONS

This study for the first time reports the dynamics of
micrometeorological behavior in arid zone of Thar desert
from a complete annual cycle of micrometeorological
observations. Seasonal variability of net radiation showed
bimodal behavior. Dust storms play critical role in regulating
climate especially in summer by cutting down the incoming
solar radiation to its half of pre-summer values. Seasonal
variability of latent heat fluxes from evapotranspiration is in
tandem with rainfall variability. This showed a strong
coupling of energy balance with water budget in a natural
vegetative system. Sensible heat fluxes dominated the energy
balance component during most of the study period. This
study clearly brought out the intimate link of albedo dynamics
and soil moisture driven Bowen ratio. During summer and
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monsoon periods, imbalance was found to be the largest in
energy balance closure which warrants further detailed
investigation.
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